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HIGHLIGHTS

e Electrochemical sensor for early
diagnosis of adenoma-to-carcinoma
progression based on rationally
designed peptides.

e A series of synthetic affinity peptide
was rationally designed via in silico
molecular docking.

e More advanced site-specific immo-
bilization of peptides on the gold
surface was developed with surface
chemistry approach.

e This sensor could distinguish the
adenoma-carcinoma transition with
improved specificity, selectivity, and
stability.
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ABSTRACT

Colorectal cancer (CRC) develops from polyps in the inner large intestine or rectum and an increasing
incidence and high mortality rate has been observed in humans. Currently, colonoscopy is the preferred
modality for early CRC diagnosis. However, this technique has several limitations, such as high medical
costs and intricate procedures, leading to increasing demands for the development of a new, simple, and
affordable diagnostic method. In this study, an advanced electrochemical biosensor based on rationally
designed affinity peptides was developed for discriminating adenoma to carcinoma progression. Amino
acid-substituted and rationally designed synthetic peptides (BP3-1 to BP3-8) based on in silico modeling
studies were chemically synthesized, and covalently immobilized onto a gold electrode using aromatic
ring compounds through surface chemistry techniques. The binding performance of the developed
sensor system was observed using square wave voltammetry (SWV). The peptide BP3-2 was selected
depending on its relative binding affinity; SWV indicated the limit of detection of BP3-2 for LRG1 to be
0.025 pg/mL. This sensor could distinguish the adenoma-carcinoma transition with improved binding
abilities (specificity and selectivity), and stability in plasma samples spiked with LRG1 and real samples

Abbreviations: CD, Circular dichroism; LOD, Limit of detection; SWV, Square

wave voltammetry.
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from patients with CRC. These results indicate that this electrochemical sensor system can be used for
early monitoring of the colorectal adenoma to carcinoma progression.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Colorectal cancer (CRC), a malignant tumor found in the large
intestine or rectum, is one of the most common cancers and the
fourth leading cause of cancer-related death [1—4]. In recent times,
there has been a significant reduction in the survival and treatment
success rates of CRC [5,6] owing to early diagnosis. A statistical
analysis revealed that adenocarcinoma was found to constitute 95%
of all CRCs and that the transition of adenoma to carcinoma is the
most critical process in CRC development [7]. CRC could also be
effectively controlled and curable if the premalignant lesion (ade-
noma) is detected and removed before invasion. Currently, several
clinical diagnostic methods are used for CRC. Among these
methods, colonoscopy is considered the gold standard for early CRC
diagnosis [8—10]. However, a substantial proportion of patients
may find colonoscopy inconvenient due to the high medical cost
and the uncomfortable procedure [11—13]. Therefore, because of
increasing demands for the development of a cost-effective and
reliable diagnostic method, alternatives such as DNA analysis,
determination of carcinoembryonic antigen levels, and antibody-
based assays have been suggested [13—17]. In particular, these
methods can distinguish patients with CRC from healthy controls
but cannot distinguish precancerous adenoma and carcinoma,
which is crucial for early CRC diagnosis. Further, although these
methods seem simpler and more affordable, a more sensitive
diagnostic technology needs to be developed to distinguish pre-
cancerous adenoma and carcinoma.

Leucine-rich «-2-glycoprotein-1 (LRG1) plays a major role in
apoptosis and cell survival in patients with CRC [1]. In particular,
previous studies have confirmed that LRG1 expression levels in the
plasma from patients with carcinoma were more than 2-fold higher
than those in the plasma samples of patients with adenoma [1]. These
results suggest that LRG1 is related to the transition from adenoma to
carcinoma. Currently, an antibody-based detection assay is the most
widely used method for detecting LRG1. Antibodies serve as impor-
tant capture reagents in several fields such as the clinical or phar-
maceutical analysis, diagnosis, and treatment of various diseases.
However, they have limitations such as being relatively large in size
and having cross-reactivity in immunoassay tests. Additionally,
because most antibodies are produced in mammalian cells, they can
require relatively long times for mass production, and are expensive.
In contrast, affinity peptides have a small size and simple structure
and are relatively stable in a variety of environmental conditions.
Therefore, affinity peptides are gaining increasing attention over
conventional affinity reagents in many fields [18,19].

Phage display is one of the most optimized assays for screening
and/or identifying high affinity peptides for wide use in many ap-
plications such as diagnosis, small molecule-based drug develop-
ment, drug delivery, and pharmaceutical analysis [16,20—25].
Newly screened peptides or proteins are used for protein-protein or
protein-peptide interactions and for identification of sequences
specific to their target for replacing affinity reagents that specif-
ically bind to target proteins or metals [26,27]. Researchers have
developed a peptide-based sensor capable of recognizing and
capturing norovirus [28], procalcitonin (PCT) [27], and neutrophil
gelatinase-associated lipocalin [29] using a combination of phage
display technology and electrochemical analysis. For example,

electrochemical-based biosensors have been widely applied in
many fields because they have high sensitivity, are easy to control,
and allow for label-free detection and miniaturization in a point-of-
care setting [30—32]. Furthermore, the working electrode surface of
an electrochemical sensor can be composed of many materials such
as gold, silver, and graphene, and the immobilization of target-
specific probes such as DNA, antibody, and protein on the work-
ing electrode surface can enable targeted specific detection in
electrochemical analysis. Because of these characteristics, electro-
chemical biosensors stand out for extensive development toward
point-of-care diagnostics [13,33—35]. Among electrochemical
sensing methods, square wave voltammetry (SWV)-based detec-
tion has been widely used for the quantitative detection of various
compounds such as drugs, biomolecules, and environmental pol-
lutants. SWV has advantages such as short analysis times,
simplicity, high sensitivity, and cost-effectiveness compared to
other modes of analysis.

In a previous study, we screened short linear affinity peptides
specific for LRG1 protein using phage display technology and
evaluated their binding affinities by electrochemical analysis [22].
We then selected the best affinity peptides containing positive
charges (His) or negative charges (Asp) and confirmed that they can
be used to detect their target proteins in actual patient samples.
Despite these successful results, the direct immobilization of short
peptides on a gold electrode can sometimes lead to instability as it
does not control the densities per gold surface area, and thus more
optimized sensors are needed for real testing.

Considering these findings, in this study, we used a rational
design approach with in silico modeling and synthesized advanced
affinity peptides for an electrochemical sensor. In addition, a new
linker was used to specifically immobilize the affinity peptide on a
gold electrode with a surface chemistry approach. Finally, we tested
the performance of this advanced sensor system in distinguishing
patients with adenoma from those with carcinoma.

2. Materials and methods
2.1. Chemicals

Recombinant full length human leucine-rich alpha-2-
glycoproteinl (LRG1) was purchased from Origene (TP306780,
Rockville, MD, USA). KNOs, 1,6-hexanedithiol (HDT) 6-
mercaptohexanol (MCH), benzoquinone, and human plasma were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All amino acid-
substituted synthetic peptides (LRG1 BP3-1 to LRG1 BP3-8) were
chemically synthesized (>95% purity) by Peptron (Daejeon, Korea)
(Table S1). The commercially available LRG1 ELISA detection kit was
purchased from Immuno-Biological Laboratories (cat no: 27,769,
Gunma, Japan).

2.2. Circular dichroism (CD) spectroscopy

Circular dichroism spectra were carried out using a JASCO J-
1500 spectropolarimeter at Korea Basic Science Institute. CD mea-
surements were performed at 298 K using a quartz cuvette of
0.1 cm path length. The peptide sample concentration was 50 uM.
The spectra were recorded from 260 nm to 190 nm, averaged three
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scans. Data was recorded at a scan speed of 200 nm/min, band-
width of 1.0 nm, 1 s response and 0.1 nm resolution., as reported
previously [31].

2.3. Immobilization of the affinity peptides

The bare gold electrode was soaked in 100% ethanol (HPLC
grade) for 5 min to remove residual dust and was then washed
using distilled water. After that, the electrode was immersed into
piranha solution (H,S04:H;0, = 7:3, v/v) for 10 min. After washing
briefly, the electrode was soaked in 1 mL 1,6-hexanedithiol (HDT)
for 3 h at 25 °C. After the required washing steps, the electrode was
further immersed in 1.0 mM of 1,6-mercaptohexanol (MCH) for 1 h,
the un-functionalized region on the gold surface was blocked, and
then benzoquinone (BQ) was introduced on the HDT-activated gold
electrode for 2 h. The pre-functionalized electrode was then dried
for several seconds using N, gas. Next, the gold electrode was
assembled with a home-made electrochemical cell; 75 pL of syn-
thetic peptides (10 ug/mL) were introduced onto the gold electrode,
and incubated for 1 h at 25 °C. To remove the unbound peptides or
residual other components, the cell was washed with 0.1 M PBS
buffer (pH 7.4) and pure water. Finally, 50 pL of LRG1 protein or
human plasma spiked with the protein were dropped on a gold
electrode and the electrochemical signal was measured after
incubation.

24. SWv

The general electrodes, including the platinum counter elec-
trode, Ag/AgCl reference, and working electrode (5 mm in diameter
with a geometrical area of 19.6 mm?), were used for electro-
chemical analysis (CH Instruments, Austin, TX). SWV measurement
was conducted from —0.8 V to +0.4 V vs. an Ag/AgCl electrode (Ag/
AgCl/1.0 mol/kg KCl vs. NHE, +0.235 V) at a frequency of 5 mV/s and
5 mV amplitude with scan increments of 4 mV. Statistical analysis
of SWV experiments was based on the relative current change (Al
%), which was calculated by comparing the current change before
and after incubation of LRG1 protein with the synthetic peptide-
tethered gold electrode.

A% = (Ip_I)/Iy x 100 [34]

where [}, is the mean value of current in the peptide-immobilized
electrode (no addition of target protein, plasma samples), and I,
represents the current after sample (target protein, plasma sam-
ples) incubation.

2.5. Quantitative analysis of LRG1 spiked in human plasma

Commercial plasma was purchased from Sigma-Aldrich. The
plasma sample was then diluted with distilled water. Various
concentrations of LRG1 were spiked in the plasma sample. For
comparison, the LRG1 concentration was calculated based on the
value of Al obtained by comparing the current before and after
incubation with the LRG1 protein spiked in the plasma. The
increased Al was calculated as the recovery concentration of LRG1
protein using a standard curve of SWV.

2.6. Patient samples

A total of 10 patients with adenomas and carcinomas were
enrolled. In detail, blood samples from the two groups were
collected and crude blood plasma was separated by centrifugation
(3000xg, 10 min), as reported previously [1] and kept in refriger-
ator (—80 °C) for further analysis.
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2.7. SEM

The surface morphologies of the functionalized gold electrodes
were characterized by FE-SEM (SIGMA instrument from Carl Zeiss,
Cambridge, UK).

2.8. Statistical analysis

Two-way and one-way analysis of coefficient of variance (COV)
was performed to determine the statistical significance of the re-
sults obtained with the binding affinity peptides (GraphPad, CA,
USA).

3. Results and discussion

3.1. Re-design and synthesis of affinity peptides for advanced
characteristics

As mentioned earlier, we have reported the development of an
affinity peptide specifically binding to LRG1 protein, a biomarker of
colon cancer [3]. In that study, the affinity peptide specific to LRG1
protein had the sequence QDIMDLPDINTL, with a Cys residue at the
C-terminus for binding the gold surface and a flexible linker
(-GGGGS-) for flexibility. This suggested a possibility for the diag-
nosis of colon cancer, however, there were some hurdles to be
crossed. First, the density of peptide binding with the Au-cysteine
interaction on the gold electrode could not be controlled result-
ing in chip-to-chip variation, which resulted in low reproducible
outcomes. Therefore, a more reproducible and controllable sensor
layer was needed. Second, it was necessary to make a peptide with
improved stability, because this is one of the critical properties
required for application in actual point-of-care testing. To address
these considerations with the development of a more advanced
electrochemical sensor, we tried to re-design affinity peptides
through in silico modeling studies and chemically synthesized 8
peptides (LRG1 BP3-1 to BP3-8). Based on the prediction of binding
site and/or the contact map between LRG1 protein and the first
version of LRG1 BP3 with in silico CABS-dock simulation (http://
biocomp.chem.uw.edu.pl/CABSdock/), we re-built a series of pep-
tide derivatives (Figs. S1 and S2). The sequences of the re-designed
synthetic peptides and their characteristics are listed in Table S1.
LRG1 BP3-1 was designed to investigate the effect of D-form amino
acids on the binding interaction. In the sequence, the polar amino
acids, Gln at position 1, Asp at the position 8, and Leu at position 12
were substituted with D-form amino acids. LRG1 BP3-2 and LRG1
BP3-3 were synthesized by incorporating a non-fouling peptide
and a flexible linker in a 12-mer peptide specific for LRG1, respec-
tively. Next, we synthesized LRG1 BP3-4, which has two repeats of
the LRG1 specific 12-mer peptide, and LRG1 BP3-5, which has re-
peats of the 12-mer portion of LRG1 BP3-1 containing the D-form
amino acid. Finally, LRG1 BP3-6 to 8 were prepared by replacing
mini PEG2 with a flexible linker used in the above peptides.

3.2. Surface modification

As mentioned earlier, based on the principles of surface chem-
istry (Fig. 1), the functionalized gold sensor was created as shown in
Fig. 2a. After successful manipulation, the affinity peptide-tethered
gold electrode was evaluated for use as an electrochemical peptide
sensor (Fig. 2, Fig. S3). The SEM images showed several peptide dots
and/or clumps on the gold surface, indicating successful peptide
incorporation. The change in current at each step is shown in
Fig. 2b. The current reduction of the gold surface coated with MCH
indicates that the non-bonded surface sites on the gold surface was
saturated after HDT treatment [36]. MCH can fill the void area on
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Fig. 1. Schematic illustration of surface modification. The gold electrodes were rinsed with pure water and exposed to HDT and subsequent addition of MCH for backfilling. After this
step, BQ was introduced to further functionalize gold electrode, and the binding of LRG1 protein on peptide-immobilized gold surface was detected with SWV measurement.
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Fig. 2. The photograph of developed sensor used in this study (a) and measurement of current change during surface modification (b).

the gold surface to align HDTs and this was attributed to reduce the
non-specific binding of target proteins. After proper arrangement
of HDT-MCH with benzoquinone on the gold surface, the current
value was increased as expected. Benzoquinone consists of a ben-
zene ring, which facilitates the spread of electrons. Therefore, it is
possible to amplify the electrochemical signal, which enhances
sensitivity, resulting in the current increase when the benzoqui-
none was introduced on the electrode. After making the functional
gold sensor layer, we compared the binding capacity of the peptide
candidates with the protein by comparing the peptide values of

each candidate group with the decreasing current value during the
process of sequentially binding the target (LRG1 protein) (Fig. 2b).
In general, most of protein or peptide act as an insulator because of
their blocking of the electron transfer kinetics. Therefore, when the
gold electrode was coated with an insulator, the transport of the
redox could inhibited and decreased the current [37,38].

3.3. Secondary structure analysis of the synthetic peptides

To investigate the structure of the peptides and its function in
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the binding interaction, CD spectroscopy was carried out. The CD
spectrum of LRG1 BP3-1 showed a unique structure different from
that of other peptides, and it also significantly differed from that of
the first version of LRG1 BP3 (Fig. 3). LRG1 BP3-3 has one additional
flexible linker and it has fewer B sheets in its structure, whereas
LRG1 BP3-2 had a slightly higher number of B-sheets than LRG1
BP3-3. LRG1 BP3-4 and LRG1 BP3-5 were characterized by a large
number of similar amino acid repeats and exhibited similar struc-
tures. LRG1 BP3-6 was synthesized by replacing the flexible linker
in the sequence of LRG1 BP3-4 with mini PEG2. A significant in-
crease in a-helices and a sharp decrease in B-sheets was observed
in LRG1 BP3-6. PEG was incorporated in the sequence to create
LRG1 BP3-7, and the only difference between this peptide and LRG1
BP3-8 was the presence and absence of a flexible linker. Like the
previously mentioned LRG1 BP3-2 and LRG1 BP3-3, the two
structures are very similar, and the addition of the flexible linker
resulted in an increase in the B-sheet structure.

3.4. Selection of the highest affinity peptide for the detection of
LRG1 protein

SWV experiments were performed in order to select the best
peptide with the highest affinity for the LRG1 protein. Each syn-
thetic peptides (10 pg/mL) were separately immobilized on the
functionalized gold surface, washed 5 times with pure water and
then observed the current change for fine tuning and stabilization
of the gold electrode. As shown in Fig. S4, little current change in all
peptides was observed, suggesting similar and successful surface
functionalization. After confirmation and stabilization of the gold
electrode, 1.75 pg/mL of LRG1 protein was introduced to study the
relative binding affinities. In this process, the change in the current
value was statistically calculated and expressed as the Al value. As
shown in Fig. 4a, LRG1 BP3-1 in which L-form amino acids were
substituted with D-form amino acids, exhibited a relatively low
signal. In our experiment, the structural change caused by the
substitution of L-form amino acids with D-form amino acids
showed a negative effect on the binding to the LRG1 protein. From
the observations, LRG1 BP3-2 had the highest binding affinity
among the peptides tested. The effect of sequence repetition on
binding was studied using LRG1 BP3-4 and LRG1 BP3-5, which
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Fig. 3. Circular dichroism (CD) spectral analysis for studying the secondary structures
of the synthetic peptides (50 uM).
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contained repeating sequences of LRG1 BP3 and LRG1 BP3-1,
respectively. Interestingly, LRG1 BP3-4 and LRG1 BP3-5 had
different sequences but showed similar results in SWV. However,
the results of LRG1 BP3-5 had a larger error value than that of other
peptides. This could be a result of the non-specific bonds between
the peptide and the target. As mentioned above, the substitution of
L-form amino acids with D-form amino acids in LRG1 BP3-1
showed a low Al value. LRG1 BP3-6 to 8 were synthesized by
incorporating mini PEG and the effect of spacers on binding affinity
was also evaluated. The shape and orientation of the synthetic
peptides attached to the solid surface are important for the
detection of analytes, which can be influenced by spacers. LRG1
BP3-6 and LRG1 BP3-8 showed relatively high levels of binding
affinity, whereas LRG1 BP3-7 showed the lowest level of binding
affinity. LRG1 BP3-6 and LRG1 BP3-8 have an intermediate linker
between the mini PEG and the binding site, while LRG1 BP3-7 does
not. Therefore, the binding site of the 12-mer peptide specific for
LRG1 protein in LRG1 BP3-7 may be affected by the relatively long
mini PEG. Consequently, LRG1 BP3-2, which was tagged with non-
fouling peptides, was selected due to the highest binding affinity
(Fig. 4a). For confirming the selectivity of the best peptides, well-
characterized proteins involved in the adenoma to carcinoma
transition were used. In fact, we confirmed that bovine serum al-
bumin and transthyretin (TTR) proteins have an equal value as the
control, and that a-2-HS-glycoprotein (AHSG) has the highest value
among the tested proteins. In a previous study [1], AHSG showed
30% similarity to LRG1 and is particularly similar to the peptide
binding site predicted through molecular docking simulation
(Fig. 4b and Fig. S2.). Based on these observations, we selected LRG1
BP3-2 as the best affinity peptide, because it had lower non-specific
binding whereas its specific binding for LRG1 protein was relatively
higher (Fig. 4b).

3.5. Optimization of peptide concentration for the binding
interaction

After selecting LRG1 BP3-2 as the final peptide, we conducted
SWV measurements to investigate the effects of peptide concen-
tration on the binding interactions. Peptides at various concentra-
tions ranging from 1 to 100 pg/mL were immobilized on the gold
surface and reacted with LRG1 (1.75 pg/mL). The change in current
at each step was represented by Al through statistical calculations
(Fig. 5a). As the peptide concentration increased, the current value
was decreased gradually (Fig. S5). However, the average value of Al
after reaction with LRG1 protein increased sequentially at con-
centrations ranging from 1 to 50 pg/mL but was decreased after
reaching a saturation point at 50 pg/mL (Fig. S6). It was reported
that there are some binding forces in peptide and protein interac-
tion including van der Waals, hydrogen bond, and structural bond
[36,37]. The binding force can be increased in proportion to the
peptide concentration and no longer increased at saturation con-
centration. Therefore, we chose 50 pg/mL as the optimal concen-
tration of the LRG1 BP3-2 peptide for further experiments. LRG1
protein at a concentration of 0—5 pug/mL was incubated on the gold
surface on which 50 pg/mL of LRG1 BP3-2 peptide was immobi-
lized, and SWV was carried out (Fig. 5b, Fig. S6). It was confirmed
that the AI value continued to increase with increasing protein
concentration.

3.6. Determination of binding constant and sensitivity test

As shown in Fig. 5c, the Al of LRG1 at various concentrations was
plotted to determine the dissociation constant (Kg). The Kq of the
best peptides was observed to be 0.1162 pg/mL (3 nM) using the
following equation;
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Fig. 4. Selection of potential affinity peptides. All synthesized peptides (LRG1 BP3-1 to BP3-8) were immobilized on the gold surface and their binding affinities for LRG1 proteins
were evaluated using SWV (a). After screening, LRG1 BP3-2 was selected as the potential binding peptide based on its affinity compared with different proteins and the control (b).

All measurements were taken in triplicate; error bars represent standard deviations.

y = 74.02964x + 0.5824 (R? = 0.885)

where x (pg/mL) is the concentration of LRG1, y is the value of Al In
the lower concentration range (segment 1), a large slope from the
standard curve was derived from larger binding between LRG1 and
the peptide. This is a rather interesting result because the re-
designed affinity peptides had nanomolar affinities for LRG1 pro-
teins, and this value was much lower (2.5-fold) compared to our
previous report. We assumed that the binding affinity of the
engineered peptides can be improved by molecular modeling and
structure-to-function studies. Thus, the difference in the slope of
the two equations can be attributed to the detection capability at
low and high concentrations of LRG1. The limit of detection (LOD)
was calculated as follows.

LOD = 3 x oS [29]

where o is the standard deviation, and S is the slope of the graph
with values 0.6105 (constant) and 74.0296, respectively. Based on
this equation, the LOD value was found to be 0.025 pg/mL.

3.7. Stability and reproducibility

To evaluate the stability of the developed sensor, the gold
electrode immobilized with the LRG1 BP3-2 (50 pg/mL) peptide
was kept in 0.1 M PBS buffer (pH 7.4) at 4 °C with for up to 48 h.
After storage, the pre-functionalized electrodes were removed at
different time intervals, dried at room temperature for about
15 min, and reacted with 1.75 pg/mL of LRG1 protein. Interestingly,
the Al values were slightly decreased for up to 24 h and then
decreased sharply (Fig. 5d). In our previous studies, the first version
of the peptide (namely LRG1 BP3) had a much lower stability of up
to 3 h only; however, our engineered peptides were quite stable for
24 h. This result is interesting because the re-engineered peptides
used in this experiment were much more stable than the first
version of the peptides [3]. We have previously identified unique
peptides which are specific for LRG1 protein and characterized for

the first time in the use of peptide bioreceptor for biosensor
development [3]. To improve their binding characteristics, a data-
base of peptide sequence combined with bioinformatics-based
molecular prediction was carried out. Using these approaches, the
peptides with increased binding performance including stability
was successfully developed. We also tested the accuracy of the
developed sensor. The sensor response and reproducibility with
SWV were shown in Table S2. As expected, the most of coefficient of
variation (COV) was below 12%, suggesting that this sensor is highly
reproducible and accurate for the detection of LRG1.

3.8. Quantification of LRG1 in spiked human plasma sample

The presence of cancer in the body can be detected at an early
stage using some biomolecules or processes in the body, defined as
biomarkers. Among these, several blood biomarkers have been
reported to be able to distinguish between various diseases,
including cancer. As a biomarker for screening CRC, LRG1 protein is
secreted into blood, enabling its early diagnosis [1]. Therefore, it is
necessary to confirm whether our peptide-based electrochemical
sensor can detect the LRG1 protein in actual blood or plasma
samples. The complexity of biological samples can affect the
structure and biological binding of peptides and induce non-
specific binding to gold surfaces. Therefore, the detection perfor-
mance of the peptide for LRG1 in human plasma samples with
complexed matrix should be confirmed. As mentioned above, our
sensor showed a linear correlation in the range of 0.025—0.5 pg/mL.
Therefore, commercially available human plasma was made a 10-
fold serial dilution with distilled water, and then spiked with
LRG1 protein at various concentrations (0.01—-2.5 pg/mL). Then, the
LRG1 BP3-2 immobilized gold electrode was reacted with the
spiked sample, and the values before and after addition were
compared to confirm whether the prepared sensor could quanti-
tatively detect LRG1 in the samples (Fig. 6a). Our sensor showed an
average recovery of 101.2% at 0.01 and 0.1 pg/mL, which indicated
efficient detection of the LRG1 protein in the plasma sample
(Table S3). As shown in Table S3, the coefficient of variation (COV) in
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SWV measurement was ranged from 2% to 11% with relative re-
covery (31.68—101.57).

To evaluate the feasibility of the developed sensor, a total of 10
patient samples were serially diluted 100-fold and put on the
sensor layer. The measured Al values for the two groups are shown
in Fig. 6b. In our sensor, the mean Al values for adenoma and car-
cinoma were found to be 19.93 and 30.43, respectively. The two-
tailed p-value (p = 0.006) and the one-tailed p-value (p = 0.003)
of the t-test showed a significant difference. We also calculated the
LRG1 concentration in all tested samples (Table S4). As shown in
Table S4, the average measured LRG1 concentration in the adenoma
and carcinoma was found to be 25.61 pg/mL and 39.79 pg/mlL,
respectively. This is close to the normal level of LRG1 in adenoma
(~36.6 pg/mL) and carcinoma (~60.6 pg/mL) [1]. The comparison of
detection performance between commercially available ELISA
assay kit and our sensor was summarized in Table S5.

4. Conclusion

In CRC, it is crucial to distinguish between adenoma and

carcinoma. Therefore, in this study, we designed improved affinity
peptides for an advanced electrochemical sensor for identifying the
adenoma to carcinoma transition, which would be useful in point-
of-care testing. To increase the sensitivity, stability, and reproduc-
ibility of the sensor, eight peptides with different linkers were
rationally designed by in silico modeling and were chemically
synthesized, and a new specific immobilization method using ar-
omatic rings was developed. Using SWV measurement, the LRG1
BP3-2 peptide was selected as it showed the highest affinity for
LRG1 protein, a potential biomarker in colon cancer. Our newly
designed peptide LRG1 BP3-2 with an optimized immobilization
method, demonstrated significantly improved reproducibility and
stability compared to our previously reported peptide. In the bio-
sensing field, the dynamic detection range for the target of interest
is important to exactly quantify the target. This allows reproducible
and precise outcome. With these considerations, our developed
electrochemical sensor exhibited lower detection ranging from
0.025 to 0.5 pg/mL of LRG1 protein. The LRG1 level in the blood of
colon cancer patients was found to be around 10 pg/mL or lower.
Thus, the reported sensor is promising for application in real point-
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of-care testing over the conventional ELISA. We confirmed that this
sensor could detect the LRG1 protein in spiked human plasma
samples without any cross-reactivity. We also found that the
developed sensor showed 102% recovery, ranging from 0.01 to
0.1 ug/mL. These results indicate that our sensor efficiently detects
LRG1 protein and can be used in clinical practice. Compared to the
antibody-based immunoassay, this electrochemical sensor system
offers several advantages, including easy operation and short
analysis time. Therefore, our peptide-based sensor can be a cost-
effective and convenient strategy for discriminating adenomas
and carcinomas of CRC or for developing sensors to diagnose
various diseases, and can be used in various biomedical and clinical
fields.
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