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Abstract

Trypsin is the most important digestive enzyme produced in the pancreas, and is a useful 

biomarker for pancreatitis. In this work, a rapid and sensitive method for the quantitative 

determination of trypsin activity is developed by using a biological alpha-hemolysin protein 

nanopore. Due to its much larger molecular diameter than the narrow pore constriction, trypsin 

itself cannot transport through the alpha-hemolysin channel. Hence, an indirect trypsin detection 

method is developed by monitoring its proteolytic cleavage of a lysine-containing peptide 

substrate. Based on the current modulations produced by the translocation of the substrate 

degradation products in the nanopore, the activity levels of trypsin could be determined. The 

method is rapid and highly sensitive, with picomolar concentrations of trypsin detected in minutes. 

In addition, the effects of cation and temperature on the sensor sensitivity, trypsin inhibition, and 

serum sample analysis are also investigated.
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Trypsin is a serine protease with 223 amino acid residues (M.W. = 23.8 kDa), which is the 

most important digestive enzyme produced in the pancreas as the inactive proenzyme 
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trypsinogen1. Trypsin cleaves peptide bonds mainly at the carboxyl side of the lysine or 

arginine amino acid residue. Pancreatic trypsin production can be adversely affected by 

pathologies (e.g., pancreatitis), resulting in organ damage and release of enzyme into the 

blood. It is well known that the trypsin level is increased with some types of pancreatic 

diseases. For example, it has been reported that the mean trypsin concentration in a pancreas 

transplant patient’s urine was 84.4 μg/mL, while no trypsin was found in healthy person’s 

urine2; in healthy people, the serum trypsin concentration ranges from 140–400 ng/mL, 

while the mean serum trypsin concentration in acute pancreatitis patients was 1,400 ng/mL3. 

Therefore, rapid and sensitive methods for trypsin detection, activity assay, and inhibitor 

screening are highly desired for the efficient diagnosis and treatment of pancreatic diseases.

Thus far, two major approaches have been developed for protease detection. They are 

affinity-based methods where an antibody or a protease template is usually employed4, 5, 

and activity-based assay, which typically use a synthetic substrate consisting of a short 

peptide of known sequence to identify a specific protease and detect its activity6. While the 

conventional affinity-based methods allow for analysis of protease abundance, they are 

usually time-consuming and do not succeed in providing a measure of protease activity. 

Several such examples include radioimmunoassay, enzyme-linked immunosorbent assay, 

electrochemical immunoassay, molecular imprinting technology, etc4, 5, 7, 8. However, 

activities of protease are tightly regulated through post-translational modifications. These 

modifications typically occur in the absence of any detectable change in protease abundance 

and are thus invisible to the conventional protease assay, leading to significant difference 

between overall abundance levels and activity of proteases. In contrast, measurement of 

protease activities can reveal valuable information regarding the type of chemical entities 

accepted by the protease as its potential substrates, and thus helps to better understand the 

properties and the catalytic mechanism of the protease9. Due to its potential applications in 

inhibitor screening, disease diagnosis, and drug development, measurement of protease 

activities has attracted increasing attention in the recent years, and numerous methods have 

been developed. Examples of activity-based trypsin assays include gel electrophoresis10, 

gelatin-based film techniques11, colorimetry6, chemiluminescence12, fluorescence13, and 

electrochemical methods14. However, most of these methods require the use of labels or 

sophisticated instruments.

In this work, we report a novel, rapid, and label-free nanopore stochastic sensing method to 

detect trypsin and quantitatively determine its activity. Nanopore sensing is an emerging 

amplification-free technique for measuring single molecules15–20. When analyte molecules 

pass through a single nanopore, they would induce ionic current modulations. These 

modulation events can be utilized to provide valuable information regarding both the 

concentration and the identity of the analyte, the former from the event frequency or event 

counts, while the latter from the event residence time and the extent of current blockage (i.e., 

amplitude). Since analytes pass through the nanopore at one molecule at a time, 

simultaneous detection and quantification of multiple components in a solution mixture can 

be readily accomplished using a single nanopore as long as the nanopore itself can provide 

enough resolution21. During the past decade, nanopore technology has shown great potential 

applications in numerous fields, such as medical diagnosis22–24, homeland security and bio-

defense25, 26, pharmaceutical screening27, 28, and environmental protection29, 30.
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It should be noted that nanopore stochastic sensors have been utilized to detect enzymatic 

reactions31–34. By using a substrate (tethered or untethered) for a particular enzyme/protease 

and monitoring its translocation in the nanopore, we can readily identify whether the sample 

contains the target enzyme/protease or not. Specifically, the appearance of new types of 

events or the change in the event frequency in the nanopore indicates the presence of the 

target analyte. However, to the best of our knowledge, until now, there is no report of 

employing nanopore sensing technology for the quantitative determination of enzyme/

protease activity.

Experimental Section

Materials and reagents

The trypsin substrate, β-amyloid (10–20) peptide (sequence: YEVHHQKLVFF; PI: 7.7), 

was synthesized from American Peptide Company (Sunnyvale, CA). The two substrate 

cleavage fragments (peptide sequence: LVFF and YEVHHQK) were purchased from 

WatsonBio (Houston, TX), and Biomatik Corporation (Wilmington, DE), respectively. All 

the other chemicals, including Trypsin (from bovine pancreas, its optimum pH ranging from 

7 to 9), were obtained from Sigma-Aldrich (St. Louis, MO). All of the solutions were 

prepared with HPLC-grade water (ChromAR, Mallinchkrodt Baker). The concentrations of 

the stock solutions were 0.5 mM, 10 mM, 0.5 mM, and 100 μg/mL for the peptide substrate, 

its two breakdown products (peptides YEVHHQK and LVFF), and trypsin, respectively. All 

these solutions were kept at −20 °C before and immediately after use.

Bilayer experiment and data analysis

The procedure of electrical recording has been described previously (see Supporting 

Information, Fig. S-1 for a schematic illustration of the protein nanopore sensing system)30. 

Briefly, nanopore experiments were performed in a two-compartment chamber separated by 

a Teflon film (Goodfellow Malvern, PA) having a 150 μm diameter orifice, on which planar 

bilayer was formed using 1, 2-diphytanoylphosphatidylcholine (DPhPC, Avanti Polar 

Lipids, Alabaster, AL, USA) according to the Montal-Mueller method35. Single channel 

recordings were carried out at 24 ± 1 °C using engineered α-hemolysin (αHL) (M113F) 7 

protein pores31 under symmetric buffer conditions, with each compartment containing a 2.0 

mL electrolyte solution (1.0 M NaCl,10 mM Tris, pH 7.5). With the exception of the αHL 

protein nanopore (approximately 0.2–2.0 ng/mL), which was added to the grounded cis side 

of the chamber device, other substances were introduced to the trans chamber. Currents were 

recorded with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), filtered 

with a four-pole low-pass Bessel filter at 5 KHz, and then digitized with a Digidata 1440A 

converter (Molecular Devices) at a sampling frequency of 50 KHz. The signatures of current 

modulations (or events), including the mean values of residual currents, residence times, and 

amplitude histograms, were obtained using Clampfit 10.3 software (Molecular Devices).

Serum sample analysis

100 ng trypsin was spiked into 2 μL bovine serum (Thermo Fisher Scientific, Grand Island, 

NY) to create a mock serum sample. The simulated serum sample, 4.24 μL reaction buffer 

(containing 1 mM NaCl and 10 mM tris, pH = 7.5), and 20 μL 0.5 mM substrate β-amyloid 
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(10–20) peptide were mixed and incubated for 30 minutes in water bath at 22 °C. Then, the 

mixture was introduced to the trans chamber compartment for single channel recording. The 

control sample was prepared using the same concentrations and volumes of trypsin and the 

substrate peptide but with HPLC water instead of the serum. Both experiments were carried 

out using the (M113F)7 α-hemolysin protein nanopore in an electrolyte buffer solution (1.0 

M NaCl, 10 mM Tris, pH = 7.5).

Results and discussion

Detection of trypsin

The principle for nanopore detection of trypsin is shown in Scheme 1. When there is no 

presence of trypsin, the substrate peptide molecules pass through the nanopore giving one 

signal reading, i.e., a type of characteristic current modulation events with unique residence 

time and blockage amplitude. By contrast, if trypsin is present in the solution, acting like a 

scissors, cuts the peptide molecules, the cleavage products produce entirely different current 

modulations from those of the substrate. A comparison of these events quantifies the trypsin 

enzymatic activity.

As proof of concept, our effort in the development of trypsin nanopore sensor was initially 

conducted at −40 mV in an electrolyte buffer solution containing 1 M NaCl and 10 mM Tris 

(pH 7.5). The mutant αHL (M113F)7 protein nanopore was used as the stochastic sensing 

element, while β-amyloid (10–20) peptide (sequence: YEVHHQKLVFF, 5 μM) was 

employed as the substrate. It is well known that catalytic cleavage of peptides by trypsin 

occurs after positively charged lysine or arginine amino acid residues, while the αHL 

(M113F)7 protein pore has been shown to offer an improved sensor resolution/sensitivity 

(e.g., prolonged event residence time for the analytes) over the wild-type αHL pore36. The 

−40 mV voltage and 5 μM substrate were chosen based on our previous work37. Specifically, 

at this applied potential bias, peptide translocation in the αHL nanopore showed a largest 

signal-to-noise ratio (i.e., small-amplitude, transient, rarely-observed background spikes vs. 

large-amplitude, long-duration, and frequent peptide blockage events), and hence, the 

nanopore sensor offered the best resolution. On the other hand, 5 μM YEVHHQKLVFF 

could produce enough translocation events for statistical data analysis using a relatively 

short recording time and a relatively small amount of expensive peptide substrate. The 

experimental results were summarized in Fig. 1. It is apparent that, with the addition of β-

amyloid (10–20) peptide alone in the trans chamber compartment, only one major type of 

current modulations was observed. These current blockage events had a mean residence time 

of ~0.31 s and a mean residual current of ~ −2.25 pA, suggesting the translocation of the 

peptide substrate through the nanopore. By contrast, after trypsin was additionally added to 

the trans chamber, two types of new events (blue and yellow marked ones in Figs. 1b and 1c) 

appeared. These new events presented much smaller residence times and amplitudes than 

those of the peptide substrate (Figs. 1a, 1b, and 1c). Although they themselves had similar 

residence time (~1.1 ms), the two types of new events could be well separated and 

differentiated based on their significantly different residual currents (~−5 pA vs. ~ −12 pA). 

Furthermore, our experiments showed that the frequencies of the new events increased with 

the recording time and with the increased concentration of added trypsin, a clear indication 
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that they were attributed to the products formed by the trypsin’s cleavage of the β-amyloid 

(10–20) peptide, i.e., YEVHHQK and LVFF, respectively. It should be noted that, the 

possibility that these new events were attributed to trypsin was ruled out by the control 

experiment (Supporting Information, Fig. S-2), in which trypsin itself couldn’t produce 

translocation events in the nanopore as single-stranded nucleic acids and short peptides 

did19, 36. This result not only agreed very well with the fact that trypsin has a larger 

spherical molecular diameter than that of the αHL transmembrane domain (38Å vs. 20 Å) so 

that it can not enter the protein pore38, 39, but also suggested that trypsin would not be 

denatured and pulled through the nanopore under our experimental condition, i.e., at a small 

applied voltage bias of −40 mV.

Detection limit of the nanopore trypsin sensor

Under the current experimental conditions (i.e., with the α-hemolysin (M113F)7 pore, at an 

applied potential of −40 mV, in 1M NaCl buffer solution of pH 7.5), a series of experiments 

was carried out to investigate the proteolytic cleavage of the substrate peptide β-amyloid 

(10–20) by trypsin, where we kept the concentration of the substrate constant (5 μM), but 

varied the trypsin concentration (ranging from 2 to 100 ng/mL). Similar to the observation 

we made in the previous section, in addition to the substrate events, two new types of current 

modulations were identified in all of the different trypsin concentration situations, providing 

further evidence that these events were attributed to the substrate degradation products. It 

should be noted that, after trypsin digestion of the substrate, in principle, the two cleavage 

products should have identical concentrations. However, due to the length and structure 

difference in these two peptide fragments, the event frequencies for their translocation in the 

nanopore might vary greatly, which has been demonstrated in our previous study36. Since 

the LVFF events were significantly more frequent than the YEVHHQK events, for 

convenience, only LVFF events were included in the data analysis. It is worth mentioning 

that, one advantage of obtaining enzyme kinetic and thermodynamic information based on 

the substrate degradation product signal instead of the substrate signal (which is commonly 

used by various conventional enzyme assays) is that the substrate cleavage site can be 

utilized as a useful parameter to improve the selectivity and the accuracy of the protease 

assay. In the event that other potential interfering proteases and the target trypsin cleave the 

substrate peptide at different positions, their generated different peptide fragments allow the 

differentiation between the target analyte from false positives. The plot of the number of 

LVFF events collected in a 30-min recording versus the trypsin concentration is summarized 

in Fig. 2. It was found that the detection limit for trypsin (which is defined as the trypsin 

concentration corresponding to three times the standard deviation of a blank signal) in a 30-

minute reaction period was 1.4 ng/mL (corresponding to 59 pM). Such a detection limit is as 

good as those (ranging from 100 ng/mL to 2 ng/mL) of other various sensitive trypsin 

detection methods developed thus far5,6,13,14, and more than good enough for analysis of 

trypsin in clinical samples (note that the trypsin concentration in healthy people’s serum 

ranges from 140–400 ng/mL).

Effects of metal ions and temperature on the nanopore sensor sensitivity

It has been well-documented that the existence of Ca2+ ions in the solution would benefit the 

process of proteolytic reaction catalyzed by trypsin40. In fact, trypsin itself is a protein, it is 
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capable of digesting itself. However, this autolysis process (more commonly known as self-

digestion) can be prevented by Ca2+ ions (due to their binding to trypsin). In addition, Ca2+ 

ions can also promote the formation of active trypsin from trypsinogen, the protein produced 

in its inactive form within the pancrease of humans41–43. To examine whether the existence 

of Ca2+ ions in the electrolyte solution could improve the nanopore sensor sensitivity for 

trypsin analysis, the effect of Ca2+ ions on the trypsin cleavage of the β-amyloid (10–20) 

peptide was further investigated. Our experimental results showed that, compared with the 

electrolyte solution without Ca2+, the buffer solution containing additional 5 mM Ca2+ ions 

would result in a (19.5±0.5)% increase in the number of LVFF events (Fig. 3a), confirming 

that Ca2+ indeed enhanced the sensor sensitivity.

The influence of temperature on trypsin activity was further investigated since enzymatic 

activity is temperature dependent. Briefly, 1 μL of 100 μg/mL trypsin and 20 μL 5 mM β-

amyloid (10–20) peptide was incubated for 30 min using a water bath at 22 ͦ C and 37 ͦ C, 

respectively. Then, the mixture was introduced to the trans compartment of the nanopore 

sensing chamber for single-channel recording. The final concentrations of trypsin and the 

substrate peptide in the nanopore sensor were 50 ng/mL and 5 μM, respectively. Our 

experiments (Fig. 3b) showed that the frequency of LVFF events increased by (113±20)% as 

the temperature of incubation increased from 22 °C to 37 °C.

Measurement of trypsin activity

In order to measure the activity of trypsin by nanopore analysis, a modified version of the 

universal protease activity assay44 was developed. Briefly, peptide LVFF, one of the cleavage 

products of the substrate β-amyloid (10–20) peptide, was custom synthesized, and the dose-

response curve (event counts vs. peptide concentration) for its translocation in the nanopore 

was constructed (Supporting information, Fig. S-3). By comparing the number of events of 

LVFF generated by the trypsin cleavage of β-amyloid (10–20) with this calibration curve, 

we could obtain the concentration of LVFF in the enzymatic reaction mixture solution. 

Then, the activity of trypsin could be determined in terms of Units, which is the amount of 

micromoles of the peptide LVFF fragment released from the substrate per minute. The 

activities of trypsin at various concentrations were summarized in Table 1. From the table, 

we could see that, with the increase in the concentration of the trypsin (freshly bought from 

Sigma), its activity indeed increased. However, the percent increase in trypsin activity was 

not linearly related to that of trypsin concentration, but gradually decreased as the 

concentration of trypsin increased. One of the main reasons might be because trypsin 

cleaved the substrate so rapidly that the concentration of the substrate was low in our trypsin 

assay experiments, especially at high trypsin concentrations. This interpretation is supported 

by the time curve of substrate digestion (Supporting Information, Figure S-4), where we 

found that under our experimental condition (5 μM substrate and 100 ng/mL trypsin), ~70% 

of the substrate was digested in one hour. In principle, in order to determine the protease 

activity accurately, a large excess of substrate over enzyme should be used. In addition, to 

show the difference between trypsin abundance and trypsin activity, the same substrate 

digestion experiment was performed using 50 ng/mL trypsin, with its stock solution 

prepared one year ago and stored at −80 °C freezer. Our experimental results (data not 
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shown) showed that the substrate cleavage events were rarely observed, thus confirming that 

abundance and activity were indeed different concepts.

Trypsin inhibition and simulated serum sample analysis

Proteases are valuable diagnostic or prognostic markers for a variety of diseases and 

conditions, such as inflammation, cardiovascular diseases and cancer, and are becoming 

increasingly important targets for drug discovery. For example, inhibitors of well-established 

protease targets such as HCV protease and HIV protease have been widely used to treat 

hepatitis C and AIDS. To demonstrate the feasibility of utilizing our developed nanopore 

sensing platform as a screening tool for protease inhibitors, trypsin cleavage of the β-

amyloid (10–20) peptide was further investigated in the presence of the trypsin inhibitor 

from bovine pancreas (TIBP), a small globular protein with 58 amino acid residues (M. W. = 

6.5 kDa)45. Similar to the observation we made in the interaction between trypsin and the α-

hemolysin nanopore, due to its large molecular size, low concentrations of TIBP (e.g., 0.125 

nM, Supporting Information, Fig. S-2) would rarely produce translocation events with 

blockage amplitudes similar to those of the substrate degradation products, thus not 

interfering with our investigation of peptide translocation in the nanopore. In principle, TIBP 

would bind to trypsin, thus inhibiting trypsin cleavage of β-amyloid (10–20) peptide. 

Therefore, compared with the situation without trypsin inhibitor, the presence of TIBP in the 

solution would lead to a decrease in the event frequency of the substrate cleavage products. 

Our experiments (Fig. 4) showed that, in the absence of TIBP, 2075 LVFF events were 

observed in a 456-s single-channel recording. In contrast, in the presence of TIBP, we only 

identified 1030 LVFF events in the same time frame. The results confirmed that TIBP could 

indeed inhibit trypsin activity.

To demonstrate the application of our developed nanopore sensor for potential clinical 

sample analysis, trypsin was spiked into the bovine serum to create a mock serum sample. It 

should be noted that, one of the challenges to analyze clinical samples using the protein 

nanopore sensor is that the amphiphilic proteins in serum samples might disturb the lipid 

bilayer34 using the vertical design used in this work, although it has been successfully used 

in other horizontal conducting chambers.24 One feasible approach to overcome this 

difficulty is to use spin-columns to remove interfering blood serum components46. In our 

previous work, we found that by incubating mock serum samples with peptide substrates, 

and then analyzing the mixture solution using the protein nanopore sensor, we could 

sensitively determine the protease activity in the serum within minutes, thus overcoming the 

lipid bilayer’s short life-time limitation31. This same approach was utilized to analyze the 

mock trypsin serum sample in this work. Our experimental results showed that the trypsin-

spiked serum sample produced LVFF events with a similar frequency to that of the control 

sample (i.e., trypsin standard solution) (Supporting Information, Fig. S-5), supporting the 

feasibility of our developed nanopore sensor for potential clinical applications.

Conclusions

In summary, a new type of nanoscale-sized biosensor was developed to measure the activity 

of trypsin by monitoring the enzymatic reactions between the substrate and trypsin in an α-
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hemolysin nanopore. Compared with the time-consuming commercial assay kits, which 

typically use a two-antibody sandwich immunoassay approach, to detect trypsin, our 

developed label-free nanopore sensor is real time, and is more suitable for point-of-care 

applications. In particular, in our sensor design, we take advantage of the substrate cleavage 

site, and use the signal from the cleavage product instead of the substrate to measure the 

protease activity, thus achieving improved sensor selectivity and accuracy over the 

conventional activity-based protease assay. To the best of our knowledge, this is the first 

time for the nanopore sensing technology to be utilized for the quantitative determination of 

protease activity. Given the importance of proteases as valuable diagnostic or prognostic 

markers for a variety of diseases and as important targets for drug discovery, developing 

sensitive and selective sensors for other proteases, especially those of biological, 

pharmaceutical, and medical importance (e.g., prostate-specific antigen, beta-secretase, 

caspases, and so on), is highly desirable. The nanopore sensor design strategy developed in 

this work would serve as a generic approach for that purpose.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nanopore measurement of trypsin activity: (a) 0 ng/mL; (b) 10 ng/mL; and (c) 100 ng/mL. 

(Left) Typical single-channel recording trace segments after 30-min proteolytic cleavage of 

peptide β-amyloid (10–20). Dashed lines represent the levels of zero current, and residual 

currents of the substrate (peptide sequence: YEVHHQKLVFF) and its two cleavage products 

(the sequence of fragment 1: YEVHHQK, and that of fragment 2: LVFF); (Right) the 

corresponding 3D plots of event count vs. residence time vs. blockage amplitude, showing 

the significant difference in the signatures of the blockage events attributed to the peptide 

substrate (red), fragment 1 (blue), and fragment 2 (yellow). The experiments were performed 

at −40 mV in 1 M NaCl solution buffered with 10 mM Tris (pH 7.5) using the mutant α-

hemolysin protein (M113F)7 pore. The concentration of the substrate β-amyloid (10–20) 

was 5 μM.
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Figure 2. 
Dose-response curve for trypsin detection. The experiments were performed with the 

(M113F)7 α-hemolysin pore in a buffer solution comprising 1.0 M NaCl and 10 mM Tris 

(pH 7.5) at −40 mV in the presence of 5 μM β-amyloid (10–20). The data analysis was 

performed based on 30 min trace segments.
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Figure 3. 
Effects of (a) Ca2+ ions and (b) temperature on the trypsin sensor sensitivity. The 

experiments were performed using the (M113F)7 α-hemolysin pore in a buffer solution 

comprising 1.0 M NaCl and 10 mM Tris (pH 7.5) at −40 mV in the absence and presence of 

5 mM Ca2+, and at 22 °C or 37 °C, respectively. The concentrations of trypsin shown in 

Figs. 3a and 3b were 10 ng/mL and 50 ng/mL, respectively. Event counts shown in Fig. 3a 

were calculated based on the last 20 min trace segments of 30-min single channel 

recordings.
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Figure 4. 
Effect of inhibitor on trypsin digestion of β-amyloid (10–20). The experiments were 

performed with the (M113F)7 α-hemolysin pore in a buffer solution comprising 1.0 M NaCl 

and 10 mM Tris (pH 7.5) at −40 mV in the presence of 5 μM β-amyloid (10–20) and 100 

ng/mL trypsin. The concentration of the inhibitor was 0.125 nM. Data analysis was 

performed based on 456-s trace segments after 30-min proteolytic cleavage of β-amyloid 

(10–20) by trypsin and the trypsin/inhibitor mixture. In the latter case, trypsin and trypsin 

inhibitor were incubated at 37 °C for 10 min before performing the substrate digestion 

experiment.
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Scheme 1. 
Schematic representation of the principle of nanopore detection of trypsin. The interaction of 

the substrate cleavage products with the nanopore produces current modulation events 

having significantly different signatures from those attributed to the translocation of the 

substrate peptide in the nanopore. A comparison of these events quantifies the trypsin 

activity.

Zhou et al. Page 15

ACS Sens. Author manuscript; available in PMC 2017 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhou et al. Page 16

Table 1

Determination of trypsin activity using a nanopore single-molecule biosensor

Trypsin Concentration (ng/mL) Trypsin Activity (Units) Relative deviation (%)

    2 9.8 × 10−6 1.01

  10 8.5 × 10−5 2.83

  20 1.8 × 10−4 5.60

  50 3.6 × 10−4 13.3

100 5.3 × 10−4 3.47

*
The activity of trypsin was determined in terms of Units, which is the amount in micromoles of the LVFF fragment released from trypsin digestion 

of the peptide substrate β-amyloid (10–20) per minute. The data analysis was performed based on 30 min trace segments.
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