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There is an urgent demand for on-site detection of biomarker, particularly in clinical diagnosis and therapeutics
applications. Herein, we designed a convenient and sensitive fluorescence nanosensor for point-of-care de-
termination of trypsin (TRY). The fluorescence intensity of gold nanoclusters (AuNCs) can be quenched by
cytochrome ¢ (Cyt c) via electron transfer mechanism. TRY specifically catalyzes the hydrolysis of Cyt ¢ to
produce small peptide fragments, inducing the significant fluorescence recovery. As a result, the AuNCs-based
system processed a sensitive and selective response to TRY with the range 0.2-100 ug mL~*, accompanying a

detection limit of 0.08 ug mL ™. Significantly, the sensing assay can be used to construct test strips for rapid and
visual recognition of TRY. Combining with smartphone and ImageJ software, we further developed an image
processing algorithm for quantitative detection of TRY with highly promising, which validated the potential

point-of-care application.

1. Introduction

Considerable efforts have been made for the design of analytical
strategies toward biological macromolecules in order to diagnosis and
treatment of disease [1]. Trypsin (TRY) as an important serine protease
can catalyze the hydrolysis of some proteins into small pieces [2,3]. The
enzyme that can regulate pancreatic exocrine function served as a re-
liable and specific biomarker for pancreatitis [4]. Abnormal level of
TRY (0.60-6.55 uygmL~") can cause cystic fibrosis [5], pancreatic car-
cinoma [6] and meconium ileus [7]. Therefore, the sensitive analysis of
TRY is important for efficient diagnosis and therapeutics of diseases, as
well as applications in the proteomics area. Vast endeavors have been
undertaken to identify and quantify TRY, including high-performance
liquid chromatography [8], enzyme-linked immunosorbent assay [9],
electrochemical methods [10] and fluorescence spectroscopy [11].
Among them, fluorescence (FL) strategy as one of the most powerful
sensing platforms have received considerable attention due to its
characteristics of simplicity, rapid, sensitivity and cost-effective. To
date, few FL strategies have also been developed for the detection of
TRY based on fluorescent dyes [12,13], quantum dots [14] and gra-
phene quantum dots [15]. However, most of nanomaterials suffer from
the biological toxicity or complex fabrication procedure, which limited

* Corresponding authors.

their wide application in biological system. Thus, it still remains great
challenge to develop facile and sensitive strategy for the determination
of TRY.

Recently, fluorescent noble gold nanoclusters (AuNCs) as an ex-
cellent candidate have attracted significant interest due to their su-
perior optical properties as well as facile synthetic process [16]. Com-
pared to organic dyes and quantum dots, AuNCs possess distinct
advantages, such as preferable biocompatibility, excellent photo-
stability and low toxicity [17]. Particularly, one-step green synthesis of
AuNCs [18] without the requirement of toxic organic solvents and re-
ducing agent makes them attractive and in-depth development. Bene-
fiting from these characteristics, AuNCs have been widely applied in the
construction of biosensors for the detection of metal cations [19], in-
organic anions [20], small biomolecule [21-23] and industrial chemical
[24]. Instead, the AuNCs-based FL sensing platform for enzyme activity
detection is still in its starting so far. Thus, the utilization of AuNCs for
the monitoring of enzyme activity have exhibited great prospects, since
both the excellent optical characters and outstanding selectivity have
been effectively combined.

Inspired by the aforementioned facts, we herein designed a facile
AuNCs-based sensing platform for the sensitive detection of TRY (Scheme
1). Employing a convenient one-pot synthetic route, AuNCs were
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Scheme 1. Schematic illustration of the principles of detection TRY.

synthesized by using glutathione (GSH) as template and stabilizer. The
positively charged cytochrome ¢ (Cyt c) can efficiently couple to oppo-
sitely charged AuNGs, resulting in obvious FL quenching through electron
transfer (ET) mechanism. TRY can specifically hydrolyze Cyt c to yield
negatively charged heme-peptide fragments, weakening the ET effect,
which induced the recovery of FL intensity. On the basis of the FL
quenching induced by Cyt ¢ and following recovery in the presence of
enzyme, this facile and label-free strategy performed high sensitivity for
TRY detection. More importantly, AuNCs have also been applied to con-
struct portable test strips for rapid and visual detection of TRY, implying
that this sensor has promising potential for point-of-care monitoring.

2. Experimental
2.1. Reagents and materials

The water with good resistivity (> 18 MQ ecm ™) were utilized in
this work. Hydrogen tetrachloroaurate (III) hydrate (HAuCl,xH50), 1-
glutathione, TRY (180 U mg'l), ascorbic acid, lactose, glucose, tyrosine,
aspartic acid, glycine, BSA (bovine serum albumin), ConA (con-
canavalin A), GoX (glucose oxidase), acetylcholinesterase (AChE), bu-
tyrylcholinesterase (BChE) of analytical grade were obtained from
Sigma-Aldrich Corporation.

2.2. Preparation of AuNCs

GSH capped AuNCs were synthesized based on the previous process
[25]. In brief, 0.5mL of HAuCl, (20mmol L) and 0.15mL of GSH
(100 mmol L~ !) were mixed and added to 4.35 mL of ultrapure water under
vigorous stirring. Then, the above mixture was heated to 70 °C and reaction
was allowed to proceed for 24 h. Thus, a yellow solution of AuNCs was
obtained and purified by use of dialysis bag (3 kDa). The concentration of
AuNCs was 1.75 mmol L™ (calculated by the concentration of Au).

2.3. Fluorescence quenching experiments induced by Cyt ¢

Various concentrations of Cyt ¢ (0-500ug mL™!) and 50 uL of
AuNGs (0.5 mmol L™') and were introduced into 500 pL calibrated test
tubes. The tubes were diluted to mark by using pH = 8.0 PBS solution

(10.0mmol L™1%). The FL spectrum were measured by using spectro-
fluorophotometer with excitation wavelength at 418 nm.

2.4. Detection procedure for TRY activity

200 ug mL~?! of Cyt ¢ (50 uL) and 10 mmol L~! of PBS (pH = 8.0,
50 uL) were mixed with various concentrations of TRY (50uL) for
60 min at 37 °C. Then, 0.5 mmol L™ ! of AuNCs (50 pL) were added and
diluted to 500 pL with PBS (pH = 8.0, 10.0 mmol LY. The FL spectra of
mixture were collected with excitation wavelength at 418 nm.

2.5. TRY detection in biological samples

The fresh human blood samples were collected from Changchun
China Japan Union Hospital. The serum samples were centrifuged at
10,000 rpm for 5.0 min at 4 °C. Then, the supernatants were diluted 50-
fold with PBS (pH = 8.0, 10.0 mmol L™1) before detection. For urine
samples analysis, the urine samples were diluted 50-fold with PBS for
analysis.

3. Results and discussion
3.1. Characterization of AuNCs

GSH-capped AuNCs were synthesized through a convenient one-pot
synthetic method in water phase [25]. The morphology of as-prepared
AuNCs was directly observed by using transmission electron micro-
scopy (TEM). As displayed in Fig. 1A, the AuNCs were mostly spherical
morphology with good dispersion and existed average diameter size
around 2.7 nm. The optical properties of AuNCs were confirmed by
UV-vis and FL spectroscopy. As shown in Fig. 1B, AuNCs had no ap-
parent absorption in the visible region, implying that the diameter of
AuNCs was less than 10 nm. The typical excitation and emission wa-
velengths of AuNCs were 418 nm and 625 nm, respectively. The large
stokes shift of 200 nm can efficiently avoid interference between the
excitation and emission signals. Inset in Fig. 1B showed the color of
AuNCs solution under visible light (light yellow) and UV light (orange).
These results confirmed that the successful preparation of AuNCs can be
used for fabrication biosensor.
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Fig. 1. (A) Typical TEM image of AuNCs. (B)
The UV-vis absorption (black line), fluores-
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3.2. Design of AuNCs-Cyt c platform

In order to design a sensitive system for the determination of TRY,
the AuNCs-based sensing platform coupled with the specificity of en-
zyme was developed. The FL intensity of AuNCs at 625nm can be
significantly quenched by Cyt c through ET process (Fig. 2A, Red line).
Under catalysis of TRY, Cyt ¢ was hydrolyzed into negatively charged
heme-peptide fragments [26,27], resulting in the weak ET effect and
the FL recovery of system (Blue line). The emission color of reaction
samples under UV lamp (365 nm) can be observed visually, which co-
incide with the variation of FL intensity (Inset, Fig. 1A). To verify the
feasibility of the designed platform for TRY, control experiment in ab-
sence of Cyt ¢ were studied in Fig. S1. It can be obviously found that the
FL of AuNCs cannot be influenced by TRY in wide range from 0 to
100 ug mL™ . All of the above results indicated that the designed
AuNCs-Cyt c platform can be applied to analyze TRY.

Cyt c as a popular electron transfer substance can efficiently quench the
FL intensity of fluorophore [26]. For better explore the quenching process
induced by Cyt c, relevant studies were carried out. The zeta potential of
AuNCs and Cyt ¢ were investigated in Fig. 2B. The AuNCs were negatively
charged ({ = —24.18mV) while the Cyt c were positively charged

300 400 500 600 700 800 900
Wavelength (nm)

(€ = +17.99mV), indicating that the strong electrostatic interaction be-
tween AuNCs and Cyt c. Furthermore, the electrostatic interaction would
result in slight aggregation of AuNCs (Fig. 2C), which was also clearly ob-
served by TEM (Fig. 2D). Most importantly, the FL lifetime of AuNCs
(8.172 ps) was appreciably shortened in the presence of dynamic quencher
(here heme in Cyt c), revealing that dynamic quenching process was
dominant for FL decrease (Fig. 2E and Table S1). The designed mechanism
was that the positive charge of Cyt ¢ can accept the electron from AuNCs,
and then deliver them from the lowest unoccupied molecule orbital (LUMO)
to the highest occupied molecule orbital (HOMO). Thus, the strong elec-
trostatic interaction between AuNCs and Cyt ¢ make them closer, further
causing electron transfer from AuNCs (donor) to Cyt ¢ (accepter), which
induced FL dynamic quenching. We systematically investigated the FL
quenching of AuNGs in the presence of Cyt c. As depict in Fig. 2F, the FL
intensity (625nm) were gradually quenched with the increasing con-
centration of Cyt ¢ (0-500 ugmL_l). There is a good linear relationship
between Fo/Fqo and the logarithm of Cyt ¢ concentration (R* = 0.9947). Fq
and Fq are FL intensities in the presence and absence of Cyt c, respectively.
The regression equation is Fo/Fgo = 1.3233-0.5105 log [Cyt c]. To obtain
low background and high sensitivity, 20 ygmL ™" of Cyt ¢ was chosen for
further study.
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Fig. 2. (A) Fluorescence spectra of AuNCs, AuNCs-Cyt ¢ and AuNCs-Cyt c-TRY. The final concentration of Cyt ¢ and TRY are 20 and 100 ug mL~". Inset are the
corresponding color changes of AuNCs (a), AuNCs-Cyt ¢ (b) and AuNCs-Cyt c-TRY (c) under UV light. (B) The zeta potentials of AuNCs and Cyt c at pH 8.0. (C) TEM
image of AuNCs-Cyt c. (E) The resonance light scattering (RLS) spectra of AuNCs and AuNCs-Cyt c. (F) FL spectra of AuNCs in the presence of different concentrations
of Cyt c. The concentration of Cyt ¢ are 0, 1.0, 2.0, 5.0, 10, 20, 50, 100, 200 and 500 ug mL . Inset are the linear plot of the FL intensity ratio Fo/Fqo versus the
logarithm of Cyt ¢ concentration.
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Fig. 3. The effect of pH (A) and reaction temperature (B) on the FL intensity ratio Fr/Fgo. (C) The effect of time on Fr/Fgq of the AuNCs-Cyt c system in the presence

of 5.0, 50 and 100 ug mL ™' TRY. The final concentration of Cyt c is 20 yg mL~

3.3. Optimization of experimental conditions

To achieve a good performance for TRY detection, the experimental
conditions (e.g. pH, incubation temperature and reaction time) were
optimized in our studies. The effect of pH on the FL ratio (Fr/Fgro) of
AuNCs-Cyt c system in the presence of 100ugmL~' TRY was in-
vestigated (Fig. 3A). Fr and Fyg are FL intensities of AuNCs-Cyt c system
in the presence and absence of TRY, respectively. The Fr/Fro obviously
increased with the pH value from 6.5 to 8.0, following by apparently
decreasing in pH range of 8.5-10.0. It could be seen that the hydrolysis
ability of TRY performed good in alkaline medium (pH = 8.0). How-
ever, the catalytic activity of TRY could be damaged at higher pH value,
causing the decrease of Fr/Fgo. Therefore, pH 8.0 PBS (10 mmol L™ 1)
was chosen for TRY activity detection.

Reaction temperature was optimized by measuring the Fr/Fgro of
AuNCs-Cyt ¢ system. As displayed in Fig. 3B, Fr/Fgro reached the
maximum at 37 °C, which was consistent with previous study [27,28].
Thus, 37 °C was selected for TRY activity detection. The catalytic re-
actions time were consecutively monitored by FL spectroscopy in the
presence of TRY (5.0, 50 and 100 pg mL~!) at 37 °C. It can be seen from
Fig. 3C that the reaction time had remarkable influence on the FL in-
tensity. When TRY was introduced into the AuNCs-Cyt c system, the FL
intensity gradually enhanced and completed within 60 min, confirming
that 60 min was chosen for TRY detection. Under optimized condition,
the AuNCs-Cyt ¢ system possessed good stability in a wide salt con-
centration (0-50 mmol L ™), implying that this system was expected to
fabricate biosensor for TRY (Fig. S2).

3.4. Detection of TRY activity

The determination of TRY activity with the AuNCs-Cyt ¢ system was
conducted under the optimum conditions, the FL intensity of AuNCs-
Cyt ¢ system was continuously recovered with the increasing of TRY

1
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concentration, depict in Fig. 4A. Inset showed the change trend of FL
intensity in the presence of various concentrations of TRY. There is a
good linear relationship (R? = 0.9916) between the FL intensity ratio
Fr/Fro of AuNCs-Cyt c platform and TRY concentration in the range of
0.2-100 ug mL~* (Fig. 4B). F and Fg, are FL intensities of AuNCs-Cyt ¢
system in the presence and absence of TRY, respectively. The regression
equation was: Fr/Fro = 1.0255 + 0.0240 [TRY]. The limit of detection
(LOD) was calculated to be 0.08 ug mL™?! (30/s) [29], which is com-
parable to or even better than those of reported methods (Table S2).
Furthermore, according to previous literature [30], chronic and acute
pancreatitis patients have high TRY concentrations between
0.60-6.55 ugmL ™! in serum, implying that the proposed platform can
meet the detection requirement.

The specificity of the established assay was further investigated by
using common interfering substances, including Na*, K*, Mg?"*, as-
corbic acid, lactose, glucose, tyrosine, aspartic acid, glycine, BSA (bo-
vine serum albumin), ConA (concanavalin A), GoX (glucose oxidase),
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). As dis-
played in Fig. 4C, after the addition of 50 ugmL~! of the above
common substances, the FL intensity of the AuNCs-Cyt c¢ system re-
mained nearly constant, indicating that the common substances do not
have evident interference on AuNCs-Cyt c platform. The signal response
of system performed obvious increase in the presence of 50 uygmL ™!
TRY, which demonstrated the excellent selectivity to TRY. We then
measured the FL of AuNCs-Cyt ¢ system to 50 uygmL~' TRY in the
presence of foreign substances. As revealed in Fig. 4D, the sensing
system still work the same with foreign substances. The results illu-
strated that the system exhibited acceptable ability for resisting inter-
ference from common coexisting substances. Thus, the proposed bio-
sensor performed good selectivity for TRY monitoring.

To investigate the accuracy of AuNCs-Cyt c platform, the established
FL platform was applied for TRY activity detection in biological sam-
ples. The average recovery test was measured by utilizing the standard
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addition method. Different concentration of standard TRY solution (10,
50 and 100 pg mL~') were added in the biological sample for recovery
test (Table 1). It can be obviously observed that the average recoveries
of TRY were in the range from 95% to 109% with low relative standard
deviations (RSD < 4.06%). The above results indicated the potential
practical application of AuNCs-Cyt c-based platform for TRY analysis in
real samples.

3.5. Test strips for TRY detection

Although optical assays have been employed for TRY determination,
nearly all optical strategies involve the utilization of bulky spectro-
scopic instrumentation. From the previous studies, AuNCs had been
loaded on various supports, such as glass slide [31] and fibers [32,33],
confirming the stability of AuNCs in supports matrices. Inspired by the
above facts, we proceeded to establish paper-based sensors by im-
mobilization of AuNCs on common absorbent paper. Paper-based strip
as promising platform have received much attention to revolutionize
on-site diagnosis due to their low-cost, ease of storage and ease of
disposal [34-38]. By prior immobilization of AuNCs on an absorbent
paper, test strips were simply designed. Test strips possessed good
stability under irradiating continuously over a period of 20 min (Fig.
S3). Using the AuNCs-based test paper, we were able to visually detect
TRY activity. For TRY detection, 10uL of the reaction solution

Table 1
Detection of TRY in biological samples.
Sample Spiked concentration Found Recovery RSD
(ug mL™") (ug mL™") (%) (n =3, %)
Urine 10 10.9 109 3.54
50 49.5 98.9 2.66
100 102.5 102.5 3.14
Serum 10 10.4 103.7 4.06
50 49.0 98.1 3.77
100 95.0 95.0 3.61

(containing TRY and Cyt c) was dropped on the as-fabricated test strip.
The color of the paper changed from gray to orange under UV excitation
by varying the TRY concentration from 0 to 100 uygmL ™' (Fig. 5A). As
is known to all, the true-color image can be decomposed by the RGB
model into three primary color images. The primary color images can
be digitized by ImageJ software, which yielded corresponding intensity
values that are related to TRY activity. Based on the above principle,
the FL images were taken by a smartphone with high-quality camera,
then the images were decomposed into color intensity values of red (R),
green (G), and blue (B) channel (Fig. 5B). It can be clearly found that
the red (R) channel processed huge enhance in color intensity values
and the green (G) channel displayed slight increased with the increase
of TRY, while blue (B) channel nearly showed no change in the range of
0-100 pg mL?! TRY, indicating that red (R) channel and green (G)
channel images with analyte-dependent intensities. By utilizing image
processing algorithm, a linear relationship (R? = 0.967) between the B/
(R + G) value and the logarithm of TRY concentration in the range of
1-100 ug mL~ ! was fitted in Fig. 5C. These results demonstrated that
the test strips combined with the smartphone offered a highly powerful
portable platform for TRY detection due to their cost-effective, simple
operation and ease-transport.

4. Conclusions

In the present study, a sensitive FL sensing platform had been es-
tablished for point-of-care detection of TRY activity by taking ad-
vantage of the superior optical properties of GSH-capped AuNCs and
excellent specificity of TRY. Initially, the FL intensity of AuNCs could be
quenched by positively charged Cyt ¢ through ET mechanism. Then, Cyt
¢ was selectively reduced to heme-peptide fragments by TRY, accom-
panying the subsequent FL recovery of AuNCs. The practical application
of AuNCs-Cyt ¢ system was demonstrated by the analysis of the biolo-
gical samples with satisfactory results. Meanwhile, the AuNCs-based FL
platform were successfully performed on test strips for visual detection
of TRY, which validated the potential point-of-care application. Thus,
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Fig. 5. (A) Visual detection of TRY by using test strips under a 365nm UV
illumination. The concentrations of TRY were 0, 2.0, 10, 20, 50 and
100 ug mL™!, respectively. (B) Intensities of red (R), green (G), and blue (B)
channel images of photo images. (C) Relationship between channel intensity
ratio and the concentration of TRY. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

the platform displayed many merits including ease-of-use, environ-
mental-friendliness, and cost-effectiveness, suggesting that the label-
free assay could employ as a promising platform for TRY monitoring.
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