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Abstract: In this study, a quantum dots (QDs)-based label-free fluorescence assay has been
developed for real-time monitoring of intracellular trypsin activity and screening the
corresponding inhibitor. Negatively charged CdTe QDs and positively charged cytochrome c
(cyt.c) first form a hybrid complex structure through electrostatic attraction effect. The
fluorescence of the QDs is well quenched because of electron transfer from QDs to cyt.c. Then,
added trypsin breaks the hybrid complex structure because of the hydrolysis of cyt.c catalyzed by
the trypsin. Thus, the electron transfer is switched off and a substantial fluorescence recovery is
obtained. Under optimal conditions, the initial rate of the hydrolysis reaction is linearly
proportional to the concentration of trypsin between 1.25 and 375 nM, and the detection limit is as
low as 0.42 nM. The proposed method is effective, simple and cost-effective, demonstrating the
great potential for point-of-care diagnosis applications.
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1. Introduction

Trypsin is one of the most important digestive enzymes produced by the pancreas, and it plays a
key role in controlling the pancreatic exocrine function.' Trypsin is involved in the digestive
enzyme activation cascade, which induces the transformation of other pancreatic proenzymes into
their active forms within the intestine and then initiates autodigestion.” Some diseases are
correlated to the change of the trypsin level, such as cystic fibrosis,’ pancreatic carcinoma,’
pancreatitis,” necrosis,” meconium ileus’ and apoptosis.® Therefore, simple and effective assay for
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trypsin activity monitoring and corresponding inhibitor screening may lead to new diagnostic
methods and even unprecedented therapeutic implications for these diseases.

Hitherto, a number of methods have been reported for trypsin activity study, including
enzyme-linked immunosorbent assay,” gelatin-based film technique,'® electrochemistry'' and
fluorescence spectroscopy. Among them, fluorescence technique offers significant advantages
because of high sensitivity, simplicity, and nondestruction. Moreover, fluorescence microscopic
imaging allows us to map the spatial and temporal distribution of trypsin. To date, a variety of
fluorescent assays have been designed for trypsin sensing. For example, Josephson’s group
performed a trypsin assay by using near-infrared fluorescence dyes attached to polyarginyl

1213 Zhang et al constructed a fluorescein-labeled peptide composed of six arginine

peptides.
residues and graphene oxide for trypsin assay and inhibitor screening.'* Tang and co-workers
developed a trypsin assay based on a fluorescein-labeled functionalized fullerene derivative;"’
then, they further constructed a self-assembly nanoprobe, mercaptoethylamine-modified-gold
nanoparticles-lysine-bridged-bis (B-cyclodextrins)-fluorescein, which was successfully applied to
the determination of trypsin in biological systems.16 However, most of the existed probes involve
in complicated synthesis processes, and that fluorescence label technique is often necessary for an
efficient signal response.

Compared with fluorescence labeling technique, label-free strategy not only reduce the cost, but
provide assay accuracy because covalent conjugation of labeling processes often impair the

catalytic turnover of the enzymes.'”'*

Therefore, label-free assays for trypsin have been developed
recently. For example, Tang’s' and Zhang’s® group independently reported label-free
fluorescence methods based on the aggregation-induced emission of tetraphenylethene.
Meanwhile, Liu and co-workers designed a water-soluble carboxylated polyfluorene derivative
( PFP-CO,Na) for monitoring trypsin activity ' However, whether label-free fluorescent assays
can achieve trypsin activity assay in complex bio-systems, such as at cell level, has remained an
open question.

Herein, we have presented a quantum dots (QDs)-based label-free fluorescence assay for
real-time monitoring of intracellular trypsin activity and screening the corresponding inhibitor.
The sensing principle is shown in Scheme 1: negatively charged CdTe QDs and positively charged

cyt.c first form a hybrid complex structure through electrostatic attraction effect. The fluorescence
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of the QDs is well quenched because of electron transfer from QDs to cyt.c.”> Then, added trypsin
breaks the hybrid complex structure because trypsin catalyzes the hydrolysis of peptide bonds by
the C side of lysine or arginine in cyt.c to negatively charged heme-containing fragments.zs’24 Thus,
the electron transfer is switched off due to electrostatic repulsion between the QDs and fragments
and a substantial fluorescence recovery is obtained. Under optimal conditions, the initial rate of
the hydrolysis reaction is linearly proportional to the concentration of trypsin between 1.25 and
375 nM, and the detection limit is as low as 0.42 nM. The proposed method is effective, simple

and cost-effective, demonstrating the great potential for point-of-care diagnosis applications.

Scheme 1

2. Experimental section

2.1 Materials

Te powder (60 mesh, 99.999%) was purchased from Alfa Aesar Corporation. Cytochrome ¢ was
purchased from Aladdin Corporation. The trypsin from porcine pancreas and alkaline phosphatase
(ALP) were purchased from Biodee Biotechnology Co. Ltd. (Beijing). The reduced glutathione
(GSH), glucose oxidase, pepsin, lipase, a-amylase, bovine serum albumin (BSA) and the BBI
inhibitor [trypsin inhibitor from soybean, Bowman—Birk type] were ordered from Sangon Biotech
Co. Ltd (Shanghai). Lysozyme was from J&K chemical. Thrombin was purchased from
Hualanchem Co. Ltd (Shanghai). NaBH,4, CdCl,-2.5H,0, trihydroxymethyl aminomethane (Tris),
HCI, NaOH and other routine chemicals were acquired from Shanghai Reagent Co. All solutions

were prepared with double deionized water (DDW).

2.2 Instruments

A Hitachi-U-3010 spectrometer was used to record the UV—vis absorption spectra. Steady-state
fluorescence measurements were performed using a Hitachi F-4500 spectrofluorometer equipped
with a R3896 red-sensitive multiplier and a 1 cm quartz cuvette. Characterizations of transmission
electron microscopy (TEM) were carried out on Tecnai G2 20 ST (FEI) under the accelerating

voltage of 200 kV. The image of cells was taken on the inverted fluorescence microscope
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(Olympvs ckx41). All pH values were measured with a model pHs-3c pH meter.

2.3 Preparation and purification of GSH-CdTe QDs

GSH-CdTe QDs were synthesized in aqueous solution based on previously described methods
with minor modifications.”>* Briefly, fresh NaHTe aqueous solution, which was prepared by
reaction of 8.0 mg Te powder and 5.0 mg NaBH, in 0.2 mL water at 0—4 °C for 8 h, was injected
into 100 mL oxygen-free aqueous solution containing 192 mg reduced glutathione and 57 mg of
CdCl,-2.5H,0 at pH 11.0. Then the mixture solution was heated and further refluxed in an oil bath.
The reflux was stopped when the emission maximum of GSH-CdTe QDs reached 656 nm with an
excitation of 380 nm. The obtained GSH-CdTe QDs were mixed with acetone, and separated by
centrifugation. The precipitate was collected, and then was dried overnight under vacuum at 40 C.
Then, the dried GSH-CdTe QDs were redissolved in 100 mL of DDW for stock solution and the

concentration of GSH-CdTe QDs was estimated to be 5.34 pM.>

2.4 Trypsin activity assay
Different concentrations of trypsin (0 to 375 nM) were added into the solution of QDs (53.4 nM)
and cyt.c (140 nM) in a Tris-HCI buffer (50 mM, pH = 8.5). After incubation at 37 ‘C, the solution

fluorescence spectra were measured at 60 s intervals.

2.5 The inhibition effect of BBI

Trypsin (125 nM) and different concentrations of BBI (0 to 0.4 pg mL™) were preincubated at
room temperature for 15 min. The mixtures were added into the solution of QDs (53.4 nM) and
cyt.c (140 nM) in 50 mM Tris-HCI buffer (pH = 8.5). After incubation at 37 °C, the solution

fluorescence spectra were measured at 60 s intervals.

2.6 Trypsin detection in serum

The normal adult human serum and acute pancreatitis adult human serum samples were
obtained by centrifuging (1000 rpm, 5 min) the fresh blood samples respectively (provided by
Yijishan Hospital of Wannan Medical College in Wuhu, Anhui province of China). In a typical test,
Tris-HCI buffer (50 mM, pH = 8.5) and cyt.c (140 nM) were added to 1 mL volumetric bottle with
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QDs (53.4 nM). Then, different amounts of serum samples or trypsin were placed in the
volumetric bottle. The mixture was diluted to 1 mL with DDW and incubated at 37 ‘C. Serum
was treated with BBI for 15 min before reaction with hybrid QDs-cyt.c complex in control

experiment.

2.7 Cell culture

Human pancreatic carcinoma (PANC-1) cells were grown in cell culture media and incubated at
37 C in a humidified incubator with 5% CO,. The cell culture medium was high glucose
Dulbecco’s Modified Eagle Medium (DMEM, 4.5 g glucose L’l) supplemented with 10% fetal
bovine serum, NaHCO; (2.0 g L") and 1% antibiotics (penicillin/streptomycin, 100 U mL™). Cells

were subcultured for 24 h before experiments to produce a concentration just below confluence.

3. Results and discussion

3.1 Characterization of the GSH-CdTe QDs.

As shown in Fig. 1A, the absorption and the emission peaks are at 584 nm and 656 nm,
respectively. Bright red fluorescence of the QDs can be clearly observed under ultraviolet (UV)
light (inset of Fig. 1A). The TEM image (Fig. 1B) shows that the QDs possessed a good
crystalline structure with diameter about 4 nm. Particularly, the as-prepared QDs solution was
stable for more than 6 months without notable precipitation in dark conditions. It should be noted
that the emission band of the QDs located at near-infrared range (650-900 nm), which can
improve tissue penetration, lower background interference, and reduce photochemical damage.””
In this experiment a maximum emission of 656 nm was chosen. Further increasing emission

wavelength would reduce the emission efficiency and stability of QDs according to our

observation.

Fig. 1
3.2 Optimization of experimental conditions
The pH effects were firstly studied because of two reasons. Firstly, pH value could profoundly

affect the fluorescence of CdTe QDs.”"** Concerning the bio-sensing applications, we investigated
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the pH effects on the trypsin assay in the range of 6.5-9.5. As described in Fig. S1 (see Supporting
Information), the fluorescence of the QDs increased with the enhancement of pH in the range of
6.5-9.5. So, a base condition is desirable for a bright fluorescence, especially for considering the
employment for cell imaging. Then, the isoelectric point of cyt.c is 10.83, and the isoelectric point
of metal-containing heme peptide fragment (electron acceptor site of cyt.c) is about 7.0; on the
other hand, the isoelectric point of QDs stabilizer (GSH) is 5.93. So, the used pH value should be
in the range of 7.0-10.8 for an efficient fluorescent quenching by the formation of hybrid QD-cyt.c
complex and subsequent fluorescent recovery by trypsin catalysis effect based on electrostatic
attraction and repulsion, respectively. As described in Fig. 2, both quenching and recovery
efficiencies® can reach to their maximum values in the pH of 8.5-9.0. As considering above two

aspects, the pH was set at 8.5 in the experiments.

Fig. 2

The concentration of used cyt.c was then studied. Higher concentration of cyt.c would cause a
decrease of fluorescence responses because of the impact of free cyt.c. In contrast, too low
concentration led to a higher background because the fluorescence of the QDs could not be well
quenched. Obviously, both of the two cases could cause the decrease of the assay sensitivity. Our

study indicated that 140 nM of cyt.c was appropriate for the assay.

3.3 Trypsin assay and analytical performances

As shown in Fig. 3A, the fluorescence was significantly quenched with addition of 140 nM
cyt.c to the solution of QDs. Then the fluorescence of the QDs-cyt.c returned gradually with the
increase of added trypsin, and the fluorescence intensity can recovered to 85% of the original QDs
in the presence of 375 nM trypsin. Impressively, the linear range of the proposed method span
more than two orders of magnitude (1.25-375 nM), and the detection limit is as low as 0.42 nM,

which will be discussed in detail later.

Fig. 3
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To evaluate the selectivity of the proposed method, the effects of some coexisting species in
biological systems, especially in serum, on the fluorescence of QDs-cyt.c complex were studied.
As described in Fig. 3B, most of the potential interfering substances (including ALP, lysozyme,
thrombin, glucose oxidase, pepsin, lipase, a-amylase, BSA, proline, glycine, tyrosine, cysteine,
glutamic acid, aspartic acid and methionine) cannot cause an observable fluorescence recovery of
QDs-cyt.c complex. This result demonstrates that the proposed method possess high selectivity for
trypsin, indicating its applicability for bio-samples. Obviously, the intense interaction of cyt.c with
the glutathione on the surface of QDs, and the hydrolysis of cyt.c specifically catalyzed by the

trypsin should account for the above good analytical performance.

3.4 Determination of trypsin-catalyzed cyt.c hydrolysis kinetic parameters

To examine whether the QDs-cyt.c complex could be used for real-time trypsin activity
investigation, the trypsin-catalyzed hydrolysis of cyt.c as a function of time at different enzyme
concentrations was plotted. Fig. 4A shows plots of the fluorescence intensity at 656 nm versus the
reaction time for the QDs-cyt.c with different amounts of trypsin. The fluorescence intensities
increased after the addition of trypsin. Moreover, the higher the amount of trypsin in the solution,
the more quickly the fluorescence intensity of the QDs-cyt.c increased, which could be further
demonstrated by the initial rate (vo) of trypsin-catalyzed reaction.

The concentration of cyt.c during the assay, [cyt.c]; was calculated from the time-varying
fluorescence intensity in Fig. 4A,** which as a function of time was shown in Fig. S2. The slopes
of the plots at early time were calculated to afford values of v, for the different amounts of trypsin.
As shown in Fig. 4B, vy was directly proportional to concentration of trypsin in the range of
1.25-375 nM, which indicated that the reaction was kinetically controlled by trypsin. The
analytical detection limit was as low as 0.42 nM (10 ng mL™"), which was lower than that of some

141621 1mpressively, these results clearly manifested that the

fluorescence assays reported recently.
present method was very time-saving and trypsin activity can be well evaluated within one minute
even its concentration is low to nanomole level.

Kinetic study was carried out via Michaelis-Menten analysis to further demonstrate the
feasibility of the real-time trypsin activity assay.34 Fig. S3 illustrated the natural logarithm of

[cyt.c]; as a function of the incubation time. The slopes of the plots at early time were computed to
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afford values of V,,/K,, at different trypsin concentrations (Vi is the maximum rate of the
enzyme-catalyzed reaction at the saturation substrate concentration; K, is the Michaelis-Menten
constant, which is the substrate concentration where the rate of the enzyme-catalyzed reaction is
half Vax). As shown in Fig. 4C, V,1.x/Ky,, was directly proportional to the concentration of trypsin,
and the slope of this linear plot afforded a value for the specificity constant (K../Ku, kes is the
catalytic constant or turnover number), k.../K,, = 6150 M’ s'l, which was in good agreement with

213537 These results demonstrated that it was possible to

values obtained using other assays.
monitor trypsin in real time and calculate enzyme kinetic parameters on the basis of the

fluorescence change of the QDs-cyt.c complex.

Fig. 4

3.5 Inhibition of trypsin catalysis

It is well known that the enzymatic activity can be inhibited by corresponding inhibitors. The
hydrolysis of cyt.c catalyzed by trypsin will be retarded in the presence of the corresponding
inhibitors of trypsin. Accordingly, less fluorescence increase for the QDs-cyt.c complex containing
trypsin is expected after further addition of the inhibitors. Fig. 5A shows the real-time
fluorescence intensity change of the QDs-cyt.c in the presence of trypsin and different amounts of
BBI. The fluorescence recovery of QDs decreased with the increase of BBI amount, indicating
that the overall inhibition is more effective at high inhibitor concentrations. The slopes of the plots
at early time in Fig. SA were computed to afford values of the initial rate of trypsin-catalyzed
hydrolysis reaction vy’ at different BBI concentrations. As shown in Fig. 5B, the vy’ and BBI
amount exhibited a good linear relationship, and the higher inhibitor concentration led to lower vy’
values. The result illustrated that the QDs-cyt.c complex could be employed for screening trypsin
inhibitors. Moreover, based on the plot of the inhibition efficiency’® versus the concentration of
BBI (Fig. 5C), the corresponding ICs, value (the concentration of the inhibitor that leads to 50%
inhibition of the enzyme activity) of BBI toward trypsin was estimated to be 0.24 ug mL™'. This
ICs, value of BBI was lower than that previously reported,'* which indicated that this new method

with the QDs-cyt.c complex was sensitive for screening trypsin inhibitors.
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Fig. 5

3.6 Analytical applications
3.6.1 Determination of trypsin in human serum

As we known, the trypsin level would be increased” if people suffer from some types of
pancreatic diseases. To assess the practical applicability, the proposed method was applied to
analysis of trypsin level in both normal and acute pancreatitis adult human serum. As described in
Tables 1 and 2 the measured trypsin level of acute pancreatitis is higher than that of normal one,
and both of them are good in agreement with the reports of literature.*” The recoveries were in the
range of 97.8%-103.3% with less than 5% RSD, indicating that the present method was feasible
and reliable. Furthermore, the activity of trypsin obviously decreased (Table 2) with the addition

of BBI, which further demonstrated the QDs-cyt.c complex had high specificity for trypsin.

Table 1

Table 2

3.6.2 Cell imaging

Finally, the present method was applied to monitoring trypsin activity in living PANC-1 cells.
We chose low concentration of the QDs (53.4 nM) with short incubation time (30 min) for
avoiding potential QDs cytotoxicity,*' although GSH-capped QDs are rather biocompatible.**°
As shown in Fig. 6A, intense red fluorescence can be distinctly observed at cytosol after 30 min
incubation. Interestingly, the fluorescence obviously decreased as the cells were pretreated with
BBI for 15 min, and that the decrease degree was closely related to the amounts of added BBI (Fig.
6B, 6C). These results indicated that the proposed label-free method can well monitor both trypsin
activity and BBI inhibition effects at cell level. Especially, the bright-field images (Fig. 6D, 6E, 6F)
showed the clear contour of the cells, which indicated that they were adherent cells and viable
throughout the imaging experiments.*’ So, the present QDs-cyt.c based assay is promising for
diagnostic methods of pancreatic diseases.

Fig. 6

9
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4. Conclusions

In summary, a new method was designed to realize real-time monitoring the activity of trypsin
and screening the trypsin inhibitor. It has been successfully used for the sensing of trypsin in
living cells and human serum samples. The simple method with facile QDs and label-free strategy
makes the routine assay of trypsin activity easier to be realized, showing great promise for the
development of efficient diagnostic and therapeutic methods toward some pancreatic diseases.
Meanwhile, the new fluorescence turn-on design may be extended to other luminescent materials
(such as biocompatible carbon quantum dots) and protein substrates for various enzyme activity

studies in a similar fashion.
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Figure captions:

Scheme 1 Schematic illustration of the strategy for analysis of trypsin. Photographs of solutions

illuminated with UV light (365 nm) illustrate the fluorescence of GSH-CdTe QDs under the
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different conditions of the assay.

Fig. 1 (A) (a) UV—vis absorption spectrum and (b) fluorescence emission spectrum (Aex= 380 nm)
of the GSH-CdTe QDs; Inset: Photograph under UV light (365 nm) of the GSH-CdTe QDs. (B)

TEM image of GSH-CdTe QDs.

Fig. 2 The pH effect on (a) the QDs quenched fluorescence efficiency by 140 nM cyt.c and (b) the
QDs recovered fluorescence efficiency in the presence of 187.5 nM trypsin in the 50 mM Tris-HC1

buffer at pH 6.5, 7, 7.5, 8,8.5,9,9.5.

Fig. 3 (A) Fluorescence emission spectra of the QDs-cyt.c complex in the presence of increasing
trypsin concentrations (0-375 nM). (a) QDs, (b) the QDs-cyt.c complex, (c¢) the QDs-cyt.c
complex incubation with 375 nM trypsin. Inset: Photograph under UV light. (B) The relative
fluorescence intensity of QDs-cyt.c complex after 15 min of incubation with (1) trypsin, (2) ALP,
(3) lysozyme, (4) thrombin, (5) glucose oxidase, (6) pepsin, (7) lipase, (8) a-amylase, (9) BSA,
(10) proline, (11) glycine, (12) tyrosine, (13) cysteine, (14) glutamic acid, (15) aspartic acid, (16)
methionine and (17) no analyte at 37 ‘C. The concentrations of trypsin and ALP were 375 nM and
3 unit mL™, respectively. The concentrations of (3), (4), (5), (6), (7), (8) and (9) were all 30 ug
mL™". The concentrations of (10), (11), (12), (13), (14), (15) and (16) are all 0.5 mM. F, and F are
the fluorescence intensity of QDs-cyt.c complex in the absence and presence of trypsin and the
other analytes, respectively. The error bars represent the standard deviation of three measurements.
Solution conditions: the complex of QDs (53.4 nM) and cyt.c (140 nM) was incubated with

analytes in 50 mM Tris-HCI buffer at pH 8.5.

Fig. 4 (A) Fluorescence intensity changes of the QDs-cyt.c complex against time after addition of
trypsin. (B) Dependence of initial rate of reaction (vg) on trypsin concentration [trypsin]. (C)
Dependence of kinetic parameters (V,/Ky) on trypsin concentration. The error bars represent the
standard deviation of three measurements. Solution conditions: the complex of QDs (53.4 nM)
and cyt.c (140 nM) was incubated with various trypsin concentrations in 50 mM Tris-HCI buffer

(pH 8.5) at 37 C.

Fig. 5 (A) Fluorescence intensity changes of the QDs-cyt.c complex as a function of the trypsin

digestion time with different amounts of inhibitor. (B) Dependence of initial rate of reaction (vy')

13
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on BBI concentration. (C) Plot of the inhibition efficiency of BBI toward trypsin versus the
concentration of BBI. The error bars represent the standard deviation of three measurements.
Solution conditions: the solution of QDs (53.4 nM), cyt.c (140 nM) and trypsin (125 nM) was

incubated with various BBI concentrations in 50 mM Tris-HCl buffer (pH 8.5) at 37 C.

Fig. 6 Fluorescence microscopic images of living PANC-1 cells: (A) cells incubated with the
QDs-cyt.c for 30 min at 37 C, (B, C) cells were pretreated with BBI (1.25, 2.5 ug mL-1) for 15
min at 37 “C separately, then were incubated with the QDs-cyt.c for 30 min at 37 °C, (D, E, F)
bright field image of living PANC-1 cells shown in panels (A, B, C). Original magnification was

200x.

Table1  Results of trypsin determination in normal adult human serum.

Table2  Results of trypsin determination in acute pancreatitis adult human serum.
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Label-free and real-time monitoring of trypsin activity in

living cells by quantum-dot-based fluorescent sensors
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Strong Weak Strong
fluorescence fluorescence fluorescence
Description:

A quantum-dot-based fluoresence turn-on sensor was used for

label-free and real-time monitoring of trypsin activity
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Table 1  Results of trypsin determination in normal adult human serum

Measured?/ Trypsin added/ Recovered?/ RSD
Samples Recovery (%)
pg mL! pg mL! pgmL-! (%, n=6)
1 0.23 0.90 il 34 102.2
2 0.29 0.90 1.22 4.1 1033
3 0.30 0.90 1.18 2.8 97.8
2 Mean value of six determinations by the proposed method.
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Table2  Results of trypsin determination in acute pancreatitis adult human serum

Samples Measured?/ug mL! BBI added /ug mL™! Recovered?/ug mL! RSD (%, n=6)
1 171 0.10 0.64 34
2 1.84 0.10 0.76 3.9
3 1.93 0.10 0.88 2.2

2 Mean value of six determinations by the proposed method.
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