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Disposable Point of Care multiplexed
plasmonic biosensor for rapid and specific
identification of respiratory viruses
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The rapid spread of respiratory viruses and their similar symptomatology pose significant challenges
for early diagnosis, transmission control, and effective clinical management. We introduce a
multianalyte diagnostic platform based on plasmonics for the rapid identification, discrimination, and
quantification of viral antigens for the most common respiratory viruses (SARS-CoV-2, Influenza A/B,
and RSV) in nasopharyngeal swabs. The biosensor chips are functionalized with four specific
antibodies targeting viral nucleoproteins and are integrated into a single-use microfluidic cartridge,
reaching low detection limits (ng/mL level). A clinical validation with positive and negative samples
(n = 46) demonstrates an excellent correlation with PCR-based molecular tests. Furthermore, the
novel diagnostic platform exhibits high sensitivity (97.22%) and specificity (100%), overcoming
limitations associated with rapid antigen tests. Together with its accuracy and user-friendly design,
our multibiosensor is positioned as a disruptive diagnostic tool for rapid and multiplexed diagnosis of

viral infections at the point-of-care.

Infectious diseases have become a major health concern in the 21* century,
accounting for billions of cases annually and resulting in increasing mor-
tality rates'. While most infections can be effectively treated and cured, the
lack of rapid and reliable diagnostic methods for early detection and efficient
population screening can result in serious health complications and
uncontrolled widespread outbreaks due to their rapid transmission™. A
clear example is viral respiratory tract infections, such as severe bronchiolitis
caused by the respiratory syncytial virus (RSV)" and new emerging variants
of coronaviruses, including Severe Acute Respiratory Syndrome Cor-
onavirus 2 (SARS-CoV-2)". The incidence of these respiratory infections is
alarmingly increasing, with more frequent outbreaks of emerging viruses,
resulting in significant economic and social impacts’. The COVID-19
pandemic has revealed the deficient preparedness of our society, both in
developing and developed regions, to respond effectively to new pathogens.
However, the problem is not limited to emerging viruses; it also extends to
recurrent seasonal viral pathogens”‘. For instance, Influenza viruses infect
approximately one billion people globally each year, leading to 3 to 5 million
cases of severe illness and resulting in up to 650,000 deaths annually’.

The seasonality of respiratory viruses shows a peak incidence of
Influenza, RSV, and SARS-CoV-2 between November and April in the

Northern Hemisphere. The co-circulation of these viruses and their over-
lapping clinical symptoms —such as fever, headache, sore throat, and cough
— pose significant challenges during the winter season. This overlap in
clinical manifestations complicates the ability to distinguish between these
viral infections based solely on symptoms. To effectively control the spread
of respiratory viruses, guide timely treatment decisions, and prevent wide-
spread outbreaks, expanding access to rapid diagnostic testing for multiple
pathogens is crucial'*"".

Routine laboratory tests based on nucleic acid amplification, particu-
larly polymerase chain reaction (PCR), have become the gold standard for
diagnosing respiratory viral infections'. These tests work by amplifying and
identifying specific viral genome sequences using samples collected from
nasopharyngeal or nasal swabs'*'*. Many manufacturers have improved
and adapted existing PCR technologies to enable real-time and multiplexed
detection of 4 to 22 pathogens in a single test. Commercial systems such as
BioFire FilmArray (BioMérieux, France), Xpert Xpress (Cepheid Inc., US),
and QIAstat-Dx (Qiagen, Germany) deliver high sensitivity and specificity
within 40 minutes to 2 hours""*. However, their implementation is often
restricted by the high costs of both instrumentation and disposable car-
tridges (typically ranging from $65-100 (Xpert Xpress) to $120-180
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(BioFire and QIAstat) per cartridge). Additionally, the need for centralized
laboratory settings further limits accessibility in resource-constrained
environments. These limitations hinder their applicability for routine
population-level surveillance during seasonal epidemic periods, for exam-
ple, at primary care centers, where timely and accessible testing is essential to
support clinical decision-making and to differentiate between co-circulating
respiratory infections.

As an alternative to molecular tests, rapid antigen tests (RATs) based
on lateral-flow assays can be used at the point-of-care by non-specialized
personnel and the end-user. These tests allow for the rapid (<20 min) and
direct recognition of specific structural proteins of viruses, including
nucleoprotein (NP), spike (S), and hemagglutinin (HA), among others, in
nasopharyngeal and nasal swab samples, providing a qualitative result.
Currently, several manufacturers, such as Certest Biotec S.L. (Spain), Sur-
eScreen Diagnostics Ltd (UK), and Shenzhen Microprofit Biotech Co.
(China), offer RATS that simultaneously detect Influenza, RSV, and SARS-
CoV-2 in a single test. Studies have revealed that the performance of these
tests is moderate or low, particularly in individuals with low viral load (i.e.,
asymptomatic patients or those in the early stages of infection), with varied
sensitivity depending on the virus'*".

Point-of-care alternatives are actively being developed, with biosensors
representing a key technology under investigation for broad implementa-
tion. Electrochemical-based designs have been studied in various config-
urations to detect antigens, whole virions, or immune responses™”.
Similarly, optical biosensors have been widely explored as a viable alter-
native to multiple antigen tests, as these devices can offer straightforward,
rapid, portable, and low-reagent consumption analyses with high sensitivity
and selectivity’*”. Several examples have been reported for the individual
and specific detection of respiratory virus antigens™*. However, clinical
validation with real samples remains limited, as shown by the few studies
reported to date, mainly for SARS-CoV-2*""". Similarly, the ability to per-
form multiplexed identification for diagnostic applications has only been
demonstrated in a handful of cases™”.

Acknowledging the advantages that label-free plasmonics can offer for
such purposes, we have advanced our proprietary technology’’° towards a
more versatile prototype that allows multianalyte detection for up to four
different targets with a disposable cartridge design that facilitates the
delivery of one single sample (Fig. 1). The device design ensures both sen-
sitivity and rapid response in the four-channel configuration, with custom
biofunctionalization being crucial to maximizing sensing performance and
eliminating cross-talking among sensing areas”’. In this work, we have fully
implemented a diagnostic platform for the rapid identification, dis-
crimination, and quantification of viral antigens from the four most com-
mon respiratory viruses: RSV, Influenza A and B, and SARS-CoV-2 in
nasopharyngeal swab samples. The system combines a disposable micro-
fluidic cartridge with integrated plasmonic chips functionalized with spe-
cificantibodies targeting each nucleoprotein (NP), enabling direct and label-
free detection of multiple viral antigens in a single sample (see Fig. 1). The
biosensor device detects and quantifies the viral antigens in the low ng/mL
range in nasopharyngeal swabs, and it has been clinically validated using
nasopharyngeal samples (1 = 46) collected from hospital patients, including
both positive and negative cases. Results were benchmarked against stan-
dard nucleic acid amplification tests and commercial rapid antigen tests,
confirming the potential of this integrated cartridge-based multianalyte
system for clinical use.

Results

Multiplexed assay development and analytical characterization
The biosensor device integrates all essential components into a compact
design, utilizing external elements such as a white halogen lamp for
illumination, a compact spectrometer for detection, and a motorized
stage for sequential measurement across four sensing channels
(CH1-CH4). These components can be housed in a portable case for
easy handling and transportation. For standardizing the methodology
during the laboratory phase, a conventional microfluidic setup using

PDMS (polydimethylsiloxane) flow cells enabled real-time continuous
measurements via active pumping. To enhance user-friendliness for
routine use, we developed disposable cartridges compatible with both
active and passive liquid delivery systems (see Fig. 1 and Fig. S1). Their
performance was thoroughly evaluated before implementation in clin-
ical validation with real samples (see Fig. 1).

To enable sensitive and specific detection of Influenza A, Influenza B,
RSV, and SARS-CoV-2, we selected the viral nucleocapsid or nucleoprotein
(NP) as the target antigen, due to its high abundance and intra-family
conservation, which allows for early and differential diagnosis™*’. Capita-
lizing on the multiplexed architecture of the plasmonic biosensor, we have
designed a biofunctionalized layout with four specific antibodies immobi-
lized, targeting each one of the NP of the four viruses (see Fig. 1), which
enables simultaneous detection, discrimination, and quantification of the
four different viral NPs from a single sample. The specific arrangement of
antibodies in the experiments is as follows: CH1 for Influenza B (anti-IBV),
CH2 for RSV A/B (anti-RSV), CH3 for Influenza A (anti-IAV), and CH4 for
SARS-CoV-2 (anti-COV). Antibodies were selected for their reported
specificity towards their respective target viral proteins, with no cross-
reactivity between A and B subtypes in the case of influenza. They were
validated by the manufacturers to ensure broad recognition across various
circulating variants and strains. The anti-RSV antibody used recognizes
both RSV A and B subtypes, which is beneficial since both subtypes can
often co-circulate and show comparable clinical severity.

To evaluate the overall specificity of the detection system, each viral
nucleoprotein was individually injected at a relatively high concentration
(2.5 ug/mL). This allowed the identification of any potential cross-reactivity
between targets over the antibodies or any undesired binding to the surface
at standard detection conditions. The biosensor response showed significant
non-specific binding in the four sensing channels (Fig. 2A), especially
relevant in the case of NPs of Influenza A, RSV A, and Influenza B, which the
biosensor was unable to discriminate against. These interferences were
removed by adding dextran sulfate (DS) to the buffer employed for con-
ditioning the biofunctionalized chips before detection, an additive pre-
viously shown to effectively reduce non-specific interactions in similar
studies™*™*" (see Fig. 2B). High concentrations of each viral NP produced
minimal response in non-target channels, confirming the absence of cross-
reactivity and ensuring accurate discrimination among the viruses. The
addition of DS to the running buffer significantly enhanced specific binding
responses, for example, the signal for RSV A NP increased from 0.183 nm in
PBST to 1.507 nm in PBST-DS, while remaining negligible in the other
channels.

Standard samples containing individual viral NPs were injected over
the biofunctionalized sensor surface. Figure S2 presents representative real-
time sensorgrams for four viral NP at different concentrations: Influenza B
(0.50 pg/mL), RSV B (2.50 pg/mL), Influenza A (1 pg/mL), and SARS-CoV-
2 (2,50 pg/mL). These results demonstrate the sensor’s ability to dis-
criminate in real-time between different viral NPs, even at both high and low
concentrations.

Under these conditions, the biosensor was calibrated by generating
dose-response curves for each virus. In channel 2 (CH2), two calibration
curves were obtained, one for the nucleoprotein from RSV A and another
for RSV B. The results obtained are summarized in Table 1 and Fig. S3,
achieving a limit of detection (LOD) of 31.43 ng/mL for Influenza B NP,
30.63 ng/mL for RSV A NP, 19.95 ng/mL for RSV B NP, 118.18 ng/mL for
Influenza A NP, and 10.60 ng/mL for SARS-CoV-2 NP, respectively. While
the LOD for all cases falls between 10 and 30 ng/mL, the LOD for Influenza
A is significantly worse. This may be due to a lower affinity of the antibody
employed for the specific viral NP, leading to lower detection signals and
sensitivity.

No cross-reactivity was observed from the non-specific viral NPs for
the range of concentrations measured. Only a slight recognition of Influenza
A antigen at high concentrations (5000 ng/mL) was observed in the channel
modified with anti-IBV (CH3, see Fig. S3C). This result could be attributed
to the fact that Influenza A and B share a significant percentage of homology
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Fig. 1 | Workflow of the multianalyte diagnostic platform for the rapid identi-
fication, differentiation, and quantification of viral nucleoproteins from the
most common respiratory viruses (SARS-CoV-2, Influenza A/B, and RSV) in
nasopharyngeal swabs. The biosensor device integrates all essential components
(halogen lamp, spectrometer, and motorized stage) into a compact design. The
device features a disposable cartridge with four sensing channels (CH1 - CH4), each
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biofunctionalized with a specific antibody for direct capture of viral NPs. The
readout software provides a user-friendly interface for real-time monitoring of shifts
in plasmonic resonance peaks (AX in nm) across all four channels, which are pro-
portional to the amount of viral nucleoprotein present, enabling both qualitative and
quantitative analysis. Created with BioRender. Ramirez Priego, P. (2025) https://
BioRender.com/sx43f2m.

(at least 37%) in their nucleoprotein sequences®. Despite this cross-reac-
tivity, the results remain unaffected, as the biosensor responses for the
Influenza B nucleoprotein are still highly specific, as shown in Fig. S3A.

The results, along with the low cross-reactivity observed, support the
biosensor’s capability to effectively identify, differentiate, and quantify viral
antigens from four distinct respiratory viruses simultaneously.

Biosensor performance in nasopharyngeal samples

Effective detection in antigen-based assays relies on the prior release of
viral nucleoproteins for capture by sensor surface-immobilized anti-
bodies. Nasopharyngeal swabs are the standard sample type for diag-
nosing respiratory viruses, including those targeted here, and are
typically processed in transport or lysis media depending on the

downstream assay. Nasopharyngeal samples, retrospectively collected
and stored in a viral preservation medium, were used to evaluate the
performance of the multiplexed biosensor. Given that antigen release is
required before detection, we assessed the impact of different lysis
buffers —similar to those employed in commercial rapid antigen tests—
on the biosensor response, as well as the influence of the sample matrix
itself. Five samples from healthy individuals (nasopharyngeal swabs),
preserved in saline solution, were treated with lysis buffer at ratios of 1:5
and 1:10 (one part buffer to five or ten parts sample) (see Fig. S4) for
30 minutes according to the manufacturer’s instructions and then
evaluated with the biosensor. The biosensor response resulted in sig-
nificant non-specific binding for both conditions (i.e., 0.47 £ 0.16 nm for
1:5 dilution and 0.96 + 0.20 nm for the 1:10 dilution, average of four
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Fig. 2 | Biosensor specificity for four viral nucleoproteins (Influenza A/B, RSV,
and SARS-CoV-2). Effect of the buffer composition (PBST and PBST-DS).

A Biosensor signal response for the four distinct viral NP (each one at a con-
centration of 2.50 pg/mL) employing PBST as running conditioning buffer.

B Biosensor signal response for the four distinct viral NP (each one at a con-
centration of 2.50 pg/mL) employing PBST-DS as running buffer. In all cases, the
nucleoprotein solutions were prepared in PBST buffer and injected individually

across the four biofunctionalized channels (CH1 - CH4), each coated with an
antibody specific to one viral NP. The position of each antibody is as follows: CH1 -
anti-IBV; CH2 - anti-RSV; CH3 - anti-IAV, and CH4 - anti-COV. Each column
represents the mean + SD of biosensor responses from duplicate measurements.
Signals indistinguishable from background levels are marked with an asterisk (*),
indicating no detectable response in those channels.

channels, as shown in Fig. S4), which would hinder the accurate
detection in positive samples.

To mitigate the non-specific adsorptions, several strategies were
evaluated, including the modification of the buffer composition, sample

dilution, and filtration. Based on previous findings, the inclusion of
surfactants such as Tween 20 has proven effective in reducing non-
specific interactions and minimizing matrix effects during target
recognition. Accordingly, 0.5% of Tween was added to the lysis buffer,
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Table 1 | Biosensor assay performance for the different viral NPs in standard buffer and diluted nasopharyngeal swabs

Nucleoprotein Standard buffer conditions”

Nasopharyngeal swab™

LOD (ng/mL) Linear range (ng/mL) R? LOD (ng/mL) Linear range (ng/mL) R?
Influenza B 31.43 150 - 2500 0.98 32.03 150-2500 0.99
RSV A 30.63 150 - 2500 0.97 12.03 150-1000 0.90
RSV B 19.95 150 — 2500 0.96 13.68 150-2500 0.99
Influenza A 118.18 150 - 5000 0.99 148.93 150-5000 0.97
SARS-CoV-2 10.60 150 - 1000 0.91 6.90 150-1000 0.95

"PBST as dilution buffer; PBST-DS as running conditioning buffer.
**Nasopharyngeal swab:lysis buffer (1:1).

resulting in a slight decrease of the background signal in both dilution
ratios (AN;5=0.53+0.24nm and AM;;0=0.69 +0.26 nm, Fig. S4).
Further reduction was achieved by filtering the sample. Notably, 1:5 and
1:10 dilutions yielded a significant reduction of non-specific binding,
with background signals of 0.21 £+ 0.07 nm and 0.29 £ 0.07 nm, respec-
tively. Ultimately, a 1:1 dilution provided a background signal of
0.008 + 0.016 nm, confirming the effective elimination of non-specific
adsorptions under these conditions.

According to these last conditions and the results obtained from
negative samples, a cut-off value was established for all the biosensor
assays. This threshold, set at a biosensor signal of AA >0.059 nm, cor-
responds to three times the standard deviation of the mean signal from
negative samples and was used to differentiate positive from negative
responses for each virus.

To preliminarily assess the recovery efficiency under the optimized
conditions, a nasopharyngeal swab sample diluted 1:1 with lysis buffer was
spiked with 2.50 pg/mL of SARS-CoV-2 nucleoprotein and compared to the
standard conditions (PBST). The biosensor response (AA=2.33 nm)
showed a signal similar to that obtained with buffer conditions
(AX\ =2.56 + 0.43 nm) (see Fig. S4), confirming both the lack of nonspecific
interactions and the retention of the specific recognition by the antibody
immobilized on the sensor surface.

Under these conditions, the detection capabilities of each viral NP
assay within the multiplexed biosensor were carried out by fortifying a pool
of nasopharyngeal swab samples from healthy patients with known
amounts of viral NP ranging from 150 ng/mL to 5 pg/mL. Figure 3 shows
the analytical curves for viral nucleoproteins from Influenza B, RSV A and B,
Influenza A, and SARS-CoV-2 in nasopharyngeal swabs diluted 1:1 with
lysis buffer and filtered, respectively. The LODs achieved for each viral
nucleoprotein are compiled in Table 1 and compared to those obtained
under standard conditions. Slightly better sensitivities were obtained for
Influenza B, RSV A, RSV B, and SARS-CoV-2, suggesting that some
components of the lysis buffer create a more favorable environment for the
antibody-antigen interactions. In contrast, the LOD for Influenza A wor-
sened, but the cross-reactivity observed under buffer conditions in the
channel containing anti-IBV was resolved, presumably due to the different
composition of the media.

The recovery of the sample processing and the performance of the
multiplexed plasmonic biosensor were further evaluated with a set of blind
spiked samples, employing nasopharyngeal swabs from healthy individuals
with varying concentrations of the four viral NP. Eleven blind samples were
prepared for which the concentrations and the pathogen were unknown to
the researcher conducting the analysis. These samples simulated a unique
respiratory virus infection involving one viral NP (S1 - S9) or a co-infection
of two respiratory viruses, simultaneously measuring two viral NPs (510 -
S11). All samples were prepared to cover the working range of the immu-
noassay developed for each viral antigen (see Table 1). The biosensor
responses from the four channels were monitored simultaneously in real-
time (see Fig. S5), and the concentration in each sample was determined
from the calibration curves (Fig. 3). The results obtained are summarized in

Table 2. An excellent performance was observed in the identification of viral
NP, even in those samples with multiple viruses. The multiplexed biosensor
assay exhibited excellent specificity, with signal exclusively detected in the
channels containing the corresponding target antibody (see Fig. S5). The
quantification of viral antigens also showed a good correlation according to
the concentration spiked into the sample. Most recovery values fell within
the range of 80% to 120%, commonly accepted in many analytical processes.
However, certain samples (S3, $4, S7, and S8) showed overestimations, with
values ranging from 128.70% to 158.30%. This was the case of a couple of
samples containing Influenza A, and a sample containing SARS-COV-2
close to the saturation concentration, or Influenza B, with values close to the
limit of detection.

Novel disposable microfluidic cartridge for real sample analysis
We have made a significant step forward in deploying this methodology to
decentralized laboratories by introducing a custom-made disposable
microfluidic cartridge. This cartridge, measuring 50 x 28 mm, is specifically
designed for single-use point-of-care applications and serves as an alter-
native to the PDMS microfluidics employed before. The cartridge is made
from a combination of poly(methyl methacrylate) (PMMA) and pressure-
sensitive adhesive (PSA) substrates. It features four sensing areas (CHI,
CH2, CH3, and CH4) arranged in a serpentine layout, in a single inlet-outlet
configuration as illustrated in Fig. 1 and S1B. This design is compatible with
both active (i.e., pumps) and passive (i.e., capillary action and pipetting)
fluid flow methods.

The plasmonic sensor chips biofunctionalized with the four specific
antibodies were assembled with the disposable cartridge and placed in the
biosensor setup for the evaluation of the samples. To assess any significant
variation in the performance related to the microfluidic design, different NP
samples at several concentrations were prepared, and the biosensor result
was compared with the one generated with the microfluidic PDMS-based
flow cell. Both results were comparable in all cases (see Fig. $6). According to
this, single-use microfluidic cartridges were employed to validate the mul-
tiplexed plasmonic biosensor with clinical samples.

Clinical validation of the multiplexed biosensor device

The multiplexed plasmonic biosensor with the disposable microfluidic
cartridge has been validated with a clinical sample collection of 46 naso-
pharyngeal swab samples. This collection included 36 positive samples for
one of the respiratory viruses (Influenza A/B, RSV A/B, or SARS-CoV-2)
and 10 negative samples (see Table S1). All the samples were previously
characterized by RT-PCR at the hospital reference laboratory and were
evaluated using the multiplexed plasmonic biosensor and a commercial
multiplexed lateral flow test (Tables S2 and S3).

Each clinical sample was evaluated in triplicate: twice using the PDMS
flow cell and once using the disposable microfluidic cartridge (see Table S2).
Figures S7 and S8 show representative responses for different samples
measured with both microfluidic designs. Samples were considered positive
or negative for a given virus according to the signal measured in each sensing
channel and the established cut-off value. Figure 4 presents a heat map that
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summarizes the results obtained with the multiplexed plasmonic biosensor
and the full sample collection, providing a visual representation of the
biosensor specificity. Non-infected samples yield no positive signal in any
channel, whereas infected samples produce a positive response exclusively
in the channel functionalized with the antibody specific to the pathogen’s
viral nucleoprotein. The color gradient correlates with the concentration of
NP antigen determined in each case. The concentration of the NP varies
among patients due to factors such as viral load, immune responses, and
disease progression. As illustrated in Fig. 5, the concentrations range
roughly between 100-500 ng/mL in the case of Influenza B and RSV,
slightly lower for SARS-CoV-2, and significantly higher for Influenza A
(with concentration around 1000-4000 ng/mL). Differences in patient
viral loads are likely contributing to the observed variability. All negative
samples fall below the established threshold, confirming an excellent
specificity, while for all the positive samples except one, the causative viral
pathogen is correctly identified. The sample positive for Influenza A
(sample 101969897) identified as negative for all the viruses, presumably
contained a low viral load according to the PCR data (i.e., high cycle
threshold (Ct) = 33.44), consequently, low nucleoprotein concentration,
likely below the biosensor LOD for Influenza A. This discrepancy was only
observed with Influenza A, the biosensor with the worst limit of detection
compared with the others (i.e., around one order of magnitude higher than

the ones achieved with the other viruses). For the other respiratory viruses,
we were able to accurately diagnose even in samples with very low viral
loads, with Cts > 33, confirming that the biosensor responses for positive
cases robustly enable both infection detection and pathogen identification.
This is supported by the non-parametric Kruskal-Wallis test, which shows
a highly significant difference (p-value <0.0001) between positive and
negative samples, whether positive cases are considered collectively or
grouped by individual virus type. The developed antigen-based multi-
plexed plasmonic biosensor demonstrated excellent capabilities to diag-
nose respiratory viral infections caused by the four most common
respiratory viruses, with a similar performance to PCR testing, even at low
viral loads (i.e, high Cts), with a sensitivity of 97.22% (95% CI:
85.83-99.86%) and a specificity of 100% (95% CI: 91.24-100%). The
diagnostic performance obtained by each viral infection is detailed in
Table 3. Additionally, Table S4 compares the sensitivity, specificity, LOD,
and time to results obtained in this study with the manufacturer-reported
data from other commercially available multiplexed antigen tests.

To evaluate whether the concentrations of viral nucleoproteins mea-
sured by the multiplexed plasmonic biosensor correlate with RNA levels
inferred from PCR Ct values (Table S3), we conducted a correlation analysis.
Scatter plots for each viral infection, shown in Fig. S9, were generated to
visualize the data distribution, showing a clear inverse correlation. The
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Table 2 | Recovery study with blind spiked samples with the multiplexed plasmonic biosensor

Samples Spiked NP Measured NP Recovery (%)

Virus [NP] (ng/mL) CH1 Anti-IBV  CH2 Anti-RSV = CH3 Anti-IAV  CH4 Anti-COV  [NP] (ng/mL)

Ahcy1 (nm) Ahchz (nm) Ahcpz (nm) Ahchg (nm)

S1 Influenza B 4000 (+) 2.90 (-)0.02 (-) 0.00 (-) 0.04 3729.7 93.2
S2 Influenza B 1000 (+) 1.01 (-)0.03 (-) 0.02 (-) 0.00 1069.4 106.9
S3 Influenza A 500 (-) 0.03 (-) 0.01 (+) 0.23 (-) 0.01 791.4 158.3
S4 SARS-CoV-2 1800 (-) 0.03 (-) 0.04 (-) 0.04 (+) 2.69 2689.8 149.9
S5 RSV B 10 (-)0.02 (-) 0.00 (-)0.03 (-)0.02 <LOD -
S6 Influenza A 3500 (-) 0.03 (-) 0.00 (+)0.70 (-) 0.03 33124 94.6
s7 Influenza A 1200 (-)0.02 (-)0.02 (+) 0.40 (-)0.02 1700.9 141.7
S8 Influenza B 100 (+) 0.13 (-)0.02 () 0.03 () 0.04 128.7 128.7
S9 SARS-CoV-2 50 (-) 0.03 (-)0.03 (-)0.03 (+)0.15 46.62 93.2
S10 Influenza B 1500 (+)1.25 (-) 0.00 (-) 0.00 (+) 1.69 1353.2 90.2

SARS-CoV-2 800 866.9 108.3
S11 Influenza A 2000 (-) 0.04 (-) 0.02 (+) 0.41 (+) 0.76 1700.9 85.1

SARS-CoV-2 400 269.1 67.2

“Sample was considered positive (+) or negative (-) for a given virus for signals above the set threshold (AX < 0.059 nm) or below (AX < 0.058 nm). Samples in between those values would be considered

“indetermined”. Determination of the cut-off values is described in the Experimental section.

relationship between these two variables was analyzed using Pearson’s
correlation coefficient (r) to evaluate the strength and direction of their
association. The results are detailed in Table 4 and demonstrate a statistically
significant, strong negative linear relationship for all viral pathogens
(r>—0.84 and p < 0.0042). This indicates that higher NP concentrations are
associated with lower Ct values. The coefficient of determination (R?)
supports this correlation, showing that 70.10% to 88.09% of the variance in
NP concentration can be explained by changes in Ct values. These findings
are consistent with the established interpretation of Ct values as inversely
related to viral load —lower Ct values indicate higher RNA levels and,
consequently, higher concentrations of viral nucleoproteins.

To comparatively assess its performance with other POC rapid testing,
the set of clinical samples was also analyzed with a multiantigen lateral flow
test that can identify SARS-CoV-2, Influenza A/B, and RSV. The RAT
performed significantly worse than the biosensor device, as the sensitivity
was globally much lower for the four viruses. Fifteen samples tested yielded
false-negative (FN) results. Notably, all these FN samples had PCR Ct values
greater than 28, indicating that the sensitivity of this RAT is insufficient for
detecting moderate to low viral loads. Considering the whole sample col-
lection (1 = 46), the RAT test reports an overall sensitivity of 58.33% (95%
CI: 42.20-72.86%) and a specificity of 100% (95% CI: 72.25-100%). How-
ever, the sensitivity of the RAT varies depending on the virus, ranging from
50 to 71.42%, as detailed in Table 3. Our findings are consistent with those
described in the literature, where different studies have analyzed a large
number of clinical samples*™*, but are in disagreement with the ones
provided by the manufacturer. As shown in Table S3, the multiplexed
plasmonic biosensor provides diagnostic performance comparable to PCR
and superior sensitivity and specificity to antigen-based methods such as
lateral flow rapid tests, across the tested sample set.

Discussion

There is a growing need for new diagnostic tools capable of identifying
pathogenic infections in a simpler, faster, and more reliable manner, par-
ticularly in decentralized settings. This is particularly important for
respiratory viruses such as SARS-CoV-2, Influenza A and B, and RSV, as
their seasonal outbreaks and clinical manifestations often overlap.
Accordingly, we have developed a user-friendly point-of-care multiplexed
plasmonic biosensor capable of the simultaneous detection of multiple viral
targets. The biosensor device allows for the rapid identification, dis-
crimination, and quantification of viral antigens for the four most

prominent viral pathogens (SARS-CoV-2, Influenza A and B, and RSV) in
nasopharyngeal swabs. Our strategy enables the simultaneous, direct, and
label-free detection of four viral nucleoproteins by immobilizing a specific
antibody in each of the four dedicated sensing areas. Nucleoprotein was
selected as the target antigen due to its presence in all RNA viruses, its high
abundance, and its strong sequence conservation. This selection minimizes
the impact of viral mutations, supporting the development of broadly
applicable diagnostic assays.

An in-depth optimization has been performed on several parameters
directly influencing the biosensor performance, focusing on minimizing the
potential cross-reactivity among the different viral NPs to ensure accurate
discrimination, and reducing non-specific adsorptions from nasophar-
yngeal swab samples that could hinder viral NP identification. Additionally,
we have addressed the final validation of the biosensor by analyzing clinical
samples from hospital patients, starting with the minimal sample treatment
required to release NPs from viral particles and, subsequently, assessing its
impact on the biosensor assay performance. The LODs achieved for each
viral nucleoprotein were 32.03 ng/mL for Influenza B, 12.03 ng/mL for RSV
A, 13.68 ng/mL for RSV B, 148.93 ng/mL for Influenza A, and 6.90 ng/mL
for SARS-CoV-2 in diluted nasopharyngeal swabs, respectively.

The biosensor methodology has been validated with 46 clinical samples
from infected and non-infected patients and has provided a successful
identification and quantification of the presence of SARS-CoV-2, Influenza
A and B, and RSV viruses, even in samples with low viral loads (i.e., high Ct
values from PCR testing). The entire biosensor assay time included
30 minutes for lysis and 20 — 40 minutes for capture. The results showed an
excellent correlation with those obtained with the gold standard method
based on nucleic acid amplification. Furthermore, it outperforms estab-
lished diagnostic techniques based on similar strategies for the detection of
viral antigens, such as rapid antigen tests, which have moderate to low
sensitivity depending on the viral infection when the Ct values exceed 28,
indicating a low viral load. In contrast, the multiplexed plasmonic biosensor
demonstrated a sensitivity of 97.22% (95% CI: 85.83—99.86%) and a spe-
cificity of 100% (95% CI: 91.24—100%). The developed biosensor can
diagnose viral infections caused by the most common respiratory viruses
with the same reliability as PCR tests. Moreover, a statistically significant
correlation was observed between the biosensor response (A\) and the Ct
values for all viral pathogens, reflecting the expected inverse relationship,
where higher NPs abundance corresponds to lower Ct values. This finding
empbhasized the biosensor ability to quantify viral antigens without requiring
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position of each antibody: CHI - anti-IBV; CH2 - anti-RSV; CH3 - anti-IAV, and
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complex RNA extraction protocols, demonstrating a quantitative advantage
over rapid antigen tests.

Leveraging the excellent performance of the biosensor platform, we
have made important advancements by adapting the methodology for
decentralized, real-world applications. Specifically, we have designed and
integrated biofunctionalized chips into single-use microfluidic cartridges for
the first time, achieving performance comparable to that of conventional
PDMS flow cells, restricted to laboratory settings. This advancement enables
cost-effective large-scale production of microfluidic cartridges, supporting
their use as single-use disposable consumables. The proposed biosensor
platform advances towards improved usability and accessibility for non-
specialized users and competes with RATs and even PCR-based molecular
tests in cost, simplicity, analysis time, and deployability.

Our work provides the clinical validation of a multiplexed plasmonic
biosensor designed for the simultaneous detection of four viral antigens in
over 40 nasopharyngeal swab samples. Previous reported studies of plas-
monic biosensing for respiratory infections rely on the detection of active
infection of a single antigen, mainly the SARS-CoV-2 Spike protein, and
analyzed samples ranging from 2 to 23 nasopharyngeal swab**"*’. How-
ever, the small sample size did not allow for a detailed assessment of the
diagnostic performance of the biosensors. Instead, the developments have
been primarily focused on serological immunoassays, for example, for
COVID studies, to identify up to three SARS-CoV-2-associated
antibodies***, for the parallel processing of multiple samples®, or to pro-
file antibody responses against multiple SARS-CoV-2 variants in combi-
nation with machine learning tools*. Focusing only on SARS-CoV-2,
another study conceptualized the detection of ten biomarkers (six viral
genes, two Spike subunits, two antibodies) in a single test. However, this
high-throughput approach based on 96-well microplates only validated
multiplexing for distinguishing IgG/IgM antibodies in real plasma
samples”’. The multiplexing capabilities of plasmonic devices for identifying
respiratory viruses have been rarely explored, with reports limited to
detecting viral genes from nine viruses, although via the detection of
amplified PCR products* or to the detection of isolated virions from SARS-
CoV-2, Zika virus, and Norovirus®. Nevertheless, clinical validation
remains limited with only the demonstration of the analytical performance
in standardized conditions.

While our study demonstrates promising results, several aspects
require further investigation before our findings can be integrated into
clinical workflows. First, the sample size must be expanded through larger
clinical studies to fully assess the diagnostic potential of the multiplexed
plasmonic biosensor, especially in comparison to existing tests. Such

expansion is crucial for regulatory compliance with in vitro diagnostic
standards. Additionally, although not within the scope of the present study,
the potential cross-reactivity of the developed immunoassays with other
pathogens, as well as their performance with different virus variants, could
be further explored in future studies. Overall, the results obtained position
our multiplexed plasmonic biosensor as an accurate and robust tool for the
simultaneous, rapid, and reliable identification, discrimination, and quan-
tification of viral loads for four major viral pathogens: SARS-CoV-2,
Influenza A and B, and RSV, using nasopharyngeal swabs. One of the key
advantages of this biosensor is its versatility. Our design features indepen-
dent, exchangeable, disposable, and ready-to-use biofunctionalized chips,
allowing this technology to be applied to a variety of diagnostics, including
viruses, bacteria, allergies, cancer, and more.

Methods
Chemical and biological reagents
Organic solvents, including acetone, ethanol, and absolute ethanol, were
purchased from Panreac (Barcelona, Spain). Alkanethiols HS-C11-(EG)6-
OCH2-COOH and HS-C11-EG4-carboxybetaine were supplied by Pro-
Chimia Surfaces (Gdynia, Poland). Reagents for carboxylic acid activation
(N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysulfosuccinimide (sulfo-NHS)) were obtained from TCI
Europe N. V. (Zwijndrecht, Belgium). Tween 20, dextran sulfate sodium salt
(DS, M, ~40,000), sodium hydroxide (NaOH), ethanolamine hydro-
chloride (EA), 2-(N-morpholino) ethanesulfonic acid (MES), along with all
reagents used for buffer preparation, were provided by Sigma-Aldrich
(Steinheim, Germany). The viral lysis buffer, which contains Tween 20,
ProClin-300, and other components in Tris buffer (pH 7.5), was purchased
from ACROBiosystems AG (Basel, Switzerland).

Monoclonal IgG antibodies (mADb) against Influenza A (anti-IAV) and
B (anti-IBV) nucleoproteins were acquired from HyTest (Turku, Finland).
According to the manufacturer’s data, the anti-IAV can detect more than 25
distinct influenza A variants, including the most relevant circulating sub-
types HINI and H3N2. Similarly, Anti-IBV has been tested against 6
common strains, showing high specificity for all of them and no cross-
reactivity with influenza A viruses, RSV, or other respiratory viruses.
Monoclonal IgG antibody against RSV A and B nucleoproteins (anti-RSV)
was obtained from Abbexa Ltd (Cambridge, UK). A monoclonal IgG
against SARS-CoV-2 nucleoprotein (anti-COV) was obtained from Gen-
Script (Rijswijk, Netherlands). Specific viral nucleoproteins from Influenza
A (strain: A/Wisconsin/67/2022 (HIN1)), Influenza B (strain: B/Austria/
1359417/2021), RSV A (strain: A2), and RSV B (strain: 18537) were
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Table 3 | Diagnostic performance of the multiplexed plasmonic biosensor for the identification of respiratory viruses

Diagnostic performance Influenza B RSV Influenza A SARS-CoV-2
Multiplexed biosensor SE (%) 100 100 85.71 100

SP (%) 100 100 100 100
RAT SE (%)’ 55155) 60 71.42 50

SP (%) 100 100 100 100

SE (%)? 90.91 95.45 92.04 92.93

SP (%) 100 100 100 100

SE (%)° 65.90 41.50 80.80 77.80

SP (%)° 96.90 100 96 100

RAT: rapid antigen test; SE: sensitivity; SP: specificity.

"Results obtained with commercial RAT Fluorecare (Shenzhen Microprofit Biotech Co., China) analyzing the same samples (n = 46).
2Data provided by the manufacturer (Shenzhen Microprofit Biotech Co.) for the specific case of Fluorecare RAT.

®Data published in Bayart et al.”' using Fluorecare RAT (n = 178).

Table 4 | Pearson’s correlation between Ct values and NP
concentration from plasmonic biosensor

Virus r R? p-value
Influenza B -0.84 0.71 0.0042
RSV -0.92 0.85 0.0001
Influenza A -0.96 0.91 0.0008
SARS-CoV-2 -0.92 0.84 0.0002

‘r = Pearson’s correlation coefficients calculated between PCR Ct values and viral nucleoprotein
(NP) concentrations measured with the multiplexed plasmonic biosensor using clinical samples.

provided by Sino Biological Europe GmbH (Eschborn, Germany). The
SARS-CoV-2 nucleoprotein was acquired from ACROBiosystems AG
(Basel, Switzerland). The buffers used included the following: PBS (10 mM
phosphate buffer saline, 2.7 mM KCl, 137 mM NaCl, pH 7.4), PBST (PBS
with 0.05% Tween 20, pH 7.4), PBST-DS (PBST with 0.5 mg/mL DS, pH
7.4), MES 0.1 M (pH 5.5), EA (1 M, pH 8.5), MES 50 mM (pH 5.5), and
acetate buffer (10 mM, pH 4.5 and 5.0). Milli-Q water was always employed.

Clinical samples

Clinical samples (1 = 46) were collected at Vall d’Hebron University Hos-
pital (Spain) from patients with suspicion of acute respiratory infection. The
viral diagnosis was performed by commercial real-time RT-PCR-based
methods (Allplex respiratory panels 1A-3, Seegene, Korea; and Xpert®
Xpress CoV-2/Flu/RSV, Cepheid, US). After testing, samples were stored at
-80°C for further studies or molecular characterization. Institutional Review
Board approval (PR(AG)144/2025) was obtained from the Vall d'Hebron
University Hospital Clinical Research Ethics Committee.

Multichannel plasmonic biosensor device

The multichannel plasmonic device is integrated into a compact plat-
form (20 x 20 cm) and allows the simultaneous detection of 4 sensing
areas (i.e., sensing channels) in real-time. The device operates under the
Kretschmann configuration at a fixed angle of incidence (6 =70°).
Plasmonic sensor chips (1 nm titanium and 49 nm gold; 22 x22 mm) are
employed and incorporated into flow cell or disposable cartridges for
adequate sample delivery (see Fig. S1). When a polarized light passes
through the prism, it generates an evanescent field at the sensor surface,
which is highly sensitive to changes in refractive index. The reflected
light is then collected and fiber-coupled to a CCD spectrometer (Flame
series, Ocean Optics, US). For active pumping, a syringe pump is con-
nected to a 6-port injection valve with a 500 uL loop. The microfluidics
clamped to the biosensor chip is on a linear stage, which includes a
motorized actuator connected to a stepper motor (K-Cube Brushed DC

Servo Motor Controller, Thorlabs, US) that allows precise positioning
along the channels defined by the microfluidics. The PDMS-based
microfluidics flow cell includes a polydimethylsiloxane (PDMS) layer
that defines four sensing areas (i.e., four flow channels, CH1, CH,, CH;,
and CH,) and an external polymeric cover to facilitate the delivery of
liquid solutions. The design is based on a 1:4 (inlet:outlet) configuration
through symmetric splitting of the channels (see Fig. S1A). The distance
between adjacent channels is 4000 um. The four outlets are connected to
flow restrictors to ensure constant and homogenous flow rates among
the four channels. The disposable cartridge distributes the liquid
sequentially in a serpentine configuration (see Fig. 1 and S1B) and can be
adapted for sample injection through active pumping or passive delivery
(i.e., with pipettes). Dedicated custom readout software (LabView,
National Instruments, US) has been designed to track the plasmonic
spectra and plot the position of the minimum of the plasmon resonance
spectra (Agpr) in real-time for the four channels (i.e., biosensor response
as wavelength displacement (A\, nm)) and to control the motorized
stage to move sequentially among the channels and perform the corre-
sponding data acquisition. The reflectivity spectra are acquired every
1 ms and 300 consecutive spectra for each channel. The position of the
Aspr can be monitored in real-time via polynomial fit using the readout
software and shifts A;, A, A3, and A4. (Bio)chemical interactions occur-
ring at the gold surface generate variations of the local refractive index
(n; to ny), which correlates with the minimum wavelength displace-
ments (AM). Agpr is directly related to mass changes resulting from
binding events (higher RI, positive wavelength shift) or desorption
events (lower RI, negative wavelength shift) occurring on the gold sur-
face. The software displays the average spectrum for each channel only
after completing the acquisition and processing of all four channels,
which takes approximately 20 seconds. The multiplexed plasmonic
biosensor exhibits a bulk refractive index sensitivity of 3490 nm/RIU
and a system noise of 0.00343 +0.00045 nm across the four sensing
channels, resulting in a LOD of 3 x 107° RIU. The plasmonic spectra
consistently display a reflectivity minimum at Agpr =685 nm for all
channels, with a calculated full width at half maximum (FWHM) of
53.08 £ 0.27 nm”".

Plasmonic sensor chip functionalization

Plasmonic sensor chips were thoroughly cleaned using heated sonication at
80 °C for 1 minute in the following solvents: acetone, ethanol, and milli-Q
water. Then, the sensor chips were dried with an N, stream and placed
inside a UV/Ozone ProCleaner Plus (BioForce Nanosciences, US) for
25 min. Subsequently, the sensor chips were rinsed with ethanol and dried
using a N, flow. Following the cleaning procedure, the plasmonic sensor
chips were chemically modified by forming a mixed self-assembled
monolayer (SAM) using a solution containing HS-C11-(EG)6-OCH2-
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COOH and HS-C11-EG4-Carboxybetaine in a 7:3 ratio, at a final con-
centration of 1 mM in absolute ethanol. The SAM formation was achieved
by immersing the chips in the ethanolic thiol solution and heating them at
40 °C for 10 minutes. Finally, the sensor chips were incubated overnight at
room temperature.

Ex-situ immobilization of different antibodies against viral
nucleoproteins

The multi-antibody biofunctionalization of the sensor chips was carried out
using a custom-designed incubation chamber, which allows separate
modification of the 4 sensing channels”. The layout was maintained
throughout all the experiments as follows (see Fig. 1): CHI = anti-IBV (mAb
Influenza B); CH2 = anti-RSV (mAb RSV A/B); CH3 = anti-IAV (mAb
Influenza A); CH4 = mAb SARS-CoV-2. The covalent coupling of the
antibodies was achieved through carbodiimide chemistry. Briefly, the SAM-
modified chips were incubated with a solution containing 0.2 M EDC/
0.05 M sulfo-NHS in MES 0.1 M (pH 5.5) for 40 min to activate the carboxyl
groups. After this step, the sensor chip was placed into the incubation
chamber for overnight incubation at 4°C with the different antibodies
(20 ug/mL, 50 pL in each compartment in their optimal immobilization
buffer: anti-IBV and anti-RSV in acetate 10 mM (pH 5.0), anti-IAV in
acetate 10 mM (pH 4.5), and anti-COV in MES 50 mM (pH 5.5)). Finally,
an EA solution was added and incubated for 2 minutes. The sensor chip was
rinsed with Milli-Q water between each step and dried with a stream of N,.
After removing the chip from the incubation chamber, the biofunctiona-
lized chip was positioned in the optical device, clamped with the PDMS flow
cell (Fig. S1A), or placed in a disposable microfluidic cartridge (Fig. 1 and
S1B) for virus detection.

Nucleoprotein detection assay

The detection of each viral nucleoprotein was performed over antibody-
coated plasmonic chips by direct capture. Individual solutions of each viral
NP (Influenza A/B, RSV A/B, and SARS-CoV-2) were injected over the
biofunctionalized sensor surface, with PBST-DS as running buffer at a
constant flow rate of 20 uL/min in each channel. Calibration curves were
obtained by analyzing different NP concentrations (between 150 ng/mL and
5 pg/mL) in duplicate in PBST or nasopharyngeal swab:lysis buffer (1:1). A
NaOH 20mM solution was employed to completely dissociate the
antibody-antigen interaction. Antibody-coated plasmonic sensor chips
could be reused up to 12 times if needed without altering or modifying the
immobilized antibodies and the assay performance.

Recovery study with blind samples

To assess the accuracy of the biosensor assay, eleven spiked samples
(S1—S11) were prepared by a different researcher, creating blind samples for
the analyst. These samples were made by spiking nasopharyngeal swabs in
saline solution with known concentrations of viral NP. Both single and
mixed samples of different viral NP were diluted (1:1) in lysis buffer (with
0.5% Tween 20), incubated for 30 min, and then filtered using syringe filters
(0.22 pm). The concentrations of the samples were determined by inter-
polating from the calibration curves generated in the lysis buffer (1:1).
Recovery was determined by applying the following equation:

[NP]calculated % 100 (1 )

Recovery(%) = INP]
real

Analysis of clinical nasopharyngeal swab

Stored clinical samples were diluted in lysis buffer (1:1) and sonicated for
30 min. Then, the viral lysate was filtered with syringe filters (0.22 pm) and
injected over the antibody-coated plasmonic chips. All these experiments
were carried out in the ICN2 BSL2 facilities. A commercial RAT Fluorecare
(Shenzhen Microprofit Biotech Co., China) for the qualitative detection of
SARS-CoV-2, Influenza A/B, and RSV was employed for a comparative
study. RATs were performed according to the manufacturer’s instructions.

In brief, nasopharyngeal swabs were mixed with lysis buffer (1:1) and
incubated for 1 min before being added to the corresponding loading area
on the test cassettes. After 15min, the results were reflected by the
appearance of colored bands. The RAT results were classified as positive or
negative based on whether a line appeared for the tested virus.

Data analysis

All data were analyzed using Origin 2018 (OriginLab, US) and GraphPad
Prism 10 (GraphPad Software, US). The biosensor response (i.e., wave-
length shift (A\, nm)) was considered after signal stabilization once all the
samples had completely passed through the sensor chip. Calibration curves
were obtained by evaluating various concentrations of each viral NP, with
results presented as the mean and standard deviation (mean + SD) of the
sensor signal (AX) plotted against the corresponding NP concentration. The
data were fitted using a non-linear regression equation (one site-specific
binding). From the calibration curve, the limit of detection (LOD) for each
viral NP was calculated as the concentration corresponding to three times
the standard deviation of the blank. Threshold values (cut-off) to define
positive samples were calculated from the mean + 3 SD of negative control
samples. A value < 0.9Mean + 3 SD was considered negative (<0.058 nm); a
value > 1.1Mean + 3 SD was considered positive (>0.059 nm), and a value
between (0.9-1.1)Mean + 3 SD was considered indeterminate. The differ-
ences between the groups were analyzed using the Kruskal-Wallis test. The
correlation between nucleoprotein concentrations measured with the
multiplexed biosensor and Ct values obtained from the PCR test were
assessed using a Pearson correlation test. In both cases, a p-value of less than
0.05 was considered statistically significant.

Diagnostic sensitivity and specificity

Sensitivity (SE) and specificity (SP) were obtained from the number of false
positives (FP), false negatives (EN), true positives (TP), and true nega-
tives (TN).

PCR Positive PCR Negative
Biosensor Test Positive TP FP
Biosensor Test Negative FN TN
P
SE = ——— 2
TP + FN @
N
SP=—— 3
TN + FP ®)

Data availability

All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files. Raw data files are
available from the corresponding author upon reasonable request.
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