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Abstract 

This paper reports a sensitive method with electrochemical technique to detect various proteases, 
which can be used for the diagnosis of prostate cancer. For the proposed assay method, the 
working electrode is modified with the peptide probes for the target proteases. These probes 
contain the substrate sequence of target proteases, as well as the seed peptide sequence that can 
accelerate the misfolding of amyloid-beta. If there are proteases in the test solution, after protease 
cleavage of the substrate peptides, the distal seed peptide will be removed from the electrode 
surface. So, in the absence of proteases, the seed peptides can initiate and accelerate amyloid-beta 
misfolding on the electrode surface. Consequently, the formed aggregates strongly block the 
electron transfer of the in-solution electroactive species with the electrode, resulting in sup-
pressed signal readout. Nevertheless, in the presence of proteases, enzyme cleavage may lead to 
greatly mitigated protein misfolding and evident signal enhancement. Since the contrast in signal 
readout between the two cases can be amplified by using the protein misfolding step, high sensi-
tivity suitable for direct detection of proteases in serum can be achieved. These results may 
suggest the feasibility of our new method for the detection of a panel of proteases in offering 
detailed diagnosis of prostate cancer and a better treatment of the cancer. 
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Introduction 
Serum has long been the target of studies aiming 

at sensitive detection of tumor biomarkers for the di-
agnostics and prognostics of cancer [1-4]. Despite the 
enormous effort devoted to this course, early and 
timely diagnosis of cancer is still substantially ham-
pered by the nature of serum biomarkers [5]. First, 
individual biomarker has very limited indicative 
value since one biomarker only represents one aspect 
of carcinogenesis. Second, many serum biomarkers 
have extremely low abundance. Nowadays, there is a 
growing consensus that detection of a panel of serum 

biomarkers, rather than one specific biomarker [3, 4, 6, 
7], combined with highly sensitive protocol of detec-
tion, can improve the accuracy and efficacy of diag-
nostics and prognostics of cancer. In this sense, pro-
tease, among many types of biomarkers, is a better 
candidate as serum cancer biomarker [8, 9]. On the 
one hand, several different kinds of proteases are shed 
into serum during carcinogenesis, and the activities of 
these serum proteases are associated with various 
aspects of the cancerous process, so the overall diag-
nostic value of a protease marker panel is much 
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higher than a single cancer marker. On the other, 
protease activity can be exploitable for designing 
signal alteration and amplification step [10-13], thus 
the sensitivity of the developed detection method can 
be greatly improved for the assay of the protein di-
rectly in serum samples. 

Here we employ the specific interaction between 
a designed peptide probe and amyloidal peptide to 
induce amyloid misfolding, as an effective means to 
detect serum proteases. It is well-known that amy-
loidal peptides, such as amyloid-beta, can misfold 
into aggregates [14], while the misfolding process can 
be modulated by special peptide sequences [15]. So, 
we have designed a peptide probe by attaching the 
substrate sequence of the target protease to a “seed 
peptide” that can specifically bind with the monomer 
of amyloid-beta and accelerate its misfolding into 
aggregates [14]. Electrochemical methods are em-
ployed to develop this assay [16]. Protease cleavage of 
electrode surface immobilized probes protease 
cleavage may provide an assured change of the signal 
readout. To provide sufficient sensitivity for the de-
tection of low abundant serum proteases, the signal 
change induced by protease cleavage needs to be 
amplified. The subsequent formation of aggregates on 
the sensing layer can greatly magnify this change. In 
the absence of protease, extensive formation of ag-
gregates will block the access of in-solution electroac-
tive species to the electrode surface, leading to very 
low signal readout. However, in the presence of pro-
tease, the dramatically mitigated misfolding process 
combined with incomplete surface layer after protease 
cleavage will result in large signal response of the 
in-solution electroactive species. The contrast in signal 
readout between the two cases is magnified, enabling 
much lower limit of detection. 

This method has no special requirement for the 
sequence of the substrate peptides, so it is generally 
applicable for the assay of many kinds of proteases. 
To examine the feasibility of this method, it has been 
used along with a recently developed nonspecific 
absorption-resistant peptide [17] and applied in the 
protease assays using serum from prostate cancer 
victims. The protease species under inspection, 
namely, matriptase [18, 19], kallikrein 2 [20, 21] and 
prostate specific antigen (PSA) compose a marker 
panel and differential expression of the three enzymes 
can offer reliable reference to the establishment and 
progression of cancerous condition. 

Experimental 
Chemicals and Reagents 

Peptide probes for matriptase, kallikrein 2 and 
PSA (MUA (11-mercaptoundecanoic ac-

id)-SGKGSSGSST [17]-RQARV [22]/TFRSA 
[23]/SSYSS [24]-KLVFFEEEE [15] and the absorp-
tion-resistant peptide (MUA-SGKGSSGSST) were 
manufactured by Shanghai Science Peptide as lyophi-
lized powder, purity>95%. Human recombinant 
matriptase was from Alexis, Switzerland. Recombi-
nant kallikrein 2 and PSA were provided by R&D 
Systems. Plasmin was purchased from Milipore. 
Thrombin and amyloid-beta was from Sigma Aldrich. 
Analytical-grade was warranted for all of the other 
reagents used. Powder of the peptide probes and the 
absorption-resistant peptide was dissolved with 10 
mM phosphate buffer solution (PBS) (pH 7.4) to pre-
pare 5 μM stock solutions. The original buffer solu-
tions of all the proteases were dissolved with proper 
solution to prepare standard samples. The buffer 
adopted for matriptase is 100mM Tris, pH 9.5; for 
kallikrein: 20 mM Tris, 0.15 M NaCl, 10 mM CaCl2, pH 
7.5; for PSA: 50 mM Tris, 10 mM CaCl2, 150 mM NaCl, 
pH 7.5. Redistilled water for preparation of all the 
solutions was produced with a Milli-Q purification 
system, the resistance of 18 MΩ·cm was achieved to 
guarantee the purity. Serum samples of patients with 
prostate conditions were obtained from the Clinical 
Laboratory of the First Affiliated Hospital of Nanjing 
Medical University, after elected consent by the local 
ethical committee. 

Electrode Treatment and Modification 
Firstly, the gold disk electrode with a diameter of 

3 mm was chemically cleaned for 5 min using Piranha 
rinsing solution, which was formulated by 70% sulfu-
ric acid (concentrated) and 30% hydro-peroxide, fol-
lowed with rinsing by double-distilled water. Then, 
the electrode was polished with fine sand paper, 1 µm 
and 0.3 µm alumina slurry in sequence, till achieving a 
mirror-smooth surface. Subsequently, water bath ul-
tra-sonicating using both ethanol and water as the 
media was conducted to remove alumina powder 
from the electrode. Again, chemical cleaning was 
employed to clean the electrode: 50% nitric acid was 
incubated with the electrode for 30 min. Finally, elec-
trochemical cleaning via repeated cyclic voltammetric 
scans in 0.5 M H2SO4 was utilized to remove any re-
maining impurities. 

To immobilize peptide probes on the surface of 
the working electrode, the electrode was firstly dried 
under a mild stream of nitrogen with high purity, 
immediately following the above cleaning steps. 
Then, the self-assembly procedure was initiated by 
immerging the electrode in the peptide assembly so-
lution (2.5 μM substrate peptide and 5mM TCEP in 
10mM PBS, pH 7.4). The self-assembly step lasted for 
16 h, at 4 °C and in an inert atmosphere. After rinsing 
with double distilled-water, the electrode was treated 
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with the passivation solution (2.5 μM absorp-
tion-resistant peptide and 5mM TCEP in 10mM PBS, 
pH 7.4) at room temperature for 3 h. At last, any re-
maining non-specifically absorbed peptides were re-
moved via thorough rinsing. The as-prepared elec-
trode was thus ready for protease assay. 

Protease Activity Assay 
Firstly, standard or serum samples containing 

protease were incubated with the electrode at 37 °C. 
Thorough rinsing of the electrode with double dis-
tilled water and incubation with 5% Tween-20 was 
conducted to exclude non-specific absorption. Then, 
the cleaved electrode was incubated with 300 μM 
amyloid-beta, 100 μM peroxynitrite, in 10 mM PBS 
(pH 5.0) for 75 min at room temperature for amy-
loid-beta misfolding. After that, the electrode was 
again thoroughly rinsed with double-distilled water, 
followed by being dipped in 5% Tween-20 for 30 min. 
The electrode was finally ready for measurement. 

Experimental Measurements 
Atomic force microscopy (AFM) images are rec-

orded using ex situ Agilent 5500 AFM system. Sam-
ples were imaged at a scan rate of 0.5-1 Hz in a tap-
ping mode. AFM tips with resonant frequency in a 
range 160-260 kHz were used. Images were acquired 
at a resolution of 512×512 pixels. Isothermal titration 
calorimetry (ITC) measurements were conducted us-
ing a MicroCal ITC200 System (GE healthcare life 
sciences). The titration was conducted at 25 °C. The 
titration schedule consisted of 38 consecutive injec-
tions of 1 μL with at least a 120 s interval between 
injections. Heats of dilution, measured by titrating 
beyond saturation, were subtracted from each data 
set. All solutions were degassed prior to titration. The 
data were analyzed using Origin 7.0 software. All the 
electrochemical assays were conducted with a 
CHI660D electrochemical workstation (CH Instru-
ments, Austin, USA) using a conventional 
three-electrode cell at room temperature. Square wave 
voltammograms (SWVs) and electrochemical im-
pedance spectra (EIS) were recorded in 5mM 
[Fe(CN)6]3−/4−with 1 M KNO3 Experimental parame-
ters are as follows. SWV: Scan range, -0.7 ~ -0.2 V, step 
potential, 5 mV, frequency, 15 Hz, amplitude, 25 mV. 
EIS: Bias potential, 0.224 V vs. SCE, amplitude, 5 mV, 
frequency range, 0.1 Hz ~ 10 kHz. The data were ob-
tained from at least three times of repetition of inde-
pendent experiment. 

Results and discussion 
Scheme 1 may illustrate the principle of the 

proposed method. The peptide probe is composed of 
three motifs. Located at one end of the probe is the 

absorption-resistant sequence serving to minimize 
nonspecific interaction with the non-target protein 
and to immobilize the probe onto the surface of the 
working electrode. At the other end is the seed pep-
tide sequence to initiate and accelerate amyloid-beta 
misfolding on the electrode surface. Between these 
two motifs is the substrate sequence of the target 
protein, i.e., protease. The absorption-resistant pep-
tide is also employed as the blocking reagent for the 
passivation of the electrode surface to further reduce 
the interference of serum non-target proteins. The 
peptide probes firstly form a self-assembly monolayer 
on the electrode surface. After incubation with the test 
solution containing protease, many surface-anchored 
probes are cleaved and lose their seed peptide motifs. 
The remaining uncleaved peptide probes then use 
their seed motifs to induce amyloid-beta misfolding. 
[Fe(CN)6]3-/4- is employed to electrochemically show 
the resulted change of the sensing layer. Since more 
protease will cleave more peptide probes, resulting in 
more seed motifs being removed from the sensing 
layer, less extensive misfolding will ensue. Conse-
quently, the resistance to electron transfer will de-
crease, leading to larger electrochemical response of 
[Fe (CN)6]3-/4-. So, the final signal response is posi-
tively related to protease abundance. 

The above-described assay procedure has been 
firstly verified using EIS recording the step-wise 
modification of the electrode during the assay pro-
cedure. Matriptase is here employed as the model 
target. According to Supplementary Material: Figure 
S1, a straight line is the case for the bare electrode. 
After modification by the peptide probes, an evident 
semicircle appears, indicating augmented resistance 
to interface electron transfer, due to the forming of a 
peptide monolayer on the electrode surface. In the 
absence of the protease, subsequent extensive amy-
loid-beta misfolding on the electrode surface seriously 
impedes the interface electron transfer, drastically 
increasing the diameter of the semicircle on EIS. By 
way of contrast, in the presence of the protease, the 
electrochemical impedance evidently decreases after 
catalytic cleavage, since the cleavage removes many 
seed motifs, each containing 4 consecutive glutamic 
acid residues that strongly repel [Fe(CN)6]3-/4-. Sub-
sequently, amyloid-beta misfolding takes place in a 
much smaller scale, resulting in a tiny increase of 
electrochemical impedance, compared with the situa-
tion that protease is absent. 

Changes of the sensing layer in the pres-
ence/absence of the protease have also been verified 
by using atomic force microscopy. As shown in Sup-
plementary Material: Figure S2, in the absence of the 
protease, many a peptide probe is observed densely 
distributed on the sensing layer (Figure S2A), and 
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extensive amyloid-beta misfolding can be observed 
(Figure S2B). In contrast, protease cleavage leaves 
only very few intact peptide probes on the sensing 
layer (Figure S2C), and subsequent misfolding is 
greatly mitigated (Figure S2D). 

The experimental conditions have also been 
studied and optimized. First, since the amyloid-beta 
misfolding process takes very long time to complete, 
to improve the performance of the assay, the time for 
misfolding process has been greatly shortened by 
using chemical reagent to nitrate the protein mono-
mer [25], so that the misfolding process is dramati-
cally accelerated (Supplementary Material: Figure S3). 
Second, the concentration of amyloid-beta monomer 
has been optimized. To attain low electrochemical 
background signal in the absence of protease, more 
concentrated monomer protein should be used, but 
this will inevitably result in smaller change of the 
electrochemical response in the absence/presence of 
protease, thus making the difference among signals of 
different amount of protease to be much less promi-
nent. Therefore, SWV signals obtained using different 
concentrations of amyloid-beta monomer in the 
presence/absence of protease are compared (Sup-
plementary Material: Figure S4). From 100 μM to 600 
μM, the background gradually decreases to negligible 
level, while the signal after protease cleavage keeps 
decreasing. So, 300 μM amyloid-beta monomer is se-
lected for the assay, at which concentration the back-
ground has already been sufficiently low while the 

signal response has not decreased too much. Thirdly, 
the cleavage time of the three target proteases has 
been investigated as well, and the incubation time just 
sufficient to cleave all peptides probes on the elec-
trode surface has been known and applied for all the 
following experiments (Supplementary Material: 
Figure S5). 

Under the optimal conditions, assays of the three 
target proteases are conducted using our method. 
Figure 1A, 2A and 3A show that the peak current of 
the electroactive probe [Fe(CN)6]3-/4- increases with 
the concentration of all the three target proteases. A 
linear detection range can be established for all the 
three proteases (Figure 1B, 2B and 3B). For matriptase, 
a linear range from 0.1 pM to 398 pM can be obtained, 
with a detection limit as low as 0.047 pM. For kal-
likrein 2 and PSA, the linear range are 0.1~1000 pM 
and 0.1~320 pM, with the limit of detection of 0.035 
pM and 0.067 pM, respectively. The standard devia-
tion of all data is within 5%. So, the sensitivity and 
reproducibility of our assay method for the detection 
of all the three proteases are satisfactory. Specificity of 
our method has also been examined by using some 
control species, all of which, including HSA, an 
abundant component in serum, may show no evident 
interference (Supplementary Material: Figure S6). Our 
method has been compared with the commercial 
ELISA as well (Supplementary Material: Table S1). In 
detecting all the three target proteases, our method is 
superior to ELISA in terms of sensitivity. 

 

 
Scheme 1. The mechanism of the designed protease assay. (A) The peptide probe showing its motifs. (B) The procedure of the protease assay. Not shown 
to scale. 
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Figure 1. (A) SWVs of [Fe(CN)6]3-/4- to quantify matriptase. (B) Peak currents in (A) plotted as a function of protease concentration. Inset is the linear 
concentration range. The error bars represent standard deviation from average (n=3). 

 
Figure 2. (A) SWVs of [Fe(CN)6]3-/4- to quantify kallikrein 2. All the curves and points in (B) are of the same meaning as in Figure 1. 

 

 
Figure 3. (A) SWVs of [Fe(CN)6]3-/4- to quantify PSA. All the curves and points in (B) are of the same meaning as in Figure 1. 
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We have further employed these three proteases 
as a marker panel to test feasibility of our method in 
the diagnosis of prostate cancer. The protease assays 
have been conducted in the serum of several patients 
with prostate conditions. For each patient, concentra-
tion of the target proteases in his serum is averaged 
from the result of three repetitions for each protease, 
calculated by using the linear range obtained above. 
To compare our method with the traditional clinical 
characteristics, the detected protease level in all pa-
tients is sub-grouped according to the clinically con-
firmed pathological condition, namely, 
non-cancerous, cancerous and metastatic condition 
(Figure 4). For all proteases, the distribution of de-
tected concentration agrees well with the clinical 
sub-grouping, and the behavior of each protease 
marker is coherent with the current bio-medical un-
derstanding of it. For example, as shown in Figure 4C, 
PSA of all groups are well-above the borderline 

(around 1 pM), indicating high risk of prostate cancer. 
But only the advanced prostate cancer (group 3) 
shows significantly higher PSA level, so PSA alone is 
insufficient for accurate diagnosis, as widely recog-
nized. In contrast, matriptase and kallikrein 2 show 
evident difference between the groups (Figure 4A, 
4B). Especially kallikrein 3, a promising prostate can-
cer marker which attracted substantial interest re-
cently [26, 27], shows prominent inter-group differ-
ence (p < 0.01). It is also worth noting that for all 
groups, SWVs recorded in patient serum samples 
(Supplementary Material: Figure S7) are not evidently 
different from that of standard sample. So, the ab-
sorption-resistant peptide is functional, and the de-
sign may show reliable robustness which is indis-
pensible for the detection of complex biological sam-
ple. So, it can be concluded that this marker panel 
may provide a reliable reference for the diagnosis of 
prostate cancer. 

 

 
Figure 4. Box chart to show the distribution of detected concentration of (A) matriptase, (B) kallikrein 2 and (C) PSA in patient of non-cancerous 
(group1), cancerous (group 2) and metastatic (group 3) condition. Each box includes the maximum, minimum, mean, 1st and 99th percentile marked on the 
graph, in addition to the 25th, median, and 75th percentiles. The raw data is included as a column scatter plot to the left of each box. A curve corresponding 
to normal distribution is also displayed on top of the scatter plot. Statistical significance of the observed difference between groups is accessed by t-test: 
*P<0.05; **P<0.01; ***P<0.001; N/S denotes P>0.05. 

 

Conclusion 
Presented here is a simple but highly sensitive 

method to detect several serum proteases which can 
compose a marker panel to improve prostate cancer 
diagnosis. In the strategy of this new method, peptide 
is employed as the probe (Supplementary Material: 
Figure S8, S9), as well as the reagent to form an ab-
sorption-resistant electrode surface (Supplementary 
Material: Figure S10). Furthermore, through the am-
yloid misfolding induced signal amplification, sensi-
tivity sufficient for direct serum detection can be at-
tained. So, the detected expression pattern of the 
marker panel in patient serums may provide much 
more detailed prognostic information. Furthermore, 
the expression pattern is consistent with traditional 
pathological inspection, proving our method to be a 
promising tool for the early screening and diagnosis 
in cancer treatment. 

Supplementary Material 
Fig.S1 – Fig. S10, Table S1-Table S3. 
http://www.thno.org/v04p0701s1.pdf 
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