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Introduction

A paper-based immunoassay with signal
amplification for the sensitive detection of
hucleocapsid protein toward the diagnosis of long
CoOVvVID

Ménica Duarte da Silva,® Ruth Speidel, (2 Ayesha Seth,
Maria A. Miglino® and Abraham K. Badu-Tawiah @2 *@

@ Hianka J. C. Carvalho,®

Long COVID is characterized by persistent symptomes, including fatigue, cognitive impairment, and respir-
atory issues, affecting a considerable number of individuals post-infection. The underlying mechanism is
not fully understood, but it has been proposed to involve the reactivation of virus, which subsequently
induces immune dysregulation. In this proof-of-concept study, we developed a paper-based immuno-
assay for the detection of nucleocapsid (N) protein, which, due to its stability and low mutation rate, is a
valuable biomarker for detecting the presence of residual virus. By utilizing reporter antibodies conjugated
to cleavable ionic probes through dendrimer chemistry, we were able to analyze the immunoassay results
with ambient mass spectrometry using on-chip paper spray ionization. The used dendrimer enhanced
mass spectrometry sensitivity by enabling the attachment of multiple ionic probes to a single reporter
antibody. The method presented here achieved a limit of detection of 2.4 pM for N protein detection
from paper. Unlike traditional sensitive COVID tests that are only accessible to hospitalized individuals, our
paper-based assay has potential to enable long COVID to be detected under resource-limited settings.
Our method was applied to analyze 20 human plasma samples, including 10 from individuals with long
COVID and 10 from healthy controls with no history of SARS-CoV-2 infection. We observed a significantly
higher MS signal—by up to two orders of magnitude—for samples collected from long COVID patients
compared to controls. The ability to use the paper device in remote locations was tested by evaluating
the stability of the assay, which showed that after 30 days of storage at room temperature, the device
retained sufficient analytical performance. Given its robustness, we believe that our platform will be suit-
able for direct-to-consumer testing, enabling individuals with low viral loads to be screened in a timely
fashion.

The symptoms can be grouped into three categories: (i)
detectable damage to organs and tissues, (ii) new chronic

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, pre-
sented a major challenge to healthcare systems worldwide.'”
Traditionally, the acute COVID heals rapidly within four weeks.
On the other hand, the post-acute sequalae of SARS-CoV-2
infection, commonly known as long COVID, can present symp-
toms even 12 weeks after the initial infection.®> There is a
plethora of symptoms for long COVID but there is currently no
blood test to diagnose this condition.*
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illness (e.g., diabetes, blood clots, and fatty liver disease) fol-
lowing the COVID infection, and (iii) long COVID, which
involves symptoms in the absence of identifiable conditions.
The first two categories (i and ii) can be classified as post-
COVID conditions but are not considered as long COVID
because they are detectable health challenges with existing
treatment. Diagnosing long COVID is challenging because the
fundamental source of the strange/mysterious symptoms is
not well understood.® It has been suggested that the post-exer-
tional malaise, brain fog, and fatigue associated with COVID
several months after the initial infection might be caused by
reactivation of virus or dysfunction of the immune system due
to the presence of virus fragments in the body.® These can lead
to chronic inflammation that induces autoimmunity where the
body attacks itself.
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Therefore, a potential blood test targeting specific parts of
the SARS-CoV-2 virus could provide a more direct diagnostic
approach for long COVID, eliminating the need for patients to
undergo multiple hospital visits to rule out conditions with
established treatments (e.g., diabetes). Such a test would be
particularly relevant given that approximately 6.9% of adults in
the United States (around 23 million people in 2022) have
experienced long COVID.” Of these, 3.4% still report ongoing
symptoms, and an estimated 5 million people have been
forced out of the workforce due to long COVID, resulting in
significant economic losses and an increase in health care
costs. Globally, approximately 65 million individuals are
expected to have long COVID,® with reported prevalence rates
of 10-30% among non-hospitalized cases, 50-70% among hos-
pitalized cases™® and 10-12% among vaccinated
individuals."""? Interestingly, long COVID disproportionally
affects women and people of color.” In this context, the devel-
opment of accessible, affordable, and highly sensitive diagnos-
tic methods is essential. High sensitivity is particularly critical,
as the viral fragments potentially responsible for long COVID
symptoms often exist at very low concentrations - making the
conventional rapid diagnostic test (RDT) unsuitable for
reliable detection.

Herein, we present a stable paper-based immunoassay strat-
egy designed to enable early detection of long COVID. This
approach will allow patients to collect a finger prick blood
sample on an ordinary paper substrate, which can then be ana-
lyzed at a central laboratory via direct on-chip mass spec-
trometry (MS). Currently, reverse transcription polymerase
chain reaction (RT-PCR) is the gold standard for COVID-19
diagnosis.”> While highly specific, RT-PCR results can be
affected by low viral loads (as is the case for long COVID),
sample collection variations, and the complexity of sample
processing."* These challenges make RT-PCR primarily acces-
sible to hospitalized individuals and difficult to implement in
resource-limited settings."’

In recent years, MS has emerged as a promising technology
for biomarker analysis and molecular diagnostics, offering
exceptional sensitivity and the ability to quantify molecules at
low concentrations.'®'” However, applying MS in rapid diag-
nostics, such as for COVID-19, requires integration with
efficient and user-friendly platforms.'® Thus, immunosensors
have been explored as a means of combining MS with simple
platforms such as functionalized paper.'®>*

The nucleocapsid (N) protein is one of the most abundant
structural proteins in SARS-CoV-2 infected cells.”*° It has
been widely studied in diagnostic assays”®® in blood and
saliva in both symptomatic and asymptomatic cases.”’
Additionally, the N protein can persist in the body beyond the
acute phase of infection®® and has a relatively low mutation
rate, enhancing its genetic stability and diagnostic utility.>
Traditional antigen-based tests face challenges in detecting N
protein at low viral loads.*" In contrast, MS-based detection of
tagged ions has the capacity to offer a highly sensitive alterna-
tive, enabling immunoassay analysis directly from inexpensive
paper substrates.

Analyst

View Article Online

Analyst

In this proof-of-concept study, we developed a paper-based
immunoassay for detecting N protein toward the potential
diagnosis of long COVID. The use of cleavable ionic probes
allowed on-chip MS analysis of immunoassay results directly
from the paper substrate. The MS signal was further amplified
via a dendrimer-based signal amplification strategy, which
allowed a multitude of ionic probes to be attached to a single
reporter antibody. As a result, the sensitivity of our paper-
based immunoassay was determined to be 2.4 pM for N
protein. We also tested the stability of the platform after the
assay was complete. Over the 30-day period in which the paper
device was stored in ambient air at room temperature, we
observed good stability, with a 16.7% reduction in analytical
signal compared to the first day. The signal-to-noise (S/N)
recorded on the 30th day was >5, which makes it possible to
differentiate infected versus uninfected samples. We evaluated
the clinical capabilities of the method by analyzing 20 human
plasma samples among which the 10 samples collected from
long COVID patients exhibited an MS signal up to two orders
of magnitude higher compared with the 10 control samples.

Experimental section
Chemicals and reagents

Whatman #1 chromatography paper, gel blotting paper, and
Grade GBO003 sheets (20 x 20 cm) were sourced from Sigma-
Aldrich (St Louis, MO, USA). Ultrapure water (18.2 MQ cm res-
istivity) was obtained using a Milli-Q Integral system (Merck
Millipore, Burlington, MA, USA). Reagents including (3-carbox-
ypropyl)trimethylammonium chloride, 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride, 4-dimethyl-
aminopyridine, acetylcholine, methacholine, phosphate-
buffered saline (PBS, pH 7.4), Tris-buffered saline concentrate
(10x TBS), and potassium periodate were all purchased from
Sigma-Aldrich. Sodium carbonate and sodium bicarbonate
were obtained from Fisher Scientific (Hampton, NH, USA),
while 4-(2-hydroxyethyl)phenyl isothiocyanate was supplied by
Organix Inc. (Woburn, MA, USA). Monoclonal antibodies
ABCOV-0401 and ABCOV-0402, both specific to the SARS-CoV-2
nucleoprotein, as well as the AGCOV-0232 antigen corres-
ponding to the viral nucleocapsid protein, were purchased
from Arista Biologicals, Inc. (USA).

Mass spectrometry

All mass spectrometry (MS) experiments were performed using
an LTQ Velos Pro mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA). Paper Spray Ionization (PSI) was
conducted with a 4.5 kV direct current (DC) spray voltage,
using acetonitrile : water (1:1, v/v) as the ionization solvent.
The solvent was manually applied to the paper substrate to
initiate ionization. All spectra were acquired in positive ion
mode. Data acquisitions and instrument controls were carried
out using XCalibur 2.2 SP1 software (Thermo Fisher
Scientific). Tandem MS (MS/MS) with collision-induced dis-
sociation (CID) was employed for structural elucidation of ana-
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lytes and identification of diagnostic fragment ions used for
quantification. Additional experimental details are provided in
the SI.

Clinical samples

Plasma samples were collected from participants recruited at
UNIMAR Beneficent Hospital (Marilia, Sao Paulo, Brazil)
between January and May 2024. A total of 20 individuals were
enrolled in the study: 10 patients diagnosed with long COVID
and 10 healthy controls. All participants were between 18 and
60 years of age and provided written informed consent prior to
completing a questionnaire and undergoing blood collection.
Blood samples were drawn in the morning after an overnight
fast of at least 8 hours. Long COVID patients had confirmed
SARS-CoV-2 infection by RT-PCR and reported persistent symp-
toms lasting at least 12 weeks following the acute phase.
Control participants were healthy healthcare workers with no
history of COVID-19 or other respiratory conditions. Plasma
samples were stored at —80 °C until use. This study was con-
ducted in accordance with the ethical guidelines established
by the Brazilian National Commission for Research Ethics
(CONEP) and was approved by the Research Ethics Committee
under registration number CAAE: 31068420.5.0000.5496.

Fabrication and use of 2D microfluidic paper-based devices

In this study, immunoassays were performed using two-dimen-
sional (2D) paper-based analytical devices (WPADs) featuring
predefined test zones. These zones were patterned onto cell-
ulose substrates chemically modified with aldehyde functional
groups. The wax-patterned 2D pPADs used in this proof-of-
concept work were developed and optimized in previous
studies by our research group.>*****3* Briefly, Whatman No. 1
chromatography paper was functionalized in-house with alde-
hyde groups (Fig. S1). The 2D pPADs were then fabricated via
solid wax printing, producing circular hydrophilic test zones
surrounded by hydrophobic wax barriers (Fig. S2). Detailed
protocols for paper modification and the wax patterning used
to define the microfluidic regions are provided in the SI. To
enable specific detection of SARS-CoV-2 antigens related to
long COVID, we used a capture antibody ABCOV-0401 targeting
the nucleocapsid protein. This antibody was covalently
immobilized onto aldehyde-functionalized paper via Schiff
base formation, producing a stable and bioactive 2D analytical
device (Fig. S3). This functionalization ensured robust anti-
body binding and high assay performance, as described in
detail in the Results and discussion section.

Preparation of ionic probe-conjugated detection antibody

The key innovation of our paper-based immunoassay lies in
the in-house synthesis of a cleavable ionic probe and its conju-
gation to the detection antibody (dAb) via generation 4 (G4)
poly(amidoamine) (PAMAM) dendrimer chemistry, enabling
signal amplification for mass spectrometry (MS) analysis.

The pH-sensitive ionic probe, 4-(4-isothiocyanatophenoxy)-
N,N,N-trimethyl-4-oxobutaniminium chloride (ITBA), was syn-
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thesized via Steglich esterification,® and its structure was con-
firmed by MS (Fig. S4).

In Fig. 1A we highlight the three essential components of
the ionic probe: (1) the pre-charged quaternary ammonium
species serves as the mass tag; (2) the ester functional group is
the cleavable site, which releases the quaternary ammonium
species at pH 11; and (3) the (-NCS) conjugation unit, which
enables the whole ionic probe, ITBA, to be used for bioconju-
gation with the G4 PAMAM dendrimer and dAb. The synergy
among these three components provides a robust system that
not only ensures sensitive and specific detection but also
improves assay stability, allowing the platform to be stored at
room temperature. The bioconjugation process involves three
steps, as illustrated in Fig. 1B. The pH-sensitive ionic probe
ITBA contains an -NCS group that reacts with amine groups
on the G4 PAMAM dendrimer, forming stable thiourea bonds.
The G4 PAMAM dendrimer has 64 amine sites, and the -NSC
group in IBTA allows direct coupling of ionic probes to the
dendrimer via thiourea chemistry. In the current optimized
protocol, we determined that 17 ionic probes are attached to a
single G4 PAMAM dendrimer® (Fig. 1B(i)). The unreacted
amine groups on the dendrimer are treated with glutaralde-
hyde to introduce aldehyde functionalities (Fig. 1B(ii)). These
aldehyde groups enable the next conjugation step by forming
Schiff base linkages with lysine residues present in the detec-
tion antibody. The detection antibody used (ABCOV-0402,
specific to the SARS-CoV-2 nucleocapsid protein) is covalently
bound to the dendrimer via the newly introduced aldehyde
groups (Fig. 1B(iii)). This results in the final bioconjugate
structure: an ITBA-dendrimer-detection antibody complex.
Detailed protocols for the preparation and purification of the
ionic probe-dendrimer-dAb bioconjugate are provided in the
SI (Fig. S5).

Results and discussion

Establishment of the sandwich immunoassay on a 2D paper
device

A paper-based sandwich immunoassay platform was initially
established and tested using a recombinant SARS-CoV-2
nucleocapsid protein to validate the system’s functionality.
After confirming its performance under controlled conditions,
the platform was subsequently applied to human plasma
samples from individuals with long COVID, in order to evalu-
ate its ability to discriminate between positive and negative
cases.

The assay was conducted within wax-printed hydrophilic
test zones, where the capture antibody (cAb) had been pre-
viously immobilized. All reagents were manually applied in a
stepwise manner. The immobilization procedure began with
the dilution of the capture antibody in phosphate-buffered
saline (PBS) to a final concentration of 1 mg mL™". A volume of
4 pL of the diluted cAb was deposited onto the aldehyde-func-
tionalized paper within each test zone. The devices were then
incubated for 3 hours at room temperature in a humidity
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Fig. 1 (A) Synthetic procedure for the pH sensitive ionic probe, 4-(4-isothiocyanatophenoxy)-N,N,N-trimethyl-4-oxobutaniminium chloride (ITBA)

via Steglich esterification. (B) Bioconjugation process involving (i) the coupling of ITBA to the G4 PAMAM dendrimer, (ii) conversion of excess amine
in the dendrimer to aldehyde groups via the use of glutaraldehyde, and (iii) application of the detection antibody to produce the final bioconjugate

reagent used in the paper-based immunoassay.

chamber to allow covalent immobilization. During this period,
the primary amine groups (lysine residues) on the antibody
formed Schiff base linkages with the aldehyde groups present
on the paper surface, resulting in stable attachment of the
antibody. Following immobilization, the test zones were
washed twice with 20 pL of 1x PBS to remove unbound
antibody.

To block remaining reactive aldehyde sites and prevent
nonspecific binding, the zones were incubated with Tris-
buffered saline containing 0.05% Tween-20 (TBS-T) for 3 hours
at room temperature in a humidity chamber. After blocking,
the zones were washed again twice with 20 pL of 1x PBS to
remove any excess blocking reagent. This blocking step fina-
lized the immobilization process, resulting in the creation of a
bioactive paper chip, which was subsequently used in an
immunoassay to detect the SARS-CoV-2 N protein. See the SI
for details of the full optimization process for producing the
bioactive paper chip, which included the optimization of incu-
bation time for immobilization of the capture antibody
(Fig. S6), blocking buffer type (Fig. S7) and incubation time
(Fig. S8).

The paper-based immunoassay process is illustrated in
Fig. 2. Capture of the long COVID biomarker is achieved by
adding 20 pL of sample containing the N protein in the test
zones created in the bioactive paper chip, followed by incu-
bation for 1 h in a humidity chamber (pipet box filled with

Analyst

water). The test zones were then washed twice with 20 pL of 1x
PBS to remove unbound species. As a negative control, some
test zones (in a separate bioactive paper chip) were incubated
with 20 pL of 1% BSA (bovine serum albumin) in 1x PBS solu-
tion to assess the specificity of our assay, which was character-
ized by the detection of an analytical signal in the absence of
the N protein. Next, 5 uL of the detection antibody, specific to
the SARS-CoV-2 nucleocapsid protein conjugated to the den-
drimer-ionic probe complex, was added to each test zone and
incubated for 1 hour at room temperature in a humidity
chamber. To complete the immunoassay, the zones were
washed twice with 20 pL of PBS-T (0.05% Tween-20), followed
by two washes with 20 pL of ultrapure water. After the final
wash, the devices were allowed to dry at room temperature and
stored under ambient conditions until mass spectrometry ana-
lysis via on-chip paper spray.

Mass spectrometry analysis via on-chip paper spray ionization

To initiate the MS analysis of the completed immunoassay,
8 pL of a cleavage solution containing 2.0 M ammonium
hydroxide was applied directly onto the test zone to release the
ionic probe. After approximately 20 minutes, the quaternary
ammonium compound [(carboxypropyl)trimethylammonium,
CPTA, MW 146 Da] was liberated (Fig. 3A). For paper spray
ionization, the circular wax-printed test zone was carefully cut
out and positioned onto a triangular wax-printed paper sub-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Sandwich immunoassay workflow. The immunoassay begins by applying the antigen analyte (nucleocapsid protein) onto a bioactive paper
chip, to be captured by the immobilized capture antibody. Subsequently, the detection antibody, which has been previously conjugated with a den-
drimer and an ionic probe, is added, forming a sandwich complex. After the completion of the sandwich immunoassay, ammonium hydroxide
(NH4OH) is added to cleave the ionic probe, releasing specific ions that are subsequently detected by on-chip paper spray MS.

(A) Cleave ionic probe

8 L of NH4OH/H20

X 20 min

(B) On-chip analysis of immunoassay

8uL of ACN:H,0 (1:1, viv) /
\EE e e @ MS inlet

Fig. 3 Workflow summarizing the on-chip PS-MS/MS analysis of a
paper-based sandwich immunoassay for long COVID detection. (A) A
basic NH;OH/H,0 solution (8 uL, pH ~ 11) is applied to the test zones to
cleave the ionic probes from the immunocomplex after 20 minutes of
incubation. (B) The test zone is cut and mounted on a conductive tri-
angular support. An alligator clip connects the paper to a 4.5 kV power
supply and aligns it with the mass spectrometer (MS) inlet. A solvent
mixture (8 pL of ACN:H;O, 1:1, v/v) is added to initiate paper spray
ionization, directing the cleaved probes into the MS for detection.

strate (dimensions: 9 mm base, 16 mm height, and a 33° tip
angle) specifically designed for on-chip MS analysis. The two
pieces of paper were clamped together with an alligator clip
and oriented in front of the mass spectrometer inlet. A spray
solvent composed of acetonitrile and water (1:1, v/v) was
applied to the assembly. The released ionic probe was>® trans-
ferred (with 98% efficiency)®® from the circular zone to the tri-

This journal is © The Royal Society of Chemistry 2026

angular substrate (Fig. 3B). Then, a high voltage of 4.5 kV was
applied to the wetted paper, inducing electrospray at the tip of
the triangular region and generating charged microdroplets
that carried the cleaved CPTA ions toward the mass spectro-
meter. To enhance detection specificity, the signal corres-
ponding to the CPTA quaternary ammonium species was ana-
lyzed by tandem MS using collision-induced dissociation
(CID-MS/MS). This approach enabled the identification of a
characteristic fragment ion at m/z 87, confirming the presence
of an ionic probe. See the SI for details of PS-MS analysis
(Fig. S9).

Fig. 4A shows a representative positive-ion CID-MS/MS spec-
trum of the probe (1 pM), highlighting the expected diagnostic
fragment ions. A constant amount of internal standard, (car-
boxymethyl)trimethylammonium chloride (CMTA; MW 118
Da), was included in all experiments to normalize potential
variability across different samples.

The internal standard, which has a similar chemical struc-
ture to the cleaved quaternary ammonium compound, gener-
ates a characteristic fragment ion at m/z 59 upon CID MS/MS
fragmentation, as demonstrated in Fig. 4B for 10 pM CPTA.
The analytical measurement for each sample is obtained by
calculating the ratio of the quaternary ammonium species
signal at m/z 87 to the internal standard signal at m/z 59. This
ratio serves as the quantitative indicator in the immunoassay
performed on the test zones.

All optimization steps were initially performed using the
purchased recombinant nucleocapsid protein. The parameters
optimized included the duration of the covalent immobiliz-
ation process for the capture antibody, the selection of block-
ing buffer type and its incubation time, and the concentration
of the detection antibody conjugate (see the SI for details of
the full optimization process). After establishing the optimal
conditions with the recombinant protein, these parameters
were applied to analyze clinical plasma samples.
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Fig. 4 Positive-ion mode paper spray MS/MS analysis of (A) released
quaternary ammonium species, (carboxypropyl)trimethylammonium
(CPTA) at m/z 146 after base hydrolysis (pH 11) of the purified bioconju-
gate, which gives a diagnostic fragment ion at m/z 87 and (B) (carboxy-
methyl)trimethylammonium chloride (CMTA) at m/z 118 used as an
internal standard, showing a fragment ion at m/z 59.

Considering that the immunoassay for analyte detection
begins once the sample is applied to the bioactive paper chip,
the optimized 1 h incubation time represents the total assay
duration in the final version of the platform. While the current
2D pPAD implementation involves manual steps, the envi-
sioned 3D pPAD will store all reagents within the device,
enabling a fully automated and user-friendly immunoassay.>*

The SARS-CoV-2 nucleocapsid (N) protein stands out as one
of the most abundant, conserved, and immunogenic structural
proteins of the virus,>® making it a highly attractive target for
diagnostic applications. In contrast to the spike (S) glyco-
protein, which is subject to frequent mutations that may com-
promise assay sensitivity, the N protein exhibits greater genetic
stability across emerging variants.>” This characteristic ensures
reliable detection even as the virus evolves. Additionally, the N
protein is expressed early during infection, allowing for
prompt identification of cases, which is critical for timely
intervention measures such as isolation and contact tracing.®
Compared to RNA-based detection methods, which are suscep-
tible to false negatives due to RNA degradation or low viral
load, the detection of the N protein offers increased diagnostic
robustness. Its high degree of conservation among different
strains further extends its utility beyond
COVID-19, positioning the N protein as a broadly applicable
biomarker for coronavirus surveillance.*>*° These features col-

coronavirus

Analyst

View Article Online

Analyst

lectively highlight the value of targeting the N protein in diag-
nostic strategies, especially in the context of long COVID and
future emerging pathogens.

Calibration curve and sensitivity assessment

The sensitivity of our paper-based immunoassay for the
SARS-CoV-2 nucleocapsid (N) protein was evaluated using
internal standard calibration. Standard solutions of recombi-
nant N protein were prepared in 1x PBS at concentrations
ranging from 2 to 200 pM. Each concentration was analyzed
following the immunoassay procedure described in Fig. 2, and
the results were evaluated by on-chip paper spray mass spec-
trometry after cleavage of the ionic probe. The MS/MS signal
corresponding to the cleaved probe (CPTA, m/z 87) was com-
pared to that of the internal standard, (carboxymethyl)tri-
methylammonium (CMTA, m/z 59). A representative MS/MS
spectrum from the assay using 20 pM N protein is shown in
Fig. 5A, demonstrating a strong diagnostic signal at m/z 87. In
contrast, negative control samples prepared with 1% BSA and
no N protein also exhibited a peak at m/z 87, but with a signifi-
cantly lower intensity (Fig. 5B), indicating minimal nonspecific
binding in our platform. MS/MS data collected across the full
concentration range are shown in Fig. 5C, displaying a sigmoi-
dal response curve on a logarithmic scale, as typically expected
for immunoassays. The linear dynamic range, presented in
Fig. 5D, showed excellent linearity (R > 0.99) between 5 and 40
PM. Based on this calibration, the limit of detection (LOD) was
determined to be 2.4 pM (161.2 pg mL '), and the limit of
quantification (LOQ) was 7.9 pM (535.2 pg mL ™).

Our paper-based immunoassay with MS signal transduction
demonstrated excellent performance, exhibiting a highly linear
regression coefficient (R?) > 0.99. The observed LOD and LOQ
values are among the lowest reported for mass spectrometry-
based methods detecting viral nucleocapsid, thus marking a sig-
nificant advancement in potential early detection of SARS-CoV-2
infections. The low LOD observed in this study underscores the
system’s superior sensitivity compared to traditional diagnostic
methods. While PCR offers high sensitivity, the extensive sample
preparation requires the patient to be at the hospital to gain
access to the test. The paper-based assay presented here with
analytical signal amplification (not analyte amplification) has
potential to offer on-demand testing to diagnose long COVID
from whole blood without any sample pre-treatment. For
example, the sensitivity of our current assay falls within the clini-
cally relevant range of nucleocapsid levels in individuals infected
with SARS-CoV-2, which have been reported to vary from 1 pg
mL™" to over 10000 pg mL".*?* This confirms the method’s
suitability for detecting infections, including those in individ-
uals with low viral loads, thus enabling more effective and
timely screening. The system’s ability to detect viral nucleocap-
sid at such a low concentration of 2.4 pM affirms its potential
for early-stage detection and monitoring of COVID.

Clinical application

Following the successful optimization and analytical validation
of the assay using recombinant N protein, we next applied the

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 On-chip paper spray PS-MS/MS analysis of the completed paper-based immunoassay. (A) Typical MS/MS spectrum from the analysis of 20
pPM N protein in our paper-based immunoassay. (B) MS/MS spectrum obtained from a negative/blank sample in the immunoassay. (C) Log-scale cali-
bration curve depicting the full concentration range (2—-200 pM) derived from comparing the MS/MS signal of the assay (m/z 87) to that of internal
standard (m/z 59). (D) Linear range of the calibration curve, used to determine the LOD and LOQ. The LOD and LOQ were calculated as follows: LOD
= 3 x SD (blank)/slope; LOQ = 10 x SD (blank)/slope. SD = standard deviation.

platform to analyze clinical plasma samples. The plasma
samples were collected from 20 individuals: 10 patients with
clinically confirmed long COVID and 10 SARS-CoV-2-negative
controls with no documented history of infection. The
samples were diluted 1:80 (vol/vol) in a negative commercial
plasma, and then 20 pL of the diluted plasma was applied to
the bioactive paper chip and processed according to the opti-
mized immunoassay protocol. Detection was based on the MS/
MS signal of the cleaved ionic probe (CPTA, m/z 87), which
reflects the presence of the SARS-CoV-2 nucleocapsid antigen
in these long COVID samples.

Representative MS/MS spectra derived from analyzing a
plasma sample from a long COVID patient and a negative
control are shown in Fig. 6A and B, respectively. As expected,
the signal intensity at m/z 87 was elevated in the positive
sample, while the negative sample exhibited only minimal
background response. Fig. 6C summarizes the comparative
analysis via a box and whisker plot, clearly illustrating a sig-
nificant difference for the 10 long COVID samples compared
with the 10 control patients (p < 0.01). The elevated signal in
the long COVID group provides molecular evidence supporting
the persistence of SARS-CoV-2 nucleocapsid protein beyond

This journal is © The Royal Society of Chemistry 2026

the acute infection phase. Despite the relatively small sample
size, the observed distinction between the two groups was con-
sistently replicated within the groups, underscoring the
minimal matrix effects, high reproducibility, and analytical
power of the platform. The fact that no overlap in analytical
signal is observed (Fig. 6C) between the positive and negative
samples demonstrates the high accuracy of our paper-based
immunoassay platform in predicting the state of the disease as
indicated by PCR. Our ability to detect residual viral antigen in
post-acute samples suggests that this assay may serve as a
useful tool to explore the pathophysiological underpinnings of
long COVID. The detection of nucleocapsid protein in conva-
lescent individuals supports the hypothesis that persistent
antigenemia may contribute to chronic immune activation or
prolonged symptomatology.

These results extend the potential clinical utility of paper-
based MS immunoassays beyond acute diagnostics, offering a
foundation for the future development of direct-to-consumer
(DTC) testing for monitoring long-term infection sequelae.
Our approach is technologically flexible, allowing the process
to be readily refined as new long COVID biomarkers become
viable. Aside from DTC testing, we envision that the method
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Fig. 6 Representative results from the paper-based immunoassay
applied to clinical plasma samples. (A) MS/MS spectrum of a positive
plasma sample from a long COVID patient showing a strong signal at
m/z 87, corresponding to the cleaved ionic probe (CPTA). (B) MS/MS
spectrum from a SARS-CoV-2-negative control sample showing a sub-
stantially lower signal at m/z 87. (C) Boxplot comparing the CPTA signal
intensity (m/z 87) between long COVID (n = 10) and negative control
samples (n = 10). A significant difference was observed between the two
groups (p < 0.01), demonstrating the assay's ability to discriminate based
on the presence of residual nucleocapsid protein.

will also be applicable for point-of-care (POC) testing for hospi-
talized patients, where long COVID can be differentiated from
other conditions with existing treatment.

Device stability

To enable on-demand DTC testing, where samples are col-
lected and analyzed at two different places, it is necessary for
the assay to be stable to provide actionable results even weeks
after the test is completed. Here, we performed two stability
studies: one evaluating the stability of the capture antibody,
which shows the shelf-life of the bioactive paper chip, and a
second evaluating the stability of the whole immunoassay
complex in the paper substrate after the assay is completed.

Analyst
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For shelflife stability studies, the capture antibody was
immobilized in the 2D wax-printed paper substrate, blocked, and
stored in ambient air at room temperature. On the day of the ana-
lysis, a 100 pM solution of N protein was applied to the bioactive
paper chip followed by the addition of ionic probe-dendrimer—
dAb bioconjugate to complete the assay. Then, the completed
paper-based immunoassay was analyzed immediately. This
process was repeated for paper chips stored in ambient air for up
to 30 days, and the assay was performed 0, 5, 8, 15, 25 and 30
days after storage. The results of this stability study are provided
in Fig. 7A, which shows a relatively stable signal over the 30-day
storage period. There is a signal drop of about 12% compared
with the onset of the study but the positive signal detected is sig-
nificantly higher than non-specific background noise. Instead of
storing at room temperature, the shelf-life of the capture antibody
can be further extended by storing it in a refrigerator until use.

The second stability study evaluated the feasibility of on-
demand testing, where completed assays could be mailed in
ordinary envelopes to a centralized facility for analysis. In this
experiment, paper-based immunoassays were completed simul-
taneously and stored in a drawer under ambient conditions for
up to 30 days. At specific time points (0, 5, 8, 15, 20 and 25
days), NH,OH solution was applied to the paper substrate to
cleave the bound ionic probe, releasing CPTA for subsequent on-
chip paper spray MS/MS analysis. The results are presented in
Fig. 7B. As can be observed, the signal from positive samples
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Fig. 7 Study on the stability of paper chips stored at room temperature.
(A) Stability I. The capture antibody was stored on the paper at room
temperature. The assay was performed and analyzed on the day of
testing. (B) Stability Il. Investigation of test stability after the addition of
the detection antibody (dAb) and completion of the immunoassay.
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remained relatively stable throughout the storage period.
However, by day 30, a signal reduction of approximately 16.7%
was observed compared to day 1, when the assay was analyzed
24 hours after completion. These findings underscore the practi-
cality of decoupling sample collection from immediate analysis,
offering significant operational flexibility. This approach allows
healthcare professionals to collect multiple samples without
requiring on-site processing, making the method more adapt-
able, cost-effective, and highly sensitive. Moreover, the ability to
maintain signal stability over an extended period reinforces the
feasibility of decentralized sample collection followed by centra-
lized high-precision analysis.

The current results are consistent with previous studies that
demonstrated the effectiveness of functionalized paper in rapid
immunoassays,”®*> highlighting its stability for up to 30 days
when stored at ambient temperature. The main advantage of our
system over conventional methods, such as ELISA and PCR, lies
in the lack of sample preparation. When fully developed, our
method will utilize a 3D microfluidic paper-based analytical
device (LPAD), in which all the reagents needed for the assay
can be stored within the device. In this case, only two steps are
required to complete the assay: application of whole blood and a
washing step.*® The combination of a plasma separation mem-
brane and a paper substrate allows in-chip removal of red blood
cells, and the resulting plasma subsequently moves in situ into
the 3D pPAD platform via capillary action without any active
pumping, all facilitating the potential use of our method in
resource-limited settings. Such capabilities highlight the practi-
cal and commercial feasibility of the method, which can be
easily adapted for various field applications, including large-
scale testing during an outbreak, due to its wide accessibility
through remote sample collection followed by analysis of the col-
lected samples anywhere with an existing mass spectrometer,
especially when combined with a portable mass spectrometer.
We are also able to eliminate cold-chain logistics during sample
transportation due to room temperature stability.

Beyond infectious disease diagnostics, this platform has
potential for broader applications, including early cancer bio-
marker detection, therapeutic drug monitoring, metabolic dis-
order screening, and even environmental surveillance through
the highly sensitivity wax-printed paper spray method for
detecting metabolites.”’ Its adaptability could also support
personalized medicine approaches, where patient-specific bio-
marker profiles guide treatment strategies in real time.
Additionally, the technology could be leveraged in veterinary
medicine and agricultural pathogen monitoring, expanding its
impact beyond human healthcare. Future advancements may
allow for multiplexed detection of multiple analytes within a
single test, thereby increasing efficiency and further enhancing
the platform’s applicability in diverse settings.

Conclusion

In summary, we developed a highly sensitive and stable paper-
based immunoassay for N protein detection, which enables

This journal is © The Royal Society of Chemistry 2026
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direct mass spectrometric analysis from a paper substrate. The
combination of cleavable ionic probes and a dendrimer-based
amplification strategy, which allows multiple probes to be
linked to a single reporter antibody, resulted in a detection
limit of 2.4 pM. The platform also exhibited good analytical
stability, with only a 16.7% reduction in signal after 30 days of
storage under ambient conditions. These findings underscore
the potential of this system for long COVID diagnostics in both
direct-to-consumer and point-of-care settings. To evaluate this
possibility, we applied the assay to analyze clinical plasma
samples, with 10 long COVID samples showing consistent MS
signals compared with samples from 10 uninfected individ-
uals. This result is important because the detection of residual
nucleocapsid antigen in convalescent plasma samples sup-
ports the hypothesis of persistent antigenemia and chronic
immune activation in long COVID.

Although clinical validation and integration into routine
diagnostic workflows are necessary for large-scale adoption,
the platform’s robustness, flexibility in incorporating emerging
biomarkers, and suitability for decentralized sample collection
support its broader applicability. While the study presents a
promising and versatile diagnostic tool that may advance the
detection and monitoring of long COVID and other chronic
viral conditions, some improvements are needed to achieve
this objective. For example, multiplexed detection with other
viral biomarkers must be explored to improve the accuracy of
diagnostic outcomes. The automated process in the form of
3D uPAD must also be established to reduce the current 2 h
assay time and to make it more user friendly. Overall, the
ability of the platform to provide quantitative results with high
accuracy positions it as a valuable tool for epidemiological
studies and real-time monitoring of viral outbreaks, aiding in
public health decision-making and response strategies.
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