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Abstract

A dual-signal assay is described for the determination of trypsin based on the use of gold nanoparticles (AuNPs) that aggregate in
the presence of gold nanoclusters (AuNCs) due to electrostatic interaction. This is accompanied by a color change from red to
blue. However, if hemoglobin (Hb) is present in the solution, it will attach to the surface of AuNPs, thus preventing aggregation.
The Hb-coated AuNPs quench the fluorescence of AuNCs. Trypsin can hydrolyze Hb and destroy the protective coating of Hb on
the AuNPs. As a result, AuNP aggregation will occur after the addition of AuNCs, and the blue fluorescence of the AuNCs with
365 nm excitation and 455 nm maximum emission peak is recovered. Thus, trypsin can be determined by measurement of
fluorescence emission intensity. Additionally, trypsin can be determined by the maximum absorption peak wavelength between
530 nm and 610 nm. Fluorescence increases linearly in the 10-2500 ng-mL ' concentration range, and absorbance in the 20—
2000 ng'mL"" concentration range. The limits of detection are 4.6 ng'mL ' (fluorometry) and 8.4 ng'mL ™" (colorimetry),
respectively. The assay is sensitive and selective, and can be applied to the determination of trypsin in serum.

Keywords Dual-signal assay - Fluorescence resonance energy transfer - Hemoglobin coated gold nanoparticles - Fluorescence -

Colorimetry - Electrostatic interaction - Serum analysis

Introduction

Proteases function as the catalyst for breaking the peptide
bond in proteins [1, 2]. Trypsin belongs to the class of serine
proteases that is produced in pancreas. It mainly functions in
catalyzing the hydrolysis of arginine or lysine residues in C
terminal [3]. The abnormal expression of trypsin will affect
pancreatic function and lead to pathological consequences.
Therefore, it is used as a reliable biomarker in acute
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pancreatitis, cystic fibrosis and other diseases [4]. The deter-
mination of trypsin is essential in physiological and patholog-
ical diagnosis and treatment, and it is of significant importance
to develop a sensitive and selective method for efficient and
visible determination of trypsin.

Several approaches for determination of trypsin have been
described. These include radioimmunoassays [5], electropho-
resis [6] and high performance liquid chromatography [7].
These methods are relatively mature in technology and oper-
ation experience, which have been widely applied in scientific
research and laboratory analysis. The colorimetric [8, 9] and
fluorescent [10—13] determination of trypsin based on
nanoprobe has attracted great attention compared with tradi-
tional detection methods owing to the simple instrumentation,
convenient operation and direct observation. To date, several
fluorescent or colorimetric methods for trypsin detection were
established. Xue et al. [9] proposed a colorimetric label-free
assay for trypsin detection by using gold nanoparticles. Miao
et al. [8] developed a label-free colorimetric sensor based on
peptide modified silver nanoparticles for determination of
trypsin. Xu et al. [13] designed a fluorescence turn-on strategy
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for trypsin detection based on FRET between AuNPs and C-
dots. Shi et al. [12] reported a “turn-on” fluorescence system
for determination of trypsin.

Compared with the single-signal method [14], dual-mode
colorimetric and fluorescent nanoprobe [15—17] can offer two
output modes and generate more accurate and reliable deter-
mination results. For instance, Shi et al. [15] proposed a dual-
mode nanosensor for glutathione detection by using CQDs
and AuNPs. Cheng et al. [16] reported a fluorescence and
colorimetric dual-signal sensor based on gold nanoparticle
for cyanide detection. Liu et al. [17] proposed a dual-signal
sensor using inhibition of the growth of AuNP/CQDs com-
posite for arginine detection.

AuNPs are widely applied in bioanalysis due to the
distance-dependent color change and high efficiency of fluo-
rescence quenching [9, 16]. Therefore, AuNPs are an excel-
lent colorimetric indicator with color change from red to blue
[18, 19]. AuNCs possess the characteristics of ultra-small size,
good biocompatibility and high stability [20, 21]. Thus,
AuNCs gained considerable attention as a novel fluorescent
indicator. At present, there is no report on determination of
trypsin using fluorescent and colorimetric dual-signal assay
based on AuNCs and AulNPs. In this work, AuNCs and
AuNPs were used to design a dual-signal approach for conve-
nient, sensitive and selective determination of trypsin.

The detection strategy of dual-signal assay is illustrated in
Scheme 1. After adding AuNCs into the AuNP solution,
AuNPs were agglomerated. When Hb was added into the
AuNPs solution, Hb coated the surface of AuNPs [22], thus
protect AuNPs from being agglomeration. Because of the
FRET between AuNCs and Hb-coated AuNPs, the fluores-
cence emission of Hb-coated AuNPs is quenched after the
addition of AuNCs. AuNCs functioned as the fluorescent in-
dicator and mediated AuNPs agglomeration, whereas AuNPs
is used as the colorimetric indicator and fluorescent quencher.
In the presence of trypsin, trypsin hydrolyzed Hb to polypep-
tides, which destroyed the coating of AuNPs by Hb. Therefore,
AuNCs induced AuNPs agglomeration again, leading to the
recovery of AuNCs fluorescence. Based on the change of fluo-
rescence and absorbance, the concentration of trypsin can be
determined. Thus, a nanoprobe system with high sensitivity
and selectivity for detection of trypsin is established. This
method delivers sensitive determination of trypsin in compli-
cated biological environments such as human serum.

Materials and methods
Chemicals
Histidine (C¢HoN30,, >99.0%), auric chloride acid (HAuCly:

3H,0, >99.0%), trypsin, lysozyme, glucose oxidase, albumin
from bovine serum, urase, ascorbic acid oxidase and
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acetylcholinesterase were purchased from Mackin (Shanghai,
China, http://www.macklin.cn/). Hb (bovine blood) was
obtained from Shanghai Biological Technology Development
Co., Ltd. (Shanghai, China, http://shruji.company.lookchem.
cn/). Sodium citrate (CcHsNa3;O,-2H,0, >99.0%) and
hydrochloric acid were supplied by Chengdu Kelong
Chemistry Reagent Factory (Chengdu, China, http:/www.
cdkelongchem.com/cn/). Trihydroxymethylaminomethane
(C4H{NOs3, 99.5%-101%) was supplied by Wuxi Toptry
Bio-Technology Co., Ltd. (Wuxi, China, http://www.
ebiochemicals.com/). Ultrapure (UP) water used throughout
the syntheses and analyses obtained with a Millipore system
(18.23 MQ-cm, Ulupure, China). All chemicals were used
without further purification.

Apparatus and characterization

High resolution transmission electron microscopy (HRTEM)
and transmission electron microscopy (TEM) were used to
characterize the AuNCs and AuNPs with JEOL-2100F field
emission transmission electron microscope (Japan), respec-
tively. Fluorescence spectra of AuNCs were collected with a
Perkin-Elmer LS55 spectrophotometer (USA) with 365 nm
excitation and emission in the range of 385-650 nm. UV-Vis
absorption spectra of AuNPs were measured on an
AnalytikJena Specord200Plus spectrophotometer (Germany)
from 400 nm to 750 nm. XPS was performed with ESCALAB
250XI multifunctional photoelectron spectrometer (USA).
Zeta potential and dynamic light scattering (DLS) data were
acquired on a Malvern Zetasizer instrument (UK) at room
temperature.

Synthesis of AuNCs and AuNPs

AuNCs and AuNPs were synthesized according to previous
report with minor modifications [23, 24]. Detailed synthesis
steps are available in the Electronic Supporting Material.

Detection of trypsin

Trypsin standard solution with various concentrations were
added into Tris-HCI buffer (10 mM, pH 8.0). Solutions
consisting of 50 pL trypsin standard solution with different
concentrations (0 ng'mL'-3500 ng'mL ") and 100 uL Hb at
the optimal concentration (140 nM) were incubated for 20 min
at 37 °C. Then 1 mL AuNP solution was added into the mix-
ture solution, which was diluted to 2 mL with Tris-HCI buffer
(10 mM, pH 7.0). Finally, 1 mL AuNC solution was added
into the mixture solution. The mixture was kept at room tem-
perature for another 45 min. The fluorescence spectra and UV-
Vis absorbance were then collected.
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Scheme 1 Schematic diagram of the AuNC/AuNPs based fluorometric and colorimetric dual-signal assay for detection of trypsin

Serum samples analysis

To evaluate the practicability, human serum samples were col-
lected to detect trypsin using the current method. The serum
samples were collected from Chengdu First People’s Hospital.
All serum samples were obtained by legal means. The 500 L
serum sample contains Hb (140 nM) and Tris-HCI buffer
(10 mM, pH 8.0). The mixture solution was incubated at
37 °C for 20 min. Then 1 mL AuNP solutios was added and
Tris-HCI buffer (10 mM, pH 7.0) was used to dilute the solution
to 2 mL. 1 mL AuNC solution was added to the solution. Finally,
the UV-Vis absorbance spectra and fluorescence were collected
after the mixture solution was kept at room temperature for
45 min. For the recovery test, 50 uL (200 ng'mL ™', 500 ng-
mL ", 1000 ngmL ", 2000 ngmL ") trypsin was mixed with
spiked sample and the same procedures were followed.

Results and discussion
Characterization of the AuNCs and AuNPs

In the HRTEM images (Fig. 1a), the spherical morphology of
AuNCs with an average size of 2 nm is shown. According to
the TEM images of AuNPs, both citric acid modified AuNPs
(Fig. 1b) and Hb-coated AuNPs (Fig. 1c) have good disper-
sion with an average diameter of approximately 13 nm. As
shown in Fig. 1d, after the AuNCs were added into AuNP
solution, AuNCs can induce the aggregation of AuNPs.
However, when Hb was present in the solution, it binds to
the AuNPs surface and protects AuNPs from being

agglomerated (Fig. 1e). In presence of trypsin, Hb was hydro-
lyzed and the encapsulation of AuNPs by Hb was destroyed
by trypsin. After AuNCs were added to solution, AuNPs were
agglomerated again (Fig. 11).

The average sizes of these particles were characterized by
DLS. The average diameters of AuNCs (Fig. S2a), AuNPs
(Fig. S2b) and the Hb-coated AuNPs (Fig. S2c¢) were
2.33 nm, 18.17 nm and 24.36 nm, respectively. It should be
noted that the DLS data represents the hydrodynamic diameter
of the hydration state of the nanoparticles, while the TEM
image shows the actual size of the nanoparticles. Therefore,
compared to the diameter measured by TEM, the diameter
measured by the DLS method was significantly larger [25].
XPS survey spectrum shows that AuNPs (Fig. S3a) have two
distinct peaks at 83.7 eV and 87.5 eV, respectively. For
AuNCs (Fig. S3b), there are two peaks at 84.2 eV and
87.9 eV, The binding energy of Audf;,, revealed that Au (0)
and Au (I) are both present in AuNPs and AuNCs [26].

The AuNCs have a zeta potential of +6.0 mV (Fig. S4), which
indicated the positively charged AuNCs were formed, while the
AuNPs have a zeta potential of - 18.5 mV. The Hb-coated
AuNPs have a zeta potential of - 25.4 mV. It means that Hb-
coated AuNPs were negatively charged and the stability of Hb-
coated AuNPs were further improved compared to AuNPs. The
positively charged AuNCs tend to have electrostatic interaction
with negatively charged AuNPs. Thus, AuNCs induced AuNPs
agglomeration. The electrostatic interaction between AuNCs and
Hb-coated AuNPs can induce the FRET between AuNCs and
Hb-coated AuNPs, resulting in the quenching of AuNCs fluores-
cence. As shown in Fig. 2a curve A, the emission ranges from
385 to 650 nm, the maximum emission is at 455 nm, and the
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Fig. 1 a HRTEM image of
AuNCs, b TEM image of AuNPs,
¢ TEM image of Hb-coated
AuNPs, d TEM image of AuNPs
in presence of AuNCs, e TEM
image of AuNPs in presence of
Hb and AuNCs, f TEM image of
AuNPs in presence of Hb, trypsin
and AuNCs

maximum excitation for the fluorescence of AuNCs is at 365 nm
(Fig. 2a curve B). In curve E of Fig. 2b, a broad absorption band
(300-800 nm) and the maximum absorption at 520 nm of the
AuNPs UV-Vis absorption spectrum is shown.

Detection mechanism and condition optimization

The mechanism of this dual-signal assay is illustrated in
Scheme 1. In this nanoprobe system, the surface of AuNCs
was modified by histidine, which contains imidazole and
amino group. The citric acid modified AuNPs have carbox-
yl group on the surface. Therefore, AuNCs and AuNPs
tend to have electrostatic interaction. Adding AuNCs into
AuNP solution can induce AuNPs to be agglomerated,
causing the AuNPs color transformation from red to blue
with the reduced distance between AuNPs. However, Hb
molecules can bind onto the AuNPs surface [22, 27], lead-
ing to the encapsulation of AuNPs. Therefore, the presence
of Hb can enlarge the distance between AuNPs and protect
AuNPs from being agglomerated after addition of AuNPs.
Because the fluorescence emission of AuNCs (455 nm
maximum emission) overlap with the Hb-coated AuNPs

@ Springer

UV-Vis absorption spectrum (Fig. S5) [13, 28], there was
fluorescence resonance energy transfer (FRET) between
Hb-coated AuNPs (as energy acceptors) and AuNCs (as
energy donors), which induced fluorescence quenching of
AuNCs. When trypsin was present in the solution contain-
ing Hb and AuNPs, Hb on AuNPs surface was hydrolyzed
into peptides [12], thus destroying the encapsulation of Hb
on AuNPs. After AuNCs were added to the solution,
AuNCs induced AuNPs aggregation again, thus the fluo-
rescence of AuNCs recovered because of decreased FRET
between AuNPs and AuNCs.

Fluorescence and UV-Vis absorption characterizations were
performed for testing the feasibility of this nanoprobe system.
The maximum fluorescence emission of AuNCs (Fig. 2a curve
B) is at 455 nm. When trypsin (Fig. 2a curve D) and Hb (Fig. 2a
curve C) were added to AuNCs, the fluorescence peaks of
AuNCs hardly changed, indicating that there was no molecular
interaction between Hb or trypsin and AuNCs. Figure 2b
depicted the absorption spectra in this nanoprobe system, and
the absorption spectra of AuNCs is shown as curve A in Fig. 2b.
The maximal UV-Vis absorption peak of AuNPs is at 520 nm
(Fig. 2b curve I). When AuNCs were added to Hb-coated
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Fig. 2 a Fluorescence spectra of a b
the excitation of A AuNCs, the 1.6 1.0
emission of B AuNCs, C 1.4
AuNCs+Hb, D AuNCs+trypsin, 2 12] 0.8
E AuNCs+AuNPs+Hb + trypsin, z
F AuNCs+AuNPs, G AuNCs+ £ 10 g 0.6
AuNPs+Hb. b UV-Vis absorption = 08 E
spectra of H AUuNCs, I AuNPs,J 8 1 E 04
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AuNPs+Hb + trypsin, L AuNCs+ 5 04 0.2
AuNPs 7 02
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AuNPs, due to FRET between AuNCs and Hb-coated AuNPs,
the AuNCs fluorescence was dramatically quenched (Fig. 2a
curve G) and the maximal AuNPs UV-Vis absorption peak
shifted slightly to 530 nm (Fig. 2b curve J). Trypsin can cata-
lyze the decomposition of Hb on the surface of AuNPs, and
AuNCs were added to induce AuNPs agglomeration, causing
the maximum UV-Vis absorption peak from 530 nm to 610 nm
with the AuNPs color changed from red to blue [29, 30] (Fig.
2b curve K). Therefore, the FRET effect between AuNPs with
AuNCs was decreased, and the fluorescence effectively recov-
ered (Fig. 2a curve E). In the control group, when AuNCs were
added to AuNPs without Hb and trypsin, the maximum AuNPs
UV-Vis absorption peak also red-shifted to 610 nm (Fig. 2b
curve L), and the AuNCs fluorescence partially recovered com-
pared with the circumstance when AuNCs were added to
AuNPs with Hb (Fig. 2a curve F).

Fig. S1 shows after adding different concentrations of Hb
into the system to coat AuNPs, the fluorescence (Fig. S1a) and
UV-Vis absorbance (Fig. S1c) changed. There is a linear rela-
tionship between fluorescence (F/Fy—1) with the concentration
of Hb (Fig. S1b), which means it is static quenching between
Hb and AuNCs. With the increase of Hb concentration, the
maximum absorption wavelength of AuNPs blue shifts to
530 nm in AuNCs. This means that Hb partially coats
AuNPs, and the agglomeration induced by AuNCs is avoided.
With the concentration of Hb at 140 nM, AuNPs were
completely coated by Hb. Fig. S6 shows the UV-Vis absor-
bance and the fluorescence in this system with different reac-
tion time. 45 min was selected as the optimal reaction time
because the fluorescence and UV-Vis absorbance values
maintained stable after 45 min. For obtaining the optimal pH
value, the fluorescence and UV-Vis absorbance were mea-
sured in this system in the range of pH 5.0 and 10.0 (Fig.
S7). Under the condition of pH 7.0, maximum response in
fluorescence recover and UV-Vis absorbance were obtained.

Sensitivity and selectivity detection of trypsin

Under the optimal Hb concentration, reaction time and pH value,
the nanoprobe system for trypsin detection by fluorescence

T
550

T T T T T T T T
600 650 200 300 400 500 600 700 800

wavelength(nm)

emission and UV-Vis absorbance were investigated. Figure 3
shows that the maximum AuNCs fluorescence emission peak
is at 455 nm, which increases with higher concentration of tryp-
sin (0-3500 ng'mL-1) (Fig. 3a). Using (F/Fy—1) as the ordinate,
the range from 10 ng'mL " to 2500 ng'mL " of the trypsin con-
centration as the abscissa (Fig. 3b), a linear relationship was
established with a good correlation coefficient (R?=0.9939).
Based on 30/S [31], the limit of trypsin detection (LOD) was
4.6 ng'mL"". The maximum UV absorption peak of AuNPs was
530 nm in this nanoprobe system with the optimal concentration
of Hb (140 nM). As different concentrations of trypsin were
added (0-3000 ng'mL "), the maximum UV absorption peak
of AuNPs red-shifted and the intensity decreased, until reaching
the maximum red-shift at 610 nm (Fig. 3c). The color of the
mixture changed from red to blue. A linear correlation between
the red-shift wavelength of AuNPs and the concentration of tryp-
sin (20-2000 ng'mL ") was established (Fig. 3d). The detection
limit based on 307/S is 8.4 ng'mL ™" and the linear correlation
coefficient is R*=0.9926. Compared with previously reported
studies for trypsin detection, the present method exhibits signif-
icantly higher sensitivity and broader linear range (Table S1).
Hence, this dual-signal assay provides more sensitive and reliable
results than the traditional single-signal assay.

The selectivity of trypsin for fluorescence and UV-Vis ab-
sorption of this nanoprobe was also investigated. Potential
interferents, including glycine (Gly), glutamic acid (Glu), phe-
nylalanine (Phe), leucine (Leu), cysteine (Cys), glucose, ascorbic
acid, dopamine, urea, glutathione, K*, Na*, Mg**, CI", glucose
oxidase (GOX), urease, ascorbic acid oxidase (AOX), acetylcho-
linesterase (AChE), lysozyme, albumin from bovine serum
(BSA) (3000 ngmL ") were added to the solution. Figure 4
shows that under equivalent experimental conditions, the fluo-
rescence recover (Fig. 4a) and UV-Vis absorption (Fig. 4b) of
trypsin (2000 ng'mL ") are much more significant than the
interferents (3000 ng'mL ™). Cysteine has an influence in the
results of the system, but when cysteine and trypsin were mixed
into the system, the fluorescence and colorimetric differed little
from that with trypsin alone. Based on these results, it is verified
that this method provides high selectivity for trypsin
determination.

@ Springer
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Fig. 3 a Fluorescence spectra of a b
AuNPs, Hb (140 nM), AuNCs L1 0
and different concentration of 107] 0.6 n ;
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Detection of trypsin in human serum samples

For testing the practicability of the dual nanoprobe system of
fluorescence emission and UV-Vis absorption for trypsin de-
tection, trypsin in human serum collected from the First
People’s Hospital of Chengdu was determined using this
nanoprobe system. All serum samples were obtained by legal
means. In serum, the concentration of trypsin of healthy people
is 248 £95 ng'mL™" [32]. The fluorescence spectra of the
Human Hemoglobin (HHb) exhibits the peak maxima at

a
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Fig.4 a The fluorometric (F/Fo—1) response of nanoprobe in the presence
trypsin (2000 ng'mL ") and various interferent species (3000 ng'mL™"). b
The wavelength of maximum absorption response of nanoprobe in the
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322 nm (A, =280 nm) [33]. The maximum fluorescent emis-
sion of Human Serum Albumin (HSA) is at 343 nm (A=
290 nm) and the maximum peak of the UV absorption of
HSA is at 278 nm [34], and both of them have little influence
on the determination of trypsin in serum by fluorescence and
colorimetry method. The test results of this nanoprobe system
were compared with those by a commercial trypsin kit (Art.
No. YX-C-B303) purchased from Sion Best Biological
Technology Co., Ltd. As shown in Table 1, the results from
this nanoprobe system is consistent with the results of the
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presence trypsin (2000 ng'-mL™") and various interferent species
(3000 ng-mL*l)
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Table 1 The detection results of trypsin in human serum samples
Samples  Fluorometic Colorimetric Trypsin kit
(ngmL")

Add Found Recovery (%) RSD Added Found Recovery (%) RSD
(ng'mLfl) (ng-mlfl) n=3, %) (ng~mL71) (ng-mLfl) n=3, %)

1 0 36.1 - 1.9 0 394 - 22 353

2 200 2413 1022 23 200 250.6 104.7 1.7 2453

3 500 557.6 104.0 2.7 500 5212 96.6 23 531.8

4 1000 1017.2 98.2 1.6 1000 1057.7 101.7 1.5 1034.6

5 2000 2013.7 98.9 2.0 2000 2030.8 99.6 2.1 2052.6

trypsin kit. Trypsin was diluted by 6 fold, and the measured 2. Zhu Q, Yu Z, Kabashima T, Yin S, Dragusha S, Elmahdy AFM,

concentration is 35.3 ng'mL ™" by trypsin kit, which means the
real concentration of trypsin is 181 ng'mL™" in human serum.
For the fluorescence method, the recoveries range from 98.2%—
104.0%, and RSDs range from 1.6%-2.7%. For the colorimet-
ric method, the recoveries are in the range of 96.6%—104.7%,
and RSDs are in the range of 1.5%—2.3%. Thus, this nanoprobe
system offers sensitive and convenient determination of tryp-
sin, and has high potential for practical application.

Conclusion

A new fluorescent and colorimetric dual-signal assay is
developed for trypsin determination based on the gold
nanocluster-induced aggregation of hemoglobin coated
gold nanoparticles. By monitoring the maximum wave-
length of AuNPs and fluorescence emitted by AuNCs,
trypsin concentration can be determined. Broad linear
ranges (10-2500 ng'mL™' and 20-2000 ng'mL"') and
low detection limitations (4.6 ng'mL ™' and 8.4 ng'mL™")
were obtained for detection of trypsin. The present meth-
od demonstrates good sensitivity and selectivity for tryp-
sin and has high potential for practical application in hu-
man serum.
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