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ABSTRACT: In this work, a surface-confined peptide network
that can exhibit distinct structural features under protease cleavage
and electrochemical treatment is developed as a highly sensitive
biosensor for clinical detection of kallikrein 6 (KLK6). KLK6 is a
serine protease of the tissue-remodeling process determining the
development of hepatocellular carcinoma (HCC). The peptide
network, immobilized on the electrode surface by a Au—S bond,
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loses its integrity upon KLK6 cleavage and is removed from the electrode by electrochemical desorption of thiol groups, while
the network without protease cleavage can remain attached by a few intact Au—S bonds. In this manner, distinct conductivity of
the electrode surface in the presence/absence of protease can result in a large signal-to-background ratio, enabling KLK6
detection in clinical samples. The detected KLK6 abundance can manifest the correlation between up-regulated KLK6 activity
and the progress of HCC. These results suggest a potential future use of this peptide network as a biosensor to provide diagnostic

information for better administration of HCC.
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1. INTRODUCTION

Recently, peptide-based nanoassemblies' > have enabled a
range of new biosensor designs.”” As an emerging targeting
agent® for bioanalysis’ "> and therapeutic development,"
peptides can interact with many different targets ranging from
proteins to synthetic drug compounds. Moreover, these
interactions often involve a self-propagating mechanism,
resulting in cascades of peptide-assembling/disassembling
process.'* Thus, employing such peptides as the building
block of a biosensing nanoassembly, evident structural
reconfiguration can be triggered by a very small amount of
analyte. Taking these potential advantages of the peptide
nanoassembly, we propose to construct a bioinspired nano-
assembly mimicking the network formed by the various
components of the extracellular matrix (ECM). Similar to the
ECM, the peptide network can have modified morphology after
interactions with various ECM enzymes. This process, known
as tissue remodeling, was recently found to be essential to the
development of hepatocellular carcinoma (HCC). HCC is one
of the most common worldwide causes of cancer death, usually
with a life expectancy of less than 1 year. This current difficulty
in effectively managing HCC arises from its lengthy but unclear
process of pathological development.'>~"” Recently, accumulat-
ing data characterize this process as a constant remodeling of
the ECM around the hepatocyte, resulting in the final
malignant transformation.'®"” This malignant modification of
ECM is the result of the active participation of various tissue
remodeling enzymes. Therefore, elucidating the role of these
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enzymes in the development of HCC may help to define new
approaches toward better control of HCC, and great efforts
have been made using conventional immunoanalysis. However,
the overall expression level thus determined may prove less
advantagous for analyzing a dynamic system as the ECM, since
the cell signaling of the remodeling process may keep only part
of the expressed enzymes in the bioactive state. Therefore,
activity assays may lend more help to clarify the complicated
interplay between tissue remodeling enzymes and the ECM in
the development of HCC.

In this work, the proposed ECM mimicking peptide network
is employed to design an activity assay of kallikrein 6 (KLK6),*
a serine protease involved in the ECM modification of many
cancers.””** The peptide network is designed to contain the
substrate sequence of KLK6. In ECM remodeling, KLK6
interacts more and more extensively with the ECM by gradually
decomposing its components, finally giving rise to a passage for
the invasion of tumor cells. Similarly, in the designed peptide
network, interaction with KLK6 gradually disintegrates it in a
self-propagating manner, since every KLK6 cleavage can expose
more sites to subsequent cleavage. Moreover, by immobilizing
the peptide network on the surface of an electrode, electro-
chemical treatment of the network can amplify the structural
change caused by KLK6 cleavage. Employing in-solution
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electrochemical reporter, the low background in the absence of
KLK6 can be coupled with the evident response after KLK6
cleavage, in a label-free manner, to enable a low limit of
detection. The ability of the proposed method in quantitatively
and specifically detecting active KLK6 is first verified using
standard samples. Its application is then extended to clinical
samples from HCC patients. The detected amount of active
KLK6 can reliably indicate the degree of malignancy in the
HCC clinical samples, since higher KLK6 activity can be
detected in HCC of more advanced grade and stage, as well as
greater power of metastasis. These results may point to the
prospect of using the proposed method to provide prognostic
information for the development and advancing of HCC.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Linker (dipenzylcyclooctyne-
DDDWYMTRSAMG-polyethylene glycol- WYMTRSAMGDDD-di-
penzylcyclooctyne) and foothold (mercaptoundecanoic acyl-(azido)-
G-GGG-(azido)G-GGG-(azido)G) peptides were synthesized by
Shanghai Science Peptide Biological Technology Co., Ltd, as
Iyophilized powder, purity > 95%. Human recombinant KLK6 was
from R&D system. Other reagents were of analytical grade. A powder
of the peptide probe was dissolved to the desired concentration in 10
mM phosphate buffer solution (PBS) (pH 7.4). For all solutions,
double-distilled water (ddH,0) was prepared in a Milli-Q purification
system to 18 MQ-cm. Biopsy samples from hepatocellular carcinoma
patients were from the Department of General Surgery of the Nanjing
Drum Tower Hospital after elected consent by the local ethical
committee. All samples were retrieved from patients undergoing
curative tumor excision, and adjacent normal tissue was also obtained
for each patient as a control. The retrieved samples were immediately
sliced on ice and fractioned with a nuclear extract kit obtained from
Abnova.

2.2. Electrode Treatment and Modification. These steps were
essentially the same as those previously reported,” except that after the
foothold peptide had been immobilized on the electrode surface, 30
uM linker peptide in 10 mM PBS (pH 7.4) was incubated with the
electrode for 10 min to form the network.

2.3. KLK6 Assay. The desired amount of KLK6 in 10 mM PBS
(pH 7.4) was first activated by 1 mU/mL lysyl-endopeptidase for 30
min, before being incubated with the network-modified electrode for
60 min to cleave the linker peptides. After thorough rinsing with water
and 5% tween-20, the electrode was subject to 0.1 V/s cyclic
voltammetric scans for 10 cycles in 10 mM PBS (pH 7.4). After a
subsequent rinsing step, the electrode was ready for measurement. In
detecting clinical sample, the freshly fractioned sample was diluted
100X and activated by lysyl-endopeptidase and then brought to the
same detection procedure just described.

2.4. AFM Measurement. Atomic force microscopy (AFM) images
were recorded using an ex situ Agilent 5500 AFM system. Samples
were imaged at a scan rate of 0.5—1 Hz in tapping mode. AFM tips
with a resonant frequency in the range 160—260 kHz were used.
Images were acquired at a resolution of 512 X 512 pixels.

2.5. Electrochemical Measurements. These steps were
essentially the same as those previously reported.” The measurements
were conducted at room temperature using an electrolytic system
composed of three electrodes: the modified gold electrode as the
working electrode, the saturated calomel electrode as the reference
electrode, and a platinum wire serving as the auxiliary electrode. All
electrochemical measurements were done in deoxygenated buffer
solutions. The data were obtained from at least three repetitions of
independent experiments.

3. RESULTS AND DISCUSSION

Scheme 1 may illustrate the formation of the proposed
biosensing network and its application in KLK6 detection.
The network is formed by many surface-anchored foothold
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Scheme 1. Principle of the Designed KLK6 Assay Using
Peptide Network (not drawn to scale)
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peptides interconnected by the linker peptides. Specifically, the
linker peptide contains two KLK6 cleavage sites, spaced out by
a polyethylene glycol (PEG) linker; while the two ends of the
peptide are functionalized with copper-free clickable groups,
dibenzylcyclooctyne. On the other hand, the foothold peptides,
immobilized on the electrode via a Au—S bond, consist of azide
groups, the counterpart of dibenzylcyclooctyne, on a flexible
polyglycine chain. Employing click chemistry, a network of
peptides can be formed on the electrode surface. During the
detection procedure, cleavage of the network by KLK6 can be
self-propagating, since every cleavage can expose more sites to
subsequent cleavage. This cleavage destroys the integrity of the
network, so the footholds are isolated from one another. To
maximize the effect of KLK6 cleavage, electrochemical peeling
via oxidative opening of the Au—S bond™ is employed to
uproot the footholds, thereby removing the isolated footholds
together with the cleaved linkers. On the contrary, the network,
in the absence of protease, can resist the electrochemical
peeling, due to the fact that the network is immobilized by a
great many redundant footholds. Therefore, although the
attaching of the peptide network is weakened by electro-
chemical peeling, a few intact footholds can be sufficient for the
whole interconnected network to remain attached to the
electrode surface. After peeling, distinct surface structure in the
presence/absence of KLK6 cleavage can give rise to evident
signal/background contrast using the in-solution reporter
[Fe(CNg) ™/~

The working principle of this design is first verified using
electrochemical impedance spectra (EIS) and atomic force
microscopy (AFM). As shown in Figure 1, EIS of the bare
electrode appears as a straight line (line 2) and subsequent
immobilization of foothold peptides results in a semicircle (line
b), indicating resistance to interface electron transfer due to the
formation of peptide monolayer. After the network is formed,
dramatic rising of the impedance is observed (line c), owing to
both the spatial arrangement of the network and its strong
electrostatic repulsion to [Fe(CNg)]>~/+~ originated from the
large number of aspartic acids contained in the peptide.
Furthermore, it can be observed in Figure 1 that the following
two steps of KLK6 cleavage and electrochemical peeling
evidently reduce the impedance (lines d and e), corresponding
to disintegration of the network. On the contrary, in the
absence of KLK6, the peeling step can have a negligible
influence on the impedance (line f), indicating that the intact
network remains attached. The surface morphology of the
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Figure 1. Stepwise electrochemical impedance spectra (EIS) recorded
in the KLK6 assay (KLK6 concentration 10 nM).

network undergone in the above steps is also observed with
AFM. As shown in Figure S1, Supporting Information, shortly
after adding KLK6 to the network, a lot of bright patches
representing the protease can be found on the surface of
interconnected thin threads, representing the linkers. Beneath
this layer, a lot of spots can be observed, representing the
foothold peptides (Figure Sla, Supporting Information). Figure
S1b, Supporting Information, reveals that subsequent cleavage
removes many linkers together with the protease. After that, the
electrochemical desorption step almost completely clears the
surface of foothold and linker peptides (Figure Slc, Supporting
Information).

To obtain a better performance of the peptide network-based
biosensor, the spatial arrangement of the network is studied and
optimized. First, the surface density of the foothold peptides is
evaluated (Figure S2, Supporting Information), and on average,
each foothold is separated from the neighboring one by 10—20
nm, sufficient for the linker (1—-5 um) to form an
interconnected assembly. Second, the number of azide groups
on the foothold peptide is optimized (Figure S3, Supporting
Information), and it is known that 3 azide groups per foothold
are sufficient to produce a densely interwoven linker network
with a low background. Third, to find a proper surface density
of the linker, its concentration for assembly is optimized
(Figure S4, Supporting Information). As can be expected, a
concentration higher than the certain threshold (near 30 M)
can achieve no lower background, other than lowering signal
response, since too many densely connected linkers may
hamper KLK6 cleavage. Thus, 30 uM is chosen as the standard

linker concentration. The optimized network is then employed
to study cleavage time for KLK6 detection; 60 min is found to
be enough for cleavage (Figure SS, Supporting Information).
Subsequently, the electrochemical treatment is optimized. The
electrochemical peeling treatment, acting in contrast to linker
concentration, can give higher signal response at the expense of
the signal:background ratio. The potential range for the
electrochemical peeling is first investigated (Figure S6,
Supporting Information). The scans of broader potential
range tend to desorb more peptides in the absence of KLK6
cleavage, resulting in higher background signal; therefore, a
relatively small scan range from —0.7 to —1.2 V is employed for
the subsequent experiments. Then the effects of repetitive
voltammetric scans with a different number of cycles are
compared. As shown in Figure S7, Supporting Information, a
peeling step with 10 cycles of voltammetric scans is found to
result in a balanced readout with high response and low
background. Besides, it has also been verified that the lysyl-
endopeptidase employed to activate KLK6 has no evident effect
on the background signal (Figure S8, Supporting Information).

Under the optimized conditions, the peptide network-based
biosensor may have a response linearly proportional to the
logarithm of KLK6 concentration, with a limit of detection
(LOD) less than 1 pM (Figure 2). The LOD and dynamic
range can fulfill the requirement of serum detection, since the
borderline of KLK6 as serum cancer biomarker is in the
micromolar to nanomolar range.”' Further experiments reveal
that the average variance of all repetitive measurements is less
than 5% (n = 3), showing good reproducibility. Moreover,
several control targets, such as HSA, abundant in serum, and
KLK 3/PSA, another member of KLK family, can only have
background signal (Figure 3). Thus, the specificity can be
satisfactory.

KLK6 has a broad spectrum of tissue expression and has
been established as the serum marker for various cancers.
However, the activity of KLK6 is mostly observed in tissue,
especially during the tissue remodeling process in embryonic
and cancerous development. For many types of cancer, recent
reports have suggested an intimate connection between up-
regulated KLK6 activity and the remodeling of ECM.** Besides,
it has also been suggested that the development of HCC is
sustained and guided by the microenvironment of the
malignantly transformed hepatocytes.'”” In this cancerous
microenvironment, the activity of many ECM enzymes is up-
regulated to create a niche suitable for the growth and invasion
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Figure 2. (a) Square wave voltammograms (SWVs) of [Fe(CNy)]*~/* for quantifying KLK6. (b) Calibration curve of SWV peak response in a as a
function of KLK6 concentration; (inset) linear relationship between the logarithm of KLK6 concentration and signal response; error bars represent

standard deviation (n = 3).
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Figure 3. SWVs showing specificity of the assay. All targets are at 10
nM.

of HCC. These observations point to the possibility of KLK6-
facilitated malignant transformation and tumor invasion in
HCC, and this can be manifested in a parallel in KLK6 activity
and the advancing of HCC. To investigate this potential
correlation, histologically examined samples of hepatocellular
cancer are fractioned, and the cellular KLK6 expression is
determined using the peptide network. The detected KLK6
abundance from 1S victims is grouped according to grade,
TNM stage, and extent of metastasis. By all the groupings
statistically significant elevation of KLK6 expression can be
found in advanced cases (Figure 4), suggesting a closely related
KLK6 function with the progress of HCC, consistent with the
result and extrapolation of previous reports.>®

4. CONCLUSION

A biosensing peptide network has been developed as a highly
sensitive biosensor for clinical detection of KLK6, based on the
self-propagated and electrochemically facilitated structural
rearrangement of the network. The distinct behavior of the
network in the presence/absence of the protease combines low
background and prominent signal response to yield a LOD less
than 1 pM as well as a satisfactory dynamic range. In terms of
sensitivity and detection range, this method has outperformed
the commercially available ELISA methods, which helps to
realize the clinical KLK6 detection. The determined KLK6
abundance in hepatocellular carcinoma is found to parallel
cancer development, pointing to a future usage of this peptide

network as a biosensing nanosystem for cancer screening and
prognostic guidance.
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