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ABSTRACT: Trypsin is a key proteolytic enzyme in the digestive
system and its abnormal levels are indicative of some pancreatic
diseases. Taking advantage of the coenzyme-mediated electro-
grafting of ferrocenyl polymers as a novel strategy for signal
amplification, herein, a signal-on cleavage-based electrochemical
biosensor is reported for the highly selective interrogation of
trypsin activity at ultralow levels. The construction of the trypsin
biosensor involves (i) the immobilization of peptide substrates
(without free carboxyl groups) via the N-terminus, (ii) the tryptic
cleavage of peptide substrates, (iii) the site-specific labeling of the
reversible addition−fragmentation chain transfer (RAFT) agents,
and (iv) the grafting of ferrocenyl polymers through the electro-
RAFT (eRAFT) polymerization, which is mediated by potentio-
static reduction of nicotinamide adenine dinucleotide (NAD+) coenzymes. Through the NAD+-mediated eRAFT (NAD+-eRAFT)
polymerization of ferrocenylmethyl methacrylate (FcMMA), the presence of a few tryptic cleavage events can eventually result in the
recruitment of a considerable amount of ferrocene redox tags. Obviously, the NAD+-eRAFT polymerization is low-cost and easy to
operate as a highly efficient strategy for signal amplification. As expected, the as-constructed biosensor is highly selective and
sensitive toward the signal-on interrogation of trypsin activity. Under optimal conditions, the detection limit can be as low as 18.2
μU/mL (∼72.8 pg/mL). The results also demonstrate that the as-constructed electrochemical trypsin biosensor is applicable to
inhibitor screening and the interrogation of enzyme activity in the presence of complex sample matrices. Moreover, it is low-cost, less
susceptible to false-positive results, and relatively easy to fabricate, thus holding great potential in diagnostic and therapeutic
applications.

Trypsin is the most important proteolytic enzyme in the
digestive system for breaking down proteins into smaller

fragments. As an endopeptidase, it prefers to catalyze the
hydrolysis of peptide bonds in proteins and peptides at the
carboxyl side of lysine (Lys) or arginine (Arg) residue.1

Trypsin is secreted as the inactive precursor trypsinogen in the
exocrine cells of the pancreas, and it is well known that the
abnormal levels of trypsin in biological fluids are closely
associated with various pancreatic diseases, such as acute
pancreatitis, cystic fibrosis, and pancreatic cancer. For example,
trypsin is absent from the urine of healthy individuals, whereas
the mean trypsin concentration in the urine of pancreas
transplant patients is 84.4 μg/mL;2 in healthy individuals, the
concentration of serum trypsin ranges from 138 to 406 ng/mL,
while in the patients suffering from acute pancreatitis, it can be
up to 6.5 μg/mL.3 Therefore, low-cost and easy-to-operate
methods for the selective and sensitive interrogation of trypsin
activity and inhibitor screening are highly desired for
diagnostic and therapeutic applications.
For the interrogation of trypsin activity, various cleavage-

based methods have been established,4−6 such as gel
electrophoresis,7 fluorescence,8 colorimetry,9 photoelectro-

chemistry (PEC),10 quartz crystal microbalance (QCM),11

electrochemiluminescence (ECL),12 mass spectrometry
(MS),13 surface-enhanced Raman scattering (SERS),14 nano-
pores,15 and electrochemical biosensors.16−20 These methods
typically involved the tryptic cleavage of synthetic substrates,
which consist of a short peptide fragment of known sequence
specific for trypsin. In recent years, much effort has been
devoted to developing cleavage-based electrochemical bio-
sensors, by virtue of their advantages of being low-cost,
portable, highly selective and sensitive, and compatible with
microfabrication techniques. The simplest cleavage-based
electrochemical trypsin biosensors were presented by Cao et
al.,16 Adjeḿian et al.,17 and Gonzaĺez-Fernańdez et al.18 using
the cationic peptides, ferrocene (Fc)-labeled peptides, and
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methylene blue (MB)-labeled peptides, respectively, as the
immobilized substrates for trypsin. In the first method, the
tryptic removal of the terminal cationic residues could largely
alleviate the blocking effect of the peptide layer against the
positively charged [Ru(NH3)5Cl]

2+ redox probes, rendering
the signal-on interrogation of trypsin activity. In the latter two
methods, the cleavage of trypsin substrates resulted in the
release of redox tags; that is, they are signal-off methods and
thus are susceptible to false-positive results.20,21 These three
methods mentioned above are low-cost and relatively easy to
operate; however, their limits of detection (LODs) are not
satisfactory. For better detection sensitivity, functional gold
nanoparticles (AuNPs) have been explored by Liang et al. as
carriers to load numerous redox tags.19 In this method, the
peptide substrate was preconjugated with an oligonucleotide
fragment through the biotin−streptavidin interaction, and then
the oligonucleotide−AuNPs−thionine conjugate was labeled
via DNA hybridization. Hence, each cleavage event could bring
about the loss of numerous thionine redox tags, allowing for
the signal-off interrogation of trypsin activity at ultralow levels.
In addition to the disadvantage of being susceptible to false-
positive results, the high cost and complexity are adverse to its
broad applications. Consequently, there is a need for low-cost
and easy-to-operate strategy for the amplified electrochemical
interrogation of trypsin activity at ultralow levels.
As we know, the chain of a polymer can be composed of

thousands to millions of repeated units.22 Of great interest is
that the side chains of a polymer can serve as the functional
sites to load numerous redox tags for signal amplification.23−26

Through the in situ grafting of polymers using Fc-containing
monomers, for example, a large number of Fc tags can be
recruited.27 Inspired by this consideration, in this work, we
report the use of the coenzyme-mediated electrografting of
ferrocenyl polymers through the electro-RAFT (eRAFT)
polymerization as a novel strategy for signal amplification for
the signal-on electrochemical interrogation of trypsin activity at
ultralow levels. As one of the most studied and versatile
reversible deactivation radical polymerization methods for the
controlled preparation of polymer products with well-defined
architecture and low dispersity, reversible addition−fragmen-
tation chain transfer (RAFT) polymerization is typically
mediated by RAFT agents28 in the form of a thiocarbonylthio
compound.29 RAFT polymerization is well compatible with a
wide range of solvents and vinyl monomers26 and can be
initiated and sustained by the thermal decomposition of a
radical initiator.30−32 However, thermal initiation requires
elevated reaction temperatures (50−70 °C),26 while limiting
the degree of control and generating initiator-derived by-
products.28,33 To avoid these defects, alternative methods to
initiate and sustain RAFT polymerization in the absence of
exogenous radical sources and under mild conditions are more
attractive, especially through the activation of RAFT agents by
redox mediators into radical species.34−36 This is because it
would be compatible with biological or thermoresponsive
systems and the polymerization of some functional monomers
while allowing for spatiotemporal control over the polymer-
ization process.37 In this work, the initiation and maintenance
of the RAFT polymerization is mediated by electroreduction of
the nicotinamide adenine dinucleotide (NAD+) coenzyme,38,39

which is a ubiquitous electron-transfer mediator in metabolism.
Specifically, the electroreduction of the NAD+ coenzyme at
room temperature mediates the activation of RAFT agents into
radical species, which then react with vinyl monomers to form

polymeric chains,38 without the need for an exogenous radical
source. For the interrogation of trypsin activity, the peptide
substrates without free carboxyl groups are end-tethered via
the N-terminus. The free carboxyl termini generated from the
tryptic cleavage events are used for the labeling of RAFT
agents via carboxylate−Zr(IV)−carboxylate chemistry.
Through the NAD+-mediated eRAFT (NAD+-eRAFT) poly-
merization of ferrocenylmethyl methacrylate (FcMMA)
monomers, a large number of ferrocenyl polymers can be
grafted from the cleaved sites. Hence, the presence of an
ultralow level of trypsin activity could eventually result in the
recruitment of a considerable amount of Fc redox tags.
Obviously, the NAD+-eRAFT polymerization is low-cost and
easy to operate as a highly efficient strategy for signal
amplification. The results also demonstrate that the as-
constructed cleavage-based electrochemical trypsin biosensor
is highly selective and sensitive and applicable to inhibitor
screening and the interrogation of tryptic activity in the
presence of complex sample matrices. In addition, it is low-
cost, less susceptible to false-positive results, and relatively easy
to fabricate, thus holding great potential in diagnostic and
therapeutic applications.

■ EXPERIMENTAL SECTION
Materials and Reagents. A peptide substrate,

CGGSSRGG-CONH2, was offered by Shanghai Science
Peptide Biological Technology Co., Ltd. (Shanghai, China).
Trypsin (from porcine pancreas; specific activity, 250 units
(U)/mg; molecular weight, 23.8 kDa) and chymotrypsin were
obtained from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai,
China). Thrombin (from bovine plasma), ferrocenylmethyl
methacrylate (FcMMA), and α-fetoprotein (AFP, from human
fetal cord serum) were purchased from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China), Shanghai
Pharmlead Inc. (Shanghai, China), and Shanghai Linc-Bio
Science Co., Ltd. (Shanghai, China), respectively. Pepsin
(from porcine gastric mucosa), hemoglobin human, β-
nicotinamide adenine dinucleotide hydrate (NAD+), zirconium
dichloride oxide octahydrate (ZrOCl2), albumin (from human
serum), Bowman−Birk inhibitor (BBI, from soybean), and 6-
mercapto-1-hexanol (MCH) were offered by Sigma-Aldrich.
Lithium perchlorate trihydrate (LiClO4) and 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPAD) were pro-
vided by Shanghai Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China). Potassium hexafluorophosphate (KPF6)
and tris(hydroxymethyl)aminomethane (Tris) were bought
from J&K Scientific Ltd. (Shanghai, China). N,N-Dimethyl-
formamide (DMF) and other chemicals, analytical grade or
higher, were used as received. Milli-Q water (≥18.25 MΩ cm)
was used as the water source.
The electrografting solution was a mixture of FcMMA (0.5

mM) and NAD+ (0.5−1.25 μM) in 25% DMF. The solution
for electrochemical impedance spectroscopy (EIS) was 5.0
mM [Fe(CN)6]

3−/4− in 0.1 M KNO3.
Apparatus. The morphology of the as-modified gold

electrode was studied using a JSM-7100F field emission
scanning electron microscope (JEOL), with an accelerating
voltage of 15 kV. Electrochemical experiments were performed
with a routine three-electrode system at room temperature.
The working electrode (WE) is a modified gold electrode (3.0
mm), the reference electrode (RE) is a saturated calomel
electrode (SCE), and the counter electrode (CE) is a platinum
wire. Voltammetric experiments were performed on a
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CHI760E electrochemical workstation (CH Instruments). EIS
experiments were carried out on a Reference 600+
potentiostat/galvanostat (Gamry Instruments) at the open-
circuit potential by applying an ac voltage of 10 mV amplitude
in a frequency range from 100 kHz to 0.1 Hz.
Electrochemical Interrogation of Trypsin Activity.

First, the gold electrode was polished with 0.3 μm alumina
slurry and sonicated sequentially in ethanol and Milli-Q water.
Then, it was soaked in a fresh piranha solution (a 3:1 v/v
mixture of 98% H2SO4 and 30% H2O2; caution: it is highly
corrosive and must be handled with great care) at 75 °C for 30
min, followed by a thorough rinse with Milli-Q water. After an
electrochemical cleaning in 0.5 M H2SO4 by potential cycling
between −0.3 and 1.5 V (final potential, 0.6 V), it was cleaned
in 0.5 M NaOH at −1.2 V for 30 s and sonicated in Milli-Q
water. After drying with nitrogen, it was incubated with 10 μL
of the peptide substrate at 37 °C for 45 min. The obtained
electrode (abbreviated as Au/P) was backfilled with 2.0 mM
MCH (50% ethanol) at 37 °C for 15 min. After the sequential
rinse with ethanol and Milli-Q water, Au/MCH/P was
incubated with 10 μL of trypsin (50 mM Tris−HCl, 1.0 mM
CaCl2, pH 7.6) at 37 °C for 1.0 h. After a rinse with Milli-Q
water, Au/MCH/PCOOH was soaked in 5.0 mM ZrOCl2 (20%
ethanol) at 37 °C for 15 min and rinsed with Milli-Q water.
Au/MCH/PCOOH/Zr(IV) was incubated with 1.0 mM CPAD
(30% ethanol) at 37 °C for 15 min and rinsed with ethanol and
Milli-Q water. Further, Au/MCH/PCOOH/Zr(IV)/CPAD was
soaked in the electrografting solution, followed by electro-
grafting under moderate stirring for 1.5 h. After a thorough
rinse with ethanol and Milli-Q water, Au/MCH/PCOOH/
Zr(IV)/CPAD/Fc was interrogated in 0.5 M LiClO4 (for its
ability to stabilize the Fc+ cation27) by square wave
voltammetry (SWV) with a potential increase of 4.0 mV and
a potential amplitude of 25 mV.

■ RESULTS AND DISCUSSION
Principle of the Electrochemical Interrogation of

Trypsin Activity. The principle is illustrated in Scheme 1.

The peptide substrates are first tethered onto the electrode
surface via the N-terminal cysteine (Cys) residue; they are free
of carboxyl groups. The free carboxyl termini generated from
the tryptic cleavage events can be used for the site-specific
labeling of CPAD RAFT agents via well-established carbox-
ylate−Zr(IV)−carboxylate chemistry.21 Further, electroreduc-
tion of the NAD+ coenzymes mediates the fragmentation of

the CPAD RAFT agents (with a general structure of S
C(Z)S−R, in which R is a radical leaving group and Z is an
activating group) into an anionic fragment (SC(Z)S−) and a
radical species (R•).28,38 It is noteworthy that the CPAD
RAFT agents in this work are tethered to the C-terminus of the
cleaved peptides via the carboxyl group in the R group. Hence,
the R• radicals would be tethered to the electrode surface.
Subsequently, the propagation of the R• radicals by repeatedly
reacting with FcMMA monomers would result in the de novo
electrografting of ferrocenyl polymers. Thus, the presence of a
few cleaved sites can recruit a considerable amount of Fc redox
tags, allowing for the signal-on electrochemical interrogation of
trypsin activity at ultralow levels. Obviously, the NAD+-eRAFT
polymerization is low-cost and easy to operate as a strategy for
signal amplification. Taking together, the integration of the
electrografting of ferrocenyl polymers through NAD+-eRAFT
polymerization into the cleavage-based electrochemical bio-
sensor is highly applicable to the highly selective interrogation
of trypsin activity at ultralow levels.

Redox Properties of NAD+ and CPAD. The NAD+-
eRAFT polymerization was performed in the presence of the
NAD+ coenzyme as the redox mediator. Previous reports have
shown that the cathodic electrolysis can also irreversibly cleave
RAFT agents at the weak C−S bond to generate two anionic
fragments,35 leading to various side reactions without
generating any long-lived free radicals.28,36 To avoid this, the
reduction wave of the redox mediator should not overlap with
that of the RAFT agent.34 For the efficient outer-sphere
electron transfer from the reduced mediators to RAFT agents,
the reduction potential of the redox mediator should be higher
than that of the RAFT agent by less than 0.5 V.28 To show the
suitability of the NAD+ coenzyme as a redox mediator for
eRAFT polymerization, cyclic voltammetry (CV) was applied
to investigate the reduction potentials of the NAD+ coenzyme
and the CPAD RAFT agent. The CV of the NAD+ coenzyme
presented a reduction peak at −0.75 V (Figure 1),

corresponding to the one-electron reduction of the NAD+

coenzyme into a radical species.39 For the CPAD RAFT agent,
the reduction peak was located at −1.02 V, which is lower than
that of the NAD+ coenzyme by 0.27 V. Obviously, electro-
reduction of the NAD+ coenzyme can efficiently mediate the
reduction of the CPAD RAFT agent into radical species to
initiate and sustain eRAFT polymerization.

Potential Window of the NAD+-eRAFT Polymer-
ization. The addition of an electron (1e) to the pyridinium
ring of the NAD+ coenzyme produces a radical species (Figure

Scheme 1. Principle of the Cleavage-Based Electrochemical
Interrogation of Trypsin Activity through NAD+-eRAFT
Polymerization

Figure 1. CVs of the NAD+ coenzyme and the CPAD RAFT agent.
The concentration of NAD+ and CPAD was 1.0 mM. The supporting
electrolyte was a mixture of 0.1 M KPF6 and DMF (v/v = 1/1,
nitrogen saturated).
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S1),39 which can reduce the CPAD RAFT agent into an
anionic fragment and a free radical to initiate and sustain the
eRAFT polymerization. At a more negative potential, the
radical species can be further reduced (1e, 1H+) to
dihydropyridine.39 To precisely regulate the NAD+-eRAFT
polymerization, the reduction wave of the NAD+ coenzyme at
Au/MCH/PCOOH/Zr(IV)/CPAD in the FcMMA-free electro-
grafting solution was collected. Reduction of the pyridinium
ring of the NAD+ coenzyme into a radical species resulted in a
peak at −1.0 V (Figure S2), while the second reduction peak at
a more negative potential (∼−1.18 V) corresponded to the
formation of NADH, the reduced state of the NAD+

coenzyme.39 For better control over the polymerization
process, the electrografting of ferrocenyl polymers through
NAD+-eRAFT polymerization should be performed at a
potential not lower than −1.0 V.34

Effects of Experimental Conditions. Obviously, the
cleavage efficiency of peptide substrates by trypsin is highly
dependent on the surface coverage. With this in mind, the
effect of the concentration of the peptide substrate on the
electrochemical signal was studied (Figure S3A). As seen, the
oxidation current increased with the increase of peptide
concentration from 0.5 to 1.5 μM, while a further increase of
peptide concentration would result in the decrease of oxidation
current. Thus, the optimal concentration of the peptide
substrate is 1.5 μM. This is understandable because the
densely packed peptide layer at a higher concentration would
seriously hinder the enzymatic cleavage by bulky trypsin
molecules.
In addition, the effects of NAD+ concentration (Figure S3B)

and grafting potential (Figure S3C) on the oxidation current
were studied. As observed, the optimal NAD+ concentration
and grafting potential were 1.0 μM and −0.85 V, respectively.
This is as expected because a lower concentration of the radical
form of the NAD+ coenzyme would result in a slower grafting
rate, while the presence of a much higher concentration would
deteriorate the grafting due to the prevalence of side
reactions.34

Characterization. SWVs of differently modified gold
electrodes were collected to investigate the reliability of the

oxidation current (Figure 2A). Au/MCH/PCOOH/Zr(IV)/
CPAD/Fc was observed to show a high oxidation peak at
about 0.3 V, in good agreement with the typical electro-
oxidation of Fc tags.20,21 For the electrodes modified without
peptide substrates, trypsin enzymes, Zr(IV) linkers, CPAD
RAFT agents, or electrografting, no clear oxidation current
could be observed. This is as expected because the absence of
any one of these components would result in the unsuccessful
modification of the electrode surface. Therefore, the oxidation
current is reliable for the interrogation of trypsin activity.
CVs of Au/MCH/PCOOH/Zr(IV)/CPAD/Fc at different

scan rates in 0.5 M LiClO4 were applied to characterize the
redox properties of ferrocenyl polymers. As expected, the
oxidation and reduction peak currents correlated linearly with
the scan rate (Figure 2B), in line with the surface-confined
redox process.20 Figure S4 shows the presence of Zr(IV)
linkers on the electrode surface. Further, the densely packed
particles (Figure 2C) and Fe elements (Figure 2D) confirmed
the successful electrografting of a large number of ferrocenyl
polymers from the electrode surface, indicative of the high
efficiency of the NAD+-eRAFT polymerization as a strategy for
signal amplification.
CVs (Figure 2E) and EIS spectra (Figure 2F) were applied

to characterize the sequential modification of the electrode
surface. For the unmodified electrode, it exhibited fast
interfacial charge-transfer (ICT) kinetics with low charge-
transfer resistance (Rct). As expected, the presence of steric
hindrance caused by the self-assembled peptide substrates
(Au/P) hampered the charge transfer, and the Rct
increased.20,21 Subsequently, the backfilling of the peptide
layer with MCH blocking agents (Au/MCH/P) facilitated the
ICT kinetics and the Rct decreased, likely due to the MCH-
induced desorption of the nonspecifically adsorbed peptide
substrates and the rearrangement of the covalently tethered
ones from the flat-lying configuration into the upright
configuration.20 The tryptic cleavage of peptide substrates
(without free carboxyl groups) generated the negatively
charged carboxyl termini (Au/MCH/PCOOH), leading to a
decrease in the ICT kinetics and an increase in the Rct. The
sequential modification of the Zr(IV) linkers (Au/MCH/

Figure 2. (A) SWVs of differently modified electrodes. (B) CVs of Au/MCH/PCOOH/Zr(IV)/CPAD/Fc at different scan rates (along the arrow
direction, from 15 to 1000 mV/s). (C) SEM image and (D) Fe mapping of Au/MCH/PCOOH/Zr(IV)/CPAD/Fc. (E) CVs and (F) Nyquist plots
of the sequentially modified electrodes in 5.0 mM [Fe(CN)6]

3−/4− containing 0.1 M KNO3. The level of trypsin activity applied in the above
experiments was 175 μU/mL.
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PCOOH/Zr(IV)) and the CPAD RAFT agents (Au/MCH/
PCOOH/Zr(IV)/CPAD) resulted in an increase in both the ICT
kinetics and the Rct, which is consistent with previous
reports.20,21 After the electrografting of ferrocenyl polymers
through the NAD+-eRAFT polymerization, the recruitment of
a large number of Fc redox tags onto the electrode surface
would greatly facilitate the ICT kinetics, leading to a significant
decrease in the Rct (Au/MCH/PCOOH/Zr(IV)/CPAD/
Fc).20,21 From these observations, it can be concluded that
the sequential modification of the electrode surface was
successful.
Analytical Performance. Under the optimized conditions,

the activity-dependent SWV curves of the as-constructed
cleavage-based electrochemical trypsin biosensor were col-
lected to investigate its analytical performance (Figure 3). The

peak current derived from the oxidation of Fc redox tags was
observed to increase monotonously with the increase of trypsin
activity. This is as expected because the presence of a higher
level of trypsin activity would eventually result in the
recruitment of more Fc redox tags. As a signal-on method,
this trypsin biosensor could be less susceptible to false-positive
results. The plot of peak current versus trypsin activity
demonstrated that there is a good linear relationship between
the peak current and trypsin activity from 25 to 175 μU/mL,
with a correction coefficient (R2) of 0.996. The regression
equation of the calibration plot was y = 0.0606x − 0.180, in
which y represents the peak current in μA and x represents the
level of trypsin activity in μU/mL. The limit of detection
(LOD) was calculated, according to the well-established
3σblank/slope criterion, to be 18.2 μU/mL, equaling to ∼72.8
pg/mL in mass concentration or ∼3.05 pM in molar
concentration. Table S1 shows that the obtained LOD is
superior or at least comparable to those of most of the

previously reported methods, demonstrating that the electro-
grafting of ferrocenyl polymers through the NAD+-eRAFT
polymerization is highly applicable to the interrogation of
trypsin activity at ultralow levels.
In addition, the values of the intra-assay and inter-assay

coefficients of variation (COVs, n = 5) for the interrogation of
trypsin activity at a level of 175 μU/mL were about 5.3 and
5.8%, respectively. Therefore, the reproducibility of the as-
constructed electrochemical trypsin biosensor is satisfactory.
After storing at 4 °C for 2 weeks, the peak current toward

175 μU/mL trypsin decreased by about 5.4% (n = 5). Thus,
the as-modified electrodes possessed satisfactory long-term
storage stability.

Selectivity. To investigate the selectivity of the as-
constructed electrochemical trypsin biosensor, the peak
currents toward six other proteins were collected (Figure
4A). Although the concentrations of these control components
were as high as 10 times that of trypsin, none of them could
result in an obvious peak current as trypsin did. In particular,
the coexistence of these nontargeted proteins with trypsin
would not interfere with the electrochemical interrogation of
trypsin activity. Such a high selectivity can be, to a significant
extent, ascribed to the high specificity of an enzyme to its
substrate, while the enzymatic activities are also highly
dependent on the buffer solutions (e.g., pH and cofactors).

Inhibitor Screening. As potential therapeutic drugs,
trypsin inhibitors are of great value in targeted therapy. To
investigate the applicability of the as-constructed cleavage-
based electrochemical trypsin biosensor in inhibitor screening,
the proof-of-concept experiment was conducted with BBI.
Prior to the addition onto the electrode surface, trypsin
solutions with enzyme activity at a level of 175 μU/mL were
incubated with BBI at 37 °C for 15 min. As shown in Figure
4B, the presence of a higher dose of BBI would result in a
lower peak current. This observation is as expected because
lower tryptic activity would result in the generation of fewer
carboxyl termini and consequently the recruitment of fewer Fc
redox tags. From the corresponding curve of the inhibition
efficiency versus BBI dose, the value of the half-maximal
inhibitory dose (IC50) was estimated to be 3.54 ng/mL.
Consequently, the as-constructed cleavage-based electrochem-
ical trypsin biosensor is applicable to inhibitor screening.

Interrogation of Trypsin Activity in Human Urine
Samples. To demonstrate the applicability of the as-
constructed cleavage-based electrochemical trypsin biosensor
in the in vitro diagnosis (IVD), it was applied to interrogate
trypsin activity in the spiked human urine samples from
healthy individuals. It is noteworthy that trypsin is absent from

Figure 3. SWVs toward various trypsin activities and the plot of peak
current versus trypsin activity. Error bars represent the standard
deviations (n = 5).

Figure 4. (A) Peak currents toward trypsin and the control proteins. Trypsin, 0.7 ng/mL (∼175 μU/mL); others, 7.0 ng/mL. (B) SWVs toward
various BBI doses and the plot of inhibition efficiency versus BBI dose. Error bars represent standard deviations (n = 5).
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the urine of healthy individuals.40 Summarized in Table 1 are
the results obtained from the well-established standard

addition experiments. The recoveries were within the range
of 95.4−105.6%, and the relative standard deviations (RSDs)
ranged from 5.3 to 5.7%. Obviously, the presence of the
complex urine matrices would not interfere with the electro-
chemical interrogation of trypsin activity. The satisfactory anti-
interference capability confirmed the applicability of the
trypsin biosensor for potential IVD applications.

■ CONCLUSIONS
In summary, the coenzyme-mediated electrografting of
ferrocenyl polymers has been successfully demonstrated as a
novel strategy for signal amplification for the electrochemical
interrogation of trypsin activity at ultralow levels. For signal
amplification, the electrografting of ferrocenyl polymers
through NAD+-eRAFT polymerization involves only a two-
step operation (i.e., the labeling of RFAT agents and the
potentiostatic electrografting under mild conditions); obvi-
ously, it is low-cost and easy to operate. The electrografting of
ferrocenyl polymers recruits a considerable amount of Fc redox
tags for signal output, allowing for the signal-on interrogation
of trypsin activity at ultralow levels. Meanwhile, the cleavage-
based method operating by the use of synthetic peptides as
immobilized recognition elements enables the highly selective
interrogation of trypsin activity instead of the abundance and,
as a result, the results are more clinically relevant. The results
also demonstrated that it can be applied to inhibitor screening
and the interrogation of trypsin activity in the presence of
complex urine matrices. Taking these into consideration, the
as-constructed cleavage-based electrochemical trypsin biosen-
sor holds great promise in diagnostic and therapeutic
applications.
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