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design and molecular modelling
of a novel peptide–SWCNT biosensor targeting NS1
dengue virus
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Muhammad Miftah Jauhar,a Muhammad Faozi Rahman Wakhid,a Etik Mardliyati,c

Rikson Siburian,de Yudan Whulanzaf and Isa Anshori *b

Reliable detection of the dengue virus nonstructural protein 1 (NS1) is critical for early diagnosis of serotype

2 (DENV-2) infections, especially in endemic regions such as Indonesia. Here, we report a fully in silico

framework for the rational design and evaluation of a peptide–single wall carbon nanotube (SWCNT)

biosensor interface targeting NS1 DENV-2. Starting from phylogenetic selection of a conserved

Indonesian NS1 sequence, we combined homology modeling, advanced protein and peptide modelling

to generate an initial biorecognition element, which was then optimized via point mutations predicted by

binding free energy analysis. Of 13 candidates, a single variant (Mut-11) exhibited the most favorable

docking score and lowest predicted DG, and maintained key hydrogen-bond interactions and minimal

root-mean-square deviation (RMSD) during 25 ns molecular dynamics simulations. Dynamic simulations

revealed structural changes indicating that this peptide binds selectively to dengue viruses, while

showing limited interaction with zika virus. To assess sensor integration, Mut-11 was conjugated virtually

to SWCNT surfaces using a pyrene-based linker. Simulations confirmed stable p–p stacking without

disrupting SWCNT electronic integrity or peptide conformation. While this study provides

a comprehensive computational framework for peptide-based nanobiosensor design, it is limited by the

absence of experimental validation. Future in vitro studies, such as binding assays and biosensor

prototype testing, are essential to confirm the predicted binding affinities and sensor performance,

thereby bridging the gap between computational modeling and real-world application.
1. Introduction

Dengue disease is mainly caused by the bites of Aedes aegypti
and Aedes albopictus mosquitoes, which carry the dengue virus
(DENV), leading to an acute viral infectious disease.1,2 DENV has
four serotypes: DENV-1, DENV-2, DENV-3, and DENV-4.3,4 With
rising global temperatures and population mobility, dengue
infection cases are increasing signicantly due to the rapid
transmission and lack of effective treatment.5 In 2021, dengue
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had a global age-standardized incidence rate (ASIR) of 752.04
cases per 100 000 population (95% uncertainty interval [UI]:
196.33–1363.35), resulting in an estimated 58.96 million cases
worldwide. The global age-standardized mortality rate (ASMR)
was 0.38 deaths per 100 000 population (95% UI: 0.23–0.51),
corresponding to approximately 29 077 deaths. That year,
Indonesia recorded the highest ASMR at 4.24 per 100 000 pop-
ulation (95% UI: 2.58–6.05), while India reported the highest
number of dengue-related deaths, with an estimated 14 282
fatalities (95% UI: 7630–21,082).2 Hence, dengue has already
become a great threat to global public health recently.

The most common outbreak-causing serotypes are DENV-1
and DENV-2.6,7 Additionally, DENV-2 and DENV-4 are known
to cause severe illness, such as dengue hemorrhagic fever
(DHF), whereas DENV-1 and DENV-3 typically result in milder
symptoms or may even go unnoticed.8 Studies have shown that
outbreaks of DENV-2 are linked to the highest overall mortality
rates. Research has also demonstrated that DENV-2 tends to
cause more severe secondary infections compared to other
serotypes, resulting in the worst manifestation of the
disease.9–11 In the dengue case in Indonesia, DENV-2 has been
the most prevalent serotype contributing to the dengue
RSC Adv., 2025, 15, 44173–44193 | 44173
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View Article Online
outbreak in recent years.12 These ndings highlight the signif-
icant role of DENV-2 in shaping dengue epidemiology and its
contribution to the global health burden.

As there is currently no specic treatment or vaccine to
mitigate the impact of dengue, early detection and accurate
diagnostics are essential for effective disease management.13

Traditionally, diagnostic approaches such as hemagglutination
inhibition (HI) assays, PCR, ELISA, plaque reduction neutrali-
zation tests (PRNT), and virus isolation are widely used in
laboratories, and the direct isolation of the virus is the gold
standard.13 However, these conventional methods are oen
expensive, time-consuming. Moreover, there is a remaining
challenge regarding the specicity of the detection methods, as
false positives may occur in those with infection by other a-
viviruses (Japanese Encephalitis virus (JEV), yellow fever virus
(YFV), or zika virus (ZIKV)).13

The nonstructural 1 (NS1) antigen plays a crucial role in the
replication of dengue virus (DENV) within host cells and is
released into the bloodstream of infected individuals, making it
a key early-stage biomarker for detecting avivirus
infections.14–16 In clinical practice, serum NS1 levels usually
range from 0.04 to 2 mg mL−1 in patients experiencing a primary
dengue infection, and from 0.01 to 2 mg mL−1 in those with
secondary infections. NS1 is particularly useful for diagnosing
dengue in its acute phase, as it stays detectable in the blood-
stream longer than the virus itself.17 However, as stated before,
the sensitivity of the diagnostic instruments remains a chal-
lenge, the existing NS1 diagnostic product approved by the FDA
only has the best sensitivity for DENV-1.8 In Indonesia, the
sensitivity detection of NS1 for DENV-2 using existing methods
is only around 68.4%.18 Therefore, we are eager to develop
a more sensitive approach for NS1 DENV-2 detection, especially
for the virus strain in Indonesia.

Linear and uniquely structured small peptides are gaining
popularity as effective affinity reagents in the development of
next-generation biosensors. Small peptides are increasingly
recognized as promising candidates for the development of
biorecognition elements (BREs) due to their ease of synthesis,
low cost, environmental stability, and low molecular weight.
Additionally, a wide range of peptide sources can be utilized to
create effective BREs, as they can interact with diverse surfaces
or be functionalized to form specic, stable, and efficient
biosensor complexes.19,20

Recent advancements in biosensor technologies have high-
lighted the potential of peptide-functionalized carbon nano-
tubes (CNTs) as effective platforms for virus detection. Among
various carbon-based nanomaterials, single-walled carbon
nanotubes (SWCNTs) have emerged as highly promising due to
their exceptional electrical conductivity, high current mobility,
thermal stability, and nanoscale diameter.

Peptide-CNT thin-lm transistors (TFTs) have demonstrated
sequence-independent nucleic acid detection through electro-
static interactions. For instance, a decapeptide functionalized
with pyrene groups was shown to adsorb onto CNTs via p–p

stacking, enabling sensitive RNA/DNA detection by modulating
device conductivity. Similarly, Gracia et al. (2011) covalently
immobilized a chimeric brin–laggrin peptide (CFFCP1) on
44174 | RSC Adv., 2025, 15, 44173–44193
carboxylated multi-walled CNTs (MWCNTs) via EDC–NHS
coupling chemistry, enabling the selective detection of anti-
CFFCP1 antibodies in both rabbit and human sera, with
minimal response from healthy controls, demonstrating the
high specicity of the peptide-functionalized sensor.21

Therefore, the studies developing small peptides for DENV-2
NS1 are still limited. Lim et al. (2018)22 and Kim et al. (2019)23

have already developed DENV-2 NS1 peptide detection tools. Lim
et al. (2018)22 developed some peptides by phage library
approaches. On the other hand, Kim et al. (2019)23 selected peptide
designs from either a reverse sequence of an existing peptide,
phage display, or a modied peptide with a linker. In our present
work, we develop DENV-2 NS1 peptide recognition by computa-
tional approaches of sequential point mutation. Furthermore, we
emphasize that the template of DENV-2 NS1 used is from the
Indonesian sequence to obtain the peptide binding region.
Therefore, this study identies a novel peptide candidate for use as
a DENV-2 NS1 biosensor and introduces a computational strategy
that can support the optimization of DENV-peptide-based
biosensor development, as illustrated in the workow of Fig. 1.

2. Experimental section
2.1. Sequence retrieval, phylogenetic, and mutation analysis

NS1 amino-acid sequences of dengue virus serotype 2 (DENV-2)
were retrieved from the NCBI GenBank database (https://
www.ncbi.nlm.nih.gov/genbank/). To focus on locally
circulating strains, only sequences from peer-reviewed studies
in Indonesia were retained. Six interest sequences of DENV-2
NS1 reference from previous report by Aryati et al., (2013)
which has been deposited at the GenBank database.18 FASTA
les were imported into MEGA 11 (ref. 24) to construct
a phylogenetic tree using the Maximum Likelihood method
with default settings, except that branch support was assessed
by bootstrap analysis with 500 replicates. Bootstrap values
higher than 70% were considered indicative of reliable lineage
assignment.

2.2. NS1 DENV-2 Indonesian strain protein modelling and
structure validation

Three-dimensional model of the Indonesian NS1 DENV-2 was
generated with the TrRosetta web server,25 which integrates
deep learning and homology modeling. Templates were iden-
tied by HHsearch against the RCSB PDB, yielding ve high-
condence NS1 structures (PDB IDs 4TPL, 4O6D, 5GS6, 5K6K,
6WEQ; overall condence = 100). Each model was evaluated for
overall condence score, coverage, sequence identity, E-value,
and Z-score. Final NS1–DENV2 protein model was validated via
ERRAT and Ramachandran-plot analysis in SAVES 6.0.26

2.3. Peptide design and structural modelling

The peptide design strategy utilized in this study refer to our
previous report by Jauhar et al. (2024)27 which aligns with the
method described by Mastouri et al. (2022).20 First, to identify
a high-identity structural template of NS1 DENV-2 Indonesian
strain, the sequence was queried against the Protein Data Bank
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Workflow outlining the computational methodology.
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(PDB) using BLASTp (https://blast.ncbi.nlm.nih.gov).28

Candidate hits were aligned to the Indonesian NS1 sequence,
and complexes with $95% sequence identity and antibody-
binding to conserved epitopes were shortlisted. Chain A of
PDB ID 7BSC was selected for its high sequence identity and
clear antigen–antibody interface. The structure was visualized
in PyMOL (https://pymol.org/2/)29 to map key heavy and light-
chain contacts. Structural quality was then validated via
ERRAT and Ramachandran-plot analysis using the SAVES 6.0
web server (https://saves.mbi.ucla.edu/).26

Active binding residues on NS1 were rst identied from the
7BSC complex in PyMOL. An initial (“unmutated”) peptide
sequence spanning these contact points with the antibody's
chains was draed to mimic antibody interactions. Three-
dimensional models were generated with the TrRosetta web
© 2025 The Author(s). Published by the Royal Society of Chemistry
server,25 which integrates deep learning and homology
modeling.
2.4. Selectivity study of peptide with NS1 virus serotypes

For the selectivity study of NS1 serotypes, we are using 48 NS1
genes of DENV serotypes 1, 3, and 4 Indonesian strain from
previous report by Aryati et al., (2013)18 then repeat similar steps
in 2.1.

Besides DENV, three other viruses co-circulate with dengue:
zika virus (ZIKV), Yellow Fever virus (YFV), and Japanese
Encephalitis virus (JEV). To determine which virus to include in
this study, three selection criteria were applied: (i) belonging to
the same genus (avivirus), mosquito-borne, and secreting the
NS1 protein; (ii) documented cases in Indonesia; and (iii) NS1
sequence similarity of at least 60% to DENV-2 NS1. Based on
RSC Adv., 2025, 15, 44173–44193 | 44175
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report from the Indonesian Ministry of Health, YFV has never
been reported in Indonesia and was therefore excluded.
Sequence similarity was assessed using the BLASTp web server
with DENV-2 NS1 as input. The BLASTp results showed that
ZIKV NS1 (PDB ID: 5IY3, chain A) shared 60% similarity (109
identical residues), while JEV NS1 (PDB ID: 5O19, chain A)
showed only 59% similarity (108 identical residues). Based on
these ndings, ZIKV NS1 was selected for further analysis.
Then, similar steps in 2.5, 2.6, and 2.7 were repeated for
selectivity analysis of peptide mutations.
2.5. Molecular docking

Molecular docking of the NS1 DENV-2 protein with the designed
unmutated peptide was performed using the HADDOCK 2.4
web server (https://wenmr.science.uu.nl/haddock2.4/).30,31

Active and passive residues at the anticipated protein–peptide
interface were dened as Ambiguous Interaction Restraints
(AIRs), enabling HADDOCK to sample conformations locally
around the binding site rather than conducting a fully ab
initio search. The docking protocol comprised rigid-body
minimization, semi-exible renement, and nal water rene-
ment. Clusters of models were ranked by the HADDOCK score,
which integrates intermolecular van der Waals, electrostatic,
desolvation, and restraint-violation energies. For each cluster,
we recorded the HADDOCK score, Z-score, RMSD relative to the
best model, and individual energy terms. The top-scoring
complexes were downloaded in PDB format for further analysis.
2.6. Interaction affinity and interface analysis

To estimate binding affinity, the highest-scoring NS1–peptide
complexes were submitted to the PRODIGY web server (https://
bianca.science.uu.nl/prodigy/) at 25 °C,32,33 which predicts DG
based on interfacial residue contacts. Finally, detailed
noncovalent interactions and inter-atomic distances were
characterized using the PDBsum Generate server (http://
www.ebi.ac.uk/thornton-srv/databases/pdbsum/
Generate.html).34 This analysis provided a comprehensive map
of hydrogen bonds, salt bridges, and hydrophobic contacts
between NS1 and the peptide.
2.7. Peptide point mutation

To enhance peptide affinity and stability, specic amino acid
substitutions were introduced into the unmutated NS1–peptide
complex using the BeAtMuSiC web server (http://
babylone.ulb.ac.be/beatmusic/).35,36 BeAtMuSiC requires three
inputs: (1) the PDB le of the protein–peptide complex—in
this study, the NS1 DENV-2–peptide complex; (2) designation
of “partner 1” and “partner 2”, here assigned to NS1 and the
peptide, respectively, ensuring each partner includes at least
one chain in direct contact; and (3) specication of target
residues for either individual mutation evaluation or
systematic mutational scanning across the peptide chain.
Upon submission, BeAtMuSiC computes the change in
binding free energy (DDG_B) for each mutation, ranking
substitutions by their predicted effect on complex stability.
44176 | RSC Adv., 2025, 15, 44173–44193
2.8. Molecular dynamics simulation of NS-1 DENV-2 with
peptide design

The molecular dynamics (MD) simulation was conducted using
GROMACS37 with the CHARMM36 force eld.38 Initial structural
preparation involved obtaining a .pdb le of the protein–
peptide complex, with individual protein and peptide les
separated using PyMOL. Atom and residue names were stan-
dardized using the CHARMM-GUI PDB Reader & Manipulator
web server to ensure compatibility with the CHARMM force
eld. Topology les were generated with ‘gmx pdb2gmx’,
omitting hydrogen atoms and applying the TIP3P water model.
Solvation was performed using a cubic simulation box (1.0 nm
distance from the solute to the box edge) and SPC216 water
conguration, followed by the addition of Na+ (SOD) and Cl−

(CLA) ions to neutralize the system using the ‘gmx genion’
module. Energy minimization was carried out using the steep-
est descent algorithm for a maximum of 50 000 steps (100 ps),
and the potential energy was analyzed to ensure system
relaxation.

Equilibration was performed in two phases using the leap-
frog integrator: NVT (constant number of particles, volume,
and temperature) and NPT (constant number of particles,
pressure, and temperature) ensembles. Each phase was simu-
lated for 500 ps at 300 K and 1 atm, with system stability
assessed through temperature, pressure, and density plots
generated from ‘.xvg’ les using xmgrace. Following successful
equilibration, production MD simulations were executed for 25
ns (12 500 000 steps) using the ‘gmx mdrun’ module with GPU
acceleration. The production run continued from the NPT
phase checkpoint and was performed separately for each
system: protein–peptide complex, protein only, and peptide
only. Trajectories were analyzed every 1 ps to compute RMSD,
Rg, and Center-of-Mass Distance.
2.9. Molecular dynamics simulation of SWCNT, linker, and
peptide

All MD simulations were performed in GROMACS using the
GROMOS 54a7 force eld.39 Systems were assembled in a cubic
box with SPC water and neutralized with Na+/Cl− ions. Initial
energy minimization employed the steepest-descent algorithm
until the maximum force fell below 1000 kJ mol−1 nm−1.
Equilibration proceeded in two phases:

Phase I: the peptide was conjugated to PBSE and subjected to
100 ps NVT equilibration at 300 K (V-rescale thermostat) fol-
lowed by 100 ps NPT equilibration at 1 bar (Parrinello–Rahman
barostat).

Phase II: the equilibrated peptide–PBSE complex was placed
near the CNT surface, and the system underwent the same NVT/
NPT equilibration protocol.

Production runs of 10 ns were conducted under NPT
conditions with a 2 fs time step. Long-range electrostatics were
treated with Particle-Mesh Ewald (1.2 nm cutoff), and van der
Waals interactions used a 1.2 nm cutoff. Trajectories were
analyzed every 1 ps to compute RMSD, Rg, and Center-of-Mass
Distance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results
3.1. Selection of a conserved NS1 DENV-2 sequence
originated from Indonesia

In this study, NS1 gene sequences of dengue virus serotype 2
(DENV-2) originating from Indonesia were retrieved from the
GenBank database (NCBI) to facilitate the rational design of
a peptide-based biosensor. Six sequences were selected based
on a report by Aryati et al. (2013)18 which provided NS1 DENV-2
gene data from diverse geographical regions across Indonesia,
including Semarang, Jakarta, Medan, and Surabaya. (Table S1,
SI data). To identify a representative target for structural
modeling and peptide design, we performed phylogenetic and
mutation analyses.

A phylogenetic tree was constructed using MEGA 11 with the
Maximum Likelihood method. As shown in Fig. 2, sequences
AHK09923.1, AHK09924.1, and AHK09925.1 clustered within
the outermost clade, indicating ancestral origin and high
sequence conservation. This indicates that these sequences are
more likely to reect conserved structural features relevant for
stable and broad-spectrum peptide binding.

To select the most suitable target for computational
modeling, amino acid variations among the three sequences
were analyzed using MEGA 11. Sequence AHK09925.1 showed
no amino acid differences relative to the others, conrming its
status as the most conserved (Fig. 2). Therefore, AHK09925.1
was selected as the reference sequence for subsequent struc-
tural modeling.
Fig. 2 Phylogenetic relationship and multiple sequence alignment of
Phylogenetic tree constructed using full of NS1 protein sequences of D
AHK09923.1, AHK09925.1, and AHK09924.1). The tree illustrates the ev
shown at the nodes. (b) Multiple sequence alignment of the same NS
residues. Identical residues are marked with asterisks (*), and color cod
phobic, polar, acidic, basic). The alignment was used to support phyloge
differences in three selected DENV-2 NS1 protein sequences (AHK09
identified from the multiple sequence alignment are highlighted in red.

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2. NS1 DENV-2 protein modelling and structure validation

The 3D structure of the NS1 DENV-2 protein from Indonesia was
predicted using the trRosetta web server, based on the input
sequence AHK09925.1. This tool integrates deep learning with
homology modeling, utilizing structural templates from the
Protein Data Bank (PDB) identied via HHSearch. Five PDB
structures were selected as templates, each with a 100% con-
dence score: 4TPL (Chain B), 406D (Chain A), 5GS6 (Chain A),
5K6K (Chain A), and 6WEQ (Chain B). The resulting model
exhibited strong homology, as evidenced by a high TM-score
(0.948) indicating a reliable and accurate structural prediction.

Five templates identied via HHSearch from the PDB were
used, each with a condence score of 100, indicating a very high
likelihood of true-positive matches. The coverage values were
above 90, and the identity values exceeded 50%, meaning the
predicted structure closely resembles the real protein. A low E-
value (below 0) and a high Z-score further indicate that the
prediction is highly reliable and unlikely to be due to chance.
Finally, the estimated TM-score of 0.948 strongly supports the
reliability of the predicted model.

Following model construction, the structure was visualized
and analyzed using PyMOL. Fig. 3a shows the secondary struc-
ture of the NS1 DENV-2 protein, characterized by a-helices (red),
b-sheets (cyan), and loops (white). Validation through Ram-
achandran plot analysis indicated that 91.6% of the residues
were located in the most favorable region, 7.4% in the addi-
tionally allowed region, and 1% in the generously allowed
region, with no residues in the disallowed region. The ERRAT
NS1 protein sequences from dengue virus serotype 2 (DENV-2). (a)
ENV-2 (accession numbers: AHK09928.1, AHK09927.1, AHK09926.1,
olutionary relationships among the sequences, with bootstrap values
1 protein sequences, highlighting conserved and variable amino acid
ing indicates physicochemical properties of amino acids (e.g., hydro-
netic clustering and assess sequence similarity. (c) Position of residue
928.1, AHK09926.1, and AHK09924.1). Distinct amino acid residues

RSC Adv., 2025, 15, 44173–44193 | 44177
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Fig. 3 3D structure and validation of the NS1 Protein from DENV-2 (a) predicted 3D model of the NS1 protein, showing secondary structure
elements (a-helices in red, b-sheets in cyan, loops in grey). (b) Ramachandran plot analysis of the modeled structure. Most residues (91.6%) are in
the most favored regions, indicating good stereochemical quality. Plot statistics are summarized in the table.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 1
2:

07
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
score for the model was 83.5526 (Fig. 3b). Thus, this NS1 DENV2
3D structure was used as the target receptor for biosensing in
this study.
3.3. Identication of conserved binding regions for rational
peptide design

To design a short peptide that binds specically and strongly to
the target receptor for biosensing, we used a design strategy
based on our previous work Jauhar et al. (2024)27 which aligns
Fig. 4 Conserved binding site and peptide design for NS1 target interacti
the designed peptide (green) shown interacting at the conserved region (h
interacting residues and surface representation. (c) 3D structure of the
structure, with all residues (100%) in the most favored regions, indicating

44178 | RSC Adv., 2025, 15, 44173–44193
with the method described by Mastouri et al. (2022).20 This
strategy extracts the binding region of the target protein and
converts it into a short peptide with enhanced stability and
affinity through point mutations.

In this study, to identify the binding region of the target
protein, we rst searched for a crystal structure of the target
sequence in the Protein Data Bank (PDB) by aligning the
AHK09925.1 sequence using the BLASTp webserver. A threshold
of >95% identity was applied, prioritizing structures complexed
on. (a) Predicted binding site on the NS1 protein (colored domains) with
ighlighted box). (b) Close-up view of the binding interface showing key
designed peptide. (d) Ramachandran plot validation of the peptide
a reliable model.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with antibodies, which typically bind to conserved regions.
Result revealed a highly similar structure of PDB ID: 7BSC
(Chain A) that exhibits 99% identity, with 179 out of 181 amino
acids being identical. This structure, which represents the
antigen-binding fragment (Fab) of monoclonal antibody 1G5.3
complexed with the C-terminal fragment of NS1 (NS1c) from
DENV-2, was employed for subsequent structural analysis.

The NS1c domain is shown in green in Fig. 4a, with the
antibody heavy chain in cyan and the light chain in magenta.
Structural analysis using PyMOL revealed that the active site of
the target protein interacts with the heavy chain at residues 20E,
43V, 45G, 46Y, 47S, 117S, 52Y, 119Y, 121Y, 128Y, 122T, 123S,
125P, and 127V (Fig. 4b). While, interactions with the light
chain were observed at residues 69L, 72Y, 78E, 79S, and 80G.
Based on these binding regions, a peptide sequence was con-
structed by combining residues from both heavy and light chain
contact sites, hereaer referred to as the unmutated peptide
(Fig. 4c).
3.4. Unmutated peptide modelling with structure validation

The unmutated peptide sequence, EVGYSSYYYYTSPVYLYESG,
was modelled using the trRosetta web server. Due to the novel
nature of this peptide and the absence of suitable structural
templates, de novo folding guided by deep learning-based
restraints was applied. As a result, the model yielded a low
TM-score of 0.177, indicating limited structural similarity to
known proteins, yet sufficient for preliminary structural
assessment. The predicted structure, visualized in PyMOL,
consisted of a-helices (red) and loops (green) (Fig. 4c).
Fig. 5 Interaction model of unmutated peptide with NS1 DENV-2 pr
contains two a-helical regions (H1 and H2) as shown in the secondary stru
binding orientation of the peptide (blue/purple surface) at the interface
peptide docking site. A schematic interaction map illustrates molecular i
(Chain A) (c). Various interaction types are indicated: salt bridges (red lines
Residue–residue interactions are labeled and color-coded according to

© 2025 The Author(s). Published by the Royal Society of Chemistry
Structural validation using a Ramachandran plot showed that
100% of residues were located in the most favorable regions,
with no residues in disallowed regions. Furthermore, the model
achieved an ERRAT score of 100, supporting the reliability of the
predicted structure (Fig. 4c).
3.5. Molecular docking and interaction analysis of
unmutated peptide

Molecular docking of the unmutated peptide to the active site of
the NS1 DENV-2 protein was performed using the HADDOCK
2.4 web server to assess the peptide's binding affinity and
interaction strength. The NS1 DENV-2 protein consists of three
major domains: the hydrophobic b-roll domain (amino acids 1–
29), which facilitates dimerization; the wing domain,
comprising connector subdomains (residues 30–37 and 152–
180) and an a/b subdomain (residues 38–151); and the b-ladder
domain spanning residues 181–352.40 Additionally, Modhiran
et al (2015)41. reported that key active residues within the b-
ladder domain of NS1 DENV-2 play a critical role in binding to
conserved antigenic regions. The molecular docking simulation
resulted in HADDOCK score of −39 ± 3.3, with binding energy
(DG) of −11.2 kcal mol−1 and a dissociation constant (Kd) of 5.8
× 10−9 M at 25 °C. The unmutated peptide was observed to bind
within the b-ladder domain, as shown in Fig. 5a. Furthermore,
PDBsum webserver was utilize to analyze their molecular
interactions.

Fig. 5b illustrates the intermolecular interactions within the
peptide–NS1 complex, including hydrogen bonds, van der
Waals contacts, and salt bridges. A total of seven hydrogen
otein. The unmutated peptide sequence (EVGYSSYYYYTSPVYLYESG)
cture diagram (a). The 3Dmolecular docking visualization (b) shows the
of the NS1 protein (green surface). The boxed region highlights the

nteractions between the wild-type peptide (Chain B) and NS1 DENV-2
), hydrogen bonds (blue lines), and non-bonded contacts (orange lines).
their chain origin and interaction type.
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Table 1 Hydrogen bond interactions of unmutated peptide with NS1

Residues involved

Distance (Å)NS1 Peptides unmutated

Thr264 Gly20 2.70
Asn293 Glu18 2.66
Arg294 Glu18 2.86
Arg294 Ser19 2.81
Arg314 Tyr15 3.11
Lys341 Tyr9 2.93
Glu342 Tyr10 2.75
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bonds and 149 van der Waals contacts were identied, while no
salt bridges were detected. Multiple residues from the unmu-
tated peptide, specically Gly20, Glu18 (twice), Ser19, Tyr15,
Tyr9, and Tyr10, formed strong hydrogen bonds with residues
located in the b-ladder domain of NS1 DENV-2 (Fig. 5c). These
interactions, coupled with the short average hydrogen bond
distances (Table 1), suggest a stable binding interface and
strong affinity of the peptide for the target site.
3.6. Peptide point mutations and validation

To enhance the binding affinity and overall quality of unmu-
tated peptide, point mutations were introduced using the
BeAtMuSiC web server. This approach involves substituting one
or two residues within the peptide sequence to improve its
interaction strength and structural stability with the target
receptor (NS1 DENV-2).35,36 Subsequently, molecular docking
and molecular dynamics simulations were carried out to iden-
tify the most favorable peptides.

A total of ve single-point mutant peptides were initially
generated, each featuring a single amino acid substitution.
Subsequently, double-point mutations were introduced,
resulting in a total of 13 mutant peptides (Table 2). The 3D
structures of these peptides were predicted using the trRosetta
web server, following the same protocol as described previously.
Structural validation was performed using the SAVES v6.0 web
Table 2 ERRAT and Ramachandran sequence mutation assessment

Peptide Sequens ER

Mut 1 EVLYSSYYYYTSPVYLYESG 100
Mut 2 EVGYSSYKYYTSPVYLYESG 72.
Mut 3 EVYYSSYYYYTSPVYLYESG 100
Mut 4 EVGYSSYEYYTSPVYLYESG 100
Mut 5 EVGYSSYYYYTSPVYLYEWG 100
Mut 6 (Mut1+Mut2) EVLYSSYKYYTSPVY LYESG 100
Mut 7 (Mut1 + Mut4) EVLYSSYEYYTSPVYLYESG ER
Mut 8 (Mut1 + Mut5) EVLYSSYYYYTSPVYLYEWG 91.
Mut 9 (Mut2 + Mut3) EVYYSSYKYYTSPVYLYESG 100
Mut 10 (Mut2 + Mut5) EVGYSSYKYYTSPVYLYEWG 100
Mut 11 (Mut3 + Mut4) EVYYSSYEYYTSPVYLYESG 100
Mut 12 (Mut3 + Mut5) EVYYSSYYYYTSPVYLYEWG 100
Mut 13 (Mut4 + Mut5) EVGYSSYEYYTSPVYLYEWG 100

44180 | RSC Adv., 2025, 15, 44173–44193
server, which includes Ramachandran plot analysis to evaluate
stereochemical quality (Table S2. SI data). Binding potential was
further assessed through ERRAT scores, reecting overall
model reliability. Based on Ramachandran plot results,
Mutants 3 and 9 exhibited 5.9% of residues in disallowed
regions, indicating suboptimal structural quality, and were thus
excluded from further analysis. Although Mutant 7 displayed
acceptable structural conformation, its ERRAT score could not
be retrieved due to a server-side error, leading to its exclusion
from subsequent docking validation. Therefore, only 10 of
mutant peptides were used for subsequent analysis.Molecular
docking and molecular dynamic simulation of NS-1 DENV-2
with Mutant Peptides.

Molecular docking of ten mutant peptides with NS-1 DENV-2
were conducted using HADDOCK webserver. In general, the
mutant peptides demonstrated improved binding affinity than
unmutated peptide toward the target protein, except for Mut 1
and Mut 8. Binding affinity was evaluated based on the disso-
ciation constant (Kd), where lower Kd values reect stronger
binding interactions along with low value of binding free
energies (DG). Among the tested mutant peptides, Mut 11, Mut
10, and Mut 13 exhibited the highest binding affinities (Table
3). The Kd values of these three peptides were substantially
lower than that of unmutated peptide, suggesting a signicant
enhancement in binding. These ndings were consistent with
their more favorable predicted binding free energies (DG) and
a higher number of hydrogen bond interactions. The molecular
interactions between each peptide and the NS-1 protein of
DENV-2 were visualized in Fig. 6. Subsequently, the top three
mutant peptides with the lowest value predicted binding affin-
ities were selected for molecular dynamics simulation to further
evaluate the stability of their interactions.

The molecular dynamics simulation was conducted by
GROMACS soware. The simulation was subjected to four
systems: protein NS1, complex protein NS1 with Mut10 peptide
(NS1–Mut10), complex protein NS1 with Mut11 (NS1–Mut11),
and complex protein NS1 with Mut13 (NS1–Mut13). The result
was displayed as Root Mean Square Deviation (RMSD), Root
RAT

Ramachandran

Core Allow Gener Dissall

100.0% 0.0% 0.0% 0.0%
727 100.0% 0.0% 0.0% 0.0%

82.4% 11.8% 0.0% 5.9%
100.0% 0.0% 0.0% 0.0%
100.0% 0.0% 0.0% 0.0%
94.1% 5.9% 0.0% 0.0%

ROR 94.1% 5.9% 0.0% 0.0%
667 100.0% 0.0% 0.0% 0.0%

88.2% 5.9% 0.0% 5.9%
100.0% 0.0% 0.0% 0.0%
94.1% 5.9% 0.0% 0.0%
94.1% 5.9% 0.0% 0.0%
100.0% 0.0% 0.0% 0.0%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Molecular docking result of sequence mutation with NS-1 DENV-2

Peptide HADDOCK score DG Kd (25°C) H bonds Salt bridges
Non bonded
contacts

Unmutated −39 � 3.3 −11.2 5.8 × 10−9 7 0 149
Mut1 −41.3 � 3.8 −10.4 2.2 × 10−8 11 1 133
Mut2 −49.9 � 5 −11.8 2.2 × 10−9 8 0 132
Mut4 −41.2 � 14.9 −11.7 2.7 × 10−9 13 1 184
Mut5 −49.4 � 7.4 −12.2 1.0 × 10−9 8 1 136
Mut6 −48.4 � 9.1 −11.8 2.1 × 10−9 12 0 117
Mut8 −44.7 � 11.6 −10.9 9.6 × 10−9 6 1 138
Mut10 −74.8 � 10.4 −12.7 5.0 × 10−10 14 1 157
Mut11 −77.9 � 8.3 −12.5 7.2 × 10−10 11 0 152
Mut12 −68.7 � 3.4 −12.2 1.1 × 10−9 6 0 107
Mut13 −68.7 � 3.4 −13 2.9 × 10−10 8 2 139

Fig. 6 Structural comparison and conformational analysis of peptide mutants docked to NS1 DENV-2.Docking and structural evaluation of three
peptide mutants: (a) EVGYSSKYYTSPVYLEWG (DG = −12.7 kJ mol−1), (b) EVVYSSYEYYTSPVYLESG (DG = −12.5 kJ mol−1), (c) EVGYSSYEYYTSPVY-
LEWG (DG = −13 kJ mol−1).Each panel shows the docked complex (left), predicted secondary structure and Ramachandran plot (middle), and the
free peptide conformation (right). Differences in binding affinity, torsional angles, and secondary structure content are highlighted.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 44173–44193 | 44181
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Table 4 Molecular dynamics result average

Name RMSD Rg SASA

NS1 0.365 � 0.830 2.368 � 0.026 194.310 � 3.112
NS1–Mut10 0.377 � 0.066 2.398 � 0.020 199.247 � 4.580
NS1–Mut11 0.273 � 0.051 2.400 � 0.017 199.802 � 4.599
NS1–Mut13 0.426 � 0.067 2.428 � 0.027 205.660 � 4.602
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Mean Square Fluctuation (RMSF), Radius of Gyration (Rg), and
Solvent Accessible Surface Area (SASA) during 25 ns simulation.

As shown in Fig. 7a, most complexes exhibited notable
RMSD uctuations of up to 0.6 nm during the rst 16 ns of the
simulation. In contrast, the NS1–Mut11 complex maintained
greater structural stability, with RMSD values remaining below
0.3 nm throughout the same period, showing only slight uc-
tuations aer 17 ns. Beyond 18 ns, all complexes stabilized, with
no signicant uctuations observed up to 25 ns. Notably, the
NS1–Mut11 complex exhibited the lowest average RMSD value
of 0.273 nm (Table 4), indicating it as the most stable complex
among others.

The RMSF proles of all NS1–Mutant peptide complexes are
presented in Fig. 7b. A consistent pattern of high atomic uc-
tuations was observed at the N-terminal region of the NS1
protein across all complexes. However, this analysis specically
focused on the key binding site residues: E281, G282, R299,
T301, T302, A303, S304, G305, K306, L307, T309, E326, D327,
G328, C329, E343, N344, L345, and S348 which are involved in
peptide interaction. These residues exhibited relatively low
RMSF values, all below 0.2 nm (2 Å), indicating limited exi-
bility. This suggests that the binding site residues remain
structurally stable upon interaction with the mutant peptides,
supporting the stability of the protein-mutant peptide
complexes.

Fig. 7c shows that all four simulation systems reached
a relatively stable structure aer 10 ns. The NS1–Mut10 and
Fig. 7 Molecular dynamics analysis of NS1–peptide mutant complexe
structural stability. (b) RMSF (Root Mean Square Fluctuation) plot sho
compactness. (d) Solvent Accessible Surface Area (SASA) representing su
and Mutant 13 (blue) are compared.

44182 | RSC Adv., 2025, 15, 44173–44193
NS1–Mut11 complexes displayed more stable radius of gyration
(Rg) curves compared to the free NS1 protein and NS1–Mut13
complex. The average Rg values for all systems ranged from 2.31
to 2.40 nm, indicating stable structural compactness. Similarly,
the solvent-accessible surface area (SASA) curves in Fig. 7d
showed the same trend, with all systems stabilizing aer 10 ns.
The average SASA values ranged from 186 to 216 nm2.
3.7. Specicity study of mutated peptide with DENV-1,
DENV-3, DENV-4 and zika virus (ZIKV)

The NS1 sequences of Indonesian DENV-1, DENV-3, and DENV-
4 used for specicity study were retrieved from the same source
as DENV-2 (ref. 18) and selected based on their closest phylo-
genetic relationship to the Indonesian DENV-2 strain. Aer
constructed a maximum-likelihood tree (Fig. S1), we chose
those NS1 sequences that clustered in the same clade and
resulting in choosing AHK09904.1 (DENV-1), AHK09933.1
(DENV-3), and AHK09949.1 (DENV-4).
s over 25 ns. (a) RMSD (Root Mean Square Deviation) plot showing
wing residue flexibility. (c) Radius of gyration (Rg) indicating protein
rface exposure. Protein NS1 (black), Mutant 10 (red), Mutant 11 (green),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Homology models and Ramachandran plots of NS1 proteins from DENV-1 (a), DENV-3 (b), and DENV-4 (c) generated using trRosetta.
Top: 3D structures showing well-formed a-helices (red) and b-sheets (yellow).Bottom: Ramachandran plots confirming good model quality,
with >90% residues in favored regions and only a few outliers, indicating suitability for further analysis.
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Homology models for these three dengue serotypes were
generated using the trRosetta web server and validated by
Ramachandran plot and ERRAT analyses. The ERRAT quality
factors were 89.23 for DENV-1, 87.92 for DENV-3, and 88.75 for
DENV-4. In each case, fewer than two residues (which were non-
active residues) occupied disallowed regions, while over 90% of
residues fell within favored regions of the Ramachandran plot.

These validation results conrm that these dengue NS1
models are suitable for binding-specicity study (Fig. 8).

To evaluate potential cross-reactivity with non-dengue avi-
viruses, we performed a BLASTp search of the DENV-2 NS1
sequence against the PDB. Zika virus NS1 (PDB ID: 5IY3, chain
A) emerged with 60% sequence identity over the full 109-residue
length and was therefore included in our specicity study.

Prior to molecular docking of peptide Mut-11 with the four
NS1 proteins, active sites were predicted using the FTsite web
server. Docking simulations were then carried out in
HADDOCK, and the resulting complexes were evaluated for
binding free energy (DG) and dissociation constant (Kd) at 25 °C
Table 5 Binding affinity and interaction analysis of peptide Mut-11 with

Sequens HADDOCK score DG Kd (at 25 °C) T

DENV-2 −77.9 � 8.3 −12.5 7.2 × 10−10 1
DENV-1 −123.3 � 2.9 −10.5 2.1 × 10−8

DENV-3 −133.1 � 4.7 −10.7 1.5 × 10−8 1
DENV-4 −115.5 � 1.5 −10.3 3.0 × 10−8

ZIKV −107.5 � 7.4 −9.4 1.3 × 10−7 1

© 2025 The Author(s). Published by the Royal Society of Chemistry
via the PRODIGY web server. The binding specicity results are
summarized in Table 5.

These data show that Mut-11 binds most strongly to DENV-2
NS1, with a binding free energy DG of −12.5 kJ mol−1 and the
lowest dissociation constant (Kd) among all dengue serotypes,
as well as the highest number of hydrogen bonds, salt bridges,
and hydrophobic contacts at the interface. Although the DG and
Kd values for DENV-1, DENV-3, and DENV-4 were only margin-
ally less favorable, Mut-11's affinity for ZIKV NS1 was substan-
tially weaker (DG = −9.4 kJ mol−1), accompanied by markedly
fewer inter-molecular contacts. These ndings conrm that
Mut-11 is highly specic for dengue NS1 and discriminates
effectively against the zika virus homologue. Therefore, Molec-
ular dynamics study were further analyzed.

Fig. 9 illustrates the RMSD proles of peptide Mut-11 in
complex with NS1 proteins from various aviviruses. The DENV-
1 complex exhibited substantial uctuations, reaching up to
∼1.0 nm (10 Å), with an average RMSD of 0.580 ± 0.130 nm,
indicating structural instability. Similarly, the ZIKV complex
NS1 proteins from DENV serotypes and ZIKV

otal of H-Bonds Total of salt bridges Non-Bonded Contact

1 0 152
9 1 125
0 2 110
6 0 104
0 1 119
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Fig. 9 RMSD of peptide Mut-11 in complex with NS1 proteins from
DENV-1 (black), DENV-2 (red), DENV-3 (green), DENV-4 (blue), and
ZIKV (yellow) over a 25 ns molecular dynamics simulation.
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showed elevated deviations beyond 10 ns of simulation, peaking
near 0.7 nm (7 Å) with amean RMSD of 0.333± 0.137 nm. These
observations suggest that peptide Mut-11 dissociates under
dynamic conditions when bound to NS1 from DENV-1 and
ZIKV.In contrast, complexes with DENV-2, DENV-3, and DENV-4
exhibited more stable RMSD proles throughout the simula-
tion, with average values of 0.273± 0.051 nm, 0.336± 0.043 nm,
and 0.275 ± 0.034 nm, respectively. Supporting analyses of
RMSF, radius of gyration (Rg), and solvent-accessible surface
area (SASA) across all ve systems (Fig. S2–S4) conrmed these
trends. Collectively, these results underscore the specicity of
peptide Mut-11 toward DENV-2 NS1, with sustained binding
also observed for DENV-3 and DENV-4, while exhibiting selec-
tive non-binding behavior toward DENV-1 and ZIKV.

Structural snapshots at 0 ns, 12.5 ns, and 25 ns were
extracted and visualized (Fig. 10) to assess conformational
changes in the peptide–protein complexes. Fig. 10 illustrates
the stability and conformational behavior of the peptide–NS1
protein complexes under dynamic conditions. Peptide Mut-11
remained stably bound to DENV-2, DENV-3, and DENV-4 NS1
proteins throughout the simulation, exhibiting minimal
displacement. In contrast, notable conformational dri and
partial detachment of the peptide were observed in the DENV-
1 and ZIKV complexes, suggesting reduced binding stability
and potential selectivity of Mut-11 for dengue NS1 over zika
NS1.
3.8. Molecular dynamic simulation of potential biosensor
system for detecting NS1 DENV-2

To support the design of a potential biosensor system in this
study, we evaluated a potential substrate material that enables
strong surface binding of the selected mutant peptide (Mut11).
PBSE (p-aminobenzoic acid succinimidyl ester) was employed
as a conjugating linker to facilitate peptide attachment to the
substrate. Previous work by Badhe et al. (2021)42 demonstrated
that PBSE effectively stabilizes peptides on single-walled carbon
nanotube (SWCNT) surfaces and is widely used in biosensing
applications. Therefore, this section focuses on assessing the
interaction between the PBSE-conjugated Mut11 peptide and
SWCNT using molecular dynamics (MD) simulations. Prior to
44184 | RSC Adv., 2025, 15, 44173–44193
the MD simulations, energy minimization, system equilibration
and system running were conducted in two sequential phases:
Phase I and Phase II. In Phase I, the Mut 11 peptide was
conjugated with the PBSE linker. In Phase II, the PBSE-
conjugated Mut 11 peptide was simulated in interaction with
the SWCNT to predict the potential of the system for biosensor
applications.

The successful energy minimization in both Phase I and
Phase II was indicated by negative potential energy values on
the order of 105, with values of −407 214.375 kJ mol−1 and −1
025 140.5 kJ mol−1, respectively. Equilibration under NVT
(constant number of particles, volume, and temperature)
conditions was conrmed by average temperatures close to the
target of 300 K (300.010 ± 2.007 K for Phase I and 299.937 ±

1.276 K for Phase II), with uctuations below ±5 K. Under NPT
(constant number of particles, pressure, and temperature)
conditions, system stability was supported by consistent
densities (979.395 ± 3.020 kg m−3 for Phase I and 979.135 ±

1.935 kg m−3 for Phase II), approaching the reference value for
the SPC water model that is 998 kg m−3.43 These results conrm
that both systems were successfully equilibrated and ready for
production MD simulations.

Fig. 11 shows the conformation of the conjugated peptide
before and aer the 10-nanosecond (ns) molecular dynamics
(MD) simulation. The le image represents the peptide struc-
ture at the beginning of the simulation (0 ns), while the right
image shows the structure aer 10 ns. Initially, the conjugated
peptide appears more extended and less folded. This is ex-
pected, as peptide Mut 11 contains active binding sites for the
NS1 protein of DENV-2, involving ve key amino acids: Glu1,
Tyr3, Ser12, Tyr17, and Ser19. It is essential that the PBSE linker
does not bind to these critical residues. The MD simulation
results showed that throughout the 10 ns duration, the PBSE
linker remained stably attached to Glu8 and Glu18, avoiding the
functional binding sites. By the end of the simulation, the
peptide adopted a more folded conformation, suggesting
enhanced structural stability through internal interactions,
such as hydrogen bonding. This folding behavior indicates that
the conjugated peptide achieves a more energetically favorable
and stable conformation during the simulation.

As shown in Fig. 12a, the RMSD values range from 0.4 nm to
approximately 0.8 nm. Notable uctuations were observed
during the initial phase of the simulation, up to around 4000 ps.
Aer this point, the RMSD graph stabilizes, with values ranging
between 0.6 and 0.7 nm until the end of the 10 ns simulation. In
overall, the average RMSD was 0.676 nm, with a standard
deviation of 0.116 nm.

As shown in Fig. 12b, Rg values of Phase I range from 1.2 nm
to approximately 1.6 nm. The initial period, up to around 2000
ps, exhibits high uctuations, which may reect the early
structural adjustment phase. Following this, the Rg values
stabilize within the range of 1.2 to 1.4 nm until the end of the 10
ns simulation. In overall, the average Rg was 1.394 nm with
a standard deviation of 0.113 nm.

In Phase II of the MD simulation, SWCNT was used as the
candidate substrate material for the biosensor system designed
to detect NS1 of DENV-2 using the Mut 11 peptide. Therefore,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Structural changes of peptide Mut-11 (blue) in complex with NS1 proteins (green) from five flaviviruses over the course of molecular
dynamics simulations. Each row represents one NS1 viral target: (a–c) DENV-1, (d–f) DENV-2, (g–i) DENV-3, (j–l) DENV-4, and (m–o) ZIKV.
Snapshots are shown at three time points: left (0 ns), middle (12.5 ns), and right (25 ns), respectively.
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following the successful results of Phase I, the simulation was
continued in Phase II with CNT incorporated as the biosensor
substrate.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 13 showed that the conformational changes of the
conjugated peptide with SWCNT before and aer a 10 nano-
second (ns) molecular simulation, from front and side views,
respectively. Initially (0 ns), the peptide appears more open and
RSC Adv., 2025, 15, 44173–44193 | 44185
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Fig. 11 Conformational shift of the conjugated peptide during 10 ns
MD simulation. Structural rearrangement highlights the dynamic
behavior of the pyrene-labeled peptide, with boxed regions showing
significant folding or interaction changes over time.

Fig. 12 Molecular dynamics simulation of conjugated peptide (Mut11–
PBSE) in Phase I. (a) RMSD profile over 10 ns. (b) Radius of gyration (Rg)
analysis.

Fig. 13 Conformational shift of the pyrene group during molecular
dynamics simulation in Phase II. Structural visualization of the conju-
gated peptide with a single-walled carbon nanotube (SWCNT)
substrate showing the orientation change of the pyrene moiety. Top
row: Front view before (left) and after (right) simulation. Bottom row:
Side view before (left) and after (right) simulation. The boxed areas
highlight the repositioning of the pyrene group as it interacts more
closely with the SWCNT surface over the course of the simulation.

44186 | RSC Adv., 2025, 15, 44173–44193
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less folded, reecting its state before molecular dynamics and
interaction with SWCNT. Aer 10 ns, the peptide shows
increased folding and a more organized structural arrangement
around the SWCNT, indicating a more stable conformation.
Additionally, the movement of the pyrene group from PBSE is
observed, shiing from above the SWCNT (black box) to below it
by the end of the simulation, suggesting signicant interaction
between PBSE and SWCNT.

Fig. 14a shows that RMSD in Phase II uctuated signicantly
during the rst 2 ns, then stabilized for the remainder of the 10
ns simulation. The average RMSD was 2.703 nm with a standard
deviation of 0.844 nm. This value is approximately four times
higher than the average RMSD in Phase I. The increase indi-
cates greater conformational changes in the peptide structure
during interaction with SWCNT. This increase reects the
dynamic interaction between the peptide and CNT surface. The
higher uctuation is consistent with Badhe et al. (2021),42 who
observed a 3 to 4 times increase in RMSD for peptide and
SWCNT complexes in phase II.

Fig. 14b shows the radius of gyration (Rg) of phase II simu-
lation ranged from 1.0 to 1.4 nm, with initial uctuations up to
3000 ps, followed by stable values. The average Rg was 1.211 nm
with a standard deviation of 0.115 nm, indicating a compact
structure with minimal variation. Compared to Phase I, the Rg

decreased by 13.1%, suggesting that SWCNT contributes to
a more compact peptide conformation. Similar Rg reductions
were also reported by Mart́ı et al. (2022)44 in antibody–substrate
systems. In their study, the interaction between antibodies and
solid substrates such as gold and silica led to a noticeable
decrease in Rg (about 8%), reecting enhanced structural
Fig. 14 Molecular dynamic result (a) RMSD, and (b) radius gyration of
peptide Mut11-PBSE at surface of SWCNT in Phase II.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04799d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 1
2:

07
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
compactness. Overall, the SWCNT substrate combined with the
PBSE linker demonstrated strong potential for future NS1
DENV-2 detection systems, with Mutant peptide 11 serving as
the key sensing element.

4. Discussion

Dengue virus (DENV) nonstructural protein 1 (NS1) has
emerged as a critical factor in viral pathogenesis, contributing
to multiple aspects of infection and disease progression.
Research has revealed that NS1 can reach concentrations up to
50 mg mL−1 in patient during acute infection, making it both
a valuable diagnostic marker and a signicant pathogenic
determinant.45 Interestingly, NS1 exhibits structural and func-
tional similarities to host high-density lipoprotein (HDL), which
may contribute to its pathogenic capabilities. This molecular
mimicry potentially allows NS1 to interact with host systems in
ways that promote viral survival and disease progression, blur-
ring the lines between self and non-self recognition by the
immune system.46

Peptide-based biosensors offer several advantages for viral
detection, including high specicity, stability, ease of synthesis,
and adaptability to various sensor platforms. Although peptide-
based biosensors have shown promise for the detection of
DENV-2 through specic interactions with the NS1 protein, only
a limited number of studies have explored this approach in
detail. For instance, a synthetic peptide (DGV BP1) identied via
phage display was reported to bind specically to DENV-2 NS1
with a detection limit of approximately 1.49 mg mL−1.23 Another
study demonstrated that peptides with strong binding affinity
could be immobilized onto electrochemical sensor platforms,
enabling sensitive and serotype-specic detection of DENV-2
NS1.22 However, the sequence of the NS1 protein exhibits
signicant variability depending on the geographic origin of the
virus. This study aims to address this limitation by designing
and characterizing a peptide with enhanced binding affinity
specically toward the NS1 protein of DENV-2 isolates from
Indonesia.

Therefore, the initial step of this study involved screening
representative NS1 gene sequences of DENV-2 from Indonesia
through phylogenetic and mutation analyses using data from
the GenBank database (NCBI). Constructing a phylogenetic tree
allows us to identify evolutionary relationships among different
NS1 sequences. Sequences located at the outer clades with fewer
mutations are oen considered more conserved and less
mutations represent a lower rate of genetic change.47 Based on
this analysis, the NS1 sequence AHK09925.1 was selected as
a representative Indonesian strain and subsequently used for
3D structural modelling using a homology modelling approach.

Homology modelling with the trRosetta web server combines
deep learning-based inter-residue geometry prediction with
Rosetta's energy minimization framework to generate accurate
protein structure models.25 TM-score quanties the structural
similarity between predicted and reference protein models, E-
value assesses the statistical signicance of sequence-template
matches, and Z-score evaluates how exceptional a model or
alignment score is compared to random background. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
metrics collectively guide the reliability and accuracy of
homology modeling in trRosetta.48

In this study, the NS1 DENV-2 model showed a high TM-
score (0.948), low E-value, and high Z-score, indicating a reli-
able structure composed of a-helices, b-sheets, and loops,
characteristic of the native NS1 protein. Furthermore, Ram-
achandran analysis revealed this protein has high-quality
protein models 91.6% of residues within favored regions and
no residues in disallowed regions, reecting physically plau-
sible backbone geometry and reliable structural integrity.49

One effective approach to peptide design, as described in our
previous study by Jauhar et al. (2024)27 and also supported by
Mastouri et al. (2022),20 involves identifying peptide sequences
based on the binding interface of receptor or antibody
complexes. This method targets interface residues located
within approximately 4 Å of the peptide and uses computational
tools to optimize interactions at these sites. Notably, it accounts
for the exibility of both the receptor and the peptide by
modeling conformational ensembles rather than assuming
a rigid structure.20,50

Since the modeled 3D structure of the Indonesian NS1
DENV-2 protein lacked a dened antibody-binding interface, we
searched for a highly similar structure with known antibody
interactions in the Protein Data Bank (PDB). Using the BLASTp
webserver, we identied PDB ID: 7BSC (Chain A), which shares
99% sequence identity with the Indonesian NS1 DENV-2
sequence. The peptide was designed based on the binding
residues at the active site of 7BSC in complex with the heavy and
light chains of the antibody. The 3D structure of the designed
peptide was then predicted using the trRosetta web server, and
its stereochemical quality was validated through Ramachan-
dran plot analysis. As a result, the unmutated peptide has 100%
of residues in the most favorable regions and achieved an
ERRAT score of 100. Although TM-Score has lower score of
0.177, this was above the statistical noise threshold (>0.170)
which means it corresponds to a P-value slightly below 1, indi-
cating 2% chance of occurring randomly, since 98% of random
pairs score #0.17.48,51

Furthermore, peptide mutations were introduced through
sequential single-point substitutions: glycine was replaced with
leucine or tyrosine, tyrosine with lysine or glutamic acid, and
serine with tryptophan. Among the 13 peptide variants gener-
ated, Mutants 10, 11, and 13 exhibited the most favorable
binding characteristics, as evidenced by their highest
HADDOCK scores and lowest binding free energy values when
docked with the NS1 DENV-2 receptor from the Indonesian
strain. These three mutants consistently outperformed the
others in binding affinity and stability predictions.

Mutant 10 contains two-point mutations: tyrosine at position
8 (Y8) is replaced with lysine (K), and serine at position 19 (S19)
is replaced with tryptophan (W). The Y8/ K substitution shis
the interaction potential from hydrophobic and aromatic to
electrostatic dominance. Although Y8 does not interact with any
residues in the unmutated peptide, its substitution with lysine
introduces a positively charged side chain capable of forming
ionic interactions with negatively charged residues.52 This was
conrmed with by interaction analysis, which showed that Lys8
RSC Adv., 2025, 15, 44173–44193 | 44187
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formed new salt bridges with Gly292 on the target protein
(Fig. 15a).

Mutant 11 involves two-point mutations: glycine at position
3 is replace with tyrosine (Y), and tyrosine at position 8 (Y8) is
substituted with glutamic acid (E). Glycine, being the smallest
amino acid and lacking a side chain, contributes minimally to
binding interactions. Replacing it with tyrosine introduces an
aromatic ring and a hydroxyl group, can enhance hydrophobic
interactions, enabling hydrogen bonding, and facilitating p–p

stacking.53

As shown in Fig. 15b, Tyr 3 forms a new hydrogen bond with
Asn246 and enhances salt bridge formations with Ala352,
Thr264 and Thr351. Meanwhile, the Y8 / E mutation intro-
duces a negatively charge side chain, enabling ionic interac-
tions with positively charges residues on the protein target.
Additionally, glutamic acid's smaller side chain compared to
tyrosine's bulky aromatic ring may reduce steric hindrance,
allowing the peptide backbone to adopt more favorable
conformations.54 This is consistent with the docking result,
which showed that Mut-11 formed more interactions, speci-
cally, increasing from 7 to 11 hydrogen bonds and from 149 to
152 van der Waals contacts.

Mut-13 includes two substitutions: tyrosine is replaced with
glutamic acid, and serine is replaced with tryptophan. Glutamic
acid carries a negatively charged side chain at physiological pH,
allowing it to form ionic or salt–bridge interactions with posi-
tively charged residues on the target surface. While tyrosine's
aromatic ring and hydroxyl group contribute to hydrophobic
and hydrogen bonding, glutamic acid can form multiple
hydrogen bonds and ionic interactions, which may stabilize
Fig. 15 Molecular interaction profiles of peptide Mutants (Chain B)
with NS1 DENV-2 protein (Chain A). Schematic representation of the
residue-level interactions between NS1 DENV-2 and three peptide
mutants: (a) peptide Mut-10, (b) peptide Mut-11, and (c) peptide Mut-
13. Each panel illustrates non-bonded contacts (orange dashed lines),
hydrogen bonds (blue lines), and salt bridges (red lines) between
specific residues from Chain A (NS1) and Chain B (peptide mutants).
The Fig. highlights how mutations affect binding interface and inter-
action strength, offering insights into the binding affinity and specificity
of each mutant.

44188 | RSC Adv., 2025, 15, 44173–44193
different peptide conformations and improve binding thermo-
dynamics.55 This is supported by docking analysis that Glu8
formed new hydrogen bond and salt bridge with Lys341
(Fig. 15c).

Meanwhile, the S19 / W substitution introduces a bulky
indole ring, which enhances hydrophobic contacts and facili-
tates p–p stacking with aromatic or hydrophobic residues on
the target protein. Compared to serine, which contains only
a small hydroxyl group, tryptophan contributes signicantly to
peptide-target stabilization by occupying hydrophobic pockets,
reducing conformational exibility, and increasing van der
Waals contacts.56 This is further supported by docking interac-
tion analysis, which conrmed that Trp19 increased the
number of salt bridges to seven, involving residues such as
Asn347, Val346, Glu343, Leu345, Asn344, and Leu349.

Furthermore, molecular dynamics (MD) simulation analysis
demonstrated that the NS1 DENV-2 complex with Mut-11
exhibited the most stable conformation, as indicated by the
lowest average RMSD value of 0.273 nm, outperforming all
other mutant complexes as well as the unmutated peptide.
Interaction dynamics over the 25 ns simulations of all
complexes were also assessed (Table 6). The Mut-13 complex
showed the greatest loss of hydrogen bonds with the target
protein, followed by the Mut-10 complex. A similar trend was
observed in the number of van der Waals interactions, sug-
gesting a reduction in binding stability for these mutants
throughout the simulation period. In contrast, Mut-11 main-
tained four strong hydrogen bonds out of the initial eight until
the end of the simulation, with the addition of one new salt
bridge, further contributing to its enhanced binding stability.

Selectivity study of peptide mut-11 through interactions with
four different NS1 proteins evaluated through molecular dock-
ing and dynamics simulations. The structural dynamics anal-
ysis of peptide Mut-11 in complex with aviviral NS1 proteins
provides critical insights into its selective binding behavior and
potential as a dengue-specic targeting agent. The RMSD
analysis and structural visualization revealed that Mut-11
maintains a stable and compact conformation when bound to
DENV-2, DENV-3, and DENV-4 NS1 proteins, while displaying
greater uctuations and loss of binding stability with DENV-1
and ZIKV.

This stability in DENV-2, -3, and -4 complexes, indicated by
lower RMSD values and consistent structural integrity over 25
ns of simulation, points to favorable interaction energetics and
structural complementarity. Notably, the DENV-2 complex
showed themost pronounced binding stability, aligning with its
superior binding free energy (DG = −12.5 kJ mol−1) and
strongest predicted affinity (Kd = 7.2 × 10−10 M). In contrast,
the signicantly higher RMSD observed in the DENV-1 complex,
reaching up to 1 nm, reects a weaker and more dynamic
interaction, possibly driven by steric mismatch or unfavorable
electrostatic contacts. This instability was also evident in the
ZIKV complex, which demonstrated partial detachment of the
peptide aer 10 ns, suggesting transient interactions and
limited compatibility.

As shown in Fig. S5 and Table S3, the interaction proles of
the peptide varied across DENV and ZIKV NS1 complexes during
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Hydrogen bond and van der Waals interactions of peptide mutants with NS1 DENV-2 during molecular dynamic simulations

System

Initial simulation (t = 0 ns) Final simulation (t = 25 ns)

Residue
(NS1 – Peptida)

Distance
(Å)

Non-bonded
contact

Residue
(NS1 – Peptida)

Distance
(Å)

Non-bonded
contact

Peptide Mut
10-CNT

GLY292 – LYS8 3.12 109 ASP290 – SER12 2.93 42
ARG294 – SER6 2.91 GLY292 –TYR15 2.85
THR309 –GLU18 2.71 ASN293 –TYR10 3.20
THR309 –GLU18 2.65 GLU340 – TRP15 3.23
LYS339 – TYR17 2.73
GLU340 –TYR15 2.78
GLU342 – SER5 2.54
THR351 – GLU1 2.79
THR351 – VAL2 2.79

Peptide Mut
11-CNT

SER239 – GLU1 2.94 88 LYS245 – GLU1 2.85 46
THR264 – VAL2 2.79 3.12
ASP290 – TYR15 2.67 LYS245 – GLU1 2.95
GLU310 – SER19 2.84 2.98
LEU338 –TYR17 3.01 THR264 – TYR3 2.32
LYS339 – TYR17 2.94 ASN293 – SER12
LYS339 – SER19 2.89
GLU342 – TYR9 2.55 LYS339 – SER19

Peptide Mut
13-CNT

GLU289 –TYR10 2.79 93 LEU349 – TRP19 3.17 32
ASP290 – SER6 2.71 THR351 –GLU18 2.61
LYS339 – GLU1 2.81
GLU340 – TYR9 2.68
LYS341 – GLU8 2.75
GLU343 – TRP19 2.67
ASN347 –GLY20 3.21
VAL350 –TYR17 3.31
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the 25 ns MD simulations. For DENV-2, hydrogen bonds were
maintained consistently (8 at the initial frame, 4 at the
midpoint, and 5 at the nal frame), accompanied by stable non-
bonded contacts (45–46). This indicates a sustained and stable
binding mode with DENV-2 NS1. In contrast, ZIKV NS1 exhibi-
ted a marked reduction in interactions, with hydrogen bonds
decreasing from 8 to 4 and non-bonded contacts dropping from
74 to 41, reecting weaker and less stable binding. Among the
other serotypes, DENV-1 showed a drastic loss of hydrogen
bonds from 9 to zero and non-bonded contacts (from 102
initially to only 2 at the midpoint), suggesting partial detach-
ment of the peptide before partial recovery at the nal frame.
DENV-3 and DENV-4 maintained relatively stable interactions of
hydrogen bonds and non-bonded contacts remaining steady
throughout the simulation. These ndings collectively indicate
that the designed peptide achieves stable and selective binding
with DENV-2, DENV-3 and DENV4 NS1, while interactions with
and ZIKV signicantly weaker, thereby supporting the peptide's
potential as a specic bioreceptor for dengue virus detection.

The specicity of peptide Mut-11 can be attributed, in part,
to the high sequence and structural conservation among the
NS1 proteins of DENV serotypes, particularly DENV-2, -3, and -4.
This evolutionary relatedness appears to facilitate optimal
interaction surfaces, as opposed to the more divergent NS1 of
ZIKV, which shares only partial homology. From a functional
perspective, this selective binding prole is highly desirable for
© 2025 The Author(s). Published by the Royal Society of Chemistry
developing peptide-based diagnostics that minimize cross-
reactivity with other aviviruses.

To explore the potential application of peptide mutations for
the detection of NS1 DENV-2, this study employed in silico
design to predict the ability of the Mut-11 peptide to function-
alize sensor substrates effectively.57 Among various carbon-
based nanomaterials, carbon nanotubes (CNTs)—particularly
single-walled carbon nanotubes (SWCNTs)—have emerged as
highly promising platforms for electrochemical biosensing due
to their exceptional electrical conductivity, high current
mobility, thermal stability, and nanoscale diameter.58

Peptide-CNT thin-lm transistors (TFTs) have demonstrated
sequence-independent nucleic acid detection through electro-
static interactions. For example, a decapeptide functionalized
with pyrene groups was shown to adsorb onto CNTs via p–p

stacking, enabling sensitive RNA/DNA detection by modulating
device conductivity.59 Similarly, Fernández-Sánchez et al. cova-
lently immobilized a chimeric brin–laggrin peptide (CFFCP1)
on carboxylated multi-walled CNTs (MWCNTs) via EDC–NHS
coupling chemistry, enabling the selective detection of anti-
CFFCP1 antibodies in both rabbit and human sera, with
minimal response from healthy controls—demonstrating the
high specicity of the peptide-functionalized sensor.21

A critical aspect in designing peptide-functionalized SWCNT
systems lies in preserving the biological activity of the peptide
while achieving stable conjugation. This requires a detailed
understanding of the interaction forces, such as hydrophobic,
RSC Adv., 2025, 15, 44173–44193 | 44189
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Fig. 16 Molecular dynamics evaluation of pyrene group interaction
with SWCNT surface in PBSE-Mut11 peptide conjugate. (a) Distance
profile showing the variation in the center-of-mass distance between
the pyrene group and SWCNT surface over a 10 ns simulation. (b)
Radial distribution function (sRDF) indicating the probability density of
the pyrene group relative to the SWCNT surface. (c) Angular distribu-
tion analysis revealing the orientation fluctuation (in degrees) of the
pyrene group with respect to the SWCNT surface over time. These
analyses collectively illustrate the dynamic adsorption behavior and
structural stability of the conjugate system.
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electrostatic, and p–p interactions, that govern peptide–
SWCNT interfaces.60

However, the challenge is conjugating peptide on the surface
of SWCNT with covalent bondings, can ruin the electronic
behavior of SWCNT and even functionalization perturbs and
even diminishes SWCNT optical properties. Therefore, conju-
gating with non-covalent methods allows peptide immobiliza-
tion on the surface of SWCNT with biocharacterization
capabilities by altering the extended p-conjugated system of the
nanotube, one of which using linker molecules.

Most of the ways to attach proteins or peptides to SWCNTs
without damaging them fall into two main categories. First,
adsorptive methods, where proteins simply stick to the nano-
tube surface. Second, Hybrid method switch use both sticking
and a gentle chemical link (e.g., using a molecule like PBSE).61

Previously, Badhe et al. (2021)42 reported that peptide immobi-
lization on CNT surfaces can be effectively achieved using 1-
pyrenebutanoic acid succinimidyl ester (PBSE) as a bifunctional
linker. PBSE offers strong non-covalent p–p stacking between
its pyrene moiety and the graphitic CNT surface, while its suc-
cinimidyl ester group forms stable covalent bonds with amine
groups on peptides, ensuring robust and functional
attachment.

In this context, our study investigated the potential of the
optimized Mut-11 peptide to interact with SWCNT surfaces
using in silico modelling (molecular dynamic approach),
offering insights into its applicability as a bio-recognition
element in next-generation NS1 DENV-2 biosensors.

Molecular dynamics (MD) simulations were conducted in
two stages. First, the Mut-11 peptide was conjugated with PBSE
and structurally optimized. In the second stage, the behavior of
the Mut-11–PBSE complex on a SWCNT surface was evaluated
over a 10 ns simulation. As shown in Fig. 13, the nal structure
demonstrated stable anchoring of the PBSE linker to the
SWCNT surface, facilitated by strong p–p stacking interactions
between the pyrene moiety and the graphitic structure of the
SWCNT. The interaction between the conjugated peptide and
SWCNT in Phase II was assessed by measuring the distance
between the pyrene moiety's center of mass and the SWCNT
surface. The pyrene group in PBSE interacts with SWCNT
primarily through p–p stacking. As shown in Fig. 16a, this
distance uctuates throughout the simulation, reecting the
dynamic adjustment of pyrene to maximize its interaction. By
the end of the 10 ns run, the pyrene–SWCNT separation stabi-
lized at 0.8 nm, which is greater than the 0.36 nm optimal
distance reported by Cai et al. (2016).62 This discrepancy is likely
due to the smaller-diameter CNTs used here, whose sharper
curvature alters pyrene orientation and reduces stacking
efficiency.

To further understand the interaction, a Surface Radial
Distribution Function (sRDF) analysis was performed to
examine how particles are distributed on the SWCNT surface.
The sRDF for the pyrene group relative to SWCNT, as shown in
Fig. 16b, peaks at 0.84 nm with an sRDF value of 40, indicating
a strong and stable interaction at this distance. This peak aligns
with the nal distance observed in the previous distance anal-
ysis, conrming consistent interaction patterns. The alignment
44190 | RSC Adv., 2025, 15, 44173–44193
of this peak with the nal distance observed further supports
the importance of considering SWCNT curvature in optimizing
these interactions, as the curvature can signicantly impact the
stability and effectiveness of p–p stacking interactions.

Additionally, angular analysis of the pyrene group's orien-
tation relative to SWCNT provides insights into molecular
alignment and stability. Fig. 16c shows signicant uctuations
in the angle between the pyrene group and SWCNT throughout
© 2025 The Author(s). Published by the Royal Society of Chemistry
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the simulation. Initially, the angle is stable at around 100°,
indicating steady alignment. However, between 70 and 90 ns,
the angle shis signicantly, reecting dynamic adjustments.
Eventually, the angle stabilizes at 92.3°, suggesting a nearly
parallel orientation to the SWCNT surface. This parallel orien-
tation optimizes p–p interactions, crucial for molecular
binding and stability. This observed angle aligns with similar
studies, where it was reported a similar nal angle of 88.6°,
conrming the energetic stability of this alignment and its role
in enhancing molecular system stability.

Several recent in silico studies have proposed peptides for
viral antigen recognition and examined peptide behavior on
carbon-based surfaces. For example, Badhe et al. (2021)
combined molecular dynamics and PMF calculations to design
peptides for the SARS-CoV-2 RBD and assessed peptide inter-
actions with functionalized graphene/CNT surfaces,42 while
Mastouri et al. (2022) applied structure-guided extraction of
binding regions from protein–protein interfaces followed by
point mutations and in silico validation (docking and MD).20

Our approach differs in three key aspects. First, the target
antigen is DENV-2 NS1 from Indonesia. Second, whereas prior
work typically focused on either peptide–antigen binding or
peptide–carbon adsorption in isolation, we simultaneously
optimize peptide sequences for both antigen affinity and inte-
gration with functionalized SWCNT scaffolds, producing a dual-
level design optimized for biosensor implementation. Third,
our peptide candidates are derived via epitope mapping and
rational mutagenesis guided by the PDB structures most closely
related to Indonesian DENV-2 isolates, grounding the designs
in strain-relevant structural features.

We acknowledge that this study is purely computational.
Nevertheless, our in silico framework provides an alternative
strategy for designing peptides specic to DENV-2 NS1. Studies
by Songprakhon et al. 2020; Lim et al. 2018 and Kim et al. 2019
employed biopanning (an affinity-based phage-display selection
technique that uses iterative rounds of binding, washing,
elution, and amplication) to experimentally enrich peptides
that bind tightly and specically to dengue virus NS1.22,23,40 In
contrast, our computational study reproduces the key elements
of biopanning through an in silico workow of structure-guided
extraction of binding regions from protein–protein interfaces.
As Min et al. (2024) classify,63 computational peptide-design
methods fall into three broad categories: molecular dynamics,
de novo design, and machine-learning approaches. Our meth-
odologies primarily leverage molecular-dynamics-based and
structure-guided design, with the potential to integrate
machine-learning strategies in future work.

Although the presented computational framework provides
strong evidence for the stability, selectivity, and compatibility of
the designed peptide bioreceptor with SWCNT transducer
surfaces, this study is limited by the lack of wet-lab validation.
Experimental assays such as surface plasmon resonance (SPR),
isothermal titration calorimetry (ITC), or cell-based assays could
conrm binding affinities and specicities under physiological
conditions. Furthermore, prototype biosensor fabrication fol-
lowed by performance testing would be necessary to validate the
computational predictions. These future studies will provide
© 2025 The Author(s). Published by the Royal Society of Chemistry
the crucial link between in silico predictions and translational
biosensor applications.

5. Conclusions

The integrative in silico framework presented here offers
a comprehensive approach to peptide screening by combining
phylogenetic analysis, protein and peptide modeling, molecular
docking, and dynamic simulations to explore potential peptide
mutations and their interactions with NS1 proteins, as well as
nanomaterial conjugation. The analysis suggests that Mut-11
may represent a relatively stable and high-affinity candidate
for NS1 DENV-2, showing potential specicity for detecting NS1
proteins of dengue virus (DENV-2, DENV-3, and DENV-4, but not
DENV-1) over ZIKA virus. Preliminary evaluation also indicates
possible compatibility with carbon nanotube-based transducer
surfaces without substantially affecting their optoelectronic
properties. However, this study is limited by the absence of
experimental validation. Future in vitro experiments, including
peptide–protein interaction assays and biosensor prototype
testing, will be critical to conrm the computational ndings
and advance the designed peptide bioreceptor toward practical
diagnostic applications.
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proteins from different aviviruses during 25 ns molecular
dynamics (MD) simulations. Fig. S5: Molecular interaction
proles of peptide mutants (chain B) with (a) DENV-1, (b) DENV-
3, (c) DENV-4, (d) ZIKV. See DOI: https://doi.org/10.1039/
d5ra04799d.
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