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a b s t r a c t

Herein, we report a novel sensor to detect trypsin using a purpose-designed fluorescein-labelled peptide
with negatively charged carbon nanoparticles (CNPs) modified by acid oxidation. The fluorescence of the
fluorescein-labelled peptide was quenched by CNPs. The sensor reacted with trypsin to cleave the
peptide, resulting in the release of the dye moiety and a substantial increase in fluorescence intensity,
which was dose- and time-dependent, and trypsin could be quantified accordingly. Correspondingly, the
biosensor has led to the development of a convenient and efficient fluorescent method to measure
trypsin activity, with a detection limit of 0.7 mg/mL. The method allows rapid determination of trypsin
activity in the normal and acute pancreatitis range, suitable for point-of-care testing. Furthermore, the
applicability of the method has been demonstrated by detecting trypsin in spiked urine samples.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Trypsin, an extremely important pancreatic digestive enzyme, is
produced in the pancreas and plays crucial roles in the small intes-
tine. Under abnormal circumstances, trypsin can hydrolyze various
pancreatic zymogens, suchas carboxypeptidase, phospholipase, and
chymotrypsinogen into their active forms, and control the secretory
function of the pancreas [1]. Pancreatic secretory trypsin inhibitor
(PSTI) produced by the pancreas can effectively inhibit trypsin ac-
tivity [2]. However, once trypsin activation exceeds PSTI control,
various other proteases are activated to begin self-digestion, which
damages cells and leads to many diseases such as pancreatitis [3],
intestinal obstruction [4], and even pancreatic cancer [5]. Thus, the
establishment of a facile and rapidmethod for the identification and
detectionof trypsin is crucial for effective diagnosis and treatmentof
pancreatic diseases. Recently, many efforts have been reported
University.
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regarding trypsin determination; for example, Seia et al. [6] devel-
oped a silica nanoparticle-based fluorescence platform to detect
immunoreactive trypsin (IRT) in cystic fibrosis (CF) newborn
screening. Additionally, Lou et al. [7] reported a colorimetric assay
for trypsin based on a copper ion chemical detector. Dong et al. [8]
proposed an electrochemical method by employing a heptapeptide
as a substrate to detect trypsin. In the work of Shi et al. [9], a “turn-
on” system based on CdTe Quantum Dots, for trypsin assay was
proposed. Unfortunately, these experimental methods invariably
require complicated experimental manipulation, long time, expen-
sive and toxic materials, and large-volume samples. Therefore, it
remains a challenge to establish facile, cost-effective, and sensitive
methods for the detection of trypsin.

It is well known that certain carbon nanomaterials, including
graphene, fullerene, carbon nanotubes, and carbon nanofibers,
among others, have attracted much attention at the frontiers of
technological innovation as drug delivery carriers due to their
excellent electrochemical, optical, mechanical biocompatibility,
thermal and adsorption properties [10e12]. Nevertheless, there are
relatively few studies regarding carbon nanoparticle materials
compared to the above carbon-based materials. Since Liu et al. [13]
proposed the use of candle soot to prepare fluorescent carbon
nanoparticles (CNPs), the characteristics of such soot have been
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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studied gradually. Many different methods have been applied to
synthesizing CNPs as reported over recent years, such as hydro-
thermal [14], chemical oxidation [15], laser ablation [16], micro-
wave heating [17], auxiliary synthesis [18], and electrochemical
oxidation [19]. Nonetheless, the luminescent CNPs prepared by
thesemethods have lowquantumyield andwide half-width, which
greatly limit their widespread application. According to the prop-
erties of carbon materials and nano-scale size effects, CNPs exhibit
strong interactions with dye molecules which have planar struc-
tures, and fluorescence quenching can result from electron or en-
ergy transfer [20]. Thus, we have conducted research concerning
CNPs with large particle sizes, and which are non-fluorescent,
chemically inert, nontoxic, and biocompatible [21]. CNPs were
prepared by a nitric acid oxidation method. In order to render
candle soot, which has poor dispersibility in aqueous solutions,
fuller contact with nitric acid, we dispersed the candle soot in N, N-
dimethylformamide (DMF) to completely oxidize the surfaces of
the CNPs in the first time. Accordingly, using CNPs as fluorescence
quenching agents, we suggested a fluorescence method for the
determination of trypsin based on the principle of F€orster reso-
nance energy transfer (FRET).

The design strategy for the CNP-peptide fluorescence sensor is
outlined in the accompanying graphical abstract. A peptide contain-
ing six arginine residues was chosen as a sensitive trypsin substrate,
because recent studies have identified that this peptide can be
selectively cleavedby trypsin [22,23]. The surface of CNPs oxidized by
nitric acid hasmore negatively charged groups such as COO- and OH-

[24]. Specifically, a 5-carboxy-fluorescein (FAM)-labelled peptide
containing Arg6 was synthesized. After that, mixtures of the dye-
labelled peptide and CNPs self-assembled to form the two compo-
nents through electrostatic interactions. As a consequence, effective
FRET occurred between FAM and CNPs, with solution fluorescence
being quenched. After reacting with trypsin, the self-assembled
peptides were cleaved by the protease, and Arg6-FAM was released
from CNP surfaces, resulting in fluorescence recovery. The determi-
nation of trypsin content is quantitatively based on the enhanced
fluorescence intensity. Hence, after a further introduction of the in-
hibitor, dissociation of the sensor will be prevented, and the fluo-
rescence will change accordingly [25,26]. Subsequently, it has been
demonstrated that the sensor has high sensitivity and accuracy in
detecting trypsin content. In addition, the modified probe was suc-
cessfully applied to the quantitative analysis of trypsin in urine
samples. As a consequence, this study not only broadens the appli-
cation of fluorescence analysis of CNPs, but also provides a new sci-
entificmethod for patients to achieve rapid and effective screening of
early pancreatitis.

2. Experimental

2.1. Reagents and chemicals

Ordinary candles were purchased from a school supermarket,
98% nitric acid and N, N-dimethylformamide (DMF) were pur-
chased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China),
and Arg6-FAM peptide was purchased from Shanghai Renjie
Biotechnology Co., Ltd (Shanghai, China). Trypsin (1:2500) from
porcine pancreas was purchased from Beijing Bailingwei Technol-
ogy Co., Ltd. (Beijing, China), and Bowman-Birk protease inhibitor
was purchased from TCI Development Co., Ltd. (Shanghai, China).
Lysozyme, thrombin, pepsin, and IgG antibodies were obtained
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). All chemicals obtained from commercial sources were of
analytical grade and could be used without further purification.
Stock solutions were prepared using phosphate buffered saline
(PBS) (2.0 mM, pH ¼ 8, Ca 2þ ¼ 10 mM). The PBS was prepared by
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mixing an aqueous Na2HPO4 solution with sodium hydroxide.

2.2. Instrumentation

Fluorescence spectra were recorded on a fluorescence spectro-
photometer (Tianjin, China) at an excitation wavelength of 490 nm
and an emission wavelength between 500 and 700 nm. The exci-
tation and emission slits were 5 nmwide, and photomultiplier tube
(PMT) voltage was 500 V. Transmission electron microscopy (TEM)
imageswere captured on a JEM2100F electronmicroscope operated
at 200 kV (JEOL, Japan). Scanning electron microscopy (SEM)
measurements were performed on a Zeiss Supra 55 scanning
electron microscope. z-potentials were measured using a Malvern
Nano ZS instrument (Malvern, UK). CNP functional groups were
further confirmed via a Nicolet 6700 Fourier transform infrared (FT-
IR) spectrometer (Bruker, Germany).

2.3. Synthesis of CNPs

Dry candle soot weighing 4.5 mg was placed in a 10 mL round
bottom flask and dissolved in 2 mL DMF and 2 mL 98% nitric acid. A
condenser pipe was connected to the flask, with a balloon over the
upper end of the condenser pipe. After that, the mixturewas stirred
in an oil bath at 140 �C for a period of 12 h. The reaction solutionwas
poured into a 5mL centrifuge tube and centrifuged so as to separate
into two layers. The upper layer of liquidwas yellow,while the lower
layer was black. After removing the upper layer, distilled water was
added and mixed evenly, and then centrifuged at 4000 rpm for
4 min. This step was repeated five times until the carbon nano-
particle solution pH¼ 7. The CNPs were dispersed in distilled water
at a concentration of 0.5mg/mL for further characterization anduse.

2.4. Characterization

As shown in Fig. 1A, it can be seen that the candle soot obtained
by combustion was completely insoluble in water, whereas the
CNPs obtained by the nitric acid oxidation treatment could be
uniformly dispersed in the aqueous solution. On the one hand, it
may be because the candle soot is hydrophobic and on the other
hand, the candle soot is crosslinked together into larger particles
that are insoluble inwater [27,28]. After oxidation by nitric acid, the
surface groups of the CNPs were changed, and hydrophilic groups
such as eCOOH and eOH were generated, so the dispersion effect
in the aqueous solution was good.

Morphological characterization of synthesized CNPs was deter-
mined using SEM and TEM. From SEM and TEM images (Figs. 1B and
C), it can be seen that the synthesized CNPs were evenly distributed.
Wemeasured the size of 280CNPs in4 projected electronmicroscopy
images [29,30]. The approximate size distribution of CNPs ranged
from20to70nm,mostofwhichwere30nm,as illustrated inFig.1C. It
demonstrated that the CNPs oxidized by nitric acid were still present
as larger particles. Since the CNPs diameters were >10 nm and could
not emitfluorescence, itwas considered to be suitable as a quenching
agent.

According to the Zeta potential distribution diagram in Fig. 1D, it
can be found that the Zeta potential of CNPs was negative, indi-
cating that COO- and OH- moieties may be generated on the
oxidized CNP surfaces, resulting in an increase in negatively
charged groups. At the same time, the Zeta potential can greatly
affect the stability of ions through electrostatic repulsion between
particles [31,32]. The Zeta potential of CNPs was (e35.4 ± 5.42) mV.
The Zeta potential in this range overcomes the tendency of natural
aggregation and has high stability.

FT-IR spectra revealed bonding configurations and functional
group information regarding CNPs (Fig. 1E). The peaks at



Fig. 1. (A) Dispersion of unoxidized candle soot and oxidized carbon nanoparticles (CNPs) in aqueous solution (a, b); (B) SEM image of CNPs; (C) TEM images of CNPs: the inset
indicates the particle size distribution of carbon nanoparticles; (D) Zeta potential diagram of CNPs; and (E) FT-IR spectra of CNPs.
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approximately 3423 and 1109 cm-1 can be ascribed to the charac-
teristic absorption bands of the eOH stretching vibration mode.
Compared with the FT-IR spectrum of candle soot before oxidation,
the peak at 1630 cm-1 could be attributed to the asymmetric
stretching vibration of eC¼O. The characteristic eCH2- absorption
band of stretching at 2921-2958 cm-1 could also be observed, and
the peak at 1384 cm-1 can be assigned to the CeH stretching mode
[33,34]. The above observations confirmed that the synthesized
nanoparticles were surface functionalized with hydroxyl and car-
boxylic/carbonyl moieties, which is consistent with the reason for
the change of Zeta potential previously studied.

2.5. Fluorescence quenching of peptides

CNPs stock solution (0.5 mg/mL) was added to dissolved Arg6-
FAM [0.1 nM PBS (2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM)] to obtain the
desired CNP concentration [35]. Using solutions of 0e32 mg/mL,
fluorescence spectra of each solution were recorded. In addition,
CNPs stock solution (0.5 mg/mL) was added to dissolved Arg6-FAM
[0.1 nM PBS (2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM)]. A solution with a
maximum quenching concentration of CNPs of 20 mg/mL was ob-
tained, and then the fluorescence intensity of the solution at
520 nm was recorded between 0 and 35 min.

2.6. CNPs/Arg6-FAM trypsin assays

Trypsin stock solution (0.2mg/mL)was added to 2.0mL of CNPs/
Arg6-FAM{[Arg6-FAM] ¼ 0.1 nM and [CNPs] ¼ 20 mg/mL in PBS (2.0
mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM)}. A series of solutions with trypsin
concentrations of 1, 1.5, 2, 10, and 20 mg/mL was obtained. Each
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solution was incubated at 37 �C for 0e35 min, and fluorescence
intensity at 520 nm was recorded. Trypsin stock solution (0.2 mg/
mL) was added to 2.0 mL of CNPs/Arg6-FAM{[Arg6-FAM] ¼ 0.1 nM
and [CNPs] ¼ 20 mg/mL in PBS (2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM)}.
A series of solutions with trypsin concentrations ranging from 0 to
30 mg/mL was obtained. Each solution was incubated at 37 �C for
30 min and fluorescence spectra were recorded.
2.7. Trypsin inhibition by BBI using the CNPs/Arg6-FAM ensemble

BBI was added to 2.0 mL of CNPs/Arg6-FAM solution {[Arg6-
FAM] ¼ 0.1 nM and [CNPs] ¼ 20 mg/mL in PBS (2.0 mM, pH ¼ 8.0,
[Ca2þ] ¼ 10 mM)}, a series of solutions with BBI concentrations of 0,
0.2, 0.5, 1, 2, 3, 4, 5, and 6 mg/mL was obtained. To each of the above
solutions, 100 mL of trypsin (0.2 mg/mL) was added. Each solution
was incubated at 37 �C for 30 min, and the fluorescence intensity at
520 nm was recorded.
2.8. Selectivity

Under the above-mentioned optimum experimental conditions,
four different proteins, namely, thrombin, pepsin, lysozyme, and
IgG, each at a final concentration of 10 mg/mL, were prepared and
incubated with CNPs/Arg6-FAM to study selectivity of the assay.
10 mg/mL of trypsin was used as a positive control, and all emission
ratios were normalized. The emission spectra of the resultant
mixtures were directly measured with excitation at 490 nm, and
the fluorescence recovery efficiency was also calculated.
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2.9. Urine sample preparation and trypsin determination

The performance of this fluorescence method for the determi-
nation of trypsin was investigated under optimal conditions. Urine
samples were diluted 10-fold, and used directly for measurement
without other pretreatment processes. Different concentrations of
trypsin were added to the diluted urine samples from healthy
subjects, and fluorescence spectra were recorded at 30 min.

3. Results and discussion

3.1. Interaction between CNPs and Arg6-FAM

First, the amount of CNPs used as Arg6-FAM quencher was
optimized. As can be seen in Fig. 2A, peptide solutions with FAM
exhibited strong fluorescence in the absence of CNPs. The fluores-
cence intensity of the solution gradually weakened as the con-
centration of CNPs increased. Up to 99% of the fluorescence could be
quenched when the concentration of CNPs was increased to 20 mg/
mL. Consequently, it indicated that CNPs underwent strong in-
teractions with the peptide, and could efficiently quench the fluo-
rescence. This quenching may be ascribed to the efficient energy
transfer from FAM to the CNPs [36].
Fig. 2. (A) Fluorescence quenching intensity of Arg6-FAM (0.1 nM) in the presence of differe
(20 mg/mL) in PBS (2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM) as a function of time; (C) Fluorescen
shows photographs of (A) Arg6-FAM and (B) Arg6-FAM and CNP solutions under UV (365 nm
the concentration of CNPs. The inset shows the near-linear plot of the fluorescence intensity
6.0 mg/mL) for solutions in which the concentrations of CNPs were minimal. All samples wer
employed was 490 nm.
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Meanwhile, as shown in Fig. 2B, by monitoring changes in fluo-
rescence intensity over time, the kinetic behavior of the CNP-peptide
complex formation was also studied (Fig. 2B). The above-mentioned
maximum quenching concentration of CNPs was added to the Arg6-
FAM solution, and the fluorescence intensity of the CNPs-peptide
complex solution at 520 nmwas recorded from 0 to 35 min [37]. Af-
ter adding CNPs, the fluorescence of the peptide dropped rapidly and
reached a constant level within 1 min, indicating that the binding of
the peptide to CNPs is a rapid and stable process.

We performed fluorescence quenching experiments with Arg6-
FAM using CNPs, and Fig. 2C shows a gradual decrease in fluores-
cence intensity of Arg6-FAM after addition of CNPs to the solution.
The Arg6-FAM solution showed a presented fluorescence emission
spectrum in the absence of CNPs (Fig. 2C, curve a). Nevertheless,
after addition of CNPs (20 mg/mL), fluorescence quenching of up to
99.2% was observed (Fig. 2C, curve b). This change in fluorescence
was recognizable by the naked eye. In the absence and presence of
CNPs, a photo of Arg6-FAM in a PBS solution under UV light irradi-
ationwas shown in the inset of Fig. 2C. The fluorescence quenching
process does not involve emission and reabsorption of photons;
hence it is non-radiative, and effective energy transfer is achievedby
FRET through dipole-dipole coupling [38,39]. Electrostatic in-
teractions between arginine containing FAMandnegatively charged
nt concentrations of CNPs; (B) Fluorescence quenching of Arg6-FAM (0.1 nM) by CNPs
ce spectra of Arg6-FAM (0.1 nM) after addition of different amounts of CNPs. The inset
) illumination; and (D) Variation of fluorescence intensity ratios (F0/F) at 520 nm versus
ratios (F0/F) at 520 nm versus the concentration of CNPs (0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and

e prepared with PBS (2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM), and the excitation wavelength



Fig. 3. (A) Plots of fluorescence intensity at 520 nm versus reaction time for the Arg6-
FAM (0.1 nM) and CNP (20 mg/mL) ensemble in the presence of different concentra-
tions of trypsin (1.0, 1.5, 2.0, 10.0, and 20.0 mg/mL). All samples were prepared in PBS
(2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM), and the excitation wavelength employed was
490 nm; (B) Fluorescence spectra of different concentrations of trypsin and Arg6-FAM
(0.1 nM) and CNPs (20 mg/mL) after incubation at 37 �C for 30 min; (C) Linear rela-
tionship between fluorescence recovery and concentration of trypsin within the range
of 2e20 mg/mL (F0 and F represent the fluorescence intensity of the solution as a whole
before and after the addition of trypsin.)
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CNPs shorten the distance allowing the transfer of fluorescent en-
ergy from FAM to CNPs [40,41]. FAM was excited as a fluorophore
andbecame an energydonor, and thefluorescencewas quenchedby
almost 100% after adding CNPs, which indicated that the energy
difference between the vibrational levels of the donor FAM’s ground
state and the first excited state and the vibrational levels of the
acceptor CNPs had a high degree of overlap [42,43].

The corresponding Stern-Volmer curve is presented in Fig. 2D,
where F0 and F represent the fluorescence intensity at 520 nm
before and after adding the quenching CNPs, respectively [44]. The
slope KSV value was 0.4255 (mg/mL), and it was concluded that the
concentration of the quencher was 2.35 mg/mL when the fluores-
cence intensity of 1/KSV was quenched to 50%. In addition, the
Stern-Volmer diagram exhibited an upward curving trend, indi-
cating that the FAM fluorophore undergoes dynamic quenching
and static quenching.
3.2. Response of CNPs-peptide fluorescence sensor to trypsin

We studied reaction kinetics involving trypsin. Fig. 3A shows
plots of fluorescence intensity at 520 nm versus the reaction time
for the ensemble of CNPs and Arg6-FAM in the presence of different
concentrations of trypsin. Before addition of trypsin, the fluores-
cence intensity remained essentially unchanged. In the presence of
trypsin, the overall fluorescence intensity of the solution increased,
and the reaction reached equilibrium in approximately 30min [45].
In addition, the fluorescence intensity of the solution increased
with elevating trypsin concentration.

Next, experiments were conducted to investigate whether the
CNPs/Arg6-FAM complex can be used to establish a method for
detecting trypsin content. The fluorescence of the CNPs/Arg6-FAM
complex was very weak, as described above. However, arginine can
be hydrolyzed by the specific catalytic action of trypsin, which
caused the cleavage of CNPs and Arg6-FAM, disrupted FRET,
whereas the FAM emission peak recovered, leading to a gradual
increase in fluorescence intensity of the solution [46,47]. The initial
PBS containing Arg6-FAM (0.1 nM) and CNPs (20 mg/mL) exhibited
very weak fluorescence, as depicted in Fig. 3B. The fluorescence
intensity of the whole solution gradually recovered with increasing
trypsin concentration. As shown in the inset of Fig. 3B, this fluo-
rescence recovery change can be recognized by the naked eye. A
photograph of the overall solution (under UV light irradiation) in
both the absence and presence of trypsin is also illustrated. These
results clearly manifested that a continuous fluorescence turn-on
assay for trypsin can be established with the ensemble of CNPs
and Arg6-FAM described here.

Fig. 3C presents the fluorescence responses of CNPs/Arg6-FAM
complexes to trypsin in PBS (pH ¼ 8.0) at different concentrations.
Trypsin is also a highly efficient biocatalyst that can hydrolyze > 105

peptide substrate molecules very rapidly [48]. Therefore, compared
with conventional fluorescent immunoassay methods, the sensi-
tivity of enzyme-linked amplification fluorescence immunoassays
can generally be superior by two orders of magnitude [49]. It can be
seen from Fig. 3C that the higher the concentration of trypsin in the
solution, the greater the fluorescence intensity recovery of the re-
action system. The fluorescence intensity was directly proportional
to trypsin concentrations over the range 2e20 mg/mL, with a linear
equation of (FeF0)/F0 ¼ 0.0325 [trypsin]þ4.135 (R2 ¼ 0.998). The
detection limit (3s/S, in which s is the standard deviation of blank
measurements, n ¼ 7, and S is the slope of the linear equation) was
0.7 mg/mL. Poon et al. [50] used graphene quantum dot materials to



Fig. 4. Plot of the inhibition efficiency of BBI toward trypsin versus the concentration
of BBI. Measurements were performed with Arg6-FAM (0.1 nM), CNPs (20 mg/mL),
trypsin (10 mg/mL), and different concentrations of BBI (0, 0.2, 0.5, 1, 2, 3, 4, 5, and 6 mg/
mL) in PBS (2.0 mM, pH ¼ 8.0, [Ca2þ] ¼ 10 mM).

Table 1
Measurements of trypsin in human urine samples.

Sample Added (mg/mL) Found (mg/mL) Recovery (%) RSD (%, n ¼ 3)

1 0 - - -
5 5.02 100 1.41
10 10.1 101 2.36
15 15.45 103 3.05

2 0 - - -
5 4.89 97.7 1.90
10 10.2 102 1.41
15 15.15 101 3.89

3 0 - - -
5 5.01 100 2.10
10 10.3 103 3.58
15 15.6 104 4.28

Note: “-” stands for “not detected”.
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obtain a linear range of 0e6 mg/mL, also employing the FRET
principle. In contrast, we have demonstrated a wider linear range
by using CNPs.

3.3. Detection of trypsin inhibitor

The pancreatic-catalyzed hydrolysis of Arg6-FAM might be
delayed after adding the corresponding trypsin inhibitor. It could
be anticipated that after the addition of the trypsin inhibitor, the
degree of fluorescence enhancement of the trypsin-containing
CNPs/Arg6-FAM complex might decrease. BBI from soybean was
selected as an example of an inhibitor to demonstrate that CNPs/
Arg6-FAM as a whole can also be used for screening for trypsin
inhibitors [51]. Fig. 4 illustrates the inhibition efficiency after add-
ing different amounts of BBI [(1-F/F0) � 100, where F0 and F
represent the fluorescence intensities at 520 nm before and after
addition of the BBI, respectively] at 520 nm of a mixed solution of
Fig. 5. Recovery efficiency of the CNPs/Arg6-FAM system in the presence of trypsin,
thrombin, IgG, pepsin, and lysozyme. The concentration of each protein was 10 mg/mL.
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Arg6-FAM (0.1 nM), CNPs (20 mg/mL), and trypsin (10 mg/mL) [52].
The corresponding IC50 value (inhibitor concentration resulting in
reduction of 50% enzymic activity) was estimated to be 2.21 mg/mL.
This result demonstrated that the CNPs/Arg6-FAM complex
approach was equally applicable to high throughput screening of
trypsin inhibitors.

3.4. Selectivity study

We explored the selectivity of our sensor by screening the
spectral responses of certain molecular species coexisting with
trypsin in biological systems, including lysozyme, thrombin,
pepsin, and IgG under the same conditions [53]. The biosensor
exhibited selective fluorescence recovery for trypsin (10 mg/mL)
compared to other interferents (10 mg/mL), as can be seen in Fig. 5.
In order to avoid interference from thrombin responses to the
CNPs/Arg6-FAM fluorescent aptamer system, a thrombin-specific
inhibitor peptide P13 could be added [54].

3.5. Detection of trypsin in human urine samples

To evaluate the accuracy and selectivity of this biosensor, we
measured different concentrations of trypsin in urine samples, and
the obtained data are listed in Table 1. According to the standard
curve and the regression equation, the trypsin content in the urine
samples was derived [55], and the RSD was obtained from a series
of three samples. The average recovery rate test was carried out
using the standard addition method [56], and the recovery rate was
between 97.7% and 104%. In addition, the above results demon-
strated the potential applicability of the CNPs/Arg6-FAM system in
detecting trypsin activity in human urine samples.

4. Conclusion

In summary, a convenient and sensitive fluorometric sensor
assembled FAM-labelled peptide with CNPs for detecting trypsin in
urine has been successfully demonstrated here. In comparisonwith
previously reported trypsin detection strategies, our method was
highly selective due to the fluorescence response, which was only
initiated by specific cleavage of the synthetic trypsin substrate
peptide. It should be noted that this proposed method detected
trypsin without complicated procedures and exhibited a wide
linear range encompassing 2e20 mg/mL. Furthermore, the detec-
tion limit was 0.7 mg/mL, which is 0.8% of the average trypsin level
in the urine of patients with acute pancreatitis. As far as we know,
this is the first example of a pancreatic enzyme biosensing method
based on CNPs, which may provide a useful strategy for pancreatic
disease screening. In addition, the current sensor demonstrates a
significant potential for developing new methods to detect other



S. Hou, T. Feng, N. Zhao et al. Journal of Pharmaceutical Analysis 10 (2020) 482e489
important proteases.
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