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ABSTRACT

Herein, we report a simple, sensitive label-free colorimetric assay of trypsin based on silver nanoparticles
(AgNPs) aggregation. Generally, a specially designed short peptide chain acts as both the stabilizer of
AgNPs and the substrate of trypsin. In the presence of trypsin, the negatively charged part of peptides
will be hydrolyzed, leaving the positively charged dipeptide capped on the surface of AgNPs. The
electrostatic property alteration then leads to the AgNPs' aggregation in certain salt condition. The
solution color may change correspondingly due to the localized surface plasmon resonance, which can be
monitored by naked eye and UV-vis spectrophotometry. This novel AgNPs-based colorimetric method
for quantitative determination of trypsin has a linear detection range from 2.5 to 200 ng mL™! and a
rather low detection limit down to 2 ng mL™!. The determination of trypsin can also be realized in
complex biological fluids by the proposed method, demonstrating its great potential utility in the clinical
applications in the future.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Trypsin is a kind of serine protease produced in the pancreas that
cleaves proteins on the C-terminal side of arginine or lysine residues.
The initial proenzyme form of trypsinogen can self-cleave to generate
the active form of trypsin, which then induces the transformation of
other pancreatic proenzymes into the active forms. Therefore, trypsin
plays a critical role in the control of pancreatic exocrine function
(Hirota et al., 2006; Rawlings and Barrett, 1994). The level of trypsin
can serve as a reliable and specific diagnostic biomarker for pan-
creatic function and its pathological changes such as pancreatitis,
cystic fibrosis and cancer (Artigas et al., 1981; Byrne et al., 2002). For
example, the serum trypsin concentration of acute pancreatitis
patients is much higher than that of healthy individuals. Moreover,
trypsin has been widely employed in food industry and biotechnol-
ogy applications (Schuchert-Shi and Hauser, 2009; Soleimani and
Nadri, 2009), thus developing simple, selective and sensitive meth-
ods for the detection of trypsin which has attracted increasing
attention.

Traditional methods for quantifying trypsin usually involve
radioimmunoassay (Temler and Felber, 1976), gelatin-based film
assay (Kersey et al., 1993) and enzyme-linked immunosorbent
assay (Rhodes et al., 1957). So far, a large number of biosensors
have been developed, such as electrochemical (lonescu et al.,
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2006; Stoytcheva et al., 2012; Wang et al.,, 2012b), fluorescent
(An et al., 2009; McKenzie et al., 2009; Wang et al., 20104, 2010b),
colorimetric (Xue et al., 2011) and Quartz Crystal Microbalance
(QCM) (Stoytcheva et al., 2013) sensors. However, these methods
require either sophisticated and expensive equipment, or time-
consuming and laborious experiment procedures like molecule
labeling, which can be operated only by well-trained professionals.
Hence, simple, fast and precise methods to quantify trypsin should
be developed for rapid clinical applications. Recently, Zaccheo and
Crooks have fabricated a delicate self-powered sensor for trypsin
using light-emitting diode (LED) to deliver a visible response
(Zaccheo and Crooks, 2011). Nevertheless, the sensitivity of this
device is not satisfactory and the assay time is about 3 h, which is
too long.

Colorimetric biosensors based on gold nanoparticles (AuNPs)
and silver nanoparticles (AgNPs) are now gaining more and more
attention due to the advantages such as simplicity, fast response,
cost-effectiveness and high sensitivity (Ravindran et al.,, 2011; Su
et al, 2011; Wang et al.,, 2006, 2012a). Moreover, AgNPs have
certain merits over AuNPs since they possess higher extinction
coefficients comparing with AuNPs of the same size (Lee et al.,
2007). Herein, we report a novel label-free colorimetric method
for quantifying trypsin using AgNPs. In this work, a short peptide
substrate has been designed to cap AgNPs for stabilization via
silver-sulfur interaction (Taglietti et al., 2012). Trypsin can cleave
the C-terminal side of arginine in this peptide, which leads to the
release of the negatively charged peptide chain into the solution
and the positively charged dipeptides remaining on the surface of
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AgNPs. The variation of the electrostatic property then triggers the
aggregation of AgNPs. Since the aggregation is strongly correlated
with the remarkable property known as localized surface plasmon
resonance (LSPR) (Sherry et al., 2005), the distribution state of
AgNPs altered by trypsin can be observed by a common spectro-
photometer or even by the naked eye. The assay time is short and
the limit of detection (LOD) can be as low as 2 ng mL™!, which
promises the method great potential utility for point-of-care test
(POCT).

2. Experimental
2.1. Materials and chemicals

Peptide (Cys—-Arg-Ala-Asp-Asp-Asp, CRADDD) was synthesized
and purified by Chinapeptides Co., Ltd. Silver nitrate (AgNOs3),
trisodium citrate, sodium borohydride (NaBH,), trypsin, glucose
oxidase (GOx), thrombin, alkaline phosphatase (ALP), lysozyme
and Bowman-Birk inhibitor (BBI) were purchased from Sigma-
Aldrich. Human serum samples were supplied by the local hospital
and human urine samples were collected from healthy volunteers.
The other reagents were of analytical grade and used as received.
All solutions were prepared with double-distilled water, which
was purified with a Milli-Q purification system (Branstead, USA) to
a specific resistance of 18 MQ cm.

2.2. Apparatus

UV absorption spectra were recorded by a Synergy HT multi-
function microplate reader (BicTek Instruments, Inc., USA). Transmis-
sion electron micrographs were taken using FEI Tecnai G20
transmission electron microscope (TEM) (FEI company, USA). Photo-
graphs were taken with a Canon IXUS220 HS digital camera.

2.3. Preparation of peptide-capped AgNPs

AgNPs were synthesized by borohydride reduction of AgNOs as
reported previously (Doty et al., 2005). Briefly, the solution of
0.25 mM AgNOs; and 0.25 mM trisodium citrate was prepared.
Then, 3 mL aqueous solution of NaBH, (10 mM) was added to
100 mL of the mixture of AgNOs; and trisodium citrate under
vigorous stirring during a period of 30 min. The formed AgNPs
were left to sit for 24 h. After that, the AgNPs were purified by
three cycles of centrifugation at 12,000g for 20 min and the pH
value was finally adjusted to 8.0 using phosphate buffered saline
(PBS, 2 mM). The functionalization of AgNPs with the peptide was
achieved by the silver—sulfur chemistry. After 24 h incubation, the
excess peptides were removed by centrifuging at 12,000g for
20 min.

2.4. Experimental conditions optimization

To obtain the optimal experimental conditions, several para-
meters were examined, including the incubation time and the
concentrations of NaCl and peptides.

2.4.1. The concentration of NaCl

Freshly prepared AgNPs could keep stable for several months.
Nevertheless, if certain amount of salt was added into AgNPs,
aggregation might occur and the solution color might change
accordingly. Solutions with various NaCl concentrations ranging
from 0 to 0.1 M were prepared and mixed with AgNPs. UV
absorption spectra were measured from 300 nm to 700 nm and
the ratios of net decreased absorbance peak (AA/Ap) were

calculated. A critical value of NaCl concentration was then chosen
to represent the salt-tolerance of AgNPs.

2.4.2. The concentration of peptide

Solutions with various peptide concentrations were firstly
added to AgNPs solutions separately. After 24 h incubation, the
excess peptide was removed by centrifugation at 12,000g for
20 min. The salt-tolerance of the peptide-capped AgNPs was
examined by adjusting the NaCl concentration to the critical value.

2.4.3. Incubation time

The optimal incubation time of peptide-capped AgNPs and
NaCl was determined by monitoring UV absorption spectra after
mixing them for different time durations.

2.5. UV-vis spectroscopy analysis of trypsin

The optical detection of trypsin was carried out as follows.
0.2 M peptide was used to cap AgNPs. The prepared nanoparticles
were then treated by trypsin with various concentrations ranging
from 0 to 500 ng mL™! at 37 °C for a period of 10 min. Subse-
quently, the UV-vis absorption spectra were measured to check
the salt-tolerances of the solutions with 0.036 M NacCl.

2.6. Inhibition and interference of trypsin in the assay

The proposed method was further used to evaluate the inhibi-
tion of trypsin by BBI (Rawlings et al., 2004). 5 ug mL™! BBI was
introduced to inhibit the activity of trypsin (100 ng mL™') in
peptide-capped AgNPs solutions.

Moreover, to examine the specificity and selectivity of this
method, some interfering proteins such as GOx, thrombin, ALP and
lysozyme were employed as control to replace trypsin in the
detection system.

2.7. Determination of trypsin in serum and urine samples

To verify the utility of this method in complex biological fluids,
human serum and urine samples were introduced. Since dilution
is a commonly used pretreatment procedure for protein analysis in
samples with high complexity, both human serum and urine
samples were diluted 10 times before the detection of trypsin
using the proposed method.

3. Results and discussion
3.1. Sensing principle

The strategy of trypsin assay is illustrated in Scheme 1. A short
peptide, CRADDD, is firstly attached to the surface of AgNPs by the
sulfhydryl group on the N-terminal amino acid via the silver—
sulfur interaction. The peptide is negatively charged at appropriate
pH, thus it can help stabilize AgNPs and contribute to a significant
improvement in salt-tolerant performance of AgNPs. However, if
the test solution contains certain amount of trypsin, CRADDD on
AgNPs can be easily hydrolyzed. Then, a shorter negatively
charged peptide, ADDD, is released while the positively charged
CR sticks on the surface of AgNPs. As a result, the negative charge
density on AgNPs surface decreases and the electrostatic stability
is broken, which may lead to the aggregation of AgNPs. The
resulted color change can then be used to reflect the concentration
of trypsin in the test solution. Moreover, the hydrolysis of CRADDD
by trypsin can be retarded in the presence of inhibitors, and the
aggregation of AgNPs can thereby be prevented.
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Scheme 1. Schematic representation of the colorimetric assay of trypsin.

3.2. Characterization of AgNPs

The synthesis of AgNPs involves the reduction of Ag™ by NaBH4
with trisodium citrate. The color of final AgNPs suspension is
yellow and transparent, demonstrating the good dispersion in
water. The diameter of around 5 nm is determined by TEM image
(Fig. S1A). Moreover, the UV-vis spectrum of AgNPs displays the
characteristic absorbance peak at the wavelength of 394 nm due to
the surface plasmon excitation (Fig. S1B).

3.3. Preliminary experiments

Preliminary experiments have been carried out to determine
the optimal experiment conditions for trypsin assay.

The absorbance peak of peptide-capped AgNPs is at the
wavelength of 394 nm. With more NaCl in the solution, the
absorbance peak appears smaller (Fig. 1A). AA/Ao is employed to
reveal the distribution state of AgNPs. The relationship between
AA/Ap and the concentration of NaCl is displayed in Fig. 1B. The
fitting curve is a Boltzmann sigmoid with the equation of

y=A+(A1-A2)/(1+exp(x—xo)/dx) (A;=0.00074, A,=0.83897,
X0=0.036, dx=0.00628, R*=0.99126).

Obviously, when the concentration of NaCl equals to 0.036 M,
the slope of this curve reaches the maximum value, indicating that
this solution is most sensitive to the changes of NaCl concentration
at this critical point. Therefore, this value is adopted to evaluate
the effects of peptide stabilization and trypsin hydrolysis in further
investigation.

In the experiment to obtain the optimal peptide concentration,
different amounts of peptide is incubated with AgNPs before the
experiments to check the salt-tolerance of 0.036 M NaCl. Experi-
ment results show that the parameter of AA/A, reaches a satura-
tion value when the peptide concentration is 0.2 uM (Fig. S2).
Thus, this concentration is applied in further experiments to
stabilize AgNPs.

In these UV-vis spectroscopy experiments, the aggregation of
AgNPs reaches a plateau within 10 min. Therefore, 10 min is used
as the optimal incubation time.

3.4. UV-vis spectroscopy analysis of trypsin by peptide-capped
AgNPs

A series of concentrations of trypsin are used to incubate with
peptide-capped AgNPs. The spectra information is used for the
analysis of the concentration of trypsin, which can be visualized by
the naked eye (Fig. 1C). The results show that with the increase of
trypsin, more CRADDD is hydrolyzed, leading to less electrostatic

stability and weaker salt-tolerance of AgNPs. The AgNPs aggre-
gates more drastically and the absorbance peak is getting smaller.
We also take TEM image to monitor the aggregation state of AgNPs
after the treatment with 200 ng mL™! trypsin (Fig. S3). Moreover,
the size distributions of the peptide-capped AgNPs treated by
trypsin have been analyzed by dynamic light scattering (DLS)
characterization, showing that almost all particles are larger than
100 nm (Fig. S4).

Fig. 1D shows the calibration curve reflecting the relationship
between AA/Ap and trypsin concentration. The inset in Fig. 1D
reveals that AA/Aq is linearly dependent on the trypsin concentra-
tion in the range of 2.5-200ngmL™'. The fitting equation is
y=0.01194+0.00341 x (n=4, R?=0.99523), where y is AA/A, and
x is the concentration of trypsin. The LOD is calculated to be
2ng mL™! (§/N=3), which is rather low. The average coefficient of
variation is 5.93%, demonstrating that the precision of the pro-
posed method is acceptable.

Moreover, we have compared this method with some other
reported detection methods (Table S1). Compared with these well-
known methods, the proposed sensing strategy has comparable
sensitivity to the best results, with advantages in operational
convenience and the cost-effectiveness.

3.5. Interference and inhibition study

The selectivity of this method to detect trypsin can be eval-
uated by introducing various interfering proteins in the detection
system, including GOx, thrombin, ALP and lysozyme. Although the
concentrations of these interferents are high, none of them can
cause the hydrolysis of peptide and the corresponding aggregation
of AgNPs with large AA/Ao value (Fig. S5).

The inhibition of trypsin by BBI is also studied. With the
presence of BBI to inactivate trypsin, the AA/Ag value is signifi-
cantly decreased and the AgNPs does not aggregate, demonstrat-
ing that the coagulation of AgNPs is attributed to the hydrolysis of
peptide by trypsin and this process can be retarded by BBI (Fig.
S5).

3.6. Determination of trypsin concentration in human serum and
urine samples

We have then performed this sensing strategy in human serum
and urine samples to further check its accuracy, reliability and
selectivity. The results are listed in Table 1. Certain amount of
trypsin has been added in the samples and the final concentration
of trypsin is calculated according to the obtained spectra informa-
tion and the regression equation of the standard curve. The
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Fig. 1. (A) UV-vis spectra of AgNPs incubated with 0, 0.01, 0.015, 0.02, 0.025, 0.03, 0.04, 0.045, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1 M NaCl (from top to bottom). (B) AA/Ao of
AgNPs versus the concentration of NaCl. The slim dash lines represent the position of the critical point for salt-tolerance. Error bars represent standard deviations of
measurements (n=4). (C) UV-vis spectra and corresponding solution colors of peptide-capped AgNPs treated with (a) 0, (b) 2.5, (¢) 20, (d) 50, (e) 100, (f) 120, (g) 150, (h) 200,
and (i) 500 ng mL™! trypsin in the presence of 0.036 M NaCl. (D) Calibration curve of trypsin with a series of concentrations. Inset shows a linear relationship between AA/Ao
and the concentration of trypsin. Error bars represent standard deviations of measurements (n=4).

Table 1
Results of trypsin assay in adult human serum and urine samples.

Relative error

Samples Added (ng mL™!) Detected (ng mL™!) Recovery (%) % n=3)
Serum 50 60.6 121.2 1.22

100 107.6 107.6 1.35
Urine 50 47.8 95.6 1.03

100 92.8 92.8 1.15

recoveries and the relative errors summarized in Table 1 confirm
satisfactory accuracy and precision of the proposed method. This
method may have great potential applications for trypsin assay in
clinical diagnosis.

4. Conclusions

In summary, we have fabricated a novel label-free colorimetric
method for the determination of trypsin. It is designed based on
the aggregation of AgNPs induced by the hydrolysis of CRADDD
triggered by trypsin. This proposed method has high sensitivity
and can be directly applied to human serum and urine samples,
demonstrating the resiliency of this method to endogenous inter-
ferents in real biological fluids. This biosensor also has the
advantages of fast response, low cost and high specificity. There-
fore, it has potential use in high-throughput detection of trypsin
and may have great potential utility in the clinical applications like
pancreatitis diagnosis.
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