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Abstract: Surface Plasmon Resonance (SPR) aptasensors benefit from the SPR phenomenon in
measuring aptamer interactions with specific targets. Integrating aptamers into SPR detection
enables extensive applications in clinical analysis. Specifically, virus design aptasensing platforms
are highly desirable to face the ongoing challenges of virus outbreaks. This study systematically
reviews the latest advances in SPR aptasensors for virus detection according to PRISMA guidelines.
The literature search recovered 322 original articles from the Scopus (n = 152), Web of Science (n =
83), and PubMed (n = 87) databases. The selected articles (29) deal with the binding events between
the aptamers immobilized on the sensor surface and their target molecule: virus proteins or intact
viruses according to different SPR configurations. The methodological quality of each study was
assessed using QUADAS-2, and a meta-analysis was conducted with the Cochrane RevMan
software. Data were analyzed focusing on the types of viruses, the virus target, and the reference
method. The pooled sensitivity was 1.89 (95%, CI1 1.29, 2.78, 12=49%). The analysis of different types
of plasmonic sensors showed the best diagnostic results with the least heterogeneity for SPR
conventional configurations: 3.23 (95% CI [1.80, 5.79]; I2 = 0%, p = 0.65). These findings show that
even though plasmonic biosensors effectively analyze viruses through aptamer approaches, there
are still big challenges to using them regularly for diagnostics. Practical considerations for
measuring label-free interactions revealed functional capabilities, technological boundaries, and
future outlooks of SPR virus aptasensing.
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1. Introduction

Rapid tests at the point of patient care could be highly beneficial due to their immediacy of
results. They can be used outside healthcare settings to detect infectious agents causing viral diseases
[1]. The advantages of these tests concerning speed, reliability, selectivity, and sensitivity should be
considered to establish the most appropriate screening and diagnostic strategies for virus control
[2,3]. Therefore, the acceptability, sensitivity, and cost of each type of test, the availability of resources,
or the need to provide results concerning transport and in vitro diagnostic testing, must be addressed
to enable their implementation outside hospital settings [4].

In this context, aptasensors emerge as new diagnostic methods thanks to advances in
biotechnology and nanotechnology for detecting virus-caused diseases [5-7]. These promising
analytical devices combine a biological recognition element called aptamer, which can recognize and
react with the target molecule (analyte), and a transducer system (optical, electrochemical,
piezoelectric, or magnetic) that generates a signal proportional to the analyte concentration
interacting with the aptamer [8-15]. Aptamers are small single-stranded DNA or RNA sequences (10-
100 nucleotides) that fold into well-defined, stable three-dimensional structures [16-20]. This feature
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allows them to interact efficiently with miscellaneous molecules, from metal ions and small organic
compounds like amino acids or nucleotides to large molecules like proteins, viruses, bacteria, or cells
[17,18,20-22]. Due to the specificity, aptamers are often compared to antibodies [17,23-25]. Aptamers’
generation by in vitro selection methods may be more cost-effective than antibody production and
purification. Additionally, aptamers can be chemically modified or integrated into nucleic acid
nanostructures without affecting the affinity [26]. Unlike antibodies, the denaturation of aptamers
under unfavorable conditions is reversible, allowing them to be incorporated into different detection
platforms and reused without losing functionality[16,18,20].

Conventional virus detection methods can be limited by technical complexity, cost, and false
positives or negatives [18,27]. Aptamer-based assays could mitigate these drawbacks. Currently,
several aptasensor-based strategies for virus detection have been described, such as surface-enhanced
Raman spectroscopy (SERS) [28,29]; surface plasmon resonance, SPR [30,31]; fluorescence [32];
colorimetry [33]; and electrochemistry [14]. SPR aptasensors detect interactions at the interface
between the surface where the aptamer is located and the solution containing the target molecule by
measuring changes in the refractive index [34]. This allows direct, real-time measurements, without
the need for labeling or sample purification.

The principle of SPR aptasensors is shown in Figure 1. In a typical SPR aptasensor, the aptamer
is immobilized on a metal surface, usually gold. The binding between the analyte (virus or its
proteins) and the aptamers changes the thickness of the gold surface and, consequently, the refractive
index. The analyte bound on the surface can be quantified by measuring the angles or intensity of
polarized light, which is detected by the optical transducer and converted into detectable signals
[34,35]. The SPR signal is generally proportional to the molecular weight and refractive index increase
and is expected to be positive and increase with the number of detected molecules [36]. The intimate
contact between the aptamer and the transducer system determines these devices’ exceptional
sensitivity and specificity.

SPR aptasensors have several advantages over other devices, such as miniaturization and
automation [37]. Additionally, the detection approach is faster than other SPR detection modes,
requiring fewer steps and less time. Due to space constraints, most small molecules can bind to
aptamers only with a one-site binding configuration. However, the main advantage of SPR
aptasensors in detecting viral infections is their ability to detect recombinant membrane antigens
directly, and the whole virus using sandwich detection formats [22].

Previous works have focused on SPR platforms for detecting viruses using aptamers as
biorecognition elements [37,38]. However, their feasibility according to the combined effect of the
aptamer design, the type of virus, and the analytical performance has not been sufficiently addressed
from a holistic and systematic perspective. Therefore, this review aims to identify recent trends in
SPR aptamer-based biosensing of clinically relevant viruses using a methodology based on the meta-
analysis of systematically obtained data. This work particularly concentrates on the capacity of SPR
aptasensors to develop diagnostic tests that are ready to be used at the point of care.
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Figure 1. Most common SPR configurations using: (A) SPR in prism-coupling configuration, grating-based
couple, and optical fiber, respectively, and (B) LSPR through total internal reflection measurement, extinction
measurement, and dark field measurement by a microscope. Adapted with permission from Ramirez-Priego et
al. [35] Copyright © (2024) Elsevier.

2. Materials and Methods

2.1. Search Strategy and Information Sources

This systematic review followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines as a reference [39]. The literature search was conducted from
main databases including Web of Science, SCOPUS, and PubMed, considering publication dates from
January 1, 2014, until December 1, 2024. The keywords used for all three databases without any filters

were “aptamer”, “virus” and “plasmon” combined using the Boolean operators “AND” and “OR”".
The retrieved literature was manually screened using the PRISMA checklist.

2.2. Eligibility Criteria and Selection Process

The inclusion criteria consist of: (i) original research articles using plasmonic biosensing
combined with aptamers for the diagnosis of viral infections, (ii) studies evaluating the performance
and binding properties of aptamers recognizing either virus proteins or intact viruses, and (iii)
diagnostic test assays, cross-sectional and case-control studies. The studies published as book
chapters, narrative or systematic reviews, conference proceedings, dissertations, letters to the editor,
short communications, studies without appropriate data, and non-English articles were excluded.
The search results were successfully imported into the Zotero reference manager, and duplicates
were effectively filtered out and removed. The remaining articles were further screened to ensure the
eligibility criteria by title and abstract, The selected abstracts were subjected to full-text screening to
summarize the findings.

2.3. Study Risk of Bias Assessment

The articles obtained from PubMed, Scopus, and Web of Science databases were analyzed
according to their quality standards by the Quality Assessment of Diagnostic Accuracy Studies 2
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(QUADAS 2) following the recommendations of the Cochrane Handbook for Reviews of Diagnostic
Test Accuracy [40]. For each retrieved article, the questions were answered by the author who filled
in an Excel table with the answers “no”, “yes” or “no information”. The 11 questions of the tool are
grouped into four key domains: patient selection, index test, reference standard, and flow and timing.
According to these answers, the risk of bias was rated for each domain as “low”, “high”, and “no

information”. All the results were plotted using the Cochrane RevMan software.

2.4. Data Collection Process

A comprehensive review was conducted on selected publications that fulfilled specific inclusion
criteria for data collection and extraction. The eligible articles were categorized based on the type of
virus and plasmonic platform, offering a clear overview of the current landscape in the field. The
following data were extracted from the selected articles for their descriptive analysis and comparison
in terms of percentage: type of viruses, aptamer refinements, origin of aptamers, target biomarkers,
clinical applications, samples, and assays used, and diagnostic techniques and treatments with their
corresponding administration route.

2.5. Statistical Analysis

The Cochrane RevMan software performed the meta-analysis and provided the methodological
quality summary following the QUADAS-2 bias assessment sheet [40]. Heterogeneity was presented
using forest plots. If heterogeneity could not be eliminated, random-effects models were performed.
I2 tests indicated statistically significant heterogeneity for values greater than 50%. Subgroup analyses
were performed according to the characteristics of the selected studies, including virus type,
plasmonic sensor configuration, clinical sample, viral target, reference method, affinity constants, or
sensitivity of the studies. Funnel plots were constructed to examine the effect of small studies. A p-
value of < 0.05 was considered statistically significant for all analyses.

3. Results

3.1. Retrieved Studies

The number of studies identified in the three databases was 322 (Figure 2). Before screening 122
duplicates were removed. Of the remaining 200 articles, 66 were appraised for full-text assessment,
once considered the eligibility criteria. Finally, 28 studies met all the inclusion criteria and were
selected for qualitative and quantitative review. The analysis of these articles allowed the extraction
of data related to SPR-based aptasensors focused on virus detection for diagnostic purposes.

Table 1 displays the key characteristics of the included studies according to the type of aptamer,
target virus, plasmonic technology, detection format, and limit of quantification.
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Table 1. Characteristics of the selected studies based on different types of viruses according to the target virus, the assay format and aptamer design, instrument configuration, kinetics,

limit of detection, and biological sample.

Type of Instrument Limit of Detection
yP Target Virus Aptamer Design Assay Format Configuration/Reference Kinetics . .
Virus (LOD)/Biological Sample
Method
DNA aptamer
derivatized with a thiol SPR /square wave LOD =10 nM HA/ artificial
hemagglutinin (HA) protein (SH-C6-) and a Affinity binding and detection 9 KD =1.79x10°* M saliva
voltammetry
methylene blue [41]
modification
DNA
Recombinant HAs: H1, H3, H5; D/ aptamers and Affinity binding HAs SPR/ ELAA (with viral
biotinylated derivatives . . . KD =7-28 nM n/a [42]
H7, H9 immobilization particles)
G-Quadruplex
Affinity bindi
Influenza A nucleoprotein (infA DNA aptamers ,HTlty bm.d?ng . KD=17.7 +3.5nM
: Aptamer is immobilized using SPR as a reference method n/a [43]
NP) (magnetic SELEX) .. . 1.
the biotin-streptavidin method
Multi-functional DNA
. 3-way-junction (3WJ]) Detection: DNA3W] aptamer LSPR (enhancement effect LOD=1pM-100nM /10-fold
HA protein g . e n/a . .
tagged to an HA protein immobilization by fluorescence dye) diluted chicken serum [44]
recognition aptamer
Influenza Screening a cognate pair of SPR/ circular dichroism

Whole avian influenza virus
particles of H5N2

LOD-= 2.09x105 EIDso/ml in
n/a the duck’s feces (Lateral
flow assay strips) [45]

aptamers: aptamer
immobilization using the
streptavidin-biotin complex
method,

GO-SELEX: aptamers,
different target sites

(CD) spectrum analysis
confocal laser scanning
microscopy

Sandwich-based assay:

DNA aptamers. Primary aptamer streptavidin-
. Multi-GO-SELEX coated magnetic bead and SPR/ Circular Dichroism 200 EIDso/ml/ sample buffer
H5Nx whole viruses L . n/a [46]
method biotin-labeled secondary studies
aptamer on streptavidin-coated
quantum dot AuNP
SELEX DNA aptamers Biotinylated sSDNA aptamers KD:,\(/SI4.£3 ;12.24
HA subtype 1 HAT subunit of subtype immobilized on NeutrAvidin SPR/ELISA 12.34nnM, and 50.32 + n/a[47]
H1 (H1-HA1) 14.07 nM,
hemagglutinins (HAs): . . Competitive assay
HPAI H5N1; RNA_ 11b.rary in RNA Immobilization of biotinylated SPR KD =4-14nM n/a [48]
binding buffer

A/H5N1/Indonesia/05/2005) and

tetravalent glycan with
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H7N7
(A/H7N7/Netherlands/219/2003

different concentrations of
aptamer

H5N1, HIN1, and H3N2 subtypes

Aptamer immobilization KD = 1.53-2.47 x 10

of influenza A virus (subtypes of - gp; by A aptamers  onto the sensor chip via a 50- SPR/ELAA ELAA [49]
influenza A viral particles . . M
L A biotinylated oligo
antigenically distinct)

DNA aptamer SELEX:  Aptamer immobilization: fiber optic KD=0.(4;9P-£4{.)38 nM ngg dzj:; ;cli\i[/e(zgrlr)lpi)s

Nucleocapsid protein (N-protein) NP-A48 NP-A58; NP- ssDNA aptamer with terminal particle plasmon resonance KD=2.63-13.70 nM (Easophalilngeal swfps)

A61; GNP-A1 i AuNP FOPPR)/SPR nading
61; GN 5 amine tagged to AuN (FO )/S (FOPPR) [50]
SARS-CoV2 N gene Ct =
SARS-CoV2 RNA colorimetric Aptamer-functionalized AuNP . . 25/16 clinical samples (13
. ) - . SPR-colorimetric based .. .
(DNA)-based aptamer mixture-incubated with viral n/a positive and 3 negative

changes in the SPR peak in the
COVID-19

assay

RNA extracts samples) [51]

T-apt@AuNPs, polyA-
apt@AuNPs, and

KD =0.024 nM, (T- LOD=9.2-28 pM / 39

SARS-CoV2

. Sandwich assay T-shaped
. . thiol-apt@AuNPs, T- . . apt@AuNPs) healthy volunteers and 39
Nucleocapsid protein shaped aptamer DNA1 aptamf;r1 e(aa}:lt1 Ah%i@caAt;ﬂ\rllPs) for Q-shaped fiber optic LSPR COVID-19 patients infected
containing an Np-A48 P © and cold-chain Foods [52]
aptamer
Thiol-modified niobium
LOD =4. L1/H
N-gene of SARS-CoV- SARS-CoV-2-N58 carbide MXene quantum dots SPR © 9 pg mL"!/ Human
. n/a serum seawater, seafood
2 aptamer (purchased)  anchoring N-gene-targeted (53]
aptamer.
. . DNA aptamer Immobilization of biotinylated LSPR instrument equipped LC,)D =026nM, art1f1c1a.1
S1 spike protein . n/a saliva, and serum albumin
(purchased) aptamers. with a two-channel system [54]
DNA aptamer specific
for the recognition of Aptameric sequence
. . the receptor-binding . . SPR D-shaped plastic LOD =37 nM/
ke gl t lized hort PE KD =5.8nM
Spike glycoprotein domain (RBD) of the immobi 1z'e on ashort PEG optical fiber (POFs)/AFM >8n human serum (1:50 v/v) [55]
. interface
SARS-CoV-2 spike
glycoprotein
SARS-CoV-2 SRBD or SARS-CoV-2 DNA CaPturlng Poly (ar.mdoamme) dendrimers . KD = ?.8 nM LOD =21.9 pM
. . aptamer/amino-capped conjugated to aptamer- LSPR (nanoislands) (previously
pseudo viral particles L . . [56]
aptamers modified chips characterized)
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DNA aptamer immobilized on
S protein DNA aptamer old nanoparticles-linked SPRi KD =0.82 (£0.03) LOD =0.32 nM [57]
p p & b nM/ 1.27 (+£0.4)nM :
sandwich structure

magnetic bead-assisted immobilized COVID-19

. SELEX to discover  S1/binding kinetics for the S1 . g n/A
COVID-19 S1 protein ssDNA aptamers (five from wild immobilized Apt-S1- SPR /CRISPR detection =~ KD=0.87-35.95 nM [58]
sequences) 79s
Nucleocapsid protein Detection of library Imzz:;:%?:g?nOf;:fv\fZth SPR Blacore/Capillary KD= 2.18*10-4- n/A
peicp affinity using SPR P & electrophoresis 4.21*10-11M [59]
aptamers and NPs

DNA aptamers were
isolated as anti-HIV-1

Anti-HIV-1 RT inhibitors. DNA Affinities of the aptamer SPR/isothermal titration KD=2.87x10°/ Cytotoxicity testing of DNA
Reverse Transcriptase aptfflmers were screene.d complexes WT HIV-1 RT.: calorimetry 7 51105 M aptamer on HEK293T cells
against WT HIV-1 RTin = DNA aptamer as analyte [60]
an AuNP-based
colorimetric assay
KY44 could
K103N/Y181C Double Mutant DNA Aptamers The binding affinity of HIV-1 SPR/NMR KD=1.56x10-  inhibit pseudo-HIV particle
HIV-1 Reverse Transcriptase RTs-aptamer complexes 1.46x10"M infection in HEK293 cells
[61]
. o KD values of
HIV Hiv-1 RT;EES? APEAMET  p11449 DNA aptamers  RT1t49 aptamer as analyte 0 Isszfrrgzltrt;rahon 52.8+0.22 and n/a [62]
) 65.8+0.52 nM
. . LOD =1 pM (about 1.5
HIV—TAT(trarTs—afctlvator of RNA aptamer (already a.ntl—Tat.a.ptaTner (SPRETIRE)/ellipsometry n/a pg/mL)/1.8 EM ellipsometry
transcription) reported) immobilization [63]

Binding capacity to HIV-1
gp120 and HIV-1 gp417

inhibition of HIV-1 infection in The KD values could Stability of G-quadruplexes
CEM cell cultures: gp120 and SPR not be accurately

Bimolecular G-

HIV-1 gp120 and HIV-1 gp417 quadruplex

in h 4
aptamers based on in human serum [64]

, recombinant HIV-1(HxB2) determined
Hotoda’s sequence, . I
gp417 immobilization/ aptamer
as analyte
SELEX ss DNA ELASA on 77 serum
Crimean Nucleoprotein (NP) CCHF virus aptamers. using an 80- Biotin immobilization. of NP F)n SPR KD=12x107 - sampl.e's including 49
Fever nucleotide aptamer  a pre-coated streptavidin chip 6.62x10° M positive 2.8 x 10°
library copies/ul. [65]
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. LOD =70 aM
A - 1 -
Norovirus . . . Four different DNA ptamer .Con]ug;.;lt.ed to gold n/a (previous (buffer)/undiluted human
Norovirus capsid protein . nanorods immobilized onto a SPR/ELISA . |
aptamers (commercial) hi . studies) serum samples
chip surtace (5 positive, 1 negative) [66]
. SELEX ssDNA aptamer Aptamer-ba_sed san_dwich assay: ) _ _
Diarrhea Whole vi loni d . aptamer pairs conjugated with SPR/PCR KD = Sandwich with(without AuNP
virus ole virus (cloning and sequencing gold 4.08x10* TCIDso/mL  : 500-10,000 TCIDso/ml) [67]
steps) nanoparticles
Hairpin structure DNA Not measured
Denete aptamer(purchased) SAMN@MPA with AuNPs raphic for detection of
. 8 Whole virus modified with SH conjugated with aptamers SPR/UV vis spectrum n/a grap .
virus - . . . dengue virus (real samples)
group for binding with immobilized [68]
AulNPs

A39 protein immobilized and
DNA i f the A2
Mbox Virus A29 protein I\Irotelibrf;ryn(iat nezetic ? sandwich-type binding SPR /CRISPR KD=6.8 pM and 56.4 LOD = 0.28 ng mL-'/human
P P P y mag between the aptamers and the pM serum and saliva [69]

bead-assisted SELEX. AD9.
*SPR: Surface Plasmon Resonance; LSPR: Localized Surface Plasmon Resonance; SPReTIRE: resonance-enhanced total internal reflection SELEX: systematic evolution of ligands by
exponential enrichment; KD: constant of dissociation; LOD: limit of detection; TCIDso/ml: Tissue Culture Infectious Dose 50 per milliliter; EIDso/ml: 50 percent Embryo Infectious Dose;
AuNP: gold nanoparticles; FOPPR: fiber optic particle plasmon resonance; ELISA: enzyme-linked immunosorbent assay; ELAA: enzyme-linked aptamer assay; CRISPR: clustered

regularly interspaced short palindromic repeats; NMR: Nuclear Magnetic Resonance; AFM: Atomic Force Microscopy; PCR: Polymerase chain reaction;.
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3.2. Quality Assessment

Beyond half of the studies had a low risk of bias assessment. The total of selected articles for the
quantitative analysis took advantage of biological fluids to test the diagnostic potential of the
aptasensors, using either real, artificial, or spiked clinical samples. However, only 15 % of the studies
displayed a low-risk bias in the patient selection domain. This result is because almost fifty percent
of studies focused on the characterization of aptamers instead of assessing the feasibility of the
analytical tool. For this reason, the quantitative analysis was only performed in those articles that
displayed the sensitivity of the plasmonic device. Most articles investigated the test accuracy by
comparing the results with another diagnostic technique. In this sense, almost all the articles within
the quantitative analysis reported a cut-off or a limit of detection value. Only one article described
the results solely in negative samples. As for the flow and timing domain, most articles did not
explain in detail whether the index and reference tests were performed during the same time or were
characterized before storage. Finally, all the articles showed appropriate experimental designs and
stated the research aims.

[ Identification of studies via databases and registers ]
- Records identified from: Records removed before
o Databases: screening:
T Scopus (n = 152); Duplicate records removed
E Web of Science (n = 83); —> (n=122)
c Pubmed (n = 87);
% Registers (n =0)
Total (n=322)
Records excluded after title and
Records screened ———| abstract screening
(n = 200) Non original (n = 94)
Published before 2014 (n = 42)
o v
=
=
g Fu!tggts assessed for eligibility e Reports excluded:
& (n=66) Non-SPR detection (n = 24)
Non-viral diagnostics (n =12)
Non-aptamer recognition
(n=1)
) Studies included in the
qualitative review
= (n=29)
S
=
(8]
= Studies included in the
quantitative review
(n=13)

Figure 2. PRISMA 2020 flow diagram for article selection in this systematic review.

3.3. Model of Virus Target

Among the 29 selected articles, nine studies developed plasmonic aptasensors to detect
hemagglutinin proteins or the Influenza virus. Ten studies focused on developing aptamers to
determine SARS-CoV2 and five determined the human immunodeficiency virus (HIV) using SPR
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biosensors. The rest of the retrieved articles studied aptamers against the Crimean Congo
hemorrhagic Fever virus (one), Diarrhea virus (one), norovirus (one), dengue virus (one), and Mpox
virus (one) through plasmonic platforms.

Most studies aimed to detect virus proteins [41-44,47-52,54,55,57-66,69], whereas four studies
[45,46,67,68] focused on whole virus detection, and two determined protein genes [53] or pseudo viral
particles [56]. Other biomolecules like enzymes were also used as virus targets. For instance, all the
selected articles provided HIV characterization using plasmonic aptasensors concentrated on
examining the activity of anti-reverse transcriptase enzymes [60-62]; evaluating the interaction with
envelope Glycoproteins: Gp120 and Gp41 [64], and detecting the tat protein [63]. Similarly, SARS-
Cov2 SPR-based aptasensing addressed the determination of SARS-Cov2 related proteins such as the
nucleocapsid (N) protein [50,52,53,59], the spike (S) protein [54,55,57,58], and the interaction of
aptamer directed against SARS-CoV2 RNA [51]. In contrast, three articles reporting the diagnosis of
the Influenza virus detected the whole H5N virus [45,46]. The other Influenza virus-related studies
dealt with various hemagglutinin subtypes [41,42,44,47-49] and the influenza virus nucleoprotein
[43]. Other studies reported the interaction of the Crimean Congo fever virus nucleoprotein [65], the
norovirus capsid protein [66], or the Mpox A29 protein [69] to their corresponding selected aptamers.
Lastly, two whole virus strategies described dengue and diarrhea viruses approaches [67,68].

3.4. Type and Origin of Aptamers

Twenty-five selected articles utilized DNA aptamers to analyze virus proteins or whole virus
particles. The remaining studies described detection approaches based on RNA aptamers [47,48,63].

Ten studies reported the identification of aptamers using either library synthesis [48] or the
selection amplification process known as systematic evolution of ligands by exponential enrichment
(SELEX) [43,45-47,49,50,63,65,67]. Conventional SELEX appeared in five articles [49,50,63,65,67];
three studies employed graphene oxide-based SELEX [45,46] and magnetic SELEX [43]; and another
used the counter-SELEX method [47].

The rest of the studies involved previously selected aptamers which included various
modifications before analysis [42,44,51-54,60,62,64,66-68]. For instance, four studies displayed
aptamers with 3D structures based on the design of G-quadruplexes [64], 3Way Junction [44], or T-
shaped aptamer structures [52]. Four studies comprised chemical modification through gold
nanoparticles [66—68], and quantum dots [53] in four studies. Other modification strategies included
biotinylation [42,54,65], and thiolation of aptamers to provide stable immobilization surfaces [51].

3.5. Sensing Detection Schemes and Assay Formats

Most sensing schemes reported conventional SPR configurations, although two articles included
structural modifications to enhance detection [55,63]. Specifically, two studies described working
strategies based on fiber optic SPR sensing [50,52], and another employed SPRe-Tire detection [63].

Four approaches described LSPR-based developments involving SARS-CoV2 [52,54,69], dengue
[68], and Influenza virus detection [44]. Additionally, one of them reported LSPR coupled to fiber
optic nanoprobes [52] and another an integrated colorimetric detection system [68] that detected
whole virus organisms [52,68].

Regarding the assay format, nineteen articles referred only to the kinetic analysis of aptamers
with their target virus proteins by SPR-based methods [41-43,47-50,52,55-62,65,66]. The other studies
provided direct detection of whole viruses (four), RNA (one), and virus proteins (eight). The
dissociation constants were within the nanomolar range (0.49-69.06 x 10 M) in most cases.

The immobilization of aptamers was the most common strategy to examine either the binding
affinity or the detection of the analyte (all but four). As an amplification of this format, various studies
employed sandwich-based assays comprising a dual aptamer detecting scheme to recognize the
whole influenza virus [46], the nucleocapsid or S protein of the SARS-COv2 virus [52,57], norovirus
[66], and Mpox virus [56]. Contrarily, aptamers were used as analytes in four studies that determined
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HIV behavior against infection in HEK293 cells [60-62] and another that comprised the binding
affinity of the Crimean fever virus [65].

Additionally, several approaches comprising immobilized aptamers used functionalized
surfaces such as the biotin-streptavidin/neutravidin method [43,45-48,65], and nanoparticle [46,50—
52,66-68] or quantum dot structures [53].

3.6. Study Outcomes and Reference Methods

All the studies except eight [42,43,47-49,60-62,64] evaluated the sensitivity of the assays. The
limit of detection (LOD) in a molar ratio [37,44,52,54,55,63,66], or EIDso/ml(TCIDso/ml) [45,46,67].

Six studies aimed to determine the affinity binding constants between influenza-related proteins
(recombinant hemagglutinins, influenza nucleoprotein) and complementary aptamers [41-43,47-49].
Among the other influenza aptasensors, two provided sensitivity values based on the whole virus
detection 200-2.09x105 EIDso/ml or viral particles [45,46], while another reported hemagglutinin
detection between 1 and 100 pM levels [44].

Regarding SARS-CoV2 aptasensors, most studies focused on the detection limits expressed in
molar concentration [50,52-55]. Two methods showed detection limits within the nanomolar range
for the S1 glycoprotein (0.26-37 nM) [54,55], the other two performed nucleocapsid protein analyses
in the picomolar [52] and nanomolar concentrations [50]. The remaining SARS-COv2-related articles
tested aptamer recognition of RNA-positive samples using colorimetric enhancement and N-gene
detection at picomolar levels.

HIV SPR-based aptasensing only included sensitivity outcomes in LOD levels in one study to
detect the Tat protein at 1 pM levels [63]. The other HIV aptasensors concentrated on the cytotoxicity
testing on HEK293 cells and inhibition of pseudo-HIV particle infection in HEK293 cells [60-62]. The
stability of G-quadruplex aptamers in human serum concerning the recognition of HIV glycoproteins
120 and 41 was also reported [64].

Concerning other virus aptasensors, measurements of whole viruses through TCID50/ml units
and graphic detection were reported for diarrhea [67] and dengue [68] viruses, respectively.
Although the number of Crimean fever virus copies was determined using ELISA in another article,
SPR feasibility was also applied to examine the affinity binding. Lastly, the lowest LOD emerged
when evaluating the norovirus capsid protein at attomolar levels in buffer samples (70 am).

The use of biological samples included different types of fluids, including chicken serum [44],
duck feces [45], nasopharyngeal samples [50,51], cold chain foods [52], seafood seawater [53], artificial
saliva and serum albumin [54], and human serum [53,64,66].

Several methods considered the inclusion of another method as a reference. The variety of
reference methods according to the target virus and the assay format, ranging from ELISA [47,66],
ELASA [65], and ELAA [42,49], to PCR [67], UV vis Spectrum [68], ellipsometry [63,64], isothermal
titration calorimetry [60], NMR [61,62], AFM [55], colorimetric determination [51], and circular
dichroism spectrum analysis [45,46]. Similarly, several enhancement procedures involving
fluorescence dyes [44], colorimetric assays [67], quantum dots [46,53], fiber optic [50,52,55], or
ellipsometry[63,64].

3.8. Sensitivity and Subgroup Analysis

The symmetric distribution of the studies subjected to the quantitative analysis according to the
number of positive and negative samples in each study is presented as funnel plots (Figure 3).
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Figure 3. Funnel plot of the diagnostic odds ratio according to the types of viruses.

The effect of the plasmonic configuration, the type of virus and target, the kinetics, the biological
fluid, and the use of a reference method revealed the same symmetric distribution. The sensitivity
analysis considering the positive and negative samples showed a pooled diagnostic odds ratio of 1.89
(95%, CI1 1.29-2.78) showing moderate heterogeneity (12 =49%, p < 0.001) (Figure 4).

Positive Negative Odds ratio Odds ratio Risk of Bias
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI A B C DE
 Basso 2019 4 5 1 5 05% 16.00[0.72,354.80] St ® e e
v Cennamo 2021 1 2 1 2 13% 1.00[0.02.50.40] PP ®
 Chang 2022 0 4 4 4 106%  001[000,077] #—M — IR KK
+ Chen 2021 1 2 1 2 1.3% 1.00 [0.02 , 50.40] 2 788
v Jalali 49 i 28 77 26.70% 3.06[1.59,5.91] —-— ® 2?2 288
v Kim 1 2 1 2 13%  1.00[0.02,50.40] 'Y K K K
+ Kim 2018 5 6 1 04% 2500([1.20, 520.73] _—F 2288
v Kiruba 2022 13 16 3 16 1.5% 18.78[3.18, 110.84] — @ ? ? @ 8
v Lee 2019 1 2 1 2 1.3% 1.00[0.02, 50.40] 2 788
+ Lewis 2021 1 2 1 2 1.3% 1.00[0.02, 50.40] 72 788
v Luo 2023 39 78 39 78 51.1% 1.00 [0.53 , 1.87] - ® L ]
¥ Maddocks 2022 1 2 1 2 13%  1.00[0.02.50.40] 2 2@ e
+ Romanucci 2015 1 2 1 2 1.3% 1.00[0.02, 50.40] ®
Total 200 200 100.0% 1.89[1.29, 2.78] ’
Total events: 17 83
Test for overall effect: Z = 3.25 (P = 0.001) o o b
Test for subgroup differences: Not applicable Favours [experimental] Favours [control]

Heterogeneity: Chi* = 23.46, df = 12 (P = 0.02); F = 49%

Risk of bias legend

(A) PATIENT SELECTION

(B) INDEX TEST(S)

(C) REFERENCE STANDARD
(D) FLOW AND TIMING

(E) Other bias

Figure 4. Analysis for pooled diagnostic odds including the risk of bias for the articles selected for the meta-

analysis.


https://doi.org/10.20944/preprints202503.0934.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2025

As per the sensitivity analysis for the type of viruses, the subgroup differences were not
statistically significant (p = 0.09), I? = 48.2.% (Figure 5 A). Influenza virus analyses showed a lack of
heterogeneity (p = 1.00); 12 = 0% whereas SARS-Cov-2 determinations presented the highest
heterogeneity values (p = 0.01); I2 = 65%.

On the other hand, according to the target virus (protein or the whole virus), the test for
subgroup differences revealed a heterogeneity value of I> = 0%, (p = 0.36), since the number of articles
that determined the whole virus was only two, with heterogeneity value of (p =0.28); 12=16% (Figure
5B).

When applying the subgroup analysis, the sensitivity based on the type of sensors displayed a
diagnostic odds ratio of 1.66 [ CI 1.20, 2.29] with a similar heterogeneity (p = 0.009); I2 = 53%, being
the SPR approaches that did not show statistically significant differences regarding heterogeneity (p
=0.65); I2=0%, followed by LSPR biosensors (p = 0.24); I> = 28% and SPR fiber optic devices (p =0.12);
I2 = 54% (Figure 5 C).

The subgroup analysis derived from the kinetics indicated statistically significant differences
between the studies that measured dissociation constants or did not perform affinity determinations
(P=0.008), I = 85.9%. In contrast, the heterogeneity among the latter had reflected an I> = 0% (Chi? =
5.93, df =6 (p =0.43) (Fig, 5 D).

Finally, the test of subgroup differences when comparing the use of a reference method also
yielded a lack of heterogeneity (p = 0.59), I = 0%, being the differences within the studies that used a
reference method (p =0.09); I = 45%, lower than that of articles without a reference method (p = 0.03);
I2=61% (Figure 5 E).
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1.2.2 SARS-CoV2 virus
v Cennamo 2021 1 2 1 2 13%  1.00[0.02, 50.40]
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V Kiruba 2022 13 16 3 16 15% 18.78([3.18, 110.84] —_
v Lewis 2021 1 2 1 2 13%  1.00[0.02, 50.40]
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Test for overall effect: Z = 0.79 (P = 0.43)
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Test for overall effect: Z = 3.34 (P = 0.0008)
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1.2.6 Dengue virus
J Basso 2019 4 5 1 5  05% 16.00[0.72, 354.80] 4+
Subtotal 5 5 0.5% 16.00[0.72, 354.80] e
Total events: 4 1
Test for overall effect: Z = 1.75 (P = 0.08)
Heterogeneity: Not applicable
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Test for overall effect: Z = 3.25 (P = 0.001) 061 01 b o 00
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+ Chang 2022

+ Chen 2021
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v Lewis 2021
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v Maddocks 2022
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Test for overall effect: Z = 3.03 (P = 0.002)
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v Kim 2019
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Total events:
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Test for overall effect: Z=3.25 (P = 0.001)

Test for subgroup differences: Chi* = 0.84, df =1 (P = 0.36), F = 0%
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1.3%  1.00[0.02, 50.40]
51.1% 1.00[0.53, 1.87] -
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J Chang 2022 0 4 4 4 7.0% 001[000,077] 4————
v Luo 2023 39 78 39 78 33.7% 1.00[053,1.87]
Subtotal 84 84 41.6% 0.83 [0.46, 1.51] :
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+ Chang 2022 0 4 4 4 10.6% 0.01[0.00,0.77] ¢———

v Kim 2018 5 6 1 6 0.4% 25.00[1.20, 520.73] —_—
Vv Kim 2019 1 2 1 2 1.3%  1.00[0.02, 50.40]
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v Maddocks 2022 1 2 1 2 1.3%  1.00[0.02, 50.40]

Subtotal 23 23 16.8% 1.47 [0.54 , 4.00] ’

Total events: 13 10

Test for overall effect: Z=0.75 (P = 0.45)
Heterogeneity: Chi* = 10.92, df = 6 (P = 0.09); I* = 45%

1.4.2 NO Reference

+ Chen 2021 1 2 1 2 1.3%  1.00[0.02, 50.40]

v Jalali 2021 49 77 28 77 26.7% 3.06[1.59, 5.91] .

v Kiruba 2022 13 16 3 16 15% 18.78[3.18, 110.84] e —
v Lewis 2021 1 2 1 2 1.3%  1.00[0.02, 50.40]

v Luo 2023 39 78 39 78 51.1% 1.00[0.53, 1.87] -

+ Romanucci 2015 1 2 1 2 1.3%  1.00[0.02, 50.40]

Subtotal 177 177  83.2% 1.98 [1.31,2.99] .

Total events: 104 73

Test for overall effect: Z = 3.22 (P = 0.001)
Heterogeneity: Chi? = 12.76, df = 5 (P = 0.03); I*=61%

Total 200 200 100.0% 1.89[1.29,2.78] ’

Total events: "7 83

Test for overall effect: Z = 3.25 (P = 0.001) 0b1 on T 100
Test for subgroup differences: Chi* = 0.29, df = 1 (P = 0.569), I = 0% Favours [experimental] Favours [control]

Heterogeneity: Chi* = 23.46, df = 12 (P = 0.02); I = 49%
(E)
Figure 5. Subgroup analysis for pooled diagnostic odds ratio based on the type of virus (A), virus target (B),
instrument configuration (C), kinetics (D) reference method (E).
4. Discussion

This systematic review and meta-analysis aimed to determine the reliability of SPR aptasensors
for detecting virus-related interactions while examining recent trends to enhance their performance.
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The data search identified 29 articles built on SPR biosensors that utilized aptamers as analytes or
recognition elements to monitor virus interactions.

The selected SPR-based virus aptasensors took advantage of the sensitivity provided by the
plasmonic phenomenon when measuring the refractive index changes that occur due to the
interaction of aptamers with protein or whole virus molecules. The different configurations that
adopt aptameric SPR biosensors depend on the sensing mechanism, the virus target, or the
immobilization strategy.

In this sense, SPR aptasensors based on conventional configurations still provide the most
abundant strategies to detect the target virus. This circumstance is directly tied to the extended use
of SPR biosensors to investigate the dynamics of aptamers’ interactions with their target virus
components. For this reason, basic SPR assays usually exploit a direct detection approach consisting
of aptamer immobilizations on the sensing surface followed by the recognition of the virus protein
using only one-site binding. The direct detection strategy was present in almost all selected articles.
Nevertheless, several approaches have benefitted from the streptavidin-biotin interaction to
immobilize a biotin-modified aptamer [43,45,46,48,65], others make use of signal amplification tags
such as nanoparticles [46,50-52,66-68] or quantum dot structures [53]. As an extension of this format,
three distinct studies utilized sandwich assays incorporating a dual aptamer detection system to
detect either whole or protein viruses [46,52,57,67,69]. Therefore, direct virus detection formats are
the first choice for encouraging outcomes concerning sensitivity, specificity, and cost-effectiveness
since only four studies did not immobilize aptamers on chip surfaces to monitor virus interactions.
This outcome coincides with the lack of heterogeneity observed when evaluating the distribution of
positive and negative samples in each study showing the best diagnostic odds ratio.

Although the fundamental sensing mechanism was SPR, some approaches used variations of
this detection mode, such as LSPR, resonance-enhanced total internal reflection ellipsometry
(SPReTIRE), or fiber optic transducers. LSPR configurations, compared to angle-resolved
arrangements, allowed more straightforward and stable measurements without the need for prisms
or polarizers [44,52,54,56]. Moreover, LSPR biosensors can enhance the spatial resolution of
plasmonic platforms by utilizing plasmonic nanomaterials [56]. These distinctive characteristics
enable the integration with microfluidics and, consequently, the miniaturization of LSPR aptasensors.

Among the selected studies of this review, integrating fiber optics technology into either SPR or
LSPR system configurations involved a promising advancement. For instance, an LSPR-based
approach permits direct detection of the nucleocapsid protein of the SARS-CoV2 virus using
gold/silver nanoparticles functionalized with a T-shaped aptamer on Q-shaped fiber optic surfaces
[52]. The principle of FOPPR sensing technology using aptamer-functionalized sensor fibers offers an
interesting approach to improving the sensitivity of SPR aptasensors to measure the affinity between
the immobilized aptamer and the virus target [50,55]. However, incorporating SPR aptasensors into
fiber optics necessitates a range of enhancements that facilitate the deposition of gold on the fiber
core while allowing aptamer immobilization and virus detection with sufficient feasibility and
minimum mechanical noise and fragility.

The SPR imaging configuration is solely represented by a unique approach using a specific
aptamer that recognizes the S protein of SARS-CoV2 [57]. This strategy reported the aptamer kinetics
but did not consider the diagnostic assay assessment.

Merging the surface plasmon resonance phenomena with enhanced total internal reflection
ellipsometry (SPRe-TIRE) demonstrated an interesting aptasensing arrangement. This singular
approach has been successfully applied to detect HIV [63] resulting in improved sensitivity, as SPR
waves travel across the metal surface. Another unusual SPR strategy involves an SPR colorimetric-
based assay that exhibited its diagnostic value using 16 clinical samples [51]. However, this strategy
was based on the SPR-related absorbance measured as the wavelength shift changed in aggregated
gold nanoparticles instead of exploiting the SPR phenomenon.

The studies reviewed encompassed diverse virus types, ranging from Influenza A to SARS-
CoV2 and more recently to the Mpox virus. The analysis of the group differences between the
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investigated viruses showed moderate heterogeneity, thus indicating low variations in their
diagnostic accuracy according to the number of positive and negative samples. Because the most
employed assay format was based on aptamer immobilization, the predominantly recognized
molecule was a viral antigen. The aptamers commonly screened by the SELEX method identified
their corresponding target proteins involving envelope, capsid, nucleoprotein, and functional
proteins [27]. Envelope proteins, such as hemagglutinin (HA) and SARS-CoV-2 spike glycoproteins,
provide external sites to recognize aptamers and are the preferred option for SPR aptasensors, as
confirmed in this review. Secondly, capsid and nucleocapsid proteins constitute a solid alternative
for viral diagnosis as demonstrated in norovirus and SARS-CoV2 N-protein SPR-based aptamer
applications despite being assembled to package the viral nucleic acid.

As for the performance comparison, no group differences were observed between the studies
with and without reference methods. Besides, the heterogeneity among the approaches that used a
reference method was moderate. The selection of the appropriate reference method mainly relied on
the type of virus. Immunochemistry methods (ELISA, ELAA), fluorescence, nanomechanical,
voltammetry, and CRISPR were the range of methods compared to SPR aptamer arrangements. The
variety of reference methods highlights the need to validate the results using a reference method
when assessing a technique’s diagnostic capability.

The intricate complexity inherent in biological samples is crucial in driving feasible aptamer
applications. In this review, most studies have concentrated on serum as the primary biofluid for
virus identification. Because serum presents exceptional complexity many studies resort to diluted
samples. Moreover, alternative biological fluids such as nasopharyngeal, artificial saliva, and even
duck feces offer viable solutions in virus diagnosis to overcome the requirements of diagnosis test
assays. Nevertheless, utilizing buffers instead of biological samples remains a common presentation,
thus indicating the failure of many studies to replicate real clinical conditions. Therefore, prioritizing
the optimization process is essential for enhancing the effectiveness and accuracy of SPR-based virus
detection using aptamer approaches.

This review points out key limitations regarding the selected studies. First, some studies did not
provide information on the test assay accuracy, thus limiting the quantitative analysis to half of the
collected documents. Furthermore, the sample sizes employed in these studies may have limited
statistical analysis. On the other hand, many studies failed to report true positives, false positives,
true negatives, and false negatives, which affects the heterogeneity of the meta-analysis due to
varying positivity thresholds. While diagnostic performance was presented as odds ratios, we could
not associate sensitivity and specificity with the area under the ROC curve because of a lack of data
on false results. Consequently, current research on the applications of SPR aptasensors in virus
analysis still lacks independent index test sets, which are necessary for generalizing diagnostic
accuracy, as indicated by the studies included in this review.

5. Conclusion

This systematic review explores the significant advancements and challenges of SPR aptasensors
as diagnostic tools for virus detection. Despite achieving ultrasensitive and reliable analytical
performance, their use to diagnose virus infections remains occasionally limited to determining
affinity interactions. Other obstacles like nonspecific protein adhesion in complex biological media
persist, complicating the development of reliable diagnostic devices in clinical scenarios. Key
considerations for advancing plasmonic aptasensors include normalizing the integration of clinical
samples, determining the minimum sample size for statistically significant results, and estimating
diagnostic accuracy using positive or negative outcomes. To secure their place as reliable diagnostic
methods, it is crucial to create stable biological surfaces that maintain affinity and specificity toward
target viruses.

However, the selectivity of aptamers encompasses a range of techniques, such as chemical
alterations of the nucleotide sequences to improve functionality, the strategic insertion of unnatural
nucleotides to increase diversity and specificity, and the capping of aptamer ends to protect against
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enzymatic degradation. Thus, the SELEX (Systematic Evolution of Ligands by Exponential
Enrichment) procedure is crucial in augmenting aptamer binding affinity. Considering these
advancements will lead to the design of highly effective aptamers for various SPR-based virus
applications.

Using innovative long-term stability strategies is essential for ensuring effective coverage of
immobilized aptamers, thus enhancing the bioactivity of sensing areas and preventing the adhesion
of undesired biomolecules.
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