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The kidney injury molecule-1 (KIM-1) serves as a well-recognized biomarker for kidney injury, making the
establishment of accurate and sensitive detection methods highly valuable for clinical applications. This research
involved computational design and analysis of protein-binding peptide fusion; MBP-CCT3-BP03 and MBP-CCT3-
BP04 were engineered to bind to KIM-1. Because peptides are generally small in size, both designed binding
peptides were fused with maltose binding protein (MBP) to assist in their expression and biosensor fabrication.
The affinity study and the development of biosensors were conducted electrochemically. The molecular docking
binding affinity of CCT-BP03 and CCT3-BP04 against KIM-1 was predicted at —8.8 kJ/mol and — 8.1 kJ/mol
respectively, while their calculated MM/PBSA were recorded at —45.70 kJ/mol and — 36.1 kJ/mol, respectively.
In addition. The MD simulation structural analysis reveals that MBP-CCT3-BP04 exhibits better structural sta-
bility and folding during the 100 ns simulation while interacting with KIM-1, hence it was chosen for the
development of the KIM-1 biosensor. Under optimal conditions, the developed biosensor showed a linear cor-
relation of MBP-CCT3-BP04 related to the concentration of KIM-1 with a detection limit of 1.02 ng/mL, where it
falls within the clinical range of KIM-1 in urine. The designed MBP-CCT3-BP04 also demonstrates high specificity
and selectivity in both the spiked buffer and the simulated urine sample. Overall, this research establishes the
viability of using computational procedure in designing binding peptides as well as employing protein-binding
peptide fusion approach for biosensor development. This approach provides a practical framework for
creating cost-effective and reliable KIM-1 detection platforms that could have significant clinical utility.

1. Introduction

Modern lifestyles have contributed to the global rise of non-
communicable diseases, including acute kidney injury (AKI), which
can progress into chronic kidney disease (CKD). Its increasing preva-
lence is largely driven by aging populations, low income, urban life-
styles, and dietary habits [1] associated with chronic conditions such as
hypertension and diabetes [2,3]. Recent research examining 2021 data
shows that chronic kidney disease linked to elevated body mass index
resulted in approximately 418,400 fatalities and 10.42 million
Disability-Adjusted Life Years (DALYs) globally. The condition affects
men at higher rates than women. Since 1990, CKD-related mortality has
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increased by 354%, with the most rapid rise occurring in regions with
low sociodemographic development [4]. The disease impacts over 674
million individuals worldwide, with elevated blood glucose levels (ac-
counting for 36% of DALYs) and high BMI (representing 23.4% of
DALYs) identified as the primary risk factors [5]. These findings high-
light the critical importance of developing accessible point-of-care
testing and diagnostic tools for early detection and monitoring of
chronic kidney disease risk.

CKD is characterized by a persistent reduction in glomerular filtra-
tion rate and/or elevated levels of albuminuria, indicating long-term
kidney damage [6]. It is often asymptomatic in its early stages and
frequently goes undetected until significant kidney damage has
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occurred. Late-stage diagnosis is typically associated with irreversible
loss of kidney function, posing a substantial burden on healthcare sys-
tems, particularly in underdeveloped and developing countries [7].
Moreover, strategies for early detection and prevention remain
underutilized in many healthcare settings [8].

Serum creatinine is commonly used as a diagnostic marker for CKD;
however, its major limitation lies in its insensitivity to early kidney
damage, as elevated levels typically appear only after significant loss of
renal function [9]. In recent years, numerous alternative biomarkers
have been investigated for their potential in the early detection of CKD.
These include kidney injury molecule-1 (KIM-1), liver-type fatty acid-
binding protein (L-FABP), neutrophil gelatinase-associated lipocalin
(NGAL), insulin-like growth factor-binding protein 7 (IGFBP7),
interleukin-18 (IL-18), tissue inhibitor of metalloproteinases-2 (TIMP-
2), and proenkephalin (PENK) [10]. Additionally, non-invasive sample
sources such as urine and saliva are being explored for biomarker
detection to improve patient compliance and screening accessibility
[11,12].

KIM-1 is a type I transmembrane glycoprotein primarily expressed in
the proximal tubule of the kidney [13]. While it is minimally present in
healthy kidneys, KIM-1 is rapidly upregulated in response to AKI [14].
This upregulation serves to mediate phagocytosis of apoptotic cells and
cellular debris and to modulate the inflammatory response, thereby
supporting tubular repair [15]. However, persistent KIM-1 expression is
associated with chronic inflammation and fibrosis, contributing to the
progression of CKD. KIM-1 undergoes proteolytic shedding by metal-
loproteinases at its mucin domain, releasing its extracellular portion into
urine and serum [16]. Elevated levels of soluble KIM-1 in urine are
widely recognized as a sensitive and specific early biomarker for both
AKI and CKD [17].

Electrochemical biosensors have gained widespread recognition in
recent years as an effective detection method due to their precision,
sensitivity and versatility. Various bioreceptors such as antibodies,
aptamers, enzymes, proteins, and peptides can be immobilized onto the
surface of an electrode with the intention to bind to a specific target
analyte [18]. The interaction between bioreceptors and their target
analyte will generate signals that can be amplified and measured using
electrochemical techniques [19]. In addition to that, the highly selective
nature of bioreceptors towards its target analyte enables researchers to
develop biosensors that are tailored for particular analytical applica-
tions. Peptide-based biosensors for instance offer several advantages
over other types of bioreceptors, including high target specificity, rapid
signal generation, and compatibility with miniaturized formats [20,21].
Engineered peptides can maintain binding functionality under various
environmental conditions, making them well-suited for the development
of biosensor.

In this study, we aimed to derive binding peptides from KIM-1
binding proteins reported in a recent proteomic analysis by Yang et al.
(2023), which mapped the KIM-1 interactome using co-
immunoprecipitation and mass spectrometry. The design of binding
peptides against KIM-1 was primarily done using computational
approach as the prediction model provides a good insight into the
interaction between the two molecules at the atomic level. Apart from
that, their dynamic behavior and predictive binding can be conveniently
studied without the need for laborious trial-and-error methodologies.
Herein, by coupling in silico data along with experimental procedures,
the analysis provides a rational foundation for exploring T-complex
protein 1 subunit gamma (CCT3)-derived peptides as potential KIM-1
ligands [22].

2. Methodology
2.1. Chemicals, reagents, and apparatus

The peptide sequence with the highest binding affinity towards KIM-
1 was chosen and chemically synthesized by GenScript (Fukuoka,
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Japan). Sodium chloride (NaCl), potassium chloride (KCl), disodium
hydrogen phosphate dodecahydrate (NapsHPO4.12H20), monop-
otassium phosphate (KH2PO4), N-hydroxysuccinimide (NHS), potassium
ferricyanide (III) (K3[Fe(CN)e]) and potassium ferrocyanide (K4[Fe
(CN)g]) were purchased from FUJIFILM Wako Pure Chemical Corpora-
tion (Osaka, Japan), Yeast extract, tryptone and N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide (EDC) were acquired from Thermo Fisher
Scientific (Massachusetts, USA), Pyromellitic dianhydride (PMDA) and
KIM-1 protein were obtained from Sigma-Aldrich (Missouri, USA) and
Elabscience Biotechnology Inc. (Texas, USA) respectively. Under
optimal conditions, the binding affinity test was conducted using screen-
printed carbon electrodes (SPCEs) with 4 mm diameter of working
electrode purchased from DropSens (Oviedo, Spain). Meanwhile, the
development of KIM-1 biosensor was fabricated on a carbon counter and
working electrode (4 mm) SPCEs purchased from Biogenes Sdn. Bhd.
(Serdang, Malaysia) along with a silver reference electrode, Ag/AgCl
purchased from ALS (Tokyo, Japan) were utilized for the development
of KIM-1 biosensor, entirely. Electrochemical analysis in this study was
conducted using pStat-i 400 s Potentiostat/Galvanostat/Impedance
Analyzer from Metrohm (Herisau, Switzerland).

2.2. In silico screening for peptide design template model

An existing dataset from Yang et al. [22] that identified 20 binding
partner proteins through co-immunoprecipitation studies in an acute
kidney injury model was utilized to identify potential KIM-1 binding
proteins. All 20 proteins underwent in silico screening to select an
appropriate template for the peptide design. The workflow for the in
silico methodologies is summarized and presented in Fig. S1. Firstly,
protein-protein molecular docking analysis was conducted using Auto-
Dock Vina 2 software [23] to assess how KIM-1 would bind against the
surface-exposed regions of each binding partner protein. The three-
dimensional structures of KIM-1 (PDB ID: 5DZ0O) as well as the other
binding partner proteins were obtained from the Protein Data Bank
database. Prior to docking analysis, the protein structures were prepped
using AutoDockTools software, with grid parameters and rotational
freedom settings customized according to each protein's dimensions.
Apart from that, molecular dynamics (MD) simulation was also per-
formed on all binding partner protein-KIM-1 pairs to study the behavior
of the protein-KIM-1 complex over time, using GROMACS software
employing CHARMM36m all-atom force field to simulate native protein
behavior [24-26]. Each model was solvated in the TIP3P water model
with 0.15 M KCl as neutralizing ions during energy minimization. En-
ergy minimization was first conducted using the steepest descent algo-
rithm until the maximum force reached <1000 kJ/mol/nm.
Subsequently, equilibration was performed in two phases: a 100 ps NVT
ensemble using the V-rescale thermostat at 300 K, followed by a 100 ps
NPT ensemble using the Parrinello-Rahman barostat at 1 bar to stabilize
system density. After initial energy minimization and equilibration step,
the simulations ran for 100 ns were performed with periodic boundary
conditions, Particle Mesh Ewald (PME) electrostatics, and LINCS con-
straints applied to all covalent bonds involving hydrogen atoms to
observe dynamic interactions between the proteins. The resulting mo-
lecular docking results were analyzed by the predicted binding affinity
whereas the resulting MD simulation data was analyzed using Molecular
Mechanics Poisson-Boltzmann Surface Area (MM/PBSA) calculations to
quantify total binding energy. By coupling the initial docking binding
affinity with the MM/PBSA total binding energy results, the binding
protein that demonstrates the most favorable binding interactions
against KIM-1 was chosen to be used as the template model for our
peptide design.

2.3. Binding peptide design and in silico validation

The template protein was selected following in silico screening of
KIM-1 and its binding partner protein among the high-performing
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docking models. Next, the specific amino acid residues involved in the
protein-protein interaction were identified and mapped using the
PDBsum server (https://www.ebi.ac.uk/thornton-srv/databases/pd
bsum/Generate.html). Herein, the residues from the binding partner
protein that binds onto KIM-1 were pinpointed and highlighted in its
gene map. Subsequently, a total of 5 binding peptides, namely CCT3-
BP01, CCT3-BP02, CCT3-BP03, CCT3-BP04 and CCT3-BP05, with
lengths ranging between 30 and 44 amino acids, were designed ac-
cording to the interaction mapping. The design of each binding peptide
incorporates parts of the residues identified from PDBsum analysis to
ensure that the binding functionality is preserved. The three-
dimensional structures of these designed binding peptides were pre-
dicted using the AlphaFold3 server (https://alphafoldserver.com/),
which generated PDB files for each designed binding peptide. The reli-
ability of the predicted 3D model was validated using PROCHECK (htt
ps://www.ebi.ac.uk/thornton-srv/software/PROCHECK) and MolPro-
bity (https://molprobity.biochem.duke.edu/index.php). The validated
structures of the designed binding peptides were then subjected to in
silico reassessment by molecular docking and MD simulations to assess
their binding behavior with KIM-1. Binding peptides that demonstrated
favorable binding scores with regard to docking binding affinity and
MM/PBSA total binding energy were selected for synthesis and experi-
mental testing.

2.4. Construction of vector harboring MBP-fused peptides and its
expression in E. coli expression system

PMAL-p5x vector was chosen to harbor the synthesized gene, and the
recombinant plasmid was transformed into E. coli BL21 (DE3). The gene
was ligated downstream of the malE gene thus resulting in the formation
of MBP-peptide fusion protein. The construction of both plasmids is
illustrated in Supplementary Fig. S2. Expression of E. coli BL21 (DE3)
harboring pMal-p5x/CCT3-peptide was conducted under these optimi-
zations; 1 mL of starting culture was introduced to 50 mL Luria-Bertani
(LB) broth supplemented with 0.1 mM ampicillin prior to incubation at
37 °Cand 160 rpm until the ODggo reached 0.5. Subsequently, 0.1 mM of
IPTG was added and the induction was done for 6 h at a slower shaking
of 120 rpm under the same temperature. The harvested culture pellet
was resuspended in binding buffer (20 mM Tris-HCl, 0.2 M NaCl, 1 mM
EDTA, pH 7.4) and sonicated to obtain the soluble fusion protein. The
fusion protein was further purified using amylose resin (New England
Biolabs, Beverly, MA, USA) packed in a gravity column. The column is
equilibrated with 5 times binding buffer prior to addition of sample and
the bound fusion protein were eluted with the same buffer supplemented
with 10 mM maltose. Eluted fractions were pooled and dialyzed with 10
mM phosphate buffer saline (PBS) buffer, pH 7.4.

2.5. Evaluation of binding affinity of MBP-fused peptides

The binding affinity of the designed binding peptide towards KIM-1
was evaluated, where 500 pg/mL of KIM-1 was immobilized onto the
working electrode of multiwalled carbon nanotubes (MWCNT) modified
SPEs by EDC-NHS crosslinking, followed by blocking steps with 10 mM
pyromellitic dianhydride (PMDA) and 1% bovine serum albumin (BSA)
to eliminate unspecific binding. The fabricated electrode was then
subjected to various concentrations of MBP-fused binding peptides, from
1 pM to 1000 pM, and the binding affinity of each MBP-fused peptides
were measured by differential pulse voltammetry (DPV) analysis with
potential range of —0.3 to 0.6 V with a step potential of 0.005 V, pulse
amplitude of 0.2 V, and scan rate of 0.025 V/s. The signal response was
plotted against the MBP-fused peptides concentration. Afterwards, the
Langmuir adsorption isotherm was employed as an empirical saturation
model to describe the concentration-dependent electrochemical
response and to estimate the apparent surface affinity constant (Kgpp)
between the MBP-fused peptide and KIM-1. It is acknowledged that the
classical Langmuir model assumes homogeneous and independent
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binding sites, conditions that are not strictly fulfilled in the present
heterogeneous multilayer electrode system. Factors such as surface
heterogeneity, electrode blocking steps, mass transport effects, peptide
orientation, and steric constraints may influence the observed signal
response [27]. Therefore, the extracted constant is reported as Ky, and
should be interpreted as a descriptive parameter under the specific
experimental conditions rather than an intrinsic thermodynamic asso-
ciation constant (K,). The Kgp, values were calculated according to the
following equations.

1 1

1 1
—= —— + (@]
Al \AluwKqp/) [MBP — CCT3 peptide] ' Alygy

In this equation, Al refers to the experimental signal change measure
by DPV analysis, [MBP-CCT3 peptide] refers to the concentration of
MBP-fused peptide and Al refers to maximum model signal change.

. . . . . T 1,
This equation forms a linear plot in which Ty 15 the slope and ;' —is

the y-intercept. The calculated value of Ky, and Alyax are to be inte-
grated into the next equation.

AlygyK oy [MBP — CCT3 peptide]
1 + Kopp[MBP — CCT3 peptide]

Alnoger = (2)

In accordance with eq. 2, a non-linear model of the binding of MBP-
fused peptide against KIM-1 was generated followed by measuring of the
difference of sum square between the model and the experimental data.
Integration of both non-linear fits in accordance with the Langmuir
adsorption isotherm will generate a new K, value which represents the
binding affinity of MBP-fused peptide against KIM-1.

2.6. Fabrication of peptide-based biosensor targeting KIM-1

Development of KIM-1 biosensor was conducted on SPEs (Biogenes,
Malaysia), where 10 pl of MWCNT-chitosan (MWCNT-CS) nano-
composite was coated onto the working electrode and dried overnight.
Next, 10 pl of 1% starch solution was also drop-casted onto the working
electrode and was left to dry overnight. The starch coating was opti-
mized by comparing two fabrication strategies; 1) direct incorporation
into the MWCNT-CS solution, and 2) sequential layer-by-layer deposi-
tion of MWCNT-CS followed by starch, where different starch concen-
trations were tested. The fabrication of MWCNT-CS and starch layer on
the electrode serves as signal enhancer and MBP binding matrix,
respectively. Thereafter, 10 pl of 15 pM MBP-CCT3-BP04 was deposited
onto the working electrode and incubated for 30 min at room temper-
ature. The layer of starch provides a functional surface to bind MBP
allowing the fusion peptide part to be exposed to the upper side of the
fabricated electrode. The electrode was further rinsed with distilled
water to remove any unbound protein. The surface of the electrode was
then undergoes dual blocking steps with 10 mM PMDA followed by 1%
BSA to minimize non-specific binding and reduce the noise signals. The
blocking step was carried out for 30 min each at room temperature. Post-
fabrication step of the electrode involved washing of the electrode with
distilled water and air-drying before storing it at 4 °C prior to electro-
chemical analysis. Electrochemical analysis was performed using square
wave voltammetry (SWV) to evaluate the interaction between KIM-1
and the modified electrode. The measurements were carried out in 10
mM of potassium ferricyanide [KsFe(CN)s] and potassium ferrocyanide
[KaFe(CN)e-3H20] in phosphate buffer saline (pH 7.4) as the redox
mediator over a potential range of —0.3 to 0.6 V with a step potential of
0.005 V, amplitude potential of 0.02 V and 10 Hz frequency.

2.7. KIM-1 detection

The analytical performance of the MBP-CCT3-BP04-based KIM-1
biosensor was assessed using square wave voltammetry (SWV) under
previously optimized conditions. KIM-1 solutions at varying concen-
trations; from 1 pg/mL to 10 ng/mL, were applied to the working
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¢) KIM-1  CCT3

Fig. 1. Comparative representation of the KIM-1 and CCT3 binding interface. (a) PyMOL full complex view of KIM-1 docked with CCT3. (b) PyMOL structural view
highlighting the spatial arrangement of these residues around the bound ligand (the residues were highlighted in red). (¢) PDBsum schematic interaction map
identifying key residues involved in the contacts. Together, these panels provide both schematic and structural perspectives on the binding region. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

electrode and allowed to react for 30 min at ambient temperature,
providing sufficient reaction time for MBP-CCT3-BP04/KIM-1 binding
kinetics [28]. The concentrations of KIM-1 ranging from 1 pg/mL to 10
ng/mL were prepared in 10 mM PBS (pH 5.0), in accordance with
optimization steps prior to electrochemical analysis. A volume of 10 pL
from each concentration was pipetted onto the fabricated working
electrode and incubated at room temperature for 30 min. After incu-
bation, the unbound KIM-1 was removed by rinsing the electrode with
distilled water, followed by air-drying before square wave voltammetry
(SWV) analysis. Additionally, a KIM-1-spiked artificial urine sample
(final concentration: 100 pM) was prepared under the same conditions
to simulate real sample detection. Herein, the artificial urine was made
according to the protocol described by Sarigul et al. [29]. For the
selectivity study, 100 pM solutions of KIM-1 and potentially interfering
proteins, C-reactive protein (CRP), Leucine-rich alpha-2-glycoprotein
(LRG1), Epithelial cell adhesion molecule (EpCAM), and Secretory
phospholipase A2 (sPLA2) were prepared in 10 mM PBS (pH 5.0). 10 pL
of 100 pM of each protein solutions were applied to separate electrodes
and subjected to the same incubation and washing protocol as described
above. Batch variation, reproducibility and stability analysis of the
developed sensor was expressed as relative current change (AI) calcu-
lated using the equations below;

Table 1

In silico binding evaluation of designed peptides with KIM-1, showing docking
affinities from AutoDock Vina and MM/PBSA binding energies calculated with
GROMACS (kJ/mol).

Binding Receptor  Docking Binding MM/PBSA Total Binding
peptide Affinity (kJ/mol) Energy (kJ/mol)
CCT3-BPO1 KIM-1 —4.2 —20.14

CCT3-BP02 KIM-1 -3.7 —28.38

CCT3-BP03 KIM-1 -8.8 —45.70

CCT3-BP04 KIM-1 -8.1 —36.01

CCT3-BP05 KIM-1 -3.5 —24.78

—

—1
Batch variation : RelativeAl — --meanbaich 2 — “mean batch | x 100 3)

I mean batchl

Absolut t
Reproducibility : RelativeAlI = Avsolute current g 4)
Mean current

I -1
Stability : RelativeAi = | nean by~ I pay o | x 100 (5)
Imean Day 0

3. Results and discussions

3.1. Computational screening identifies CCT3 as a template for peptide
design

Among the proteins evaluated, CCT3 exhibited the strongest in silico
interaction with KIM-1 based on molecular docking and MD simulations
(Table S1). CCT3 displayed a predicted docking binding affinity of
—12.4 kJ/mol and an MM/PBSA binding energy of —49.48 kJ/mol. In
the docking model, KIM-1 was observed to interact extensively with
residues within the apical domain of CCT3 (Fig. 1a, b). This binding
pattern suggests potential competition with endogenous substrates or
possible modulation of substrate recognition [30]. Binding interface
analysis identified 13 key CCT3 residues which are Arg229, Tyr231,
Ile232, Lys233, Asn234, Arg236, Gln283, Leu284, Lys285, Glu339,
Val342, Thr344, and Lys366, involved in the interaction with KIM-1
(Fig. 1c). These residues formed the basis for the rational design of the
five binding peptide candidates.

The structural models of the designed binding peptides were pre-
dicted using the AlphaFold server prior to in silico reassessment through
molecular docking and molecular simulation. Sequences and structural
validation (PROCHECK, MolProbity) of the designed binding peptides
are shown in Table S2, Table S3 and Fig. S3. Notably, two binding
peptide candidates, designated as CCT3-BP03 and CCT3-BP04, consis-
tently exhibited favorable binding affinities, with interaction energies
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Table 2

In silico binding evaluation of fusion proteins against KIM-1, showing docking
affinities from AutoDock Vina and MM/PBSA binding energies calculated with
GROMACS (kJ/mol).

In silico analysis Parameter =~ MBP-CCT3- MBP-CCT3-
BPO3 BP04

VDWAALS —98.77 —103.04
EEL —217.76 —526.41
EGB 266.47 600.65

Ml(\f(‘/;gi?) ESURF —14.33 —14.05
GGAS —316.53 —629.45
GSOLV 252.14 586.6
TOTAL —64.39 —42.85

Docking Binding Affinity (kJ/ 146 146

mol)

Abbreviation: VDWAALS (van der Waals), EEL (Electrostatic Energy), EGB
(Generalized Born Energy), ESURF (Surface Energy Contribution), GGAS (Gas-
Phase Energy), GSOLV (Solvation Energy)., TOTAL (total binding energy).

and stable complex formations during simulations. CCT3-BP03 recorded
a predicted docking binding affinity of —8.8 kJ/mol and calculated MM/
PBSA binding energy of —45.70 kJ/mol, while CCT3-BP04 recorded a
predicted docking binding affinity of —8.1 kJ/mol and calculated MM/
PBSA binding energy of —36.01 kJ/mol (Table 1). The MD simulation
structural analysis including root mean square deviation (RMSD),
number of hydrogen bonds, radius of gyration (rGyr), and solvent
accessible surface area (SASA) is also presented in supplementary Fig. S4
(a-d). Both peptides exhibited stable complex formation during simu-
lations and were therefore selected for experimental validation.
Computational analyses were used here for candidate ranking rather
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than quantitative prediction of binding affinity.

3.2. Structural and binding assessment of MBP-fused CCT3-derived
peptides

To facilitate soluble expression and surface immobilization, CCT3-
BP03 and CCT3-BP04 were fused to maltose-binding protein (MBP).
MBP serves as an affinity tag for recombinant protein purification and
possesses intrinsic chaperone activity, enhancing proper folding, solu-
bility, and stability of the fused peptides [31]. Additionally, MBP's
strong affinity for starch allows for controlled orientation on starch-
coated electrodes, ensuring that the peptide is exposed for interaction
with KIM-1. In silico reassessment confirmed that MBP fusion did not
compromise pe o evaluate whether fusion affected peptide-target
interaction, in silico reassessment of the MBP-fused constructs was per-
formed. Both fusion proteins exhibited comparable docking scores
(—14.6 kJ/mol). MM/PBSA calculations yielded binding energies of
—64.39 kJ/mol for MBP-CCT3-BP03 and — 42.85 kJ/mol for
MBP-CCT3-BP04 (Table 2). Energy decomposition analysis indicated
that van der Waals interactions constituted a major favorable contri-
bution to the calculated binding energies, particularly for
MBP-CCT3-BP03. However, these interaction energies were derived
from solution-phase simulations and do not account for surface immo-
bilization constraints, steric effects, peptide orientation, or accessibility
limitations inherent to the electrochemical sensing configuration.
Therefore, the calculated energies and their individual components are
interpreted comparatively within the computational framework rather
than as quantitative predictors of experimental sensor performance.

Structural analysis over 100 ns molecular dynamics simulations

a) RMSD b) RMSF C) Radius of Gyration
1258 S 2 \ 1 2.91 T 1 ‘
— MBP-CCT3-BP03 il — MBP-CCT3-BP03
1k I WA o — MBP-CCT3-BP04 f 4 —_ MBP-CCT3-BP04
1\ «, P et AN NI A, M - 2.8+ AR |
- "H 15 : = LW
5075 ”H Anth 8,0
S ” AN AN W\ g, i @ 2 7\' i it
=] ! ,‘vr"»"\)’l“*"’ ! Y ik = [ "I f 1
D) [ WY A = fr
0.51 fnaf 1 = 2.6 ’wh Wy A ,\l ja, I
2 ) & gt Wl
025 255 M 4..«‘,
— MBP-CCT3-BP03 i W oy ¥ hivid,
— MBP-CCT3-BP04 ‘..'ﬁ W Wi M R g
0 PR T WP U WP Y U N - 1 s A | 2.4.‘ ....... PR IR S
0 10 20 30 40 50 60 70 80 90 100 0 50 100 150 200 250 300 350 400 450 500 0 10 20 30 40 50 60 70 80 90 100
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Fig. 2. Structural stability and interaction profiles of MBP-CCT3-BP03 (red) and MBP-CCT3-BP04 (blue) over 100 ns molecular dynamics simulations with KIM-1.
Plots show (a) backbone RMSD, (b) RMSF per residue, (c) number of hydrogen bonds, (d) solvent accessible surface area (SASA) and (e) radius of gyration. MBP-
CCT3-BP04 maintained a more compact conformation with lower RMSD, lower SASA, and higher hydrogen bonding than MBP-CCT3-BP03, indicating better stability
and reduced solvent exposure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. SDS-PAGE analysis for expression and purification of MBP-fused pep-
tides. a) Expression of MBP-fused binding peptides. Lanes 0 h, 2h, 4 h, and 6 h
in both constructs represent IPTG induction time. b) Purification of MBP—fused
binding peptides. Lanes E1-E3 represent the elution fraction number for each
construct. The major band for MBP-fused binding peptides is around 48 kDa.

revealed distinct stability profiles between the two constructs. Backbone
RMSD analysis showed that MBP-CCT3-BP04 stabilized at a lower de-
viation relative to its initial structure compared to MBP-CCT3-BP03
(Fig. 2a). RMSF analysis indicated low fluctuations across the MBP
domain (residues 1-370) for both systems, suggesting that fusion did not
destabilize the overall scaffold (Fig. 2b). Within the peptide region,
MBP-CCT3-BP04 exhibited comparatively lower fluctuation ampli-
tudes, indicating more restrained conformational flexibility. The radius
of gyration profile of MBP-CCT3-BP04 remained relatively stable
throughout the simulation (Fig. 2c), whereas MBP-CCT3-BP03 showed
larger fluctuations, suggesting greater conformational expansion.
Consistently, solvent-accessible surface area (SASA) values were lower
for MBP-CCT3-BP04 (Fig. 2d), indicating a more compact structure.
Hydrogen bond analysis further showed that MBP-CCT3-BP04 main-
tained a higher average number of hydrogen bonds during simulation
(Fig. 2e), reflecting good structural cohesion. Collectively, these findings
highlight differences in dynamic behavior and structural compactness
under solution-phase conditions. The discrepancy between calculated
binding energies (favoring MBP-CCT3-BP03) and electrochemical per-
formance (favoring MBP-CCT3-BP04) likely arises from surface-
immobilization and orientation effects that are not captured in the
current simulation model, underscoring the importance of experimental
validation.ptide binding to KIM-1.
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3.3. Expression and purification of MBP-CCT3-BP03 and MBP-CCT3-
BP04

The recombinant construct was successfully expressed in E. coli BL21
(DE3) following the IPTG induction. SDS-PAGE analysis of the soluble
fraction showed that both MBP fusion constructs reach maximum
expression between 4 and 6 h indicated by a thick band around 48 kDa
which correspond to the size of the constructs (Fig. 3a). Consequently,
SDS-PAGE analysis of the purification of the soluble fractions yielded the
same band around 48 kDa and another visible band around 42 kDa that
corresponds with tag-only MBP which was co-purified alongside the
fusion constructs (Fig. 3b). Herein, fainter bands of MBP-CCT3-BP03
were noticeable as compared to MBP-CCT3-BP04, which suggested
that the former has a lower recovery yield. The purified proteins were
subsequently buffer-exchanged into 10 mM PBS (pH 7) for downstream
binding affinity assays to avoid potential interference from Tris buffer
during surface immobilization [32].

3.4. Experimental determination of apparent affinity constant (Kqpp)

The binding of MBP-CCT3-BP03 and MBP-CCT3-BP04 against KIM-1
was evaluated electrochemically using the Langmuir plot which are
presented in Fig. S5. The Ky, calculated between MBP-CCT3-BP03 and
MBP-CCT3-BP04 against KIM-1 was 0.079 nM (R2 =0.92) and 0.13 nM
(R? = 0.98), respectively. The values of Kpp for both MBP-fused peptides
suggested a good binding affinity towards KIM-1, with MBP-CCT3-BP04
displayed stronger binding affinity as compared to MBP-CCT3-BP03. To
confirm that the measured interaction was attributed to the designed
peptides rather than the fusion tag, MBP alone was evaluated as a
control. The calculated Kgy, for MBP was 0.0005 nM (R? = 0.94),
significantly lower than that of the fusion constructs, confirming mini-
mal intrinsic affinity of MBP towards KIM-1. Although computational
predictions suggested slightly different relative binding energies be-
tween the two constructs, experimental affinity measurements identified
MBP-CCT3-BP04 as the stronger binder. Based on these results,
MBP-CCT3-BP04 was selected for subsequent biosensor development.

3.5. Electrode fabrication and surface optimization

The KIM-1 biosensor was constructed on the SPCE working electrode
(Fig. S6). Following previous reports, the electrode was first modified
with MWCNT-chitosan (MWCNT-CS) to enhance conductivity and
adhesion [33,34], then coated with 1% starch to enable oriented
immobilization of MBP-CCT3-BP04 via MBP-polysaccharide affinity.
Higher starch concentrations (>2%) caused surface fouling and insta-
bility (Fig. S7). Surface saturation of MBP-CCT3-BP04 was quantified
by BCA assay, showing maximal immobilization at 15 pM (6.1 + 0.6 ug);
higher concentrations decreased loading due to steric hindrance and
partial desorption (Fig. S8a). To reduce non-specific adsorption, elec-
trodes were blocked sequentially with 10 mM PMDA and 1% BSA
[35,36]. KIM-1 binding was evaluated across pH 4-7 (Fig. 8b), with
maximal response and minimal background at pH 5, consistent with
enhanced electrostatic interaction below KIM-1's isoelectric point [37
-39].

Stepwise characterization of the modified electrode was achieved
through cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) using KsFe(CN)e/KsFe(CN)e redox probe in PBS,
scanning between —0.2 and 0.7 V at 0.025 V/s scan rate (Fig. 4a, b).
Voltammograms were acquired at each fabrication stage: bare SPCE,
MWCNT-CS modification, starch functionalization, MBP-CCT3-BP04
attachment, PMDA and BSA blocking. Modification with MWCNT-CS
reduced charge transfer resistance (R¢), from 10,279 Q to 5000.9 Q,
confirming improved conductivity. Starch deposition slightly increased
R¢t to 7325 Q, consistent with formation of a non-conductive film.
Immobilization of MBP-CCT3-BP04 further increased resistance due to
surface coverage by the protein layer. PMDA treatment decreased R,
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4 °C. Signal retention is expressed as % relative to Day 0 (n = 3). Data are presented as mean + standard deviation (SD), based on n = 3 replicates.

likely due to improved interfacial charge transfer [40], while final BSA
blocking increased resistance, reflecting formation of an insulating
protein layer. Based on the obtained voltammogram, the established
potential for the fabricated electrode was decided at 0.23 V.

Batch-to-batch evaluation demonstrated that independently fabri-
cated electrodes retained more than 90% of their initial detection
response towards KIM-1, indicating good fabrication consistency
(Fig. 4c). The relative standard deviation (RSD) values for Day 0, Day 2,
and Day 4 were 10.59%, 4.58%, and 7.29%, respectively, confirming
acceptable inter-batch precision over the evaluation period. Reproduc-
ibility tests using five independently prepared electrodes further showed
low signal variation under identical fabrication conditions, with RSD
values within 4.58-10.59%, indicating good electrode-to-electrode
consistency. The developed biosensor exhibited excellent stability
when stored at 4 °C, retaining 81.4% of its activity by day 2 and 73.6%
by day 4 (Fig. 4d).

3.6. Detection of KIM-1

The MBP-CCT3-BP04 electrode reliably detected KIM-1 through a
decrease in electrochemical current, consistent with the insulating
properties of the protein-analyte complex (Fig. 5a) [19]. The lowest
tested concentration (1 pg/mL) produced a current density of 4.2 + 2.0
pA/mmz, while the maximum concentration (10 ng/mL) caused a 10.9

+ 3.2 pA/mm? current density decrease. Linear regression analysis of
log-transformed current changes across the concentration range (1 pg/
mL to 10 ng/mL) yielded the equation J = 10.79 Log1o [KIM-1] + 39.26
with excellent correlation (R2 = 0.97) (Fig. 5b). The detection limit was
determined to be 1.02 ng/mL using the 36/m formula, where ¢ repre-
sents standard deviation and m denotes the calibration gradient. The
limit of quantification (LOQ) was calculated to be 3.41 ng/mL using the
formula 10c/m. This sensitivity falls within clinically relevant urinary
KIM-1 concentrations associated with early kidney injury [17].
Specificity analysis against CRP, LRG1, EpCAM, and sPLA2 demon-
strated reduced responses compared to KIM-1 (Fig. 5c). Although
EpCAM exhibited moderate cross-reactivity (50.0% =+ 7.8%), the
response remained lower than that of KIM-1. Other interferents pro-
duced weaker signals (20-40% range). Selectivity was evaluated using
relative current change at equivalent molar concentrations (100 pM). In
PBS, KIM-1 produced the highest normalized response (100% =+ 9.8%,
RSD = 9.8%), while non-specific proteins (NSP) generated a lower
response (65.9% + 7.1%, RSD = 10.8%) (Fig. 5d). When KIM-1 was
measured in the presence of NSP, the response remained comparable
(97.7% + 9.8%, RSD = 10.0%), indicating preserved recognition under
competitive conditions. The blank signal was minimal (5.0% + 1.01%).
These results confirm preferential recognition of KIM-1 by the
MBP-CCT3-BP04 receptor. Although molar-normalized selectivity ex-
periments were performed, excess-interferent and competitive mixed-
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Table 3
Previously developed KIM-1 biosensor in literatures.
Sensor classification Bioreceptor Linear range LOD Sample Notable feature References
Electrochemical biosensor MBP-fused CCT3-based peptides 1-10,000 pg/mL 1.02 Urine Peptide receptor, affinity peptide This work
ng/mL design, high stability, low cost
Molecular imaging Phage-displayed 6-amino acids n/s n/s In vivo Synthetic peptide, high stability, KIM-1 [41]
peptides (CNRRRA) concentration-independent
Molecular imaging and SPION nanoprobes conjugated n/s n/s In vivo (renal Synthetic peptide, high stability, KIM-1 [42]
multimodal read-outs LTH peptides (LTHVVWL) tubular cells) concentration-independent
Electrochemical Anti-KIM-1 antibody 0.1-1000 ng/ml 64 pg/ Serum Costly gold-nano dendrites, laborious [43]
immunosensor ml fabrication processes
Electrochemical Anti-KIM-1 antibody 0.01-50.00 pg/ 2.00 fg/  Blood plasma Highly sensitive, use 2 types of [44]
immunosensor mL mL antibody
Electrochemical biosensor Anti-KIM-1 antibody 0.1-1000 fg/ mL 0.26 fg/ Urine Ultra-sensitive immunosensor in urine, [45]
mL ITO-PET electrode is costly
Electrochemical biosensor Anti-KIM-1 antibody 100 pg/mL to 100 32 pg/ Urine Sensitive protein assays, Long [46]
ng/mL mL incubation time (60 mins)

n/s = not specified. The author does not report the LOD and linear range of their work.
Abbreviation: SPION (superparamagnetic iron oxide nanoparticles).

sample conditions were not investigated in this study. Future work will
evaluate sensor robustness under elevated interferent concentrations to

further validate clinical applicability.

3.7. Evaluation of the performance of the developed biosensor

The electrode's performance was further validated using artificial
urine prepared according to Sarigul et al.'s protocol [29], spiked with 1
ng/mL KIM-1 to simulate pathological conditions. Following the opti-
mized conditions, the developed biosensor has successfully detected
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KIM-1 in simulated urine sample, generating a substantial signal
response (73.3% + 7.4%, RSD = 10.1%), significantly higher than the
urine blank (16.9% + 2.7%), confirming matrix compatibility (Fig. 5c).
A comparison with previously reported KIM-1 biosensors is summarized
in Table 3. Most reported systems employ antibody-based recognition
elements, achieving very low detection limits but often involving higher
production cost and potential stability limitations. In contrast, the pre-
sent work demonstrates a computationally guided peptide receptor in-
tegrated into a straightforward electrochemical platform. While the
achieved LOD does not reach the lowest values reported for antibody-
based systems, the proposed approach offers advantages in receptor
design flexibility, structural robustness, and surface immobilization
strategy. These features highlight the potential of peptide-based bio-
receptors as viable alternatives for practical and scalable KIM-1 bio-
sensing applications.

4. Conclusion and future recommendations

This study presents a proof-of-concept demonstration that compu-
tationally designed peptides derived from CCT3 can serve as functional
recognition elements for KIM-1 detection. To the best of our knowledge,
beyond the mass spectrometry investigation by Yang et al., this is the
first work exploring the interaction between CCT3-derived sequences
and KIM-1 for biosensing applications. A peptide candidate (CCT3-
BP04) was rationally designed through molecular docking and molec-
ular dynamics simulations, fused with MBP for controlled immobiliza-
tion, and successfully integrated into an electrochemical sensing
platform. Under optimized conditions, the biosensor exhibited
concentration-dependent signal responses corresponding to the
apparent surface binding affinity of MBP-CCT3-BP04 towards KIM-1. It
should be noted that the reported affinity values represent surface-
confined interactions influenced by MBP fusion and electrode inter-
face effects, rather than intrinsic thermodynamic constants measured in
solution. The starch intermediate layer was employed to exploit the
natural affinity between MBP and polysaccharides, enabling mild and
potentially oriented immobilization; however, starch-free immobiliza-
tion strategies were not investigated in this study and remain an area for
future exploration.

The system further demonstrated selective detection in both buffered
solutions and simulated urine samples, confirming functional perfor-
mance in complex matrices. Although the achieved detection limit does
not surpass the lowest values reported for antibody-based systems, the
present work highlights an alternative receptor strategy that emphasizes
design flexibility, structural robustness, and simplified fabrication.
These findings establish a foundational framework for integrating
computational peptide design with electrochemical biosensor develop-
ment. Future refinement through sequence optimization, structure-
guided mutagenesis, and extended simulation strategies may further
enhance binding affinity and analytical performance. Overall, this study
demonstrates that computationally guided peptide engineering repre-
sents a viable and efficient approach for advancing next-generation
biosensor receptor development.
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