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Abstract
A novel electrochemical method, termed flash chronopotentiometry (FCP), is used to develop a
rapid and sensitive method to detect protease activities. In this method, an appropriate current
pulse is applied across a polycation-selective polymer membrane to induce a strong flux of the
polycationic peptides from the sample phase into the organic membrane of the electrode. During
this current pulse, the cell potential (EMF) is monitored continuously, and is a function of the
polypeptide concentration. The imposed current causes a local depletion of the polypeptide at the
sample/membrane interface, which yields a drastic potential change in the observed
chronopotentiogram at a characteristic time, called the transition time (τ). For a given magnitude
of current, the square root of τ is directly proportional to the concentration of the polypeptide.
Proteases cleave polypeptides into smaller fragments that are not favorably extracted into the
membrane of the sensor. Therefore, a decrease in the transition time is observed during the
proteolysis process. The degree of change in the transition time can be correlated to protease
activity. To demonstrate this approach, the activities of trypsin and α-chymotrypsin are detected
using protamine and synthetic polycationic oligopeptides that possess specific cleavage sites that
are recognized by these proteases.
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Introduction
Proteases are enzymes that function by cleaving peptide bonds of natural protein substrates
catalytically and specifically to produce smaller peptide fragments. They play critical roles
in a number of biological and physiological processes such as blood clotting, digestion and a
variety of cellular activities [1–3]. In addition, they are involved in a number of pathological
processes [4–13]. Owing to their specificity, they are excellent biomarkers for disease
diagnosis and inhibitors of these proteases are widely employed as therapeutic agents [14–
16]. Thus, measurement of protease activities and developing assays that can screen for
potential inhibitors is very important for disease diagnosis and drug development.

Many analytical techniques have been utilized to measure the activities of proteases [17–29].
Most often, simple UV-Vis absorption or fluorescence methods are employed along with
non-physiological synthetic chromogenic or fluorogenic substrates to monitor protease
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activities [30–32]. While highly sensitive, it is often difficult to incorporate the entire amino
acid sequence recognized by a protease into the synthetic chromogenic and fluorogenic
substrates [33]. Furthermore, such spectroscopic assays are incapable of measuring protease
activities in highly colored and turbid samples such as whole blood and cell culture
suspensions.

Potentiometric sensors based on polymeric membrane polyion-selective electrodes have
been successfully used previously to monitor various protease enzyme activities and
inhibitors of given enzymes [33–37]. These sensors yield a large, non-equilibrium
potentiometric response to protamine and similar polycationic oligopeptides and the
magnitude of the observed potential change is related to the chain length and charge density
of the polypeptides [38]. In the potentiometric protease activity assays, protamine and
synthetic oligopeptides have been used as substrates and the change in the EMF has been
monitored potentiometrically as the polypeptide is digested by the specific protease. Since
the proteolytic products of the polypeptides are not favorably extracted into the polymeric
membrane of the electrode [38], the sensor is much less sensitive to these species. Thus,
after observing an initial EMF response to the substrate, the initial rate of change in the
membrane potential (EMF) in the reverse direction is monitored after addition of the
protease, and is proportional to the enzyme activity present. These sensors are simple,
inexpensive and can be prepared as miniature devices. Moreover, they can work in highly
colored media such as whole blood. However, the original potentiometric polyion membrane
electrode sensors yield EMF responses that are inherently irreversible, limiting these sensors
to single-use operations.

Fully reversible and stable pulsed chronopotentiometric polyion-selective electrodes have
been reported recently and used for direct detection of protamine and potentially other
polycations [39], as well as heparin and similar polyanions [40]. In this new method, a
current pulse of fixed magnitude, duration and sign is applied across a polyion-selective
membrane containing a lipophilic neutral salt of the form R+R− (where R+ and R− are a
lipophilic cation and a lipophilic anion, respectively), to cause a flux of the polyion from the
sample phase into the membrane. The phase boundary potential (related to polyion
concentration in sample phase) is monitored as a function of time during the current pulse.
This is followed by a zero-current measurement pulse period [41]. The equilibrium
membrane ion concentrations are then restored by applying a baseline potential pulse for a
longer time (usually ≥10-fold of the uptake current pulse time) [42]. These sensors have
been used for detecting protease activities by employing measurement of potentials at the
end of each current pulse after serially varying the concentrations of the enzymes added to a
given level of protamine substrate [43,44]. However, there is no simple and direct way of
measuring enzyme activities without prior calibration toward varying enzyme activities,
which consumes considerable time and materials.

We report here a novel transduction protocol, called flash chronopotentiometry (FCP) [45–
47], as a more rapid, sensitive and direct sensor of protease activities and their inhibitors. It
will be shown that sensitive and rapid detection of trypsin and chymotrypsin activities, as
well as soybean trypsin inhibitor can be achieved with the new FCP detection scheme using
a polycation-sensitive polymer membrane electrode formulated with
tridodecylmethylammonium-dinonylnaphthalenesulfonate (TDMA-DNNS), where DNNS
serves as a polycationic peptide recognition element.
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Experimental
Reagents

High molecular weight poly(vinyl chloride) (PVC), o-nitrophenyl octyl ether (o-NPOE),
tridodecylmethylammonium chloride (TDMACl), dinonylnaphthalenesulfonic acid (DNNS),
tetrahydrofuran (THF) and all salts were purchased from Fluka (Milwaukee, WI). Protamine
sulfate (from herring), trypsin, α-chymotrypsin, and soybean trypsin inhibitor were
purchased from Sigma (St. Louis, MO). The synthetic polypeptides were obtained from
Celtek Bioscience, LLC (Nashville, TN). The inert salt tridodecylmethylammonium-
dinonylnaphthalene sulfonate (TDMA-DNNS) was prepared by metathesis of TDMACl and
DNNS (acid form) in a 1:1 molar ratio in benzene. Aqueous solutions were prepared by
dissolving the appropriate compounds in Nanopure-deionized water (18.2 MOhm cm).

Membrane Preparation
The polycation-selective membrane (~200 µm thick) used to assemble the pulsed
chronopotentiometric sensor was prepared by solvent casting using THF as the solvent, a
membrane cocktail containing 10 wt% of the inert lipophilic salt TDMA-DNNS, 30 wt%
PVC and 60 wt% o-NPOE.

Electrodes
The polymer membranes were cut with cork borer (6 mm diameter) from the parent
membrane and incorporated onto an electrode body UnilSE MTO50 S7/120 (Oesch Sensor
Technology, Sargans, Switzerland). The actual membrane area was 20 mm2. The inner
solution (10 mM phosphate buffer, pH 7.4, with 10 mM NaCl) was in contact with an
internal Ag/AgCl electrode. The external reference electrode was a double-junction Ag/
AgCl electrode with saturated KCl as inner solution and a 1 M LiOAc as the bridge
electrolyte. A high surface area coiled Pt-wire in contact with the sample solution was used
as a counter electrode. The working electrodes were conditioned for at least 12 h prior to
experiments and kept in the conditioning solution when not in use.

Experimental setup
A conventional three-electrode setup was used for the pulsed chronopotentiometric
measurements with the polycation sensing membrane electrode, with the internal Ag/AgCl
electrode of the membrane electrode connected as the working electrode and the external
reference and counter electrodes were immersed into the sample solution. The
measurements were made with an AFCBI bipotentiostat (Pine Instruments, Grove City, PA)
controlled by a PCI-MIO-16E4 interface board and LabVIEW 8.6 data acquisition software
(National Instruments, Austin, TX) on a PC computer. The potentials were sampled at 6 ms
intervals and recorded and saved in two files as a raw data and as an averaged data during
the last 10% time period of the cathodic current pulse and at the end of the zero current
pulse period. An uptake (cathodic current pulse) time of 3 s, a zero-current pulse of 0.5 s and
a stripping (potentiostatic pulse) time of 30 s were used throughout the flash
chronopotentiometric experiments, unless specified otherwise. A baseline potential pulse of
0 V versus the Ag/AgCl reference electrode (as determined from initial measurements,
where the stability of potential response and the return of the current to zero at the end of the
potentiostatic pulse were monitored) was applied as the stripping potential throughout the
experiments. All experiments were conducted at room temperature (21 – 23 °C).

Results and Discussion
As mentioned above, in the FCP detection mode, an appropriate cathodic current pulse is
applied across a polymer membrane electrode to cause a strong flux of the polycationic
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peptide from the sample phase to the membrane while the potential is continuously
monitored across the same membrane as a function of time. This causes a local depletion of
the polypeptide at the membrane surface at a transition time (τ) and a strong potential drop
(inflection) results in the chronopotentiogram (potential-time curve). For a given current, the
square root of the transition time (τ) is directly proportional to the concentration of the
polypeptide according to the well-known Sand equation (Equation 1).

(Equation 1)

where n is the net charge, c is the concentration and Daq is the diffusion coefficient of the
polypeptide in the aqueous phase, F is Faraday’s constant, A is the membrane area and i is
the absolute value of the applied current. Thus, the shift in the transition time is monitored
as a function of time as the polypeptide substrate is catalytically hydrolyzed after a single
injection of the specific protease and the activity of the protease can be determined from the
rate of change in the transition time.

Figure 1-A shows the typical current-time trace and Figure 1-B shows observed potential-
time behavior of a flash chronopotentiometric experiment in the presence of 100 µg/ml
protamine in a background of 10 mM phosphate buffer containing 10 mM NaCl at pH 7.4,
during the three-pulse sequences. A high and constant cathodic current pulse (−8 mA, in this
case) is initially applied across a polymeric membrane formulated with the lipophilic neutral
salt TDMA-DNNS while the potential is monitored at the same membrane (see pulse (1) in
Figure 1) and recorded. Since the phase boundary potential at the membrane/sample
interface changes in response to the concentration of the polyions at the interface, as the
current flows, the local concentration of polycationic peptide is decreased, and this causes a
break (inflection) in the resulting chronopotentiogram (see (i) in Figure 1B). A high
concentration of hydrophilic ions is used in the inner filling solution to prevent a similar
depletion on the back side of the membrane; hence, the voltage inflections observed
(superimposed on IR drop across the membrane) are due to changes in polycation
concentration during the 3 s current pulse.

The cathodic current pulse is followed by a zero-current measurement pulse as shown by
pulse (2) in Figure 1. Here, the phase boundary potential, which is a function of the
polycation concentration, can be measured without the superimposition of iR drop. Then, a
baseline (equilibrium) potential is applied across the membrane for a longer time to expel
the ions extracted during the current pulse and regenerate the initial equilibrium membrane
ion concentration profile (pulse (3)). This results in stable and reproducible potential
responses (see (ii) and (iii) in Figure 1B).

The data obtained during the first current pulse is used as the analytical signal in the flash
chronopotentiometric mode of measurement. Figure 2A shows the potentiometric response
of the flash chronopotentiometric sensor during the initial current pulse period (see pulse (1)
in Figure 1B). A characteristic inflection point is observed in the chronopotentiogram at the
transition time (t=τ) when the polycationic peptide at the sample/membrane interface is
depleted. Figure 2B shows the first derivative of the data in Figure 2A. The transition time is
directly obtained from the peak position in the first derivative curve or alternatively from the
zero value of the second derivative of the chronopotentiometric data. Note that ion depletion
can be avoided (when not needed) to measure in the regular pulstrode mode by using low
magnitude of current or shorter current pulse time [39,40]. For example, if a current pulse
<1.5 s in duration is used, no significant ion depletion of the polypeptide is observed (see
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Figure 2A). Also, a 3-s cathodic current pulse of ≤ 4 µA did not result in any significant
polycation depletion (data not shown).

The key advantage of pulsed chronopotentiometric polyion sensors compared to classical
potentiometric polyion sensors is the reversibility of the sensor response, which enables
reuse of the sensors. Figure 3 shows the reversible, reproducible and sensitive EMF
responses of TDMA-DNNS-based pulstrode sensor under the zero-current measurement
mode upon alternate measurement in a given background solution (10 mM phosphate buffer
containing 10 mM NaCl) and 100 µg/ml solutions of the various synthetic polypeptides and
protamine in the same buffer. Each discrete section in the curve is composed of 16 data
points recorded as averaged data during the last 10% of repetitive zero-current pulses (see
(iii) in pulse (2) of Figure 1B). The amino acid sequences in protamine and the synthetic
oligopeptides and the observed potential responses are shown in Table 1. The EMF
responses of peptides (P1) and (P3) are greater than the others and this is likely due to the
presence of the lipophilic amino acids F and L, respectively, which favor
thermodynamically the extraction of the oligopeptides into the polymeric membrane [33].
This data demonstrates the significant potentiometric response that the membrane exhibits
toward these polycationic substrates, once the membrane is polarized by a constant cathodic
current of sufficient magnitude for a fixed period of time.

The analytically more useful flash chronopotentiometric responses to the various synthetic
polypeptides and protamine are shown in Figure 4. The transition time varies as a function
of the polypeptide concentration as clearly shown in the observed chronopotentiograms
(Figure 4A) and the first derivative plots of the chronopotentiograms (Figure 4B). Proteases
break the peptide bonds through specific proteolysis. The proteolytic products are not
favorably extracted into the polymeric membrane. Thus, as the concentration of the
polypeptide substrate at the sample/membrane interface decreases due to protease activity, a
decrease in the transition time results (see Equation 1). This is clearly shown in Figure 5,
where (A) shows the response of the flash chronopotentiometric sensor to 100 µg/ml of the
various polypeptides and (B) shows the response to 100 µg/ml of the polypeptide after
addition of 4 µl of 1 mg/ml α-chymotrypsin. The curves in (Figure 5A) show stable and
reproducible (overlapping) responses of the sensor for 16 repetitive measurements of a
constant concentration of the polypeptides under the applied current pulse (pulse (1)). The
specificity of the protease α-chymotrypsin is shown in Figure 5B. Peptide P1 possesses a
specific R-F bond cleavage site for the protease α-chymotrypsin. As a result, a decrease in
the transition time is observed due to the degradation of P1 by the α-chymotrypsin. A slower
reaction of α-chymotrypsin with P3 can also be observed from the decrease in the transition
time as a function of reaction time. This interaction between the polypeptide P3 and α-
chymotrypsin may be due to the presence of the lipophilic amino acid, leucine [33]. Peptide
P2 and protamine do not contain the specific cleavage site for the enzyme α-chymotrypsin
and thus no significant change in the transition time was observed as a function of the
reaction time after addition of the enzyme.

The activity of another important protease, trypsin, was studied using protamine as a
substrate. Trypsin cleaves the R-R bonds specifically. A considerable shift in the transition
time is observed as a function of reaction time after a single addition of 10 µl of 1 mg/ml
trypsin to 50 ml of 100 µg/ml protamine (see Figure 6). Figure 6B shows the first derivative
of the data in Figure 6A. A linear relationship is observed between the square root of the
transition time and the digestion time at the beginning of the reaction. This rate of reaction,
which is obtained from the change of transition time as a function of reaction time can be
utilized to assay the enzymatic activity without the need for calibration experiment. The
change in the square root of the transition time (τ), which is a direct function of the
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concentration of the polypeptide, can be utilized to assay the kinetics of the enzyme reaction
(proteolysis) as follow:

(Equation 2)

The coefficient of the right-hand side of equation 2, ( ), is a constant, B, for a
given diffusion coefficient. Thus, the change in concentration, Dc can be given by

(Equation 3)

Therefore, the rate of the enzymatic reaction, Δc/Δt, where Δt is the change in the reaction
time can be easily evaluated from the rate of change of transition time as:

(Equation 4)

The rate of hydrolysis of protamine upon addition of 0.2 µg/ml (2.5 U/ml) of trypsin to 50
ml of 100 µg/ml protamine (see Figure 6 and associated text) was calculated to be 27 nM/s
(0.135 µg/ml-s) using Equation 4, with |i| = 8µA, A=20 mm2, n=21, F=96500 Coulomb/mol,
Daq=1.2×10−6 cm2/s [48], molecular weight of protamine 5 kDa, and  and Δt obtained
from the linear region of Figure 6C to be 0.086 s1/2 and 65 s, respectively. This value is in a
good agreement with previous work [43,44]. In separate sets of experiments (data not
shown), it was found that trypsin activity could be measured reliably in a concentration
range of 0.25–75 U/ml (20–6100 ng/ml) using protamine as a substrate. Above 75 U/ml of
trypsin, an abrupt break in the pulsed chronopotentiometric response was observed showing
a complete hydrolysis of protamine, while below 0.25 U/ml of trypsin, no considerable shift
in the transition time was observed after 20 min of incubation. This measuring range may be
slightly extended by varying the substrate concentration and the magnitude and duration of
the applied current (see Equation 1).

The ability to detect inhibition of protease reactions using the FCP measurement scheme is
demonstrated for soybean trypsin inhibitor (see Fig. 7). Figure 7A, (1) shows the first
derivative of pulsed chronopotentiometric response to 100 µg/ml of protamine without
added trypsin and/or trypsin inhibitor, whereas (2), (3), (4) and (5) show the responses after
additions of 80 µl of 1 mg/ml of trypsin incubated with 100, 60, 20 and 0 µl of 0.5 mg/ml
soybean trypsin inhibitor. With an increased level of the inhibitor, the response approaches
that of protamine in the absence of trypsin, showing that soybean trypsin inhibitor
dramatically reduces the activity of trypsin. In the absence of the inhibitor (see 5), the
protease completely consumes all of the protamine, as expected.

Conclusions
Flash chronopotentiometric sensors are very promising for rapid, sensitive and reliable
detection of protease activities and their inhibitors. In this method, the change in the
transition time is monitored as a function of time after a single injection of protease into the
substrate solution and for analytes/media of known polycation diffusion coefficients, no pre-
calibration experiments are required. This saves considerable amount of time and samples.
The sensitivity of this technique for the detection of trypsin, ca 20 ng/ml, is quite acceptable
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for important analytical applications, although it is somewhat higher than common
spectroscopic methods that utilize chromogenic substrates. However, such chromogenic
assays cannot be conducted in highly colored media, like whole blood. Further, polycationic
oligopeptide substrates can be prepared fairly easily by linking amino acid sequences that
possess the characteristic cleavage sites that are recognized by the specific proteases to di-
and triarginine sequences. Hence a number of proteases of biological importance that have
not been studied thoroughly due to the lack of a convenient method of assay (can’t make
suitable chromogenic substrate that exhibits high activity) can potentially be attempted by
this simple, sensitive and inexpensive method.
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Figure 1.
Current-time (A) and observed potential-time (B) responses of flash chronopotentiometry
experiment in the presence of 100 µg/ml protamine in a background of 10 mM phosphate
containing 10 mM NaCl at pH 7.4. (1), (2) and (3) show uptake current pulse, zero current
pulse and baseline potential pulse, respectively. i indicates the inflection point in the
potential-time curve when ion depletion occurs, while ii and iii show sampled potentials at
the end of the applied current pulse and zero current pulse, respectively.
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Figure 2.
(A) Potential-time response curve from pulse (1) period of Figure 1B and (B) first derivative
curve of the data in Figure (2A). The transition time (τ) is clearly depicted as a peak point in
the first derivative curve.
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Figure 3.
Pulsed chronopotentiometric potential response of polyion sensor upon alternating
measurement in a background solution and 100 µg/ml of protamine and the various
oligopeptides (see Table 1 for the amino acid sequences). The potential was sampled as
averaged value toward the end of the second (zero-current) measurement pulse. Each
discrete portion in the curve is composed of 16 data points (see Figure 1).
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Figure 4.
(A) Observed chronopotentiograms (flash chronopotentiometric potential-time responses) to
varying concentrations of protamine and synthetic polycationic oligopeptides in a
background of 10 mM phosphate buffer, pH 7.4 containing 10 mM NaCl and (B) first
derivative of the data in (A); the numbers over the curves show concentrations of the
peptides and the concentrations were varied in the same manner for all the peptides.
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Figure 5.
Flash chronopotentiometric responses to 100 µg/ml each of the peptides before addition of
α-chymotrypsin (A) and after addition of 4 µl of 1-mg/ml α-chymotrypsin to 5 ml of the test
solution (B). The numbers over the chronopotentiograms under “P1+α-chymotrypsin” show
the reaction time in seconds.
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Figure 6.
(A) Flash chronopotentiometric response of pulstrode sensor to 50 ml of 100 µg/ml
protamine after a single injection of 10 µl of 1 mg/ml trypsin; (B) first derivative of the data
in (A); (C) linear dependence of the square root of transition time on the proteolysis time;
the numbers over the curves show the reaction time.
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Figure 7.
(A) First derivative curves of flash chronopotentiometric response to 100 µg/ml protamine
before addition of trypsin/soybean trypsin inhibitor (1) and after additions of 80 µl of 1 mg/
ml trypsin incubated with 100 µl (2), 60 µl (3), 20 µl (4) and 0 µl (5) of 0.5 mg/ml soybean
trypsin inhibitor for 0.5 h; (B) Linear relationship between the square root of transition time
and the concentration of soybean trypsin inhibitor.
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Table 1

Amino acid sequences in protamine and the synthetic oligopeptides viz., P1, P2 and P3 and observed potential
responses under zero current mode of measurement (see Figure 3)

Peptide Amino acid Sequence ΔEMF, mV

P1 F-R-R-R-F-R-R-F-V-R-R-F-NH2 145

P2 V-R-R-R-R-P-R-R-V-NH2 103

P3 R-R-R-L-L-R-R-L-L-R-R-R 126

Protamine A(P)-R-R-R-R-S-S-S-R-P-I(V)-R-R-R-R-P-RR-R(V)-T-T-R-R-R-R-A-G-R-R-R-R 114
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