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ABSTRACT

In this study, we demonstrate a novel affinity jpadgincorporated electrochemical biosensor
for the detection of acute kidney injury and thabditic biomarker neutrophil gelatinase-
associated lipocalin (NGAL). Biopanning of the MBage display library over immobilized
NGAL led to the rapid identification of unique atfily peptide with an amino acid sequence
of DRWVARDPASIF, and the peptide-displayed phagdigas were found to be specific
affinities for NGAL. To address the developmentpeptide-based electrochemical sensor, a
series of synthetic peptides away from phage pestizvas rationally designed, chemically
synthesized, and immobilized to a gold sensor layanong five synthetic peptide
derivatives tested, NGAL BP1 was selected as mashiging recognition receptor, and its
binding affinity was monitored by SWV and EIS. UgiklS, the limit of detection (LOD)
was 1.74 ng/mL, while SWV had a LOD of 3.93 ng/nilhe detection performance of the
peptide-incorporated sensor was comparable to coomg available ELISA NGAL
detection Kits. In addition, the validation of tpeptide sensor was also confirmed with
plasma from patients, and it was observed thasémsitivity of the peptide sensor showed a
statistically significant difference. Our resultsosy that the phage and peptide sensor system
could detect NGAL with high sensitivity and seley, and this suggests its potential use as
a biosensing platform for monitoring NGAL in a nahirized electrochemical biosensor.
Keywords: Neutrophil gelatinase-associated lipocalin, Peptadeptor, Sensitivity,

Electrochemical sensor



1. Introduction

Acute kidney injury (AKI), a complex, heterogenepasid asymptotic disease, is a
leading cause of death in many countries (Bonve20@7; Coca et al., 2008; Han et al.,
2008; Pal et al., 2016; Soni et al., 2009). Thermfdhere is an increasing demand for
developing precise methods for its early diagnoSisveral clinical serum and urine
biomarkers have been identified and systemicallgratterized for the early diagnosis of
AKI (Belcher et al., 2014; Hassanzadeh and Gha@®y7; Mousavi et al., 2015; Parmar et
al., 2016), and the measurement of serum creatieve is the gold-standard method for
diagnosing it (Pal et al., 2016; Parmar et al.,6)0However, the serum creatinine level can
depend on several factors, including body weigbe, ayender, drug treatment, and chronic
kidney disease development (Mousavi et al., 20T&grefore, AKI diagnosis based on it
should be clinically validated and practiced toiagh the best outcomes.

Over the past few years, neutrophil gelatinaseessm lipocalin (NGAL) has
emerged as a promising biomarker for AKI diagngsissibly because of its high selectivity
and reliability (Barrera-Chimal and Bobadilla, 20Tca et al., 2008; Endre and Pickering,
2014; Li et al., 2015). Urinary albumin excretiana major product of both glomerular and
tubular pathology, suggesting that a more spebibicnarker for tubular injury is needed. It is
elevated in type 1 diabetes and increases significavith increasing albuminuria (Bjornstad
et al., 2018; Sheanon et al., 2018). Recent stumdies demonstrated the association between
early tubular lesions in nonalbuminuric patientdwype 1 diabetes and NGAL (Bjornstad et
al., 2018; McCullough et al., 2013; Young et alQ18; Soni et al., 2009; Waikar and
Bonventre, 2007). From these facts, diagnosis basedGAL level can assist in the early
identification of high-risk patients with diabetesd AKI and thereby ensure the early

detection of AKI and/or prevention of diabetic negbathy.



Several NGAL immunoassays for AKI diagnosis areilatdde commercially. Alere
Triage NGAL assay has a detection limit<#0 ng/mL for NGAL concentrations ranging
from 20 to 200 ng/mL in whole blood or urine samfiebitsch et al., 2017), which provides
the best performance with high sensitivity and gmety within a short time (15 min).
However, most available assays for detecting NGalels primarily rely on antibodies as
biorecognition elements and involve multistep sampteparation and (in some cases)
appropriate labeling processes (Lee et al., 20II8. production of antibodies is relatively
expensive, and they easily lose their binding priogge under unfavorable conditions (Hwang
et al., 2015; Yang et al., 2018; Yoon et al., 2047 additionally show some cross-reactivity.
To address these limitations, various effectiveindaff reagents, including aptamers
(Crivianu-Gaita and Thompson, 2016), peptide nacheids (Teengam et al., 2017), peptides
(Hwang et al. 2015), and other assay material&k(Btaal., 2018; Yukird et al., 2017), have
been developed. Among these, peptides are an tattrazption because their synthesis is
cost-effective and they are more stable than adi@so suggesting that they can be used in
biosensor applications (Heo et al., 2019; Hwang.e2017; Park et al., 2015). Phage display
is a powerful technique for identifying unique shoonsensus peptide motifs that bind to
targets, including inorganic materials or diseaggniarkers (Hwang et al., 2017; Ki et al.,
2010; Yoon et al., 2017). Peptides isolated usiiegM13 phage display library or peptide-
displayed phages have been used as alternativastitmodies for developing bio-imaging
probes, which are novel scaffolding materials farnous applications (Sidhu et al., 2007; Wu
et al., 2011).

Electrochemical detection is widely used in theedepment of label-free and portable
biosensors in point-of-care testing (Hwang et 2017). This is a promising and cost-
effective method for developing biosensors due t® quick response time and low
maintenance. Cyclic voltammetry (CV) is one of thest interesting methods because it is a
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label-free and fast response for measurement (Hweingl., 2017; Park et al., 2019).
Electrochemical impedance spectroscopy (EIS) is aislely used in biosensors because of
its rapid response time and reliability, and beeatisllows label-free detection (Wu et al.,
2011). Thus, both CV and EIS are feasible andgditiorward detection tools for monitoring
various analytes (Wu et al., 2011). Another elasttemical detection methods including ion-
sensitive field-effect transistor (IS-FET) are algidely used for biosensor application (Choi
et al., 2019; Tai et al., 2019).

In this study, we used a polyvalent phage dispdaitique as screening tool to identify
novel affinity peptides that could bind to NGAL aetectrochemical detection method as
monitoring tool for the development of peptide-imparated biosensor. After five rounds of
biopanning, high-affinity peptides were screened] the performance of an electrochemical
phage sensor containing an NGAL-specific peptide determined by performing enzyme-
linked immunosorbent assay (ELISA), CV, SWV, an& EWe utilized a polyvalent phage
display which is 5 copies of the peptide per phage the interaction of peptides with NGAL
protein may be different when the peptides awaynfioshages are immobilized on gold
surface with different density. Therefore, synthepeptides was rationally designed,
chemically synthesized, and covalently immobilizeéml a gold sensor layer for the
development of peptide-incorporated electrochensealsor (Scheme 1). To the best of our
knowledge, this is the first study to identify awctiaracterize newly identified affinity
peptides for detecting NGAL in a miniaturized etechemical phage and peptide biosensor

system.

2. Materialsand Methods

2.1. Chemicals



Recombinant NGAL was purchased from Randox (CruniiK). Tween 20, and the
diammonium salt of 2;2azino-bis(3-ethylbenzothiazoline-6-sulfonic acudgre purchased
from Sigma-Aldrich (St. Louis, MO, USA). Horseradiperoxidase (HRP)-conjugated anti-
M13 monoclonal antibody was purchased from GE Heale (Piscataway, NJ, USA). A
Coomassie protein assay kit and streptavidin-coateniowell plates were obtained from
Pierce Biotechnology (Rockford, IL, USA). Unleshetwise stated, all chemicals were of
reagent grade. Gold (Ill) chloride trihydrate aratism citrate dehydrate were purchased
from Sigma-Aldrich. An ELISA NGAL detection kit wagurchased from R&D Systems
(catalog number: DLCN20, Minneapolis, MN). A serie§ synthetic peptides (NGAL
binding peptide 1-5 (BP1-BP5) was chemically sysitesl by Peptron (Daejeon, Korea)
and modified with C-terminal cysteine and a link€ GGGS-) for molecular flexibility. The
protocol for obtaining and utilizing human serurmgées from patients was approved by the
ethics review committee of the Institutional ReviBeard, College of Medicine, Keimyung

University.

2.2. Escherichia coli strains and peptide library

E. coli ER2738 strains used as hosts for M13 phage iofeetnd the M13 random

peptide library (Ph.D.-12) were obtained from NemgEnd Biolabs (Ipswich, MA, USA).

2.3. General M13 phage preparation and DNA sequencing analysis

Phage purification, concentration, and DNA isolatiwwere carried out according to the

manufacturer’s instructions. Single-stranded DNAnpgkes from positive phages were



sequenced by Genotech (Daejeon, Korea) using -B6seduencing primer 5-CCCTCA
TAGTTAGCGTAACG-3'. BLAST searches were performedings the SWISSPROT
database to determine sequence similarity withipusly identified peptides or proteins. The
Clustal Omega program (http://www.ebi.ac.uk/Tooks#felustalo/) and ExPASy tools

(web.expasy.org/translate) were used to analyzedfeences.

2.4. Evolutionary screening of affinity peptides (biopanning)

Biotinylated NGAL was dissolved in 50 mM Tris-HGbH 7.0) and transferred to the
wells of 96-microwell plates. After overnight ination at 4 °C with mild shaking, the pre-
immobilized wells were filled with blocking buffd0.1 M NaHCQ (pH 8.6), 5 mg/mL of
bovine serum albumin (BSA), and 0.02% NaNand incubated at 4 °C for 1 h. After
removing the unbound and residual blocking solytaells were washed six times with
TBST buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaGind 0.1% Tween 20). The Ph.D.-12
random peptide library (1.5 x 1pfu) was added to the pre-immobilized wells, dmeiplate
was shaken gently for 1 h at room temperature.efoorve unbound phages, the plate was
washed 10 times with TBST. Three rounds of biopagnwere performed against
recombinant NGAL proteins. After washing, the bountdhges were eluted using 100 pL of
0.2 M glycine-HCI (pH 2.2), and the eluent was ingila¢éely neutralized with 15 pL of Tris-

HCI (pH 9.1) to prevent destruction of the phages.

The eluted phages were amplified uskgcoli ER2738 to make sufficient copies for
subsequent rounds of biopanning. The amplified ebagwere harvested by
NaCl/polyethylene glycol precipitation. After eagbund of biopanning, the recovered

phages were titered by plating aliquots of thedtddE. coli ER2738 prior to amplification



on Luria—Bertani (LB, BD Biosciences, San Jose, O8A) agar containing isopropgtD-
1-thiogalactopyranoside (IPTG) and X-gal. The petggeld of bound phages was calculated

as follows: output phage/input phage x 100.

2.5. Binding assay for specific peptide to NGAL

To evaluate whether the selected phage clonespmanifically bind to NGAL, ELISAs
were performed. Plates were coated with biotind&f& AL for overnight incubation at 4
°C, blocked with blocking buffer, and washed sixés with TBST solution. One hundred
microliters of amplified phages (10pfu) were added to a plate, which was then in@dat
for 1 h at room temperature. After washing six smath the same buffer to remove unbound
phages, HRP-conjugated anti-M13 monoclonal antifddyted 1:10,000 in blocking buffer)
was added and the plate was then incubated foral foom temperature. The antibody
solution was removed, and the plate was washed agén TBST. Freshly prepared HRP
substrates were added to the plate and the ELI§Aakiwas measured at 405 nm using a

microplate spectrophotometer (Multiskan FC, TheBa@ntific, Waltham, MA, USA).

2.6. Preparation of peptide-displayed phage sensor

A peptide-functionalized gold working electrode waspared by the following steps.
First, the gold electrode (1 x 2 cm) was immersegiranha solution (580,:H,0,= 7:3,
v/v) to remove dust and impurities on the surfat¢éhe gold electrode for around 10 min.
Next, the electrode was rinsed with deionized (Déter several times and sonicated in DI
water for 1 min. The pre-treated electrode wasddbig blowing N gas for several seconds.

After the polishing steps, the electrode was soake80 mM cyseamine for overnight at
8



darkness immersed in 5% glutaldehyde for 1 h. Aweshing with DI water, pretreated
electrode was incubated withufjy/mL of NGAL protein for 1 h at room temperaturendly,
NGAL pre-coated electrode was reacted with peptidptayed phage particles, and the

binding affinity was measured by ELISA.

2.7. Preparation of the affinity peptide-functionalized gold electrode

The preparation of gold electrode was performeds#me procedure before cysteamine
and glutaldehyde treatment, as aforementioned al#dtexr the polishing steps, the electrode
was soaked 1 mL of MUA (1 mM) for 3 h at room temgtere. After washing the electrode
briefly, the solution (400 mM of EDC and 100 mMMHS) was coated on the electrode for
30 min and then the electrode and voltammetric welie assembled together. @b of
synthetic peptide (10Qug/mL) was dropped onto the gold electrode, whichs waen
incubated 1 h at room temperature. The cell washeasvith 1X phosphate-buffered saline
(PBS, pH 7.4) and distilled water to remove unboyagtides. Next, 5L of NGAL
proteins were loaded on the assembled cell, whiel then incubated for 1 h at room
temperature. The cell was then sequentially washkighl 1X PBS and distilled water to

remove the NGAL proteins.

2.8. Circular dichroism (CD) spectroscopy

The CD spectra of all of the synthetic peptide sohs with a concentration of 5M
were recorded with a CD spectrometer (J-715, JAS@D)g a UV cell with an optical path
length of 0.1 cm at 25 °C. In the CD experimentmgphate-buffered saline (PBS, pH 7.4)
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solution was used and the CD spectra were scantieted, as has been previously reported

(Hwang et al., 2017).

2.9. CV, EIS and sguare-wave voltammetry (SWV) for the detection of NGAL

A conventional three-electrode cell including théoramentioned gold working
electrode, a platinum counter electrode, and a\@@! reference electrode was used for the
electrochemical measurements. CV, EIS, and SWV wer®rmed using an electrochemical
analyzer (CHI 750E, CH Instruments), connected tomputer data analysis system. These
analyses were conducted in a PBS solution with 4 wfVferro/ferricyanide. CV was
recorded from -0.8 to +0.4 V vs. Ag/AgCI electratea sweep rate of 500 mV/s, while SWV
was used to measure the electrochemical behaveredch preparation under the following
conditions: amplitude 5 mV, potential range -0.80\0.8 V, with scan increments of 4 mV,
at a frequency of 10 Hz. EIS was carried out abran&l DC potential of 0.2 V using an
alternating voltage of 10 mV in the frequency rarfiggm 100 kHz to 1 Hz. In the SWV
experiments, the decrease in peak current waslatddubased on the relative current change
(Al %) by considering the peak current change obtaafest peptide immobilization and
NGAL protein interaction of SWV voltammograms reded using the relationship (Meirinho

et al., 2017)

Al % = (- 1)/l x 100 (1),

whereAl is the relative current change (%) dpadndl,represent the current before and after

sample incubation, respectively. In the EIS meanerds, the relativl. signal changed
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according to the increased binding of NGAL to thieteetic peptides.ThereforBg: could be

calculated by the following equation (Lim et al01%):

ARt = (Ret, protein— Rety peptidd/ Rets peptide X 100 (2),

where, Ry, pepiidelS the mean value & after immobilization of the peptides only (no
addition of target protein), arfil;, proteinthe mean value d& after addition of the target

proteins.

2.10. SEM analysis

Field emission scanning electron microscope (FE-pkMs performed with a Carl
Zeiss Sigma HD instrument in Korea Research Irsti@hemical Technology (KRICT) to
examine the immobilization of affinity peptide orgald surface. In detail, the images were
observed by in-lens detector after Pt coating wit@iressington sputter coater for 120 sec to

minimize denaturation on an accelerating voltag® k¥ and working distances of 2.0 mm.

3. Resultsand discussion
3.1. Identification of unique affinity peptides specific for NGAL using phage display

Briefly, biotinylated recombinant human NGAL wasnmabilized on a streptavidin-
coated microwell plate and washed with TBST afteacking with 1% of BSA. Ph.D.-12
phage display random peptide library (1.5 *x*1pfu) was reacted with the immobilized
NGAL in the pre-coated well and bound phages waree@. NGAL-specific peptides were

identified after five rounds of biopanning, theiehment after which is reported in Table S1.
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Samples of the eluted phages from each round giabiting were analyzed by performing
DNA sequencing. While performing biopanning, wees&d two interesting phage clones,
namely NGAL R5#9 with amino acid sequence GDGNSVERV and NGAL 5#23 with
amino acid sequence DRWVARDPASIF, and determinedr trelative binding affinities
toward NGAL by performing ELISA, the results of whiare shown in Fig. S1la: NGAL
5#23 showed the best affinity for NGAL comparednRGAL 5#9. Based on the sequence
analysis results, uncharged hydrophobic amino eesdlues such as Trp, Val, Ala, Pro, lle,
and Phe were rich in NGAL 5#23. These hydrophodlike (Trp) and negatively charged (like
Arg) residues could be involved i#ar and/or catione interactions, suggesting that they may
play an important role in binding to NGAL (Sawadaat, 2013). In addition, sequence
analysis detected two Asp residues at positionsdl7aand two Arg residues at positions 2
and 7. Therefore, we selected the NGAL 5#23 phdgeecas a promising candidate for

performing further experiments.

I) Peptide-displayed phage
E 3 E 3 2y
R S R

£ < & 4 €
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II) Synthetic affinity peptide Electrochemical
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o
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Scheme 1. A schematic illustration of the electrochemiaahsor showing the principles of
the phage-detection and peptide sensors.

3.2. Characterization of the binding interaction of the peptide-displayed phage clones with

NGAL

12



To investigate the effect of phage particle coneitn on binding interactions, different
concentrations (f8-10" pfu/mL) of the NGAL 5#23 phage clone were incubatéth 7.6
ug/mL NGAL and changes in ELISA signal were examinEd). S1b shows the relative
binding affinity of the NGAL 5#23 phage clone affeient phage concentrations; it showed
the highest binding affinity at a concentration 1@ pfu/mL which sharply decreased at
concentrations below this. This might have beemawse of the loss of avidity (Park et al.,
2010). Thus, we confirmed that the NGAL 5#23 phdplayed peptide could specifically
bind to NGAL.

To assess the effects of NGAL concentration onibinéhteractions, approximately ¥0
pfu/mL NGAL 5#23 phage clones were added to stkegitaprecoated wells containing
different concentrations of NGAL (1-60.hg/mL), after which ELISA signals were
measured (Fig. S1c). The binding affinity of the AIG5#23 clone increased with an
increase in the concentration of NGAL and reacheration at a concentration of 60.5
ug/mL. Interestingly, the NGAL 5#23 clone showedti@rsg binding affinity at an NGAL
concentration of as low as 1 pg/mL. As expecteel BhISA signal with BSA as the control
was quite low. Fig. S1d shows the relative bindafiinity of the NGAL 5#23 clone toward
NGAL in the presence or absence of serum. Interglsti it could bind to NGAL at 1%
serum concentration, but its binding affinity toddaNGAL decreased slightly at serum
concentrations of up to 2% and rapidly decreasetD%t. These observations indicate that
the presence of serum had a limited effect on thditg interaction between the phage-
displayed peptides and NGAL but affected the bigdaffinity of phage-displayed NGAL
5#23 peptides toward NGAL.

As a proof-of-principle, we constructed an eledternical phage sensor for detecting
NGAL. The surface layer of a gold electrode was ifnedl as follows. (i) The gold electrode

was immersed in a cysteamine solution (50 mM) aad wcubated overnight in the dark. (ii)
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After washing the electrode with PBS buffer, 5%tgtaldehyde solution and 100 pL NGAL
(5 ng/mL) were applied to the cysteamine-modified et and the electrode was
incubated for 1 h. (iii) After washing sequentialiyth PBS buffer and DI water to remove
residual reagents, live phage particles™t19fu/mL NGAL 5#23 phage particles) were
incubated with the functionalized gold electrode fo h, after which the electrode was
washed again with the same buffer. Finally, thefgperance and binding affinity of the
sensor were monitored by performing CV and EIS.(B®). Fig. 1 shows the performance of
the electrochemical phage sensor for detecting N@&ldetermined by performing CV (Fig.
la, 1c, and 1e) and EIS (Fig. 1b, 1d, and 1f). f@seilts indicate that the electrochemical
phage sensor was successfully constructed usingutfi@ce-chemistry strategy (Fig. 1a and
1b) and that the sensor was active and specifibNteAL. We clearly observed a dynamic
decrease in the current and a quantitative incrieate impedance when NGAL 5#23 phage
particles were added onto the functionalized gtddteode layer.

Next, we examined the effects of NGAL concentratam the electrochemical phage
sensor. Increasing the NGAL concentration (0.01, 8nd 1ug/mL) decreased the current
(Fig. 1c) and increased the impendence (Fig. 1&) tduthe fact that the phage-displayed
peptides could specifically bind to NGAL. Thus, aesults indicate that the phage sensor
was successfully developed using the multiple sereghemistry strategy and that the sensor
was specific for NGAL at a concentration ofid/mL (Fig. 1c). To assess the effect of phage
concentration on binding interactions, the funciiored gold electrode was treated with
different phage concentrations £1AC, and 18" pfu/mL of NGAL 5#23 phage particles)
and CV and EIS were performed to determine the gdsnn current and impedance,
respectively (Fig. 1e and 1f). The EIS results shioat the binding of the phage-displayed
peptides to NGAL increased the impedance, suggestiat the interaction of the peptides
displayed (five copies of the peptides per phagd) WGAL was specific.
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Fig. 1. Characterization and performance of the electnmite phage sensor were
monitored by performing CV (a, ¢, €) and EIS (bf)dafter immobilization (1, bare gold
(Au); 2, gold/cysteamine—glutaraldehyde (Au@CA+GA}, NGAL immobilization
(AU@NGAL); and 4, NGAL 5#23 phage (Au@R5#23).
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These noteworthy results indicate that the phagplalyed peptides are robust and can be
easily incorporated with other recognition reage(dsobes) such as biomolecules and
nanoparticles. The use of phage particles is fatioigp because (i) the mass production of
phages is cost-effective, (ii) affinity peptidegmdified by using the phage display technique
are smaller than antibodies, and (iii) free peideparated from phage particles can be
easily synthesized to create peptide librariesdi®reloping biosensors. Our results suggest
that electrochemical phage sensors can be usedteasative biorecognition elements in

various biosensing platforms.

3.3. Secondary structure analysis of synthetic peptides on binding interactions

To apply the affinity peptide in an electrochemipsadtein biosensor, a series of cysteine-
incorporated free peptides specific for NGAL isethfrom phage particles were chemically
synthesized with high purity (>95%), as reportedable 1. In detail, the NGAL BP1 peptide
has an amino acid sequence of DRWVARDPASIFGGGG&E wae incorporated Cys at the
C-terminus for a thiol self-assembled monolayer antinker (-GGGGS-) for molecular
flexibility on the gold surface. To study the efeof neutral amino acid composition on
binding interactions, Asp at positions 1 and 6 led NGAL BP1 were first replaced by
neutral amino acids (like Lys) to create NGAL BP2thwan amino acid sequence of
KRWVAKDPASIFGGGGSC. Second, the selected 12-mer quai peptide
(DRWVARDPASIF) was repeated twice to create the NG3P3 peptide with an amino
acid sequence of DRWVARDPASIFDRWVARDPASIFGGGGSCirdhthe selected 12-
mer unique peptide was reversed to create NGAL B®4ally, a non-fouling peptide (-
EKEKEKE-) and two repeated flexible linkers (-GGGg®ere incorporated in the sequence

to create NGAL BPS.
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CD spectroscopy was used to study the secondargtstes of the synthetic peptides.
The molar ellipticity values of the NGAL BP1 and Bpeptides were mostly similar but not
identical random coil structures (Fig. S3). Thelgsia of NGAL BP2, BP4, and BP5 showed
that their ellipticity values were also similar gt identical. It is noteworthy that the NGAL
BP1 peptide was able to form a random coil strectand it includes rich non-polar amino
acids such as Trp, Ala, lle, and Phe as well asrésmues. From these observations, we
suggest that non-polar residues with a randomstaicture and the Pro hinge are necessary

for specific binding to NGAL proteins.

3.4. Seection of the best synthetic peptides for NGAL

For determining the best synthetic peptides spetifiNGAL proteins, the relative
binding affinities of five synthetic peptide anasodNGAL BP1-BP5) were compared via EIS
measurements (Fig. 2a). Briefly, NGAL BP1-BP5 weationally designed, chemically
synthesized, and modified with a C-terminal cysteand a linker (-GGGGS-) for molecular
flexibility. After peptide treatment, SEM revealeéde successful immobilization on gold
surface layer, while the bare gold exhibited amiogl gold surface morphology (Fig. S4).
For selection, 10Q0g/mL each synthetic peptide was immobilized on®dbld sensor layer,
washed three times with DI water, and incubated WGAL proteins (7.5ug/mL). The
binding affinities of the series of synthetic peps were determined by comparing the
interaction of the NGAL protein with each peptide @ pre-immobilized gold surface layer
and were observed as a change in impedance usthgABaiong the peptides, NGAL BP1
produced the greatest increase in impedance (higffesty for NGAL), while NGAL BP2
had the lowest binding affinity for NGAL. Howevehe binding affinity of NGAL BP3 was
comparable to BP4 and BP5, which was not expectee & was designed with two repeats
of the selected peptide sequence and it was assiinaieidds binding affinity for NGAL would
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increase due to more of the binding motif. Intaregy, the binding affinity of NGAL BP2
was relatively low. From these observations, wenled that replacement by neutral amino
acids (like Lys) could be dominant factors for theding of NGAL. In fact, the relative
binding affinity of the peptides followed the treNSGAL BP1 > NGAL BP5 > NGAL BP4 >

NGAL BP3 > NGAL BP2.

a) b)
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e @ e :
Protein

Synthetic peptide

Fig. 2. (a) Selection of NGAL-specific synthetic peptidasd (b) specificity testing
performed using EIS measurements.

These results indicate the successful immobilinatbthe affinity peptides and the
binding of NGAL on the sensor layer, thereby prawidfor the sensitive recognition of
NGAL. From these observations and more interestinglGAL BP1 was quite specific for
NGAL and did not bind to BSA (the control) (Fig.)2bve chose it as the most promising

affinity peptide for the detection of NGAL.
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3.5. Optimization of the sensor

After selecting the best peptide, SWV and EIS mesmsants were used to investigate
the effects of NGAL BP1 concentration on bindintenaction. The dynamic peak response
of varying concentrations (from 1 to 1@@/mL) on a gold electrode layer was measured
before and after incubation with NGAL (7.&®/mL). The change in current was calculated
based on the relative current change%), considering the peak current values of the SWV
voltammograms obtained after covalent peptide imhzalbion and protein incubation. The
Al % value increased with increasing concentration®NGAL BP1 up to 25ug/mL and
reached saturation at 1Q@/mL (Fig. 3a). For EIS, the value &R increased up to
concentrations of 10g/mL and decreased in the range of 25-{1§nL (Fig. 3b). Therefore,
an NGAL BP1 peptide concentration of i§/mL was selected as the optimum concentration
for subsequent experiments.

To further optimize the NGAL protein concentratiomth respect to binding
interactions, 1Qug/mL of NGAL BP1 with NGAL protein concentrationanging from 0.001
to 7.5 ug/mL was incubated on a gold surface layer. The ofmhzation of NGAL BP1
resulted in increases il % andAR.in SWV (Fig. 3c) and EIS (Fig. 3d), respectivelypda
from the observations, bothl % and AR value increased in a concentration-dependent
manner. The sensitivity of the sensor system watuated by taking into account thd %
and AR values for different NGAL concentrations. As can $een in Fig. 3e and 3f,
respectively, theAl % and AR values were highly correlated with increasing NGAL
concentration (from 0.000ig/mL to 7.5ug/mL, regression coefficient?R= 0.8642 for
SWYV). The limit of detection (LOD) calculated usitige equation LOD = 3 o/S, whereo is

the standard deviation and S is the sensitivitys feand to be 3.93 ng/mL in the SWV
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Fig. 3. SWV (a-c) and EIS (df) electrochemical measurements used to charaettdrez

binding affinities of the NGAL BP1 peptide for thletection of NGAL. Optimization of
the NGAL BP1 peptide concentration (a, d), the affef NGAL protein concentration
on binding interaction (b, e), and the electrocloainperformance of NGAL BP1 for the
detection of NGAL (c, f).
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experiment, while EIS had a LOD of 1.74 ng/mL. Intpatly, strong linearity with good
correlation (regression coefficienf R 0.9751) betweeARand NGAL concentration was
seen in ranging from 0.00Qy/mL to 7.5ug/mL for EIS (Fig. 3f). The sensor response and
accuracy with SWV and EIS were shown in Table 3% Toefficient of variation (CV) in
SWV measurement ranged from 7% to 16% with relastendard deviation (0.41-2.15),
while CV in EIS varied from between 4% and 16% wiative standard deviation (0.14-
1.91). These results demonstrated that our pepimeporated electrochemical sensor was
highly accurate and reproducible. Although both S@M EIS produced similar LOD values,
EIS is preferable due to a larger linear dynamiggea As we previously found, EIS appears
to be the optimal electrochemical method for theecteon of procalcitonin (Lim et al., 2017)
and troponin | (Wu et al., 2011), because it iaigtitforward and high sensitivities with low
LOD.

In order to see the stability of the developed senS8IGAL BP1 (10 pg/mL)-
immobilized electrodes were incubated with NGALtprmo (7.5 pg/mL) at 4°C for up to 5 h.
The change in impedance was measured using EISCran® h. It was found to be stable for

5 h, with only a little loss in the initial stateer whole time period (Figure S5).

3.6. The validation of the sensor

An efficient and label-free biosensor system hanl#escribed as playing an important
role in real clinical tests for early diagnosis.eféfore, the applicability of a bioanalytical
technique when assaying in crude blood or plasm#cessary for the rapid and accurate
diagnosis of target diseases. NGAL is a small pnote25 kDa) in size that belongs to the
lipocalin protein family and primarily produced fine renal tubules in response to structural
kidney injury (Belcher et al., 2014; Pal et al. 180Eilenberg et al., 2017). A recent study has
suggested that the level of NGAL can be used niytama biomarker for early renal damage
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in type 1 diabetic nephropathy but also as an gamdyglictor of AKI in the clinical setting
(Eilenberg et al., 2017). Therefore, we hypothebitteatt NGAL detection could be used for

the early diagnosis of diabetic nephropathy.
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Fig. 4. Analytical performance for the detection of NGALcammercially available ELISA
NGAL detection kit (a) compared to our sensor syste). Statistical significance between

groups was determined by ANOVA test, whprealue is* p<0.02 or**p<0.256 in Fig. 4a;

p<0.017 or*p< 0.246 in Fig. 4b, respectively. Mean values ahegroup are indicated with
bold lines.

Both ELISA and EIS were performed to compare thdopmance of NGAL detection using
crude plasma from a normal group< 6), pre-diabetic patients(= 6), and diabetic patients
(n = 6), and changes in ELISA signal (Fig. 4a) and ingmee AR;value, Fig. 4b) for EIS
after the addition of plasma samples was measuksdexpected, the level of NGAL
concentration could be easily detected in the ngrpna-diabetic, and diabetic groups with a
commercially available ELISA kit. In both cases, AlGlevels were significantly elevated in

pre-diabetic, and diabetic groups compared to nognaup. More interestingly, thAR
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values measured in EIS for the plasma samples af geoup were significantly different,
indicating its usefulness for monitoring progressad diabetes. In fact, th&R.; values for
each group of plasma samples incubated on a gelttretile surface layer showed little
variation in impedance change (Fig. 4b) compareth@oELISA results. Based on the slope
of the calibration curve in our sensor with relasbipAR;; and NGAL concentration, it was
found that the level of NGAL protein in normal, gr@betes and diabetic groups was 21.09,
42.34, and 33.37 ng/mL, respectively. As shown abl& S3, most of the coefficient of
variation (COV) was below 15%, however, COV in diib group was little high. These may
be due to the heterogeneous characteristics defrogd patient-to-patient variation with
different gender, body weight and age. These reshibwed that peptide-incorporated sensor
for NGAL detection was reproducible and accuratee €omparison of sensor performance

between commercially available ELISA kit and ouns@ was summarized in Table S4.

4. Conclusion

In this work, we used a phage display techniquesuccessfully identify novel
peptides specific for NGAL. The peptide specific fdGAL binding (NGAL 5#23)
had an amino acid sequenceDBRWARDPASIF, and ELISA, CV, SWV, and EIS were
performed to evaluate its binding affinity towar@GNL. NGAL 5#23 phage particles
were active in the presence of high serum concimrisa Moreover, we successfully
generated an electrochemical phage sensor by usiggneral surface-chemistry
approach on a gold electrode. The performance efetbctrochemical phage sensor
was evaluated by performing CV and EIS, the respeaesults of which showed
clear quantitative decrease in current and incr@asepedance with an increase in

NGAL concentration. From the results of ELISA, Cahd EIS analyses of NGAL
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BP1-BP5, NGAL BP1 was selected as the most promiginognition receptor and its
binding affinity were observed via SWV and EIS asak. Our results show that the
peptide sensor system could detect NGAL with highsgivity and selectivity with a
detection performance comparable to a commercialailable ELISA NGAL
detection kit. The applicability of the peptide senfor the detection of NGAL in
plasma from patient samples was confirmed by ARg values of the sensor layer
incorporating NGAL BP1 peptides showing a statadticsignificant difference.
Compared to more complex antibody-based immunoasdayt peptides have
several advantages that can be applied for bioselem@lopment. i) peptides can be
rationally designed and easily synthesized, ii)tigeys can be more amenable than
antibodies to engineering at the molecular leviél, peptides are more stable and
resistant under harsh conditions. Since phage alisphd electrochemical detection
regime are well-known and widely used, this appinaacstraightforward for biosensor
development. These suggest the potential use of mosensing platform for
monitoring NGAL as a miniaturized electrochemicalodensor for the early

monitoring of diabetes nephropathy.
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Table 1. Amino acid sequences of the synthetic peptided usthis study

Name Amino acid sequence Mass Notes
(M S found)
1850 Selected after biopanning.

NGAL BP1 DRWVARDPASIFGGGGSC . -
Used as a scaffold for the rational design
of the other peptides.

1835 Substitution of D and R in positions 1

NGAL BP2 KRWVAKDPASIFGGGGSC and 6 to K.

To analyze the effect of neutral amino
acids on binding interaction.

NGAL BP3 DRWVARDPASIFDRWVARDPASIFGGGGSC 3166 Two repeats of NGAL BP1

NGAL BP4 FISAPDRAVWRDGGGGSC 1850 Reverse sequence of NGAL BP1

NGAL BP5 DRWVARDPASIFEKEKEKEGGGGSGGGGSC 2207 Incorporation of the non-fouling peptide

EKEKEKE and two repeats of the
flexible linker GGGGS.




Highlights

An affinity peptide-incorporated electrochemical biosensor for the detection of
neutrophil gelatinase-associated lipocalin (NGAL) was devel oped.

Using SWYV, the limit of detection (LOD) was 3.93 ng/mL, while EIS had a LOD of
1.74 ng/mL.

The performance of the sensor was monitored by SWV and EIS in plasma from
patients.

The detection behavior of the sensor was a statistically significant difference in each
patient group.
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