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ABSTRACT

The dramatic surge in dengue cases in early 2024, endangering half the global population, urgently necessitates faster diagnostic
methods. Nanotechnology-enabled optical biosensors offer a promising avenue, leveraging nanomaterial properties for highly
sensitive detection of dengue virus (DENV), potentially surpassing conventional techniques in terms of simplicity, speed, and
cost-effectiveness. This systematic review analyzes recent advancements in these biosensors for DENV diagnosis. Following
PRISMA 2020 guidelines, we systematically searched PubMed, Embase, Scopus, Web of Science, and Cochrane Library data-
bases (2010-June 1, 2025; OSF: https://osf.io/3gmey/). The methodological quality of the 98 included studies was assessed using
a modified CASP checklist. Diverse nanotechnology-based optical biosensors were identified. SPR (36.7%) was the most
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common transducer, followed by fluorescence (24.5%), colorimetry (15.3%), and SERS (8.2%). Gold-based nanomaterials (35.7%)
were most frequently employed, with silver nanomaterials (15.3%), quantum dots (15.3%), and graphene-based materials

(15.3%) also showing promise. DENV NSI protein was the primary target analyte (21.4%). Importantly, almost half of the studies

(44.9%) used clinically relevant human samples. While many optical biosensors show promise, challenges hinder their dem-
onstration of the true potential for point-of-care use in their current format; however, they offer high specificity and faster
results, laying a strong foundation for cost-effective clinical diagnostics. Nanotechnology-driven optical biosensors offer a
transformative approach for DENV detection. Advances in computational design and green synthesis of novel nanomaterials
are key to addressing stability and field-deployment challenges. These innovations are crucial for developing robust, sensitive,

and user-friendly tools to manage dengue and improve patient outcomes globally.

1 | Introduction

1.1 | Dengue Virus: Biology, Epidemiology, and
Global Impact

Dengue virus (DENV), a member of the Flaviviridae family [1],
is a positive-stranded ribonucleic acid (RNA) virus responsible
for a significant global health burden [1, 2]. The viral genome,
approximately 11 Kb in length [1, 3], encodes three structural
proteins (membrane [M], envelope [E], and capsid [C]) and
seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, NS5) [3]. All these proteins are crucial for the viral
lifecycle, including replication, assembly, and immune evasion
[4, 5]. The E protein, in particular, is vital for viral entry and
serves as a key target for neutralizing antibodies [6]. Differences
in its sequence define the four main DENV serotypes
(DENV1-4) [7], with a fifth (DENV5) also proposed [8]. Un-
derstanding these viral components is fundamental for devel-
oping targeted diagnostic and therapeutic strategies.

Primarily transmitted by Aedes aegypti and Aedes albopictus
mosquitoes [2, 3], DENV causes an estimated 100 to 400 million
infections annually across tropical and subtropical regions [1, 2].
The geographical reach of DENV has expanded alarmingly in
recent decades, with over 10 million cases reported worldwide in
early 2024 and increasing occurrences in previously nonendemic
areas, including parts of Europe [1, 2]. Currently, about half of
the world's population is at risk, and by June 2024, DENV had
resulted in over 5000 deaths across 80 countries [1, 2]. The high
prevalence of asymptomatic or mild infections further compli-
cates epidemiological surveillance and outbreak control, under-
scoring the urgent need for sensitive and readily deployable
diagnostic tools [1]. The expanding global impact and the com-
plexities of DENV transmission underscore the critical role of
accurate and timely diagnosis in mitigating disease spread and
severity.

1.2 | Clinical Aspects of Dengue and the Need for
Early Diagnosis

The clinical presentation of DENV infection is remarkably
diverse, ranging from asymptomatic cases or mild, nonspecific
febrile illness to severe, life-threatening conditions such as
dengue hemorrhagic fever (DHF) and dengue shock syndrome
(DSS) [2, 9]. DHF is characterized by plasma leakage, which can
disrupt homeostasis and progress to DSS, a condition involving

shock, bleeding, and potential organ failure [1, 10]. While some
symptoms are common across serotypes, serotype-specific
manifestations have also been reported [3]. The distinction
between a primary DENV infection (first exposure) and a sec-
ondary infection (infection with a different serotype following a
previous one) is clinically significant, as DHF and DSS are
mainly associated with secondary infections [11-13]. The
complexity of its clinical manifestations, often mimicking other
febrile illnesses, poses a diagnostic challenge, particularly in the
early stages of the disease [14].

Compounding this diagnostic challenge is the lack of specific
antiviral therapies for DENV infection. Current patient man-
agement is primarily supportive, aimed at relieving symptoms
such as pain and carefully managing complications, including
plasma leakage, especially in severe cases [1, 15-17]. While
analgesics are commonly used, nonsteroidal anti-inflammatory
drugs are generally avoided due to the increased risk of bleeding
[18]. Although some antiviral candidates are under investiga-
tion and limited vaccines, such as Dengvaxia and Qdesnga, have
been approved with specific indications and restrictions [3, 10,
15-17, 19, 20], widely effective and universally applicable
therapeutic or broadly deployed preventive measures remain
elusive. This critical therapeutic and preventive gap under-
scores the paramount importance of early and accurate diag-
nosis. Early detection is essential not only for appropriate
clinical management and patient triage (interventions that can
reduce mortality in severe dengue) but also for implementing
effective public health surveillance and outbreak control mea-
sures. Therefore, the development and deployment of advanced
diagnostic tools that offer rapid, sensitive, and specific detection
are pivotal in addressing the global dengue burden.

1.3 | Advances in Dengue Diagnosis: From
Traditional Methods to Nanotechnology-Enabled
Optical Biosensors

Diagnosing DENV infection traditionally relies on a combina-
tion of direct methods, which detect the virus or its components
(e.g., virus isolation, NS1 antigen detection, viral RNA ampli-
fication), and indirect methods, which identify the host's
immune response (e.g., immunoglobulin M [IgM] and immu-
noglobulin G [IgG] antibodies) [10, 12, 21] (see Supplemental
File 1: Table S1). While direct methods offer accuracy in early
infection, and indirect methods are useful later in the disease
course, conventional assays present several limitations. These
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include potential false positives due to antibody cross-reactivity
with other flaviviruses, especially in regions with low DENV
prevalence [12]; the need for differential diagnosis from other
febrile illnesses, such as Chikungunya or Zika [22]; and often, a
requirement for specialized laboratory infrastructure and skil-
led personnel [23]. The high prevalence of DENV in tropical
and developing countries, coupled with these limitations, has
spurred the demand for simple, inexpensive, and rapid point-of-
care (PoC) diagnostic tests, driving the development of new
technologies to replace or augment traditional assays [23].

In this context, biosensors have emerged as a promising alter-
native. A biosensor integrates biological recognition elements
with a transducer to detect an analyte and generate a measur-
able signal (Figure 1A) [21]. This review focuses on optical
biosensors, which quantify analyte concentration by detecting
changes in light properties such as absorption, reflection, or
emission [24, 25]. These can be label-free, directly converting
the analyte-bioreceptor interaction into a signal, or label-based,
requiring tags to generate a detectable signal (Figure 1B) [26,
27]. Common optical transduction techniques for DENV
detection include fluorescence, luminescence, colorimetry,
surface plasmon resonance (SPR), and surface-enhanced Ra-
man scattering (SERS) [24, 28, 29].

The performance of optical biosensors has been significantly en-
hanced by nanotechnology. This field enables the precise en-
gineering of materials at the nanoscale, offering unique properties
that have found diverse applications in biomedicine [30-34],
including advanced imaging [35], sophisticated drug delivery and
targeted therapies [36-42], and tissue engineering [43]. Crucially
for diagnostics, nanotechnology provides powerful tools for bio-
sensing and biomarker detection [44-51]. Nanomaterials such as
nanoparticles (NPs), quantum dots (QDs), nanorods, or nanowires
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can amplify signals, improve limits of detection (LoDs), and
increase specificity by enhancing optical properties and providing
large surface areas for bioreceptor immobilization [21, 52-54].
Compared to traditional methods, nanotechnology-enabled optical
biosensors often provide faster analysis, lower power consump-
tion, and higher sensitivity, making them highly suitable for PoC
applications in DENV diagnostics. While detailed nanomaterial
design is beyond the scope of this review (see [55-62] for com-
prehensive details), their integration is pivotal for advancing
DENV detection.

The field of DENV detection has been the subject of numerous
reviews, covering a wide spectrum, from conventional diag-
nostic tools to emerging biosensor technologies [63-65]. More
recent critical reviews have broadly summarized advancements
in DENV-based biosensors [66, 67], and general overviews of
dengue have been systematically reviewed [68]. However, the
rapid advancements in nanotechnology and optical detection
modalities necessitate a focused and methodologically rigorous
synthesis of evidence. To our knowledge, no systematic review
has been specifically dedicated to nanotechnology-enabled
optical biosensors for DENV detection. Such a review is cru-
cial not only to consolidate the current state-of-the-art in this
specific niche but also to critically evaluate the quality of the
existing evidence, identify research gaps, and discuss transla-
tional barriers and prospects, thereby providing a distinct and
valuable contribution to the existing body of literature.

1.4 | Objective

This systematic review highlights recent advancements in
nanotechnology-enabled optical biosensors for diagnosing
DENV from 2010 to the present (June 1, 2025).
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key elements: (1) the target/analyte (the substance of interest); (ii) the bioreceptor (recognizes the analyte); (iii) the transducer (converts recognition
into a signal); and (iv) the signal processing unit (amplifies and converts signals). (B) Illustration depicting the two main recognition approaches used
in optical biosensors: label-free and label-based detection. [Color figure can be viewed at wileyonlinelibrary.com]
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2 | Methodology
2.1 | Protocol and Registration

This systematic review was conducted following the Preferred
Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) 2020 statement guidelines [69] to promote transpar-
ency and reproducibility (see Supplemental File 2). The study
protocol was preregistered in the Open Science Framework
[70, 71] (OSF; https://osf.io/3gmey/), and related materials are
available in the OSF repository (DOI: 10.17605/OSF.IO/45QKW).

2.2 | Search Strategy

A comprehensive literature search was conducted to identify all
relevant articles published from 2010 to June 1, 2025. We
searched several electronic databases, including Medline/
PubMed, Embase, Scopus, Web of Science, and the Cochrane
Library. The search strategy employed Boolean operators (AND,
OR) to combine terms related to (i) DENV (e.g., “dengue,”
“DENV,” “flavivirus”), (ii) diagnosis and detection (e.g., “diag-
nosis,” “detection,” “PoC”), (iii) biosensing devices and meth-
ods (e.g., “biosensor,” “optical sensor,” “immunoassay,” “SPR,”
“fluorescence,” “SERS,” “colorimetric”), and (iv) nano-
technology elements (e.g., “nanomaterial,” “nanoparticle,”
“quantum dot,” “graphene”). No restrictions on language or
geographic location were applied. The reference lists of
included studies were also manually searched for additional
articles. Full, detailed search strings for each database, dem-
onstrating the specific keywords and their combinations, are
provided in Supplemental File 3. All search results and cited
references were managed using EndNote X9 (Clarivate Analy-
tics) and exported to Microsoft Excel 2016 spreadsheets
(Microsoft Corporation) for further processing.

2.3 | Eligibility Criteria

The research questions were formulated following the problem,
intervention, comparison, outcome (PICO) framework [72].
These questions were: What nanotechnology-based biosensors
are used with optical detection systems for DENV detection?
What optical detection methods have been investigated for
DENYV using nanotechnology-based biosensors? Which of these
methods offers the lowest LoD, defined as the smallest amount
of a substance that can be reliably detected? What types of
samples can be analyzed by these biosensors? Studies were
selected for this systematic review based on the following pre-
defined eligibility criteria.

231 | For Inclusion

- Original research articles published from 2010 to June
1, 2025.

- Studies describing the development, characterization, or
application of biosensors utilizing optical detection systems
specifically designed for the detection of DENV or its
components (e.g., whole virus, NS1 protein, E protein, viral
RNA, anti-DENV antibodies).

- Studies where the biosensor incorporated any nanomater-
ial, nanostructure, or a closely related element derived
from nanotechnology (e.g., NPs, QDs, nanorods, graphene).

- Studies reporting quantitative experimental data on biosensor
performance, such as LoD, sensitivity, specificity, or analysis
time, or detailing the sample types analyzed (e.g., human
clinical samples, spiked samples, cell culture supernatants).

- Studies published in any language or from any geographic
location.

2.3.2 | For Exclusion

- Nonoriginal research, including review articles, meta-
analyses, systematic reviews, study protocols, case reports,
editorials, letters to the editor, author responses, com-
ments, and book chapters.

- Nonpeer-reviewed publications such as preprints or confer-
ence abstracts without sufficient data for a full assessment.

- Studies for which only abstracts were available or where
full-text articles could not be retrieved.

- Studies with duplicate or substantially overlapping data
with previously included publications.

- Studies where essential data for the review (e.g., on the
nanomaterial used, the optical detection principle, or per-
formance metrics) could not be reliably extracted.

- Studies describing biosensors that did not employ an
optical transduction mechanism.

- Studies that exclusively evaluated commercially available
DENV diagnostic kits without novel modification, devel-
opment, or independent research application.

2.4 | Study Selection and Data Extraction

Two reviewers (MQ-D, HC) independently removed duplicate
records and screened the titles and abstracts of all retrieved
articles against the pre-defined eligibility criteria. The full-text
articles of potentially relevant studies were then obtained and
independently assessed by the same two reviewers for final
inclusion. Any disagreements at either the title/abstract
screening stage or the full-text review stage were resolved
through discussion between the two reviewers. If a consensus
could not be reached, a third reviewer (DS-C) was consulted to
arbitrate and make the final decision. The reasons for excluding
studies at the full-text screening stage were documented (e.g.,
use of nonoptical detection methods or absence of nanomater-
ials). The study selection process is depicted in a PRISMA flow
diagram (Figure 2A). Inter-reviewer agreement for the study
selection process was assessed using Cohen's Kappa coefficient
(x). The level of agreement was interpreted according to Landis
and Koch's benchmarks: x values of 0-0.20 indicate slight
agreement; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80,
substantial; and > 0.80, almost perfect agreement [73].

Data from the eligible studies were independently extracted by two
reviewers (MQ-D, HC) using a standardized data extraction form

73

95UB017 SUOWIWIOD 8A 11810 3|qeol dde ayy Aq pausenob ke Soiie YO ‘8SN JO Sa|nJ 10j ARIq1T 8UIUO 8|1 UO (SUOTPUOO-PUR-SLUIBY/IO A8 |1 ARe.q1jBu 1 JUO//:Sdy) SUOTPUOD PUe Swie | 8y} 885 *[9202/€0/70] Uo ARIqiauliuo A8|IM ‘PLPRIN 20 BLIOUOINY PepSIBAIUN A] 9000. POW/Z00T 0T/I0pALIco" A3 1M AteIq1juljuo//Sdny woiy pepeojumod ‘T ‘9202 ‘8ZTT860T


https://osf.io/3gmey/

A Citations identified through electronic
database search (n=2,133)

- Medline (PubMed) (n=415)

- Embase (n=394)

- Web of Science (n=571)

- Scopus (n=751)

- Cochrane (n=2)

o| Excluded (n=1,225):
" Duplicate records

v

Number of retrieved citations for
evaluation by the title/abstract (n=908)

| Excluded (n=256):
"]  Notrelevant topics

A 4

Final number of retrieved citations for
more detailed evaluation (n=652)

Excluded (n=234):

o] - Studies on other DENV topics (n=115)

- Review articles, protocols, editorials, or books (n=44)
- Studies on non-mosquito-borne virus detection (n=75)

A4

Studies based on our aim (n=418)

Excluded (n=320):

Studies on other mosquito-borne virus detection
(CHIKV, JEV, WNV, YFV, or ZIKV) (n=84)
»| - DENV diagnostic evaluations of commercial kits: ELISA,
PCR platforms or their modifications (n=20)
Non-optical biosensors (n=211)
A 4 - Unspecified nanomaterials/nanostructures (n=5)
Studies included in our systematic

review (n=98)
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FIGURE 2 | Study selection and quality assessment. (A) Flowchart of the study search process. (B, C) Quality assessment of eligible studies
according to a modified CASP checklist for diagnostic test studies. Panel B shows the percentage of high, moderate, or low-quality eligible studies.
Panel C presents the percentage of eligible articles with “yes,” “
appraisal skills program; CHIKV, Chikungunya virus; DENV, dengue virus; ELISA, enzyme-linked immunosorbent assay; JEV, Japanese encephalitis
virus; PCR, polymerase chain reaction; WNV, West Nile virus; YFV, yellow fever virus; ZIKV, Zika virus. [Color figure can be viewed at

wileyonlinelibrary.com]

no,” or “can't tell” responses to each of the nine questions (Q1-Q9). CASP, critical

developed for this review. The extracted data included detailed other relevant observations or limitations noted by the study au-
information on (i) the optical transduction mechanism (e.g., SPR, thors. The completeness and accuracy of the extracted data were
fluorescence, SERS, colorimetry); (i) the target analyte (e.g., then thoroughly verified by a third reviewer (DS-C) to ensure
DENV NS1 antigen, DENV E protein, viral RNA, anti-DENV consistency and minimize errors.

antibodies); (iii) the specific nanomaterial employed (e.g., NPs,

QDs, graphene, dendrimers); (iv) DENV serotype specificity and

differentiation capability; (v) cross-reactivity with other closely 2.5 | Study Quality Assessment

related flaviviruses; (vi) sample type(s) analyzed (including

whether they were clinical, spiked, or cell culture-derived); Methodological quality was assessed using a modified version of
(vii) key evaluation parameters (sensitivity, specificity, LoD with the Critical Appraisal Skills Program (CASP) Checklist for diag-
units, analysis time); (viii) PoC potential or suitability; and (ix) any =~ nostic test studies [54, 74]. We removed five questions deemed
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irrelevant to our review's objectives and added two new ones [56]
to better align with these objectives. The resulting nine-question
checklist was divided into three sections: validity, results, and
utility. Studies were rated with “yes” (positive response), “no”
(negative response), or “can't tell” (insufficient information) for
each question. Three originally qualitative CASP questions were
adapted to this format. The scoring system awarded two points for
a “yes” response, one point for “can't tell,” and zero points for
“no,” with a maximum score of 18. Studies were categorized as
low quality (0-6 points), moderate quality (7-12 points), or high
quality (13-18 points) based on previously reported scoring sys-
tems [75, 76]. Detailed questions and a summary table of CASP
ratings are provided in Supplemental File 4. The methodological
quality assessment was conducted independently by two reviewers
(MQ-D, HC). Discrepancies between reviewers could arise, such as
a lack of clarity in the original study’s reporting (where some data
might be implicit or incomplete), disagreement about the rele-
vance of the diagnostic test (particularly regarding its applicability
or usefulness in clinical practice), or inadvertently overlooking of
relevant information. All such discrepancies in scoring or inter-
pretation were thoroughly discussed until a consensus was
reached. If a consensus could not be achieved through discussion,
a third reviewer (DS-C) was consulted to arbitrate and make the
final decision. To quantify the inter-reviewer reliability for the
quality assessment scores, the intraclass correlation coefficient
(ICC) was calculated. Specifically, a two-way random-effects
model, assessing absolute agreement for single rater/measure-
ment, was employed, using IBM SPSS Statistics for Windows, v25
(IBM Corp, Armonk, NY, USA). ICC values were interpreted as
follows: < 0.5 indicates poor reliability; 0.5-0.75, moderate reli-
ability; 0.75-0.90, good reliability; and > 0.90, excellent reliability,
based on established guidelines [77, 78].

3 | Study Identification and Characteristics of
Included Articles

3.1 | Study Identification and Selection Process

We initially identified 2133 potentially relevant studies. Subse-
quently, 1715 studies were excluded due to duplication,
irrelevant topics, nondetection of DENV, or their status as
nonoriginal research, leaving 418 studies. Next, we excluded
320 studies that focused on non-DENV mosquito-borne detec-
tion, studies evaluating commercial DENV Kkits or their modi-
fications, and those not using optical biosensors or lacking
precise nanomaterial/nanostructure details. This strict selection
yielded a final set of 98 studies aligned with our research focus
(Figure 2A). There was substantial agreement between the two
reviewers during the title/abstract screening stage (x = 0.72) and
almost perfect agreement during the full-text eligibility assess-
ment (x = 0.86).

3.2 | Overview of Article Characteristics

Our analysis revealed similarities and differences among the
optical biosensors developed for DENV detection. They em-
ployed various optical detection systems (Tables 1-4). SPR was
the most common transducer type (n = 36; 36.7%), followed by
fluorescence (n=24; 24.5%), colorimetry (n=15; 15.3%), and

SERS (n=38; 8.2%). Gold NPs (AuNPs) and Au-derived nano-
layers and nanostripes (n = 35; 35.7%) were the most frequently
used nanomaterials, followed by silver (Ag) nanostructures
(n=15;15.3%), and both QDs and graphene in its various forms
(n=14 each; 14.3%). The DENV NS1 protein emerged as the
primary target (n = 21; 21.4%), followed by the DENV E protein
(n=15; 15.3%), anti-DENV antibodies (n=14; 14.3%), and
DENV RNA (n=38; 8.2%). The remaining targets included the
DENV C protein, complementary deoxyribonucleic acid
(cDNA), single-stranded DNA (ssDNA), or undefined DENV
antigens. Notably, 10 of the 16 studies targeting the DENV E
protein originated from two laboratories.

Regarding sample types, 30 studies (30.6%) used DENV-
infected human samples, 14 (14.3%) used spiked human
samples, 24 (24.5%) used nonhuman samples, 20 (22.4%) were
based on theoretical/computational models and 10 (10.2%)
used cell culture supernatants. Concerning serotype specific-
ity, 20 studies (20.4%) developed biosensors capable of
detecting all DENV serotypes. More than half of the studies
targeted a specific serotype without clarifying multi-serotype
applicability (n=39; 39.8%), or did not specify the targeted
DENYV serotype 39 (39.8%).

4 | Nanotechnology-Powered Optical Biosensors
4.1 | SPR-Based Biosensors

SPR is a sensitive, label-free optical technique used for real-time
monitoring of biomolecular interactions via refractive index
changes at a metal-dielectric interface [177, 178]. Nano-
technology enhances SPR performance by: (i) amplifying
refractive index changes through localized SPR effects or by
increasing the mass of bound analytes with high-refractive-
index tags; (ii) providing an increased and engineered surface
area for optimized bioreceptor immobilization; and (iii) en-
abling novel signal transduction pathways [52]. Key advance-
ments are summarized in Table 1.

41.1 | Gold and Silver Nanostructures

Nanostructures of Au and Ag are central to SPR due to their
strong localized SPR effects (collective electron oscillations
sensitive to local refractive index changes) and well-defined
surface chemistries (e.g., thiol-Au bonds) for robust bioreceptor
conjugation [179, 180].

Mechanism and properties: The geometry (e.g., nanospheres, na-
norods, layers) and material (Au vs. Ag) of these nanostructures
dictate the localized SPR characteristics [79-89]. Analyte binding
in the localized SPR-enhanced electromagnetic field near these
nanostructures causes a larger shift in the SPR signal compared to
planar films. The ease of functionalizing Au with thiolated anti-
bodies or aptamers ensures stable bioreceptor attachment. Na-
nostructuring increases the surface area, allowing for a higher
bioreceptor density, which can improve the probability of analyte
capture and the magnitude of the refractive index change. Ag
offers stronger plasmonic effects [79], but its susceptibility to oxi-
dation can compromise sensor stability and the integrity of the
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(Continued)

TABLE 1

DENV/other

PoC
use?

Time to

flavivirus

Biorecognition

Ref.
[111]

LoD Detection range result Sample type
146.5 deg/RIU®

detection

target

DENV

Nanomaterial

Year

Author

Computational No

NA

DENV NA

2024 Cu—Si3N4—

Singh

modeling

BaTiO;-BP

[112]

Computational No

DENV DENV 180.8 deg/RIU® NA NA

GO-Sb,S;

2022

Panda

modeling

[113]

Computational No

NA

DENV 0.4 THz/RIU® NA

DENV

MXene-GO

2025

Upender

modeling

[114]

Computational No

DENV 257.3 deg/RIUC NA NA

DENV

TiSi,~BP

2023

Almawgani

modeling

Abbreviations: Ab, antibody; AIN, aluminum nitride; AuNP, gold nanoparticle; AuNR, gold nanorod; AuNS, gold nanosphere; BaTiO3, barium titanate; BP, black phosphorous; CeO,, cerium oxide; Deg, resonance angle; DENV, dengue

virus; DNA, deoxyribonucleic acid; E, envelope protein; GaSe, gallium selenide; GO, graphene; GOx, graphene oxide; IgM, immunoglobulin M; ITO, indium tin oxide; LoD, limit of detection; Mxene, Titanium carbide with surface

terminations (Ti;C,Ty); NA, not available; NCC, nanocellulose; NS1, nonstructural protein 1; PAMAM, polyamidoamine; PFU, plaque forming units; QD, quantum dot; rGOXx, reduced graphene oxide; RIU, refractive index unit;

SAM, self-assembled molecular; Sb,S;, antimony trisulfide; SizN,, silicon nitride; SLEV, Saint Louis encephalitis virus; SPION, superparamagnetic iron oxide nanoparticles; SPR, surface plasmon resonance; TCIDs,, 50% tissue culture

infectious dose; THz, terahertz; TiO,, titanium dioxide; TiSi,, titanium disilicide; WS,, tungsten disulfide; WSe,, tungsten diselenide; YFV, yellow fever virus; ZIKV, zika virus.

#For an optical biosensor to be considered a PoC device, it should be affordable, sensitive, specific, user-friendly, robust and rapid, equipment-free, and deliverable to end-users, aligning with the ASSURED criteria set by the WHO.

>The optical biosensor is designed as a PoC device, although its immediate implementation in certain settings may be limited without prior preparation.

Sensitivity/specificity values.

9The analyte detection method is based on localized SPR, although reflectometry is used to read results.

bioreceptor interface [181]. Hybridization of Au films with su-
perparamagnetic iron oxide NPs like magnetite (Fe;O,) and na-
nocellulose aims to optimize these surface interactions for
enhanced binding or reduced nonspecific adsorption [83].

DENV antigen detection (NSI, E protein): Direct detection of
DENV NS1 in human serum using Ag-nanolayers has yielded
clinically relevant LoDs (~60 ng/mL, 25 min) [79]. AuNP-based
systems report similar LoDs (~70-74 ng/mL) for recombinant NS1
[86, 88, 89], though often requiring further optimization for
complex matrices or ultra-early detection where antigen concen-
trations are minimal. Rapid detection of DENV E protein (<5 min)
has been shown, but at high viral concentrations in cell culture
supernatants [85], suggesting that in this setup, faster detection
may come at the cost of lower sensitivity. Sensitivity is dependent
on antibody affinity, surface orientation and density, and the an-
tigen's size and nature. Nanostructured surfaces can enhance
antibody density and proper orientation, improving binding effi-
ciency and signal strength. On the other hand, larger antigens like
NS1 (a hexamer in its secreted form) [182] or intact virions can
induce a greater refractive index change upon binding compared
to smaller peptide epitopes from the E protein.

Host antibody detection: Serological SPR assays benefit from the
higher concentration and avidity of antibodies in patient samples
(especially IgM, a pentamer that results in a larger mass change
upon binding compared to IgG, thereby improving the measurable
signal). Notably, Au nanorods, leveraging their anisotropic local-
ized SPR for enhanced field confinement and larger effective
surface area, achieved an exceptional 1 pg LoD for anti-DENV E
antibodies in serum [87]. This system also demonstrated crucial
selectivity against Zika virus (ZIKV) and yellow fever virus (YFV)
antibodies, a critical feature for differential diagnosis in co-
endemic regions, likely due to both the specific recombinant an-
tigen used and the sensitive signal transduction.

While Au-based systems provide stability and have shown
success, particularly Au nanorods for highly sensitive and spe-
cific antibody detection, pushing direct viral antigen LoDs into
the sub-ng/mL range in clinical samples remains a challenge.
Ag's superior plasmonic properties are attractive but require
robust stabilization strategies for practical use.

4.1.2 | Other Promising Nanomaterials

To transcend the limitations of traditional noble metal nanos-
tructures, advanced materials and computational strategies are
being integrated into SPR platforms.

41.21 | Quantum Dots. Mechanism and properties: QDs,
semiconductor nanocrystals with high refractive indices, pri-
marily act as mass-enhancing labels in SPR, increasing the
refractive index change per binding event [183]. In hybrid sys-
tems, such as those developed for DENV RNA detection, the
interaction is more sophisticated [93]: QD-AuNP-DNA probe
conjugates designed in a “closed-loop” structure undergo a
conformational change upon target RNA hybridization. This
change alters the precise inter-nanomaterial distance, mod-
ulating the AuNP's localized SPR through near-field coupling
effects, which is then detected as an SPR shift.

~
o]
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DENV antigen or nucleic acid detection: This RNA detection
strategy achieved an 11.4 fM LoD in cell culture supernatants [93].
For protein detection, SPR platforms incorporating CdS-QDs with
graphene oxide (GOx), reduced GOx (rGOx), or polyamidoamine
(PAMAM) dendrimers (which provide a 3D scaffold for high-
density bioreceptor immobilization [184]) detected recombinant
DENV E protein with pM LoDs (0.1-1 pM) [94-97].

QD-based SPR can dramatically lower LoDs, especially for
nucleic acids, which alone produce weak SPR signals due to
their small size. However, the clinical translation of systems
using heavy-metal QDs (CdS, CdSeTe) is hindered by toxicity
concerns. Moreover, many high-sensitivity demonstrations use
recombinant proteins or cell culture supernatants, and their
performance/stability in complex clinical matrices for PoC use
requires extensive validation.

4.1.2.2 | Graphene. Mechanism and properties: Gra-
phene's 2D structure offers an exceptionally large surface area
for high-density bioreceptor immobilization. Its unique elec-
tronic properties and high refractive index can enhance the
underlying Au film's surface plasmon field [185]. Biomolecules
can also adsorb onto graphene via -7 stacking or electrostatic
interactions, which can be leveraged for sensing or bioreceptor
attachment, thereby amplifying the SPR signal upon DENV
analyte binding [186].

DENV antigen and host antibody detection: NH,-rGOx-
PAMAM-AuNP composites detected recombinant DENV2 E
protein with a 0.08 pM LoD in 8 min [91], demonstrating a
synergistic interplay where rGOx provides the sensitive inter-
face, PAMAM ensures efficient antibody conjugation, and
AuNPs contribute plasmonically. For antibody detection in
human serum, GOx-modified Au layers achieved a 62.5 ng/mL
LoD for anti-DENV E antibodies [90], with a >300% signal gain
over unmodified systems, directly showcasing graphene's signal
amplification capability in complex media.

Graphene enhances SPR sensitivity. However, the consistent
fabrication of uniform, defect-free graphene layers and the
development of stable, reproducible functionalization protocols
that preserve its properties without introducing variability are
major manufacturing and application challenges. Managing
nonspecific binding on its large, reactive surface is also critical
[185, 187].

4.1.2.3 | Computational Modeling. A substantial portion
of recent SPR research for DENV detection leverages compu-
tational modeling to predictively design sensor architectures
[98-114]. These studies theoretically explore how the specific
physicochemical properties (dielectric constants, layer thick-
nesses, nanostructure geometries) of novel materials (e.g., AIN,
BaTiOj, black phosphorus, TiSi,, etc.) modulate SPR char-
acteristics (e.g., resonance angle shifts, field enhancement,
sensitivity in deg/refractive index units).

Computational modeling is an invaluable tool for accelerating
the in silico screening and rational design of next-generation
SPR sensors (e.g., by optimizing multi-layer stacks with mate-
rials like BaTiO5 [99, 104, 107, 111] or 2D materials like WS,
[109]). However, these theoretical performance enhancements

require rigorous experimental validation with DENV analytes in
clinically relevant matrices. The practical, cost-effective, and
scalable fabrication of these often complex nanostructured in-
terfaces remains a significant translational hurdle from theory
to real-world application.

4.2 | Fluorescence-Based Biosensors

Fluorescence-based biosensors are among the most widely
employed optical methods for DENV detection due to their
potential for high sensitivity and accuracy [188, 189]. These
sensors operate by utilizing fluorophores, molecules that absorb
light at a specific wavelength and re-emit it at a longer wave-
length. Changes in fluorescence intensity, lifetime, or polar-
ization upon the interaction of the DENV analyte with its
binding bioreceptor indicate the presence and concentration of
the target [190, 191]. Compared to techniques like colorimetry
or SPR, fluorescence-based assays often achieve lower LoDs,
making them particularly effective for early-stage diagnosis
where analyte concentrations are minimal. Nanomaterials play
a critical role in these biosensors by enhancing fluorescent
signals, improving photostability, enabling novel sensing
mechanisms (e.g., Forster Resonance Energy Transfer [FRET]),
or facilitating efficient bioreceptor immobilization. Key ad-
vancements are summarized in Table 2.

4.2.1 | Quantum Dots

QDs are semiconductor nanocrystals renowned for their ex-
ceptional photophysical properties, offering advantages over
traditional organic fluorescent dyes in biomedical applications,
including DENV detection [192].

Mechanism and properties: QDs exhibit broad absorption
spectra (allowing excitation with a single light source for
multiplexing), narrow, size-tunable emission peaks (reducing
spectral overlap), high quantum yields (brighter signals), and
remarkable photostability (resisting photobleaching during
prolonged measurements). These properties collectively lead
to improved signal-to-noise ratios and enhanced sensitivity for
detecting DENV nucleic acids [132, 134-137] or proteins like
NS1 [130, 131, 133]. The surface of QDs can be readily mod-
ified and conjugated with various bioreceptors (DNA probes,
peptide nucleic acids [PNAs], antibodies) to target DENV
components specifically. QDs are excellent FRET donors or
acceptors [134]. FRET is a distance-dependent, nonradiative
energy transfer process between a donor fluorophore and an
acceptor (which can be another fluorophore or a quencher like
AuNPs). In biosensors, FRET is commonly used by designing
systems where the binding of an analyte changes the distance
between a QD and its FRET partner [193]. This can lead to two
types of “signal-on” responses: either the analyte brings the
QD and the acceptor close together, triggering FRET and
emission from the acceptor, or it separates them, stopping
FRET and restoring the QD's fluorescence, for example, by
removing a quencher. Optimizing FRET efficiency relies on
controlled geometry and proximity between the nanos-
tructures, which can be challenging
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DENV nucleic acid detection: Systems conjugating QDs with
DNA probes [132, 137], often in conjunction with AuNPs as
quenchers [134-136], have been developed. For instance, car-
bon QDs-AuNP conjugates, and N,S-graphene QDs combined
with AuNPs have been explored [134, 136]. A highly sensitive
system using CdSeS/ZnS-QDs achieved an LoD of 0.5 fM for
DENV RNA in cell culture supernatants within ~1h [132],
leveraging a duplex-specific nuclease enzyme to degrade
hybridized targets and amplify the signal. Molecular beacon
probes, which maintain QDs and AuNPs in close proximity in
an inactive “off” state (quenched) and separate upon target
binding to an “on” state (fluorescent), offer advantages by
optimizing FRET efficiency and reducing background without
the need for washing steps. Such a system using CdSe/ZnSeS-
QDs conjugated with AuNPs and molecular beacons reported
an exceptionally low LoD of ~0.05 fM (31 RNA copies/mL) in
synthetic samples [135]. QDs functionalized with PNAs, which
offer greater stability and stronger, more specific binding to
target nucleic acids than DNA probes [194], achieved a LoD of
10 pM in human plasma samples [137], a significant result gi-
ven that most DNA-probe systems used synthetic or cell culture
supernatants.

DENV antigen detection (NS1): Various strategies include
CdZnSeS/ZnS-QDs combined with AuNPs (a FRET-based
approach) [133], streptavidin-conjugated QDs (for sandwich im-
munoassays) [130], and “papaya particles” (QDs embedded in
polystyrene NPs, offering signal amplification due to multiple QDs
per particle) [131]. Streptavidin-conjugated QDs proved highly
sensitive, achieving a LoD of 0.048 ng/mL for NSI in spiked
samples within 25min [130], while “papaya particles” showed
15-fold higher sensitivity than conventional methods [131].

QD-based fluorescent biosensors, particularly those employing
FRET mechanisms with AuNPs or nuclease-assisted signal
amplification, have demonstrated extremely low LoDs, espe-
cially for DENV nucleic acids. This makes them highly relevant
for early diagnosis. However, several challenges persist. Proper
surface modifications are required for water compatibility and
direct bioreceptor attachment, often involving complex chem-
istries that can hinder scalability and reproducibility [195].
Many promising LoDs were obtained using synthetic or spiked
samples. Rigorous validation with real-world clinical samples
(e.g., serum, saliva, urine) is crucial to assess performance in
complex matrices and confirm their PoC applicability. Finally,
the use of heavy-metal-containing QDs (e.g., Cd-based) raises
significant toxicity and environmental concerns, which are
major barriers to their widespread clinical adoption and PoC
deployment [196, 197]. Efforts are ongoing to develop less toxic
QD alternatives.

4.2.2 | Other Promising Nanomaterials

Besides QDs, other nanomaterials [115, 119-129, 138] and
advanced biorecognition elements [116-118] are enhancing
fluorescence-based DENV biosensors.

4.2.21 | Graphene. Mechanism and properties: GOx is an
excellent fluorescence quencher due to its broad absorption
spectrum and efficient energy transfer capabilities. In

biosensors, fluorophore-labeled probes (e.g., DNA, PNA, apta-
mers) adsorbed onto the GOx surface are quenched [198, 199].
Upon target binding, the probe undergoes a conformational
change or is displaced from the GOx surface, restoring fluo-
rescence (“signal-on”). GOX's large surface area also facilitates
efficient probe loading [198, 199].

DENV antigen and acid nucleic detection: A GOx biosensor
incorporating a Ru-bipyridine complex for NSI1 detection
achieved an LoD of 0.48 ng/mL in spiked samples within 20 min
[120] (though it was less sensitive than the best QD-NS1 sys-
tems). Another GOx system combined loop-mediated isother-
mal amplification with PNA probes for nucleic acid detection
[119]; while innovative, this approach is less sensitive than
direct QD-RNA detection and involves more complex
procedures.

GOx-based quenching platforms are attractive for their sim-
plicity. However, their sensitivity may not match that of opti-
mized QD-FRET systems. Reproducibility can also be an issue,
as variations in GOx sheet size and oxidation levels can affect
quenching efficiency and probe interaction [199].

4.2.22 | Microspheres. Mechanism  and  properties:
Microspheres provide a high surface area for immobilizing
probes or capturing DENV targets, effectively concentrating the
analyte and enhancing signal detection [200-202]. Magnetic
microspheres offer the additional advantage of easy separation
and washing steps, which reduces the background signal
[200-202].

DENV antigen and host antibody detection: Methacrylic micro-
spheres functionalized with anti-DENV E antibodies showed
20-fold higher sensitivity than conventional enzyme-linked
immunosorbent assay (ELISA) [125]. Multiplex immunoassays
using magnetic microspheres coated with DENV E or NSI1
proteins detected anti-DENV antibodies in human serum with
> 94% sensitivity and >97% specificity, outperforming tradi-
tional methods [121, 123, 124]. Using single-domain antibodies
with SpyTag/SpyCatcher technology on magnetic microspheres
further optimized NS1 detection by improving antibody orien-
tation [122].

Microsphere-based assays, especially those utilizing magnetic
separation, can improve assay performance and enable multi-
plexing. However, potential issues include nonspecific binding
to the microsphere surface, particle aggregation, and auto-
fluorescence, which can affect sensitivity.

4.2.2.3 | Aptamers as Recognition Elements. Aptamers
are short, single-stranded DNA or RNA molecules that fold into
specific 3D structures capable of binding targets with high
affinity and specificity, akin to antibodies. They offer ad-
vantages such as ease of synthesis, stability, and smaller size
[203, 204]. Strategies like G-quadruplex structures [116], DNA
origami scaffolds [117], or enzyme-linked modular designs
[118] aim to enhance sensitivity by optimizing molecular
recognition and signal transduction. While promising, aptamer-
based sensors can be sensitive to environmental conditions
(temperature, pH, ionic strength). Complex aptamer designs
can increase fabrication costs [205]. Signal amplification often
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remains a bottleneck, necessitating integration with nanoma-
terials or advanced detection schemes to achieve clinically rel-
evant LoDs.

4.2.2.4 | Other Nanomaterial-Enhanced Systems.
Magnetite NPs possess unique magnetic properties. In fluores-
cence immunoassays, they are primarily used for magnetic
separation and concentration of the DENV analyte or analyte-
antibody complexes. After binding, an external magnetic field
can efficiently isolate these complexes from the bulk sample,
reducing matrix interference and background fluorescence
[152]. This pre-concentration step effectively increases the local
concentration of the target at the detection site. Magnetite NP-
based immunoassays have demonstrated fluorescence signals
nearly 20-fold stronger than conventional ELISA for serological
detection [126], directly attributable to this efficient target en-
richment and background reduction.

Polystyrene NPs can be loaded with a high density of fluorescent
dyes or QDs within their matrix [129, 131]. In immunospot as-
says, these NPs serve as highly bright labels. Instead of a single
fluorophore per binding event, each NP carries multiple emissive
species. This results in signal amplification because each antigen-
antibody binding event is tagged with a much brighter entity [206,
207]. Polystyrene also offers good stability and well-established
surface chemistry for conjugation with antibodies [208, 209].
Their use in immunospot assays for NS1 (LoD 5.2ng/mL) im-
proved overall sensitivity and, importantly, resistance to photo-
bleaching compared to individual dye molecules, allowing for
more robust and longer-lasting signal acquisition [129].

Au/ZnO nanowires create a 3D nanostructured surface with an
extremely high surface-area-to-volume ratio [210]. This dra-
matically increases the number of available sites for bioreceptor
(e.g., antibody) immobilization, leading to a higher capture
efficiency for DENV analytes [211]. Moreover, the presence of
Au on the ZnO nanowires can lead to plasmon-enhanced flu-
orescence. If the fluorescent dye used in the immunoassay is in
close proximity to the Au nanostructures on the ZnO nano-
wires. In that case, its fluorescence emission can be amplified
due to interactions with the localized surface plasmons of the
Au. ZnO itself can also exhibit UV fluorescence, though, in
fluorescence-linked immunosorbent assays (FLISA), it primar-
ily acts as the scaffold. These Au/ZnO nanowire platforms ex-
hibited exceptional performance in FLISA, achieving an ultra-
low LoD of 1.35 pg/mL for NS1 in urine—4500-fold lower than
commercial ELISA Kkits [138]. This remarkable enhancement is
a direct consequence of the synergistic effects of increased an-
tigen capture (due to the high surface area) and potential
plasmon-enhanced fluorescence amplification.

These examples highlight the diverse strategies—magnetic
concentration (magnetite NPs), intrinsic signal amplification
by multi-dye loading (polystyrene NPs), and combined high
surface area capture with plasmon-enhancement (Au/ZnO
nanowires)—through which nanomaterials can boost the per-
formance of fluorescence-based DENV detection. While dem-
onstrating impressive LoDs, particularly with the Au/ZnO
nanowire system in noninvasive samples, simplifying detection
protocols and reducing processing times remain critical for true
PoC applicability.

4.3 | Colorimetric-Based Biosensors

Colorimetric biosensors offer a highly attractive approach for
DENV detection, particularly for PoC applications, due to their
potential for rapid, cost-effective analysis and visual readout
without the need for sophisticated instrumentation [212]. These
sensors rely on generating a visible color change—either
through the formation of colored products, alterations in light
scattering by NPs, or enzymatic reactions—upon interaction
with the analyte [213]. Nanomaterials, especially metallic NPs,
are central to many colorimetric strategies due to their unique
optical properties that are highly sensitive to their aggregation
state or local environment. Key advancements are summarized
in Table 3.

4.3.1 | Gold and Silver Nanoparticles

AuNPs and AgNPs are the workhorses of colorimetric biosen-
sing due to their intense, size- and shape-dependent localized
SPR, ease of functionalization, and strong interactions with
biological molecules [214].

Mechanism and properties: Colloidal AuNPs typically appear
red due to their localized SPR absorption in the green region of
the spectrum, while AgNPs are often yellow [215]. The core
mechanism in many AuNP/AgNP-based colorimetric assays is
the analyte-induced aggregation or dispersion of the NPs. When
functionalized AuNPs/AgNPs aggregate (e.g., due to cross-
linking by a DENV analyte or hybridization of complementary
DNA probes attached to different NPs), their localized SPR
peaks shift to longer wavelengths (red-shift) due to interparticle
plasmon coupling. This results in a visible color change (e.g.,
red to blue/purple for AuNPs) [214, 216]. Conversely, an ana-
lyte might prevent aggregation or cause the dispersion of pre-
aggregated NPs, leading to a color change back to that of the
dispersed state [217].

The surfaces of AuNPs and AgNPs are readily functionalized
with bioreceptors like DNA/PNA probes (for DENV nucleic
acids [139-142, 145] or aptamers/antibodies (for NS1 protein
[143, 144]). This functionalization is key to conferring speci-
ficity. The colorimetric response is highly dependent on the
initial size, shape, and concentration of the NPs, as well as their
stability against nonspecific aggregation in biological media
(often controlled by surface capping agents).

DENV nucleic acid detection: AuNPs and triangular AgNPs
conjugated with DNA probes have been used for DENV nuclei
acid detection [139-142]. Typically, in the presence of the target
nucleic acid, hybridization occurs between probes on different
NPs, inducing aggregation and a color change. PNA probes,
offering higher binding affinity and stability, have also been
used with AuNPs [145]. While many of these systems were
validated with synthetic or cell culture samples, one study
successfully detected DENV RNA in human serum [141],
highlighting progress toward clinical applicability.

DENV protein detection (NS1): Aptamers, with their stability and
ease of synthesis [218], are emerging as powerful bioreceptors for
NS1. An AuNP-based aptasensor achieved an ultra-low LoD of
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1.28 pg/mL for NS1 in spiked human serum, representing one of
the most sensitive colorimetric methods reported to date [143].
This high sensitivity likely stems from the aptamer's high affinity
and the efficient signal transduction (color change) upon aptamer-
NS1 binding inducing AuNP aggregation.

Combining AuNPs with maghemite (y-Fe,O3) enables magnetic
separation/pre-concentration of the DENV-AuNP complexes
before the colorimetric readout, enhancing detection sensitivity
and specificity. Such a system successfully detected all four
DENV serotypes without cross-reactivity with ZIKV or YFV
[144]. Further advancements integrate bimetallic Au/AgNPs
with maghemite [146], leveraging synergistic plasmon coupling
between Au and Ag for enhanced optical properties, increased
active surface area, and improved magnetic separation, leading
to higher sensitivity for DENV detection [219, 220].

AuNP/AgNP-based colorimetric assays offer simplicity, visual
readout, and cost-effectiveness. The main challenge lies in
achieving consistent sensitivity and reproducibility in complex
clinical samples, where matrix components can interfere with
NP stability or biorecognition. While visual detection is conve-
nient for PoC, objective quantification (e.g., using smartphone
cameras or portable spectrophotometers) is often needed for
precise results [221-224]. Validating these systems with a
broader range of clinical specimens is crucial.

4.3.2 | Other Promising Nanomaterials

Beyond Au/AgNPs, other nanosystems and platform designs are
being explored to enhance colorimetric DENV detection.

Inspired by LEGO's modular building block concept, fiber probe
analytical platforms integrate electrospun fiber mats into ELISA
plate wells [147, 148]. These fiber mats possess a very high
surface area, which increases protein (e.g., DENV2 NS1 or C
proteins) immobilization capacity compared to standard ELISA
wells. The increased surface area for bioreceptor binding and
subsequent enzymatic colorimetric reactions leads to an 8- to
12-fold increase in assay sensitivity. This demonstrates how
nanostructured (fibrous) platforms can amplify conventional
colorimetric (ELISA-like) signals.

Polymer-coated microporous nylon membranes offer a custo-
mizable surface for the efficient immobilization of anti-DENV E
antibodies, enabling DENV E protein detection via a colori-
metric sandwich assay format [151]. The porous nature
increases the surface area. Performance can be further en-
hanced by integrating AuNPs or superparamagnetic iron oxide
NPs onto/within the membrane to either catalyze the colori-
metric reaction (e.g., AuNPs with peroxidase-like activity) or to
pre-concentrate the target.

Magnetite NPs, distinct from maghemite, offer higher magne-
tization for efficient virus/analyte separation, greater stability
under reducing conditions, and easier functionalization. They
can be used for the magnetic pre-concentration of DENV NS1
from cell culture supernatants, followed by a colorimetric assay
(e.g., ELISA-like) [152]. This approach offers a low-cost, simple
method with high specificity. However, the susceptibility of

magnetite to oxidation (potentially affecting long-term stability
and functionalization integrity) remains a challenge compared
to more stable magnetic cores like maghemite.

Yeast cells can be bioengineered to display single-chain frag-
ment variable (scFv) antibodies on their surface (nanoyeasts)
[150]. These nanoyeasts act as multivalent biorecognition par-
ticles. For DENV NS1 detection, the binding of NS1 to scFv-
displaying nanoyeasts can then be detected using a secondary
antibody conjugated to an enzyme (like horseradish peroxidase)
for a colorimetric readout. This system recognized all four
DENV serotypes with a LoD of 250 ng/mL in spiked solutions.
Advantages include the potential for high specificity (from the
scFv) and biocompatibility. While promising, nanoyeast-based
systems face challenges in the complex synthesis and functio-
nalization with scFv antibodies. Sensitivity might be reduced in
complex biological samples due to interference or nonspecific
binding to the yeast cell surface itself.

Colorimetric biosensors, particularly those employing Au/
AgNPs, provide a highly accessible and PoC-friendly platform
for DENV detection due to their visual readout and potential for
low cost. The core mechanism relies on analyte-induced chan-
ges in NP-localized SPR and their aggregation state. Hybrid
systems incorporating magnetic NPs enhance sensitivity by
enabling pre-concentration. Innovations like fiber probe ana-
lytical platforms and nanostructured membranes amplify sig-
nals by increasing the surface area for biorecognition. While
simple and often rapid, key challenges for colorimetric sensors
include achieving robust sensitivity and specificity in complex
clinical matrices, ensuring the stability of NP dispersions, and
transitioning from qualitative/semi-quantitative visual readouts
to reliable quantitative measurements for precise clinical
decision-making.

4.4 | SERS-Based Biosensors

SERS is an ultrasensitive vibrational spectroscopy technique
that dramatically enhances the Raman signal of molecules ad-
sorbed on or in close proximity to nanostructured metallic
surfaces, typically Au or Ag [26, 225]. This enhancement, which
can be many orders of magnitude (up to 10'°-10'%), arises pri-
marily from electromagnetic enhancement (due to localized
SPR excitation) and, to a lesser extent, chemical enhancement
(charge-transfer mechanisms) [226-228]. SERS provides a
unique “fingerprint” spectrum for the analyte, offering high
specificity. Its potential for multiplexing and high sensitivity
makes it a promising tool for DENV detection, although chal-
lenges in reproducibility and substrate fabrication persist. Key
advancements are summarized in Table 4.

441 | Gold and Silver Nanostructures
Au and Ag nanostructures, in various morphologies like NPs
and nanorods, are the primary materials used to generate the

SERS effect.

Mechanism and properties: The core SERS mechanism relies on
the excitation of localized SPR in these metallic nanostructures
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by incident laser light [229]. This creates highly localized and
intense electromagnetic fields (“hot spots”), particularly in in-
terparticle gaps or at sharp nanostructure features. Molecules
situated within these hot spots experience a massive amplifi-
cation of their Raman scattering cross-section [229]. The SERS
enhancement factor is strongly dependent on the nanomater-
ial's size, shape, aggregation state, and dielectric environment.

For DENV detection, these nanostructures are either functiona-
lized with bioreceptors (e.g., antibodies against NS1) to capture the
analyte directly on the SERS-active surface, or they are used as
SERS “tags” (NPs functionalized with a Raman reporter molecule
and a bioreceptor) in sandwich-type assays [230]. Ensuring that
the DENV analyte or the Raman reporter is precisely positioned
within the SERS hot spots is critical for achieving maximum signal
enhancement. Ag generally provides stronger SERS enhancement
than Au, especially with common laser excitation wavelengths
(e.g., 532nm, 633 nm) [231]. However, Au offers superior chemi-
cal stability and biocompatibility, and its localized SPR can be
tuned to the near-infrared region, reducing background fluores-
cence from biological samples.

DENV antigen/virus detection: AuNPs conjugated with anti-
DENV NS1 antibodies have been used to detect DENV and other
flaviviruses (like West Nile virus [WNV]), achieving a LoD of 10
plaque forming units per mL in cell culture supernatants [159].
While promising for early-stage diagnosis, potential cross-
reactivity between DENV and WNV due to structural similarities
in NSI is a concern that needs careful management through
highly specific antibody selection. The reliance on spiked sam-
ples also necessitates further validation in clinical matrices.

Ag nanorod-based SERS biosensors have enabled DENV detec-
tion from small volumes (5 uL) of human serum, demonstrating
feasibility with portable Raman spectrometers [157]. This is a
step towards PoC, but the cost of Raman spectrometers can be
a barrier. AgNPs have facilitated direct DENV NS1 protein
detection in spiked saliva samples with a LoD of 1 ug/mL [156].
This noninvasive approach is attractive, but again, validation in
clinical saliva (which is a complex matrix) and comparison
with established LoDs are needed. The relatively high LoD
compared to other methods might also limit its utility for very
early detection.

DENYV acid nucleic and host antibody detection: DNA-based SERS
biosensors employing cascaded signal amplification strategies
(e.g., localized catalytic hairpin assembly and hybridization chain
reaction on SERS substrates) have achieved exceptionally low
LoDs of 049 fM for DENV acid nucleic targets [158]. These
complex amplification schemes, while highly sensitive, add to the
assay time and procedural steps. On the other hand, hybrid
nanomaterials, such as Au nanorods functionalized with Au
nanospheres (creating numerous hot spots), have shown excep-
tional sensitivity for detecting anti-DENV NS1 antibodies at 25
fg/mL in spiked human plasma [160]. This innovative nanos-
tructuring, which optimizes nanomaterial arrangement and hot
spot generation, highlights the potential of SERS for ultra-
sensitive serological assays.

SERS offers the potential for label-free, highly specific (fingerprint-
based), and ultra-sensitive detection. The development of hybrid

nanostructures and sophisticated signal amplification strategies for
nucleic acids has pushed LoDs to impressive levels. However,
several critical challenges hinder widespread clinical translation.
Fabricating SERS-active substrates with uniform and highly
reproducible enhancement across the surface and from batch to
batch is a major hurdle [232-234]. While portable Raman spec-
trometers exist, their cost and the need for precise laser alignment
can limit accessibility, especially for PoC diagnostics in resource-
limited settings. SERS signals can be difficult to quantify reliably
due to variations in hot spot distribution and analyte orientation.
Moreover, biological samples can cause background fluorescence
or nonspecific adsorption, interfering with SERS signals.

4.4.2 | Other Promising Nanomaterials

An innovative approach coupled bioengineered nanoyeasts
(displaying scFv antibodies against DENV2 NS1) with SERS-
active “nanoboxes” (hollow metallic nanostructures with
internal hot spots) [161]. The nanoyeasts capture the NS1, and
this complex is then brought into proximity with the SERS
nanoboxes for signal readout. This system demonstrated high
specificity for DENV2 NS1, achieving a LoD of 10 pg/mL in cell
culture supernatants. A key advantage was its ability to distin-
guish DENV2 from other serotypes and ZIKV, addressing the
crucial need for specific diagnostics. While highly specific, this
approach faces practical limitations. Engineering nanoyeasts
with scFv antibodies is technically challenging. Coupling two
distinct nano-entities (yeast and nanobox) adds complexity to
the assay protocol and may hinder large-scale production and
field deployment [235]. Nonspecific biomolecule interactions in
real-world samples could also reduce sensor performance [235].

To overcome the limitations of expensive instrumentation and
substrate fabrication, research is moving towards developing
low-cost alternatives. These include smartphone-based Raman
systems (using the phone's camera as a detector and its pro-
cessing power) and disposable SERS biosensors, such as paper-
based SERS platforms [236, 237]. Paper offers a low-cost, flex-
ible, and disposable substrate that can be easily functionalized
with SERS-active NPs. Eco-friendly and recyclable SERS sub-
strates, like paper platforms functionalized with green-
synthesized NPs or nanocomposite hydrogels, offer sustainable
solutions that reduce costs and environmental impact
[232-234]. These developments are crucial for making SERS
technology more accessible for PoC DENV diagnostics, partic-
ularly in resource-constrained settings. However, achieving
consistent SERS enhancement and signal reproducibility on
these low-cost platforms remains an active area of research.

4.5 | Luminescence-Based Biosensors

Luminescence-based biosensors detect light emitted from a
chemical reaction (chemiluminescence) or a biological reaction
(bioluminescence) triggered by the presence of the analyte or its
interaction with a biorecognition element [238]. These methods
offer high sensitivity due to the often very low background
signal (as no external light source is required for excitation,
unlike in fluorescence). Nanomaterials can play a role in en-
hancing light output, stabilizing reagents, or serving as
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platforms for the luminescent reaction. Key advancements are
summarized in Table 4.

Chemiluminescence involves the emission of light from a
chemical reaction that produces an electronically excited
intermediate, which then decays to a ground state by emitting a
photon [239]. Common chemiluminescence systems involve
reactions like luminol oxidation catalyzed by horseradish per-
oxidase in the presence of hydrogen peroxide [240]. In DENV
biosensors, this is typically applied in an immunoassay format
where one of the antibodies (or the antigen) is labeled with
horseradish peroxidase. An assay using DENV E peptides (as
immobilized antigen) to detect anti-DENV E antibodies in
human urine samples employed a chemiluminescent readout
(a horseradish peroxidase-conjugated secondary antibody)
[162]. This system demonstrated 85% sensitivity and 96.4%
specificity, with results within 90 min. The ability to use
noninvasive samples is an advantage, simplifying diagnostics.
Chemiluminescence offers high sensitivity due to its low
background. However, chemiluminescence reactions can be
sensitive to environmental factors (pH, temperature, presence
of quenchers, or inhibitors in the sample matrix) [241, 242].
For PoC applications, the need for stable reagents and, often,
specialized plate readers for quantitative measurement can be
limitations, though visual or simple photodetector readouts
are possible for qualitative tests. The requirement for con-
trolled pH conditions might restrict its use in decentralized
settings.

Bioluminescence is light produced by living organisms
through enzyme-catalyzed reactions, most commonly involv-
ing luciferases (e.g., firefly luciferase, NanoLuc) and their
substrates (e.g., luciferin, furimazine) [243]. These systems
offer stable reagents, often simple readout, and ease of inter-
pretation [244]. Bioluminescence resonance energy transfer
(BRET) is analogous to FRET but uses a bioluminescent donor
(e.g., a luciferase) instead of a fluorescent one [245, 246].
Energy is transferred nonradiatively from the excited product
of the luciferase reaction to a nearby fluorescent acceptor
protein (e.g., mNeonGreen) if they are within ~10 nm. The
binding of a DENV analyte can bring the luciferase and
acceptor protein together or separate them, modulating the
BRET signal [247]. A BRET-based biosensor enabled rapid
(30 min), label-free detection of anti-DENV NS1 antibodies,
even in undiluted samples [163]. This system, composed of
NanoLuc (donor) and the fluorescent protein mNeonGreen
(acceptor) linked via components that interact upon antibody
binding, achieved pM sensitivity. A key advantage was its
adaptability for smartphone-based analysis, demonstrating
PoC potential. The modular design also allowed for adaptation
to detect other viruses like human immunodeficiency virus,
showcasing its versatility. Bioluminescent sensors, especially
NanoLuc-based systems, are extremely sensitive due to the
high quantum yield of the luciferase and very low background
signals [248, 249]. BRET adds another layer of specificity and
allows for ratiometric measurements (ratio of acceptor to
donor emission), which can reduce variability. However, a
primary challenge for bioluminescent biosensors is enzyme
stability (luciferase activity can degrade over time or under
harsh conditions), which can affect sensor shelf-life and
widespread application [250, 251]. The availability and cost of

specific substrates (like furimazine for NanoLuc) can also be a
consideration.

While inherently sensitive, detecting very low concentrations of
DENV analytes (e.g., early-stage anti-DENV antibodies or low
viremia) remains critical. Nanomaterial-based signal amplification
strategies could be key [252, 253]. Optimizing biorecognition ele-
ments (e.g., advanced peptide sequences, aptamers) to enhance
target binding specificity and reduce cross-reactivity is crucial
[254]. Developing novel, more stable, and brighter bioluminescent
probes (e.g., engineered luciferases, high-efficiency luminescent
dyes) can improve quantum yield and signal-to-noise ratios [251,
255]. Designing simpler detection platforms that reduce reliance
on specialized equipment (e.g., integrating with microfluidics or
paper-based devices) is essential for PoC translation. Integrating
deep learning or artificial intelligence for improved data analysis
and results interpretation can enhance accuracy and user-
friendliness [235].

4.6 | Other Optical Systems

Beyond the major categories previously discussed, several other
innovative optical systems have been developed or adapted
for DENV detection, often leveraging unique light-matter in-
teractions or specialized optical components. These include
reflectance-based sensors [165-169], interferometric methods
[170-176], and caustic light scattering technologies [164], each
with distinct mechanisms and potential applications (Table 4).

4.6.1 | Tapered Optical Fibers for Interferometric
Methods

Tapered optical fibers (TOFs) are optical fibers with a gradually
reduced diameter in a specific sensing region. This tapering en-
hances the evanescent wave—the portion of the guided light that
extends into the surrounding medium—allowing for a much
stronger interaction with analytes bound to the fiber surface
compared to standard optical fibers [256-258]. When DENV
analytes (e.g., E protein) bind to bioreceptors (e.g., anti-DENV E
antibodies) immobilized on the tapered region, they alter the
effective refractive index experienced by the evanescent wave. This
change in refractive index causes a shift in the interference pattern
of light propagating through the fiber, which can be measured as a
change in transmitted light intensity or wavelength [259]. The
sensitivity of TOFs arises from this enhanced light-analyte inter-
action and the inherent sensitivity of interferometric measure-
ments to minute refractive index changes.

Nanomaterials are integrated onto the TOF surface primarily to
increase the bioreceptor loading capacity or further modulate the
local refractive index upon analyte binding. PAMAM dendrimers,
highly branched, 3D polymers, provide an increased surface area
and multiple functional groups for the covalent attachment of a
higher density of anti-DENV E antibodies [173]. This increased
antibody density enhances the probability of capturing DENV E
protein, leading to a larger overall refractive index change. GOX,
with its large surface area and oxygen-containing functional
groups, can also serve as an effective platform for antibody
immobilization [171]. Moreover, its high refractive index can
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contribute to a greater shift in the evanescent wave properties
upon protein binding. Combining GOx and PAMAM aims to sy-
nergize their benefits—the high surface area and potential elec-
tronic contributions of GOx with the 3D scaffolding and functional
group density of PAMAM—for even more efficient antibody
immobilization and signal transduction [172].

TOF sensors functionalized with anti-DENV2 E antibodies and
enhanced with PAMAM dendrimers, GOx, or GOx-PAMAM
complexes have achieved LoDs for DENV E protein of around
1 pM within approximately 20 min, outperforming standard
biofunctionalized fibers [171-173]. This LoD, while good, is still
an order of magnitude higher (less sensitive) than those
achieved by some of the best SPR-based biosensors using
AuNPs or QDs for protein detection, suggesting a comparatively
lower intrinsic sensitivity for this TOF configuration.

TOFs offer advantages like relatively simple fabrication and the
potential for miniaturization. The integration of nanomaterials
clearly improves their performance by increasing bioreceptor
density. However, achieving ultrahigh sensitivity comparable to
advanced SPR or fluorescence methods remains a challenge.
Ensuring robust and reproducible tapering and surface func-
tionalization are also key for reliable performance.

4.6.2 | Reflectance

These sensors typically measure changes in light scattered or
reflected from a surface where DENV nucleic acid (cDNA or
RNA) hybridization occurs [165-169]. The interaction often
takes place on the surface of microspheres or specialized sub-
strates. An additional layer or optical markers (like AuNPs) are
frequently incorporated to enhance specificity and the magni-
tude of the reflectance change [260].

Acrylic microspheres, for example, can be functionalized to
immobilize DNA probes specific for DENV cDNA or RNA [166,
167]. Latex-AuNPs can serve as optical markers in sandwich
hybridization assays. The presence and density of these AuNPs,
bound due to target hybridization, alter the reflectance prop-
erties of the surface [165]. Porous silica nanospheres can also
act as matrices for immobilizing DNA probes, offering a high
internal surface area [168].

Reflectance-based systems have demonstrated extraordinary
sensitivity for DENV nucleic acid detection. Acrylic micro-
spheres with immobilized DNA probes detected DENV2 cDNA
with a LoD of 0.121 fM in just 15min [166]. A G-quadruplex
DNA probe on acrylic microspheres, hybridizing with DENV2
RNA, achieved a remarkable LoD of 0.447zM (zeptomolar,
equivalent to 4.47x10-7fM) in 30min [167]. This extreme
sensitivity likely arises from specific structural changes in the
G-quadruplex upon RNA binding that lead to a highly detect-
able optical signal, possibly amplified by the microsphere
platform. A sandwich hybridization strategy on acrylic micro-
spheres functionalized with succinimide, using latex-AuNPs as
optical markers, reported a LoD of 10729 M for DENV c¢cDNA
[165]—the lowest ever detected by any method reviewed. This
unprecedented sensitivity suggests a highly efficient capture
and signal generation mechanism, where even a few binding

events are amplified by the AuNP markers. Aminated porous
silica nanospheres for cDNA detection achieved an LoD of
0.2aM (attomolar, 0.0002 fM) [168]. The extreme sensitivity of
this system arises from several synergistic factors attributed to
the porous silica nanospheres: (i) an exceptionally high internal
surface area allowing for a vastly increased density of im-
mobilized DNA probes, thereby maximizing target capture
probability; (ii) potential nanoconfinement effects within the
pores, concentrating hybridization events; and (iii) complex
light-matter interactions where the nanostructured porous
matrix, laden with hybridization complexes, leads to amplified
and highly sensitive changes in the overall surface reflectance.

Hlustrating further advancements in reflectometric sensitivity, a
solid-state DNA optode employed aminated silica nanoparticles
(SiO,NPs) as a stable matrix for covalently immobilized DNA
probes [169]. Detection of DENV2 cDNA was achieved using a
Zn-salphen complex as an optical label. The detection mecha-
nism relies on target cDNA hybridization to the immobilized
probes, creating dsDNA into which the planar, aromatic Zn-
salphen complex intercalates via m-stacking interactions. This
intercalation induces a distinct color change on the SiO,NP
surface, quantitatively measured as a decrease in light reflec-
tance. This strategy yielded an exceptional LoD of 1zM within
30 min, with high selectivity against single nucleotide mis-
matches. The remarkable zM sensitivity stems from the com-
bination of efficient surface hybridization on the nanoparticles
and the significant optical signal change generated by even
minimal intercalation of the Zn-salphen complex, effectively
transducing few molecular binding events into a measurable
reflectometric signal.

Importantly, many of these ultra-sensitive reflectance systems have
been validated for use with clinical samples like blood, urine, and
saliva, making them highly promising for early and noninvasive
DENV detection. The mechanisms behind such extreme sensitivi-
ties (zeptomolar, 1029 M) likely involve a combination of highly
efficient probe-target hybridization, signal amplification from NP
markers, and potentially unique optical phenomena occurring on
the microsphere/nanosphere surfaces. Despite their remarkable
sensitivity, challenges remain for their integration into field-based
PoC diagnostics. These include the potential high cost of specialized
reagents (e.g., highly purified probes, G-quadruplexes), complexity
in fabricating reproducible sensor surfaces (e.g., uniform micro-
sphere coatings), and often, the requirement for specialized optical
readers for quantitative data acquisition, which may limit their
widespread application in resource-limited settings.

4.6.3 | Optical Caustic Plasmonic Light Scattering

This approach, demonstrated by Garcia et al. [164], measures
changes in green light scattering from 60 nm AuNPs using an
“optical caustic focus.” DENV E protein is conjugated to the
AuNPs. Patient antibodies (anti-DENV E antibodies) cross-link
these functionalized AuNPs, inducing aggregation. This aggre-
gation alters the solution's light scattering properties due to
interparticle plasmon coupling, which is sensitively detected by
the optical caustic setup (lens-free and light-emitting diode-
based). The feasibility study showed good agreement with dot
blot for 10 human serum samples, indicating promise for
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detecting AuNP aggregation in a homogeneous assay format.
This represents an innovative, potentially low-cost light scat-
tering method. Key advantages are its homogeneous format and
potential for portable instrumentation. Further optimization for
clinical sensitivity/specificity and matrix effects is needed.

5 | Comparative Analysis and Discussion

Several well-established methods are available for detecting
DENV, including reverse transcription polymerase chain
reaction (RT-PCR) for DENV RNA, serological tests such as
ELISA, and NS1 protein assays [261], with PCR often con-
sidered the gold standard. Table 5 summarizes the performance
of some commercially available NS1 diagnostic kits, antibody
serology kits, and PCR kits for DENV detection [262-266] and
compares them with five optical biosensors discussed in this
review.

A key factor in assessing conventional methods is their
ability to detect biomarker concentrations relevant to early
diagnosis. Early detection is particularly challenging because
patients typically present with nonspecific symptoms and
undifferentiated fever within 5 to 7 days postinfection. Com-
mercial ELISA Kkits exist but are generally unsuitable for early
diagnosis, as IgM antibodies usually appear 5 to 7 days after
symptom onset [267, 268]. This delay complicates result
interpretation for acute infections. Additionally, there is a risk
of cross-reactivity with other flaviviruses. Detection technol-
ogies targeting viral components (nucleic acid or proteins) are
especially useful in the early stages before the immune
response clears the virus [269]. During the acute phase, DENV
RNA is typically found in blood at concentrations of 103—106
copies/mL [270]. While qRT-PCR can detect as few as 103 RNA
copies/mL, its effectiveness is limited by the short duration of
viremia in most DENV infections, making serological methods
a necessary complement. Moreover, PCR remains costly and
impractical for routine clinical diagnostics. The NS1 antigen,
present across all DENV serotypes, reaches high levels in the
early days of illness, making it a reliable marker for early
diagnosis. It can be detected from day 0, peaking between days
6 and 10 [271, 272] at concentrations ranging from 0.01 to
2 ug/mL [273]. As a result, most commercial diagnostic kits
target NS1. Additionally, alternative detection systems focus-
ing on the DENV E protein have been explored, as highlighted
in this systematic review. Nanotechnology-based approaches
are being investigated to enhance optical biosensors for early
DENV detection, addressing the limitations of current com-
mercial diagnostic methods.

5.1 | Evaluating Performance and Economic
Feasibility of Nanotechnology-Based Optical
Biosensors

Comparing commercial diagnostic methods with biosensors for
DENYV detection is challenging due to limited data on biosensor
specificity and costs. Additionally, biosensors typically report
sensitivity as LoD, using highly variable measurement units.
Among the reviewed biosensors, only five provide sensitivity
and specificity values, allowing direct comparison with

commercial kits (see Table 5) [81, 121, 123, 149, 162]. Optical
biosensors emerge as a promising alternative, offering high
sensitivity (83%-95%) and specificity (96.4%-100%) with pro-
cessing times ranging from 10 to 150 min, depending on the
detection method. Notably, the SPR biosensor developed by
Jahanshahi et al. [81] enables rapid detection within just
10 min while maintaining high sensitivity and specificity, out-
performing both ELISA and rapid tests in overall efficiency.
Moreover, these optical biosensors offer greater flexibility in
sample type, allowing DENV detection in serum, plasma, saliva,
or urine, thereby expanding their diagnostic applicability.

The economic analysis for the implementation of optical bio-
sensors based on nanotechnology for DENV detection depends on
multiple factors, including the synthesis and scalability of nano-
materials, as well as the type of biosensor used. Comparing their
cost with current conventional methods is challenging, as existing
studies present diverse conclusions [274]. On the one hand, it has
been reported that the cost-benefit ratio of rapid diagnostic tests
for DENV ranges between $3 and $7, making them cheaper than a
DENV-specific ELISA test [275]. However, another study using
cost-effectiveness modeling determined that these rapid diagnostic
tests were not advantageous, as they were more expensive and less
effective than presumptive treatment [276]. Therefore, a compre-
hensive cost-effectiveness assessment is essential in endemic set-
tings. Such an assessment should consider total costs along with
the sensitivity and specificity of novel diagnostic methods to
optimize their practical application.

5.2 | Comparing Nanotechnology-Based Optical
Biosensor Modalities: Features, Limitations, and
PoC Suitability

This systematic review describes a diverse group of
nanotechnology-enabled optical biosensors for DENV detection,
each employing different transduction mechanisms with
inherent strengths and weaknesses. A comparative analysis
reveals distinct trends regarding sensitivity, speed, complexity,
and suitability for PoC applications (Table 6). Notably, tech-
niques such as SERS and some reflectometric or interferometric
methods achieved the highest sensitivities reported, detecting
DENV nucleic acids down to femtomolar or even lower con-
centrations [158, 167, 168]. This ultrahigh sensitivity is ideal for
early diagnosis when viral loads are minimal. However, this
exceptional performance often comes at the cost of longer
analysis times (sometimes exceeding several hours) and
reliance on specialized, bulky, or expensive equipment (e.g.,
Raman spectrometers or specialized optical setups), which
currently limits their widespread PoC applicability despite their
analytical prowess (Table 6).

In contrast, colorimetric and some SPR-based biosensors offer
much faster detection times, with several assays providing
results within 5 to 15min [81, 85, 91, 139, 142, 145]. This
rapidity is a critical advantage for PoC diagnostics. Never-
theless, this speed is often achieved at the expense of sensitivity,
with LoDs for these faster methods generally falling in
the ng/mL range, which may be less suitable for detecting very
low analyte levels (Table 6). While SPR offers the benefit of
label-free, real-time kinetic analysis, its broader PoC
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(Continued)

TABLE 6

Time-to- Intrumentation

Target analyte
(s) commonly

Predominant
nanomaterial

requeriment/ PoC Key advantages/
potential®

Typical

sample types

result
range®

Optical

llimitations

complexity®

Reported LoD?

detected

(s)

modality (No.)

—Specific reagent

needs

-Extreme sensitivity

-Noninvasive
sampling

Moderate

Fiber optics

Custom setups
(moderate to high)

AuNPs, GOx, NAc NAc: 0.4 zM-0.1 fM 15-90 min Human (urine,

PAMAM, micro

Other optical
systems (13)

saliva)
Synthetic

E: 1 pM

(nano)spheres

-Complex setup

-Limited scalability

Abbreviations: Ab, antibody; Ag, silver; Anti-DENV-Ab, anti-dengue virus antibody; Au, gold; AuNPs, gold nanoparticles; DENV, dengue virus; E, dengue virus E protein; GOx, graphene oxide; LoD, limit of detection; NAc, nucleic acid;

No., number of reviewed studies; NS1,dengue virus NS1 protein; NS1, nonstructural protein 1; PAMAM, poly(amidoamine) dendrimer; PoC, point-of-care; QDs, quantum dots; SERS, surface-enhanced Raman scattering; SPR, surface

plasmon resonance; zM, zeptomolar.

4For LoD and time ranges, the extreme reported values were considered.

YA qualitative assessment was performed based on the following: Low (visual detection or very basic, low-cost lab equipment); Moderate (requires standard lab equipment, but not highly specialized or expensive); and High (requires

specialized, costly, or bulky instrumentation).

A qualitative assessment was performed based on the following: Low (visual detection or very basic, low-cost lab equipment); Moderate (requires standard lab equipment, but not highly specialized or expensive); and High (requires

specialized, costly, or bulky instrumentation).

deployment is hindered by the need for relatively complex and
expensive equipment. Colorimetric assays [85, 142, 145], on the
other hand, stand out for their simplicity and potential for
visual readout, making them strong candidates for low-cost PoC
devices, though quantitative accuracy can be a limitation if
relying solely on visual interpretation.

Fluorescence-based biosensors appear to strike a more balanced
profile between sensitivity and practicality for a range of DENV
targets, including nucleic acids and proteins. Many fluorescence
assays achieved LoDs in the pM to fM range for nucleic acids
[93, 132, 135] and the pg to ng/mL range for NS1 protein, with
analysis times typically ranging from under 30 min to over
an hour (Table 6). While generally more sensitive than basic
colorimetric tests and faster than some SERS protocols, they
often necessitate fluorophores, specific reagents, and detection
instrumentation (fluorometers or microscopes), which adds
layers of complexity and cost compared to the simplest PoC
formats. However, the versatility of fluorescent probes and the
potential for multiplexing are advantages. Luminescence-based
methods, though less represented in this review, also show
promise with good sensitivity and the ability to use noninvasive
samples but can be limited by factors like enzyme stability or
specific reaction condition requirements.

Regarding maturity for PoC applications, colorimetric assays,
along with some simpler fluorescence-based tests, seem
closest to practical field deployment due to their inherent
simplicity, lower cost, and reduced need for extensive
equipment. The six fastest biosensors identified in this
review, for instance, predominantly utilized AuNPs within
SPR or colorimetric frameworks, highlighting the utility of
well-established nanomaterials in rapid detection formats.
Conversely, modalities like SPR and SERS, despite their
impressive analytical performance in laboratory settings, face
more substantial hurdles concerning instrument miniatur-
ization, cost reduction, and overall user-friendliness essential
for widespread PoC adoption.

The choice of optical biosensing modality for DENV detection
involves careful consideration of these compromises: achieving
ultrahigh sensitivity may sacrifice speed and PoC-readiness,
while rapid and simple tests might not offer the lowest LODs.
The integration of nanotechnology has undoubtedly pushed the
boundaries of what is achievable for DENV detection across all
these optical platforms. However, continued innovation is
needed to develop biosensors that optimally balance all the
desired characteristics for effective, accessible, and rapid diag-
nostics, particularly those aligned with the Affordable, Sensi-
tive, Specific, User-friendly, Robust and rapid, Equipment-free,
and Deliverable to end-users (ASSURED) criteria for PoC
devices [277].

5.3 | Barriers, Regulatory Considerations, and
Challenges for Clinical Translation

Despite the promising advancements in nanotechnology-based
optical biosensors for DENV detection detailed in this review,
several critical barriers must be overcome before they can be
widely adopted in clinical practice. These barriers collectively
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explain why few of the reviewed studies currently present truly
PoC-ready solutions despite their laboratory successes.

One of the main challenges in translating nanotechnology-
based biosensors from research to clinical practice is the lack of
regulatory approval and standardization [278-282]. It is crucial
to note that this is a broader challenge inherent to the entire
field of nanomedicine as it strives for clinical translation, not
solely confined to nanobiosensors [283-285]. Unlike conven-
tional diagnostic tests, many of these biosensors remain in the
experimental phase and have not undergone rigorous regula-
tory evaluation by agencies such as the U.S. Food and Drug
Administration (FDA) and European Medicines Agency (EMA).
The absence of internationally recognized guidelines for
assessing their clinical efficacy complicates the approval pro-
cess. Establishing standardized validation protocols and per-
formance benchmarks is essential to ensure their reliability,
sensitivity, specificity, and comparability with existing diag-
nostic methods, thereby facilitating their widespread adoption.

A major limitation of these biosensors is the lack of sufficient
clinical validation. While they often exhibit excellent sensitivity
and specificity in controlled laboratory conditions, their per-
formance in real patient samples remains largely untested.
Biological matrices such as blood, serum, and saliva contain
complex interfering substances that can affect with sensor
accuracy [286]. This is a key challenge for PoC devices, which
aim for minimal sample preparation. Because many of the re-
viewed studies performed limited testing with these real-world
samples, their suitability for PoC use remains unproven.
Moreover, the long-term stability of nanomaterials, bior-
ecognition elements, and overall sensor performance under
varied environmental and storage conditions (essential for PoC
deployment, particularly in resource-limited settings) was often
not rigorously assessed or reported in the reviewed studies. To
truly confirm their diagnostic utility and ensure they work
reliably for different patients, large-scale clinical trials across
multiple centers are essential. Additionally, compliance with
Good Manufacturing Practices is crucial for commercialization,
as most biosensors have only been tested under controlled
conditions [278]. Demonstrating their robustness through rig-
orous clinical validation is key to facilitating regulatory
approval and widespread adoption.

Manufacturing scalability and reproducibility also pose major
challenges in the development of nanomaterial-based bio-
sensors. Achieving consistent control over the size, shape, and
surface chemistry of nanomaterials is crucial, as small varia-
tions in synthesis can significantly impact sensor performance
[278]. Additionally, integrating these materials into biosensor
platforms must ensure long-term stability and batch-to-batch
uniformity, both of which are critical for regulatory approval
and large-scale commercialization and, ultimately, the cost-
effectiveness required for PoC devices.

From an economic perspective, cost, accessibility, and integra-
tion into existing healthcare systems are key challenges for the
widespread adoption of biosensors [287]. Many advanced opti-
cal biosensors rely on expensive technologies (such as SPR
systems, Raman spectroscopy, and fluorescence-based detec-
tion) and specialized materials, making the overall cost of the

final PoC device a barrier if not addressed from the early
development stages. The reviewed studies often lacked detailed
cost analysis for potential PoC translation. Additionally, the
lack of infrastructure in low-income regions, where DENV is
endemic, further limits their implementation. To address these
issues, future efforts should focus on developing affordable,
scalable, and user-friendly biosensors that require minimal
technical expertise while ensuring compatibility with existing
diagnostic workflows, including PoC devices, electronic health
record systems, and surveillance programs.

Lastly, beyond regulatory concerns, ethical considerations play
a crucial role in the deployment of nanotechnology-based bio-
sensors [288]. One major issue is informed consent and patient
safety. Since many biosensors are designed for PoC diagnostics
[289], ensuring that patients understand the benefits and limi-
tations of these technologies is critical. Moreover, data privacy
concerns must be addressed, particularly regarding the secure
handling and storage of diagnostic results, which may be inte-
grated into electronic health record systems [224, 290, 291].

Overcoming these challenges will require interdisciplinary col-
laboration among researchers, clinicians, regulatory agencies, and
industry partners to bridge the gap between laboratory research
and real-world clinical applications. Ensuring the safe, effective,
and equitable use of nanotechnology-based biosensors in diag-
nostics will be crucial for their successful implementation.

5.4 | Risk of Bias Assessment

A critical aspect of this systematic review was assessing the
methodological quality of included studies using the modified
CASP checklist. This allowed us to identify key weaknesses and
potential biases within them. The inter-reviewer reliability for the
risk of bias assessment was good (ICC = 0.81; 95% CI 0.72-0.87).

Among the 98 articles assessed, 35 (35.7%) were of high quality,
60 (61.2%) were of moderate quality, and only 3 (3.1%) were of
low quality [95, 106, 114] (Figure 2B and Supplemental File 4).
Low-quality studies lacked essential elements for robust clinical
application, such as comparison with a well-established refer-
ence standard, testing on real clinical samples, and demon-
strating a measurable impact of the biosensor’s effect on patient
needs. Notably, one study [95] did not disclose potential con-
flicts of interest or commercial funding, raising concerns about
possible bias in its the reported findings.

Regarding signaling questions (Figure 2C and Supplemental
File 4), almost all articles clearly and adequately addressed the
study objectives (Q1, 96.9%).

One of the most significant limitations observed was the lack of
validation with clinical samples, as many biosensors were tested
only with synthetic samples or spiked solutions rather than real
biological matrices. This limitation directly impacts their
demonstrable potential for PoC use. Performance in idealized
laboratory conditions often fails to translate reliably to real-
world clinical settings, where the complexities of diverse patient
samples and interfering substances in biological environments
can affect sensitivity and specificity. Notably, among the 30
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articles using DENV-infected clinical samples, only 22 (73.3%)
explicitly mentioned adherence to regulatory and ethical pro-
tocols, informed consent, or proper handling of biological
samples. This highlights a gap in reporting critical information
(Q3; Figure 2C and Supplemental File 4).

Most studies described the experimental protocol in detail (Q4,
84.7%) and demonstrated the robustness of their results by
evaluating their impact compared to other options (Q5, 89.8%).
However, inconsistencies in experimental design were noted,
particularly in the assessment of biosensor performance. Dif-
ferences in the methods used to determine sensitivity, speci-
ficity, and LoD made direct comparisons between studies
challenging (Figure 2C and Supplemental File 4).

Additionally, many studies did not evaluate the potential limi-
tations or challenges of the biosensor design in addressing the
real needs of patients and the community (Q8, 66.3%; Figure 2C
and Supplemental File 4).

Another critical issue was the potential bias from funding sources
and undeclared conflicts of interest (Q9). A considerable number
of studies (n=29; 29.6%) did not disclose funding sources or
commercial affiliations, which could have influenced data inter-
pretation and reporting (Figure 2C and Supplemental File 4).

Addressing these gaps is crucial for ensuring the reliability and
clinical applicability of biosensors for DENV detection. Future
studies should prioritize methodological rigor by conducting
validation with real patient samples, adhering to standardized
diagnostic evaluation protocols, and ensuring transparency in
funding disclosures and ethical compliance.

6 | Conclusion and Future Outlook

The recent surge in DENV cases represents a serious global health
threat, underscoring the urgent need for effective control mea-
sures. Mosquito control and public health campaigns are vital in
endemic regions, but early DENV diagnosis remains crucial for
mitigating outbreaks. Traditional diagnostic methods, including
antibody-based serological tests, cell culture, and PCR, each have
limitations. Serological tests can cross-react with other flaviviruses,
leading to misdiagnosis, while molecular tests are often complex,
time-consuming, and require specialized personnel, making them
less accessible in resource-limited settings. Thus, there is a press-
ing need for simple, cost-effective, and rapid diagnostic tests with
high specificity for DENV.

6.1 | Summary of Key Findings and Current
Status

Nanotechnology has greatly advanced optical biosensors for
DENV detection, driven by innovations in biorecognition ele-
ments, transducers, and nanomaterial synthesis. These
nanotechnology-based biosensors promise lower costs, faster
detection, improved sensitivity, and the ability to work with
smaller sample sizes. AuNPs and Au-derived nanolayers and
nanostripes are commonly used due to their unique optical
properties, enabling high sensitivity and specificity. They

facilitate the detection of various DENV targets, including the E
protein, NS1 protein, RNA, and anti-DENV antibodies. Hybrid
nanomaterials, such as those combining AuNPs with graphene,
QDs, or dendrimers, offer enhanced stability and improved
Raman signals. These hybrids can achieve better sensitivity and
lower LoD by leveraging the combined properties of their
components. Nevertheless, balancing the cost of developing
these hybrid materials with their performance is crucial.

SPR, colorimetric, and fluorescent assays can achieve excellent
LoDs down to the femtomolar range. SPR is a widely used
optical detection method due to its high sensitivity and speci-
ficity. SPR detects minute changes in refractive index, making it
effective for precisely identifying small quantities of DENV.
Unlike fluorescence or colorimetric methods, SPR does not
require labeling, which simplifies the process and reduces costs.
It also allows real-time monitoring of binding and dissociation
kinetics. However, SPR systems can be expensive and complex,
limiting their use in portable or miniaturized formats. Com-
bining AuNPs with SPR biosensors enhances detection sensi-
tivity due to the strong localized SPR of AuNPs, which amplifies
the SPR signal. The morphology and size of NPs affect their
optical properties, influencing the refractive index and inter-
actions between NPs.

6.2 | Broader Opportunities and Challenges in
Biosensor Development

Biosensors, with their versatile applications across biomedicine
and food safety [292, 293], offer significant potential for im-
proving disease diagnostics. Innovations in biosensor technol-
ogies focus on transduction mechanisms, such as optical,
electrochemical, piezoelectric, and microfluidic/paper-based
systems. These innovations aim to enhance DENV detection
sensitivity and specificity while minimizing cross-reactivity.
Moreover, biosensors provide several advantages over tradi-
tional methods, including the ability to differentiate between
primary and secondary infections, thereby enabling early
detection and monitoring of viral load and disease progression.
Their high specificity is crucial for controlling outbreaks, even
in vaccinated populations.

Despite their advantages, biosensors face several challenges that
must be addressed for widespread clinical use [286, 294]. A
major concern is their durability, as environmental factors like
temperature, humidity, and light can degrade sensor compo-
nents over time, affecting reliability, a nonnegotiable attribute
for PoC devices. Moreover, ensuring the robustness of biological
elements, particularly in fluctuating conditions, is crucial for
long-term performance. Reproducibility is another issue, as
variations in fabrication and materials can lead to inconsistent
results. Standardizing manufacturing protocols, calibration
methods, and quality control is essential for reliability. Complex
biological matrices such as blood serum, plasma, and saliva can
interfere with biosensor accuracy, posing a challenge for direct
sample analysis in PoC settings. Cost and scalability also pres-
ent barriers, as production and implementation expenses can
limit accessibility, especially for widespread PoC adoption in
DENV-endemic regions. Achieving cost-effective manufactur-
ing while maintaining performance remains a challenge,
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especially for large-scale deployment. Moreover, biosensor
integration raises ethical concerns regarding privacy, data
security, and informed consent; thus, balancing technological
benefits with individual rights requires strong ethical frame-
works. In summary, addressing these limitations is essential for
advancing biosensor technology and ensuring its practical
application in real-world settings.

6.3 | Future Directions in
Nanotechnology-Enabled Optical Biosensors

Emerging diagnostic tools include engineered proteins, sig-
naling aptamers, peptide arrays, and molecularly imprinted
polymers. Advances in DNA nanotechnology [44, 295, 296],
multiplex DNA microarrays [297], clustered regularly inter-
spaced short palindromic repeat (CRISPR)-based assays [298,
299], and lab-on-a-chip microfluidic platforms [300, 301] also
show promise (Figure 3). Crucially, lab-on-a-chip microfluidic
platforms continue to advance, offering miniaturization,
sample processing automation, and reduced reagent con-
sumption, which are all essential for developing effective PoC
testing [302-305]. The integration of such microdevices with
portable optical readers or smartphone-based interfaces fur-
ther enhances their PoC applicability by enabling quantitative
analysis, user-friendly operation, and data connectivity for
real-time surveillance and even potential for self-testing sce-
narios [306-311]. These developments aim to improve diag-
nostic sensitivity and accessibility, particularly in resource-
limited settings where rapid and accurate DENV detection is
paramount.

6.3.1 | Innovations in Nanomaterials and Green
Synthesis

Green synthesis methods for nanomaterials have emerged as a
promising approach to improve the sustainability of biosensor
production while maintaining high efficiency in detection
(Figure 3) [312-314]. These methods utilize biological resources
such as plant extracts, microorganisms, and biopolymers as
reducing and stabilizing agents, eliminating the need for haz-
ardous chemicals. For instance, plant extracts rich in phenolic
compounds, such as those from neem (Azadirachta indica) and
turmeric (Curcuma longa), have been successfully used to
synthesize AuNPs and AgNPs with enhanced stability and
biocompatibility [315, 316]. Similarly, microbial-assisted syn-
thesis using bacteria (Bacillus subtilis) and fungi (Fusarium
oxysporum) has demonstrated the potential to produce nano-
materials with controlled size and shape, which is crucial for
biosensor optimization [317, 318]. Additionally, natural poly-
mers like chitosan and alginate serve as eco-friendly stabilizing
agents, ensuring NP functionality while reducing cytotoxicity
[319, 320]. These green synthesis approaches offer multiple
advantages, including lower production costs, reduced en-
vironmental impact, and improved biocompatibility. Moreover,
minimizing the use of toxic solvents and energy-intensive pro-
cesses aligns with global efforts to develop sustainable nano-
technologies [321, 322]. However, challenges remain, such as a
limited understanding of the interaction between green-
synthesized nanomaterials and biorecognition molecules, the
potential need for larger sample volumes with some methods,
and ensuring the long-term sustainability and stability of the
nanostructures themselves [312-314]. Future research should
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focus on integrating these green-synthesized nanomaterials into
biosensing platforms to enhance their real-world applicability
and facilitate regulatory approval.

6.3.2 | The Road Ahead for PoC Diagnostics

Optical biosensors offer great potential for rapid PoC DENV
diagnosis, especially in resource-constrained settings. PoC
testing is evolving with new technologies in materials, design,
and detection, making diagnostics more accessible and per-
sonalized [323]. However, as highlighted by the studies
included in this review, challenges remain in transforming
laboratory advances into dependable PoC devices. Beyond ex-
ternal challenges such as unreliable power supplies, disruptions
in the cold chain, and high transportation costs, many of the
reviewed biosensor designs themselves do not yet adequately
address the stringent requirements for PoC use, such as long-
term stability, ease of use by nonspecialized personnel, afford-
ability, and resilience to complex sample matrices without ex-
tensive preparation. Currently, PoC methods like lateral flow
tests (e.g., Bio-Rad NS1 Ag Strip, PanBio-IgM/IgG, SD Dengue
Duo) are available [324], but there is ongoing research to
improve their analytical performance and sensitivity. Au and
AgNPs, as discussed in this review, are key to enhancing PoC
tests. Their unique, tunable optical properties enable sensitive
detection methods such as colorimetry, SERS, and enhanced
fluorescence, often used in microfluidic PoC devices [179].
Future research should focus on developing next-generation
PoC devices that meet the ASSURED criteria [277]. Many of the
promising technologies identified in this review require further
development to meet these comprehensive criteria, particularly
in terms of robustness, cost, and equipment-free operation,
before their PoC potential can be fully realized. Moreover,
future research should focus on identifying specific epitopes to
reduce cross-reactivity and on developing rapid multiplex tests
to detect all four DENV serotypes.

6.3.3 | Integrating Intelligent Systems

Computational analysis, artificial intelligence (AI), and
machine learning (ML) offer exciting prospects for advancing
biosensor technology (Figure 3) [325-329]. AI and ML are
transforming healthcare by enhancing diagnostic accuracy,
patient monitoring, and medical research [330-332]. In DENV
detection, AI and ML have been applied to vector population
modeling, outbreak prediction, and transmission analysis
[333-337], but their potential extends to clinical diagnostics
[338]. For instance, Al-driven automation of blood smear
analysis facilitates rapid patient identification [339], and ML
algorithms can distinguish DENV from Chikungunya virus
early in presentation [340].

Crucially for nanotechnology-enabled optical biosensors, Al can
refine complex signal processing (e.g., from SPR or SERS outputs),
optimize sensor performance, and reduce false positives/negatives
by integrating biosensor data with clinical and epidemiological
information [287, 341]. This real-time Al-assisted approach can
improve DENV diagnostic accuracy in diverse settings [91, 342].

The Internet of Medical Things (IoMT) is playing a growing role
in healthcare automation [343, 344]. IoMT enables real-time data
collection from connected diagnostic devices, remote monitoring,
and rapid dissemination of results, as demonstrated by IoMT-
enabled PCR systems for DENV [345, 346]. The integration of
advanced nanomaterials with IoMT platforms holds promise for
developing highly sensitive, scalable, and cost-effective real-time
DENYV diagnostics [344]. The use of AI with data from wearable
sensors monitoring physiological parameters also shows poten-
tial for DENV risk stratification and improved patient care,
complementing biosensor data [347]. Additionally, AI, including
deep neural networks, is being used to authenticate unique tags
created with plasmonic NPs, a concept that could potentially be
adapted for secure and verifiable diagnostic test results [348].

In summary, integrating AI, ML, and IoMT with
nanotechnology-based optical biosensors is poised to deliver
highly sensitive, real-time, and cost-effective DENV diagnostics.
Future research should focus on developing scalable, Al-
integrated optical biosensors, particularly for resource-limited
settings, to bridge the gap between laboratory innovations and
real-world clinical applications.

7 | Strengths and Limitations of This Systematic
Review

7.1 | Strengths

Our study followed a rigorous, standardized, pre-defined protocol
to ensure consistency and minimize bias throughout the review
process. We searched multiple international biomedical databases
from 2010 to June 1, 2025, using relevant Medical Subject Head-
ings (MeSH) terms and synonyms with no language restrictions.
Citation chaining maximized study retrieval. Two independent
researchers performed article selection, data extraction, and
quality assessment. Disagreements were resolved through discus-
sion or by a third reviewer, ensuring a rigorous review process.
This methodology provides an updated understanding of
nanotechnology-based optical biosensors for DENV detection, of-
fering valuable insights and highlighting their potential and
growing interest through an optimized study database.

7.2 | Limitations

Despite following PRISMA guidelines and employing standardized
critical appraisal, several limitations prevent definitive conclu-
sions. First, relevant studies might have been missed despite our
comprehensive search strategy. Second, the included studies ex-
hibited variable quality, scoring moderate-to-high on the CASP
checklist but often lacking transparency regarding conflicts of
interest and funding. Third, heterogeneity in study design, meth-
ods, and results, as well as the limited number of studies using
human samples, restricts generalizability to clinical settings.
Fourth, microfluidics-based technologies were excluded to focus
on nanotechnology-based optical biosensors, thereby narrowing
the scope. Lastly, we did not address the challenges of im-
plementing these biosensors in clinical practice due to data limi-
tations on implementation costs, intervention descriptions, and
long-term outcomes.
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