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Introduction

A portable acoustic biosensing platform combined
with paper-based capillary fluidics for the rapid
detection of antibodies in serum

Dimitra Chronaki, (2 @ Stylianos Grammatikos, 2 *° Angelos Ntimtsas, () 12
Marios Matsis,? Orestis F. Kokolakis,? Konstantina Alexaki, ©)@ Zoi Pournara,®
Achilleas Tsortos, {2 @ Alexandros Zafiropoulos (2 € and Electra Gizelj (2 *2°

We report the development of a sensitive biosensing platform based on a shear-horizontal surface acous-
tic wave (SH-SAW) device and paper fluidics, with the potential to be used outside centralized laboratory
settings. Systematic research on the biorecognition surface, blocking agent, fluidics and measuring unit
allowed us to transform a laboratory-based method into a field-deployable device. As a proof-of-
concept, the platform was used for the detection of SARS-CoV-2 anti-spike antibodies on a surface-
immobilized spike protein, tested in both simulated and human blood serum samples. A poly-L-lysine
(PLL) layer was selected as a biocompatible surface for spike protein immobilization; the polymer layer
can be easily removed through gentle mechanical rubbing, allowing regeneration and multiple uses of the
sensing device. This surface, combined with novel paper-based capillary fluidics, enabled real-time moni-
toring of spike antibody binding via acoustic wave phase measurements in the range of 1-100 nM anti-
bodies in 1% v/v serum. Further acoustic wave amplitude amplification and a tenfold improvement in the
detection limit (0.1 nM) were achieved by the use of gold nanoparticles conjugated with a secondary anti-
body. This optimized assay was successfully evaluated in a small pilot clinical study of 20 patient samples.
Our new SH-SAW immunosensor exhibited sensitivity and specificity comparable to commercial systems
with standard fluidics and instrumentation; importantly, its limit of detection is better than the clinically
relevant value of ~11 RU mL™™. This portable, low-cost platform, combining a pocket-size network analy-
zer with disposable paper fluidics and a regenerable sensing surface, offers a promising solution for quan-
titative antibody detection near or at the point-of-care.

eases in low- and middle-income countries. However, there are
several analytical and engineering challenges related to the

The development of portable, robust and reliable devices for
the analysis of biomarkers in human samples outside a dedi-
cated laboratory is one of the current priorities in diagnostics
and healthcare as witnessed by the huge shift from laboratory
testing to the point-of-care (POC)." International non-profit
organizations such as the World Health Organization (WHO)
and the Foundation for Innovative New Diagnostics (FIND)
have declared the development of affordable, accessible and
simple to operate diagnostic tests, an area of strategic research
priority, specifically for the management of poverty-related dis-
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development of efficient diagnostic tools for field detection.
High specificity and sensitivity towards the analyte of interest,
combined with portable detection instrumentation amenable
to miniaturization, are fundamental for testing outside a lab-
oratory. In addition, rapid analysis (~30 min), simplicity in
operation (one or two steps) and low cost (few $ per test) are
key criteria for the development of global diagnostic tools for
POC applications.” As a result, during the last few years, there
has been a shift towards the development of paper-based
technologies for rapid testing at the POC due to their simpli-
city and wide applicability.®

Lateral flow immunoassays (LFIAs), currently the gold stan-
dard for POC testing,” are used for the rapid detection of
either antigens (Ag) or antibodies (Ab) in human samples. The
technology became widely applicable during the pandemic for
rapid COVID-19 home testing.” However, while the LFIAs are
fast, user-friendly, low-cost and with minimal sample pretreat-
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ment requirements, they provide mostly qualitative results;
semi-quantitative results can also be obtained in combination
with lateral flow readers or naked-eye estimations.®™®
Qualitative detection has limitations, including faint bands in
the case of a low-affinity Ab and very strong (occasionally non-
specific) bands in the case of a low specificity Ab, both of
which are assessed by the naked eye. Furthermore, other chal-
lenges include problems in  reproducibility and
multiplexing.”® To address these limitations, combinations of
paper-based LFIAs with sensing technologies such as electro-
chemical biosensors have been explored, producing electroflui-
dic platforms that embed electrodes into paper for enhanced
biosensing applications."* 3

Acoustic biosensors have been used extensively for antibody/
antigen detection in immunosensing applications. Shear-hori-
zontal surface acoustic wave (SH-SAW) devices, in particular,
have several applications due to their planar geometry enabling
integration with microfluidics, heating elements and lab-on-a-
chip technologies."*?° SH-SAW devices can provide label-free
and real-time quantitative results through the monitoring of the
phase and amplitude of the acoustic wave. So far, their appli-
cations include the detection of Ab,*'>* Ag>*” and protein
biomarkers.**?° Specifically, the detection of Ab was demon-
strated in buffer*>** or complex samples including plasma,*"**
serum* and whole blood®® for various targets such as
SARS-CoV-2,>**®> HIV** and hepatitis B*' antigens. Typical
reported detection limits for Ab are in the range of nM (ref. 24)
to pM.**** Moreover, some studies have used nanomaterials,**
such as streptavidin-coated gold nanoparticles (AuNPs),>”** Ab-
conjugated AuNPs***® and gold staining,®® to further amplify
the acoustic signal as a result of the added mass effect. Despite
these achievements, the development of a field-deployable SAW
platform for immunosensing remains a challenge.

Recently, our group reported the combination of a portable
SH-SAW analyzer with a novel paper-strip capillary fluidic
system.>® That removable strip was used for liquid medium
transfer over the sensing area, replacing the traditional poly-
meric surface-sealed (micro)fluidic cell; it was positioned on
top of the device to form the upper boundary of a capillary
flow channel. With that set up, we efficiently detected various
concentrations of glycerol and DNA (a ladder) as a proof-of-
concept. Here, we advance the technology further by investi-
gating its applicability as an immunosensor, using SARS-CoV-2
Ab in serum samples as a model target. To achieve optimal
results, we studied and optimized the effect of all relevant
components of a biosensor, i.e., the biorecognition layer, flow
cell geometry and measuring unit. The poly-L-lysine (PLL) layer
was selected for the immobilization of the spike protein since
it enables surface regeneration/cleaning on the spot.** Using
human serum samples already tested for the presence or
absence of anti-spike Ab via ELISA, we showed excellent dis-
crimination capability (100% detection) between four negative
and sixteen positive samples, in agreement with the ELISA
results. Moreover, a further increase in the signal response by
2 (phase) and 3 (amplitude) times was observed when AuNPs
functionalized with a secondary Ab were added on the device
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surface. Finally, through systematic investigation and compari-
son of standard and novel mechanical, fluidic and electrical
components, we showed that the paper-strip fluidics combined
with a portable measuring unit could form an attractive plat-
form for near or at the POC immune testing.

Materials and methods
Materials

Poly-i-lysine (PLL, M,, 150-300 kDa), bovine serum albumin
(BSA), casein from bovine milk, gold(m) chloride trihydrate
(HAuCl,-3H,0, >49% Au basis), sodium citrate tribasic dihy-
drate (TCD), phosphate buffered saline (PBS) tablets and water
for chromatography (LC-MS grade) were purchased from
Merck (Germany). SARS-CoV-2 spike glycoprotein was obtained
from Trenzyme, Germany (P2020-029). Rabbit anti-spike Ab
from Sino Biological, China (40592-R001), goat anti-rabbit IgG
Ab from Thermo Fisher, USA (SA510231), and goat anti-human
IgG Fc from Abcam, UK (ab97221) were used. PBS tablets in
deionized water yielded a 10 mM phosphate buffer with
2.7 mM KCl, 137 mM NacCl and pH 7.4 at 25 °C. All chemicals
were used as received, without any further purification.

SAW device

Single-channel SAW devices (AWS SNS-000069-A, AWSensors,
Spain) with a fundamental frequency of 120 MHz were fabri-
cated on a 0.35 mm thick AT-cut quartz substrate with patterned
interdigital transducers (IDTs) in a double-finger geometry
(Fig. 1A). A Love-wave SAW device was created by depositing a
3 pm SiO, as a guiding layer on the sensing area. A gold (Au)
(50 nm) layer, deposited on top of a thin Cr (10 nm) adhesion
film between the IDTs, was used to create the biorecognition
surface. Prior to biosensing experiments, the SAW sensors were
treated with UV ozone (Ossila, UK) for 30 min. The following
solutions were flowed onto the device surface at the beginning
of each experiment: 2% Hellmanex (Sigma) and dH,O for clean-
ing of the sensing area. At the end of each experiment, the
device surface was also cleaned with 2% Hellmanex and dH,O
and dried under nitrogen flow. In the case where the surface was
modified with PLL, the device-surface was regenerated after
removing the PLL layer (and all proteins attached to it) with a
cotton swab soaked first with dH,O and then 70% v/v ethanol.

Laboratory-based fluidics and measuring platform

A commercial flow cell (AWS CLS-000028-A, AWSensors,
Spain), with a cover of PSU (polysulfone) and a PDMS (polydi-
methylsiloxane) O-ring (Fig. 1B), was positioned on top of the
device and between the IDTs,*® and used with a flow control
unit (FCU, AWSensors, Spain) to deliver the samples to the
sensor surface. The flow cell was cleaned before and after each
experiment with 2% Hellmanex, dH,O and dried under nitro-
gen flow. The dimensions of the flow cell were 47 (L) x 33 (W) x
44 (H) mm and the chamber volume was 5.5 pL. A benchtop
network analyzer (SENSeOR, France)*® was further employed
to record acoustic wave amplitude shifts (AA) and phase shifts

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Images of the device, flow cell and analyzers used: (A) 120 MHz
unit and (D) in-house portable measuring unit.

(APh), with the analyzer’s dimensions being 25.5 (L) x 25.5 (W) x
16 (H) cm (Fig. 1C).

Portable acoustic platform

The Love-SAW sensor was further combined with a portable, in-
house made measuring platform (Fig. 1D and 2A).** This hand-
held device, with dimensions 13.8 (L) x 8 (W) x 5 (H) cm, was
used to record amplitude and phase changes (in dB and deg
units, respectively) (Fig. 1D). The measuring unit consisted of a
programmable phase-locked loop (P-LL) oscillator, where the fre-
quency was adjusted based on the working frequency of the SAW
device. For amplitude and phase shift monitoring, a gain/phase
detector was used. To reduce interfering reflections, square pieces
of parafilm (3 x 2 mm) were placed on the edges of each IDT to
act as absorbers®* A micropump (CPP-1 180-ZM, Jobst
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SAW sensor, (B) AWS device holder and flow cell, (C) SENSeOR measuring

Technologies, Germany) and a pulse width modulated (PWM)
controller were implemented to adjust the flow rate. Finally, a
microcontroller was used to adjust the P-LL oscillator working fre-
quency (depending on the SAW sensor in use), to read and report
the values from the gain/phase detector to a personal computer
and adjust the PWM duty cycle for the micropump. The sensor
system was calibrated and ensured accurate measurements for
both amplitude and phase, with a high resolution of 2.10 mdB
and 6.10 mdeg and a low drift rate of 0.72 mdB h™ and
1.00 mdeg h™", respectively.** The overall dimensions of the porta-
ble measuring platform were 22 (L) x 8 (W) x 5 (H) cm (Fig. 2A).

Paper-based capillary fluidics on SAW

The paper-based capillary concept is illustrated in Fig. 2A and
B and described in detail in a previous work.** Briefly, a capil-
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(A) Image of the portable measuring platform, consisting of a mini-SAW analyzer and a SAW housing unit. (B) Schematic of the LFS placed

above the SAW device, creating the capillary channel. (C) Phase and (D) amplitude signals of a 120 MHz sensor in air (black line) and PBS (red line).
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lary channel was created on the surface of the SAW device
using a paper nitrocellulose strip. To create the capillary, a
commercial lateral flow strip (LFS) (Novatech, Turkey) was
employed upon removing all pads from its surface by placing
it at a 0.5 mm distance from the surface using a glass slide for
support. This contactless flow cell structure minimized the
energy losses normally observed during sealing of the flow cell
to the device surface. It also resulted in a smooth amplitude
response even in the presence of the liquid sample and a
linear phase response (Fig. 2C and D). To enable the perform-
ance of a multi-step assay, including surface functionalization,
sample testing, and/or signal amplification, the micropump
was connected to a syringe that brought the sample to the
inlet of the strip at a constant flow rate of 20 pL. min™". In this
way, we achieved continuous flow for more than an hour
without leakage or collapse of the capillary. A cotton pad was
finally placed at the end of the capillary channel as an absor-
bent pad.

The phase and amplitude signals of the 120 MHz sensor
exposed in air and PBS buffer are shown in Fig. 2C and D. In
the phase plot, there is a shift in phase values when moving
from air to PBS measurements while the typical triagonal
pattern is maintained. The maximum amplitude (Ap,.,) value
in air was 42.83 dB and 38.90 dB in PBS, while the peak shape
was also maintained.

Anti-spike Ab binding isotherm on SAW

For SARS-CoV-2 spike protein binding, two different surfaces
were utilized: the first employed the bare, negatively charged
Au-coated (isoelectric point of ~5.2)” SAW device for the
direct physisorption of the spike protein in PBS (0.06 mg
mL™", V = 50 L), followed by the addition of PBS containing
BSA (1% w/v) or serum (1% v/v) as blocking agents. Serum
obtained from a patient negative to COVID-19 was also used as
a medium for the target Ab injection. The second surface was
produced after applying a 0.01% w/v solution of PLL in PBS
under flow onto the Au-SAW surface (V = 100 pL). The posi-
tively charged PLL surface was used to bind the spike protein
(0.06 mg mL™", V = 50 pL) of negative charge (UniProt:
PODTC2, theoretical isoelectric point of ~6.24, calculated from
Expasy ProtParam) leading to electrostatic immobilization, fol-
lowed by the addition of casein (1% w/v solution in PBS) and
serum (1% v/v in PBS) as blocking agents. Both spike-modified
surfaces were employed for the sequential addition of increas-
ing concentrations of rabbit anti-spike Ab (i.e., 1, 2, 5, 10, 50
and 100 nM) in 1% v/v serum solutions (V = 60 pL of each
injection) in PBS buffer. All experiments were performed at
25 °C and with a constant flow rate of 20 pL min~', while
experiments were repeated at least three times.

Synthesis and bio-functionalization of TCD-AuNPs

Gold nanoparticles (AuNPs) with an average diameter of
~13 nm were synthesized using the Turkevich method with
slight modifications.*® For biofunctionalization, a secondary
Ab (either goat anti-rabbit or goat anti-human IgG) solution at
an optimized concentration was incubated with appropriate
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volumes of AuNP solutions (OD 1) at pH 9.0-9.5 for 1 h.
Following passive adsorption of the secondary Ab (“2Ab”) onto
the AuNP surface, the AuNP-2Ab conjugates were purified,
redispersed in PBS containing 0.1% w/v BSA, and stored at
4 °C until further use. The resulting bioconjugates were used
within 3 weeks. The working concentration of the AuNPs (OD
1) employed in the experiments was estimated to be ~4.78 nM.
Additional details on AuNP synthesis, biofunctionalization
and characterization via UV-Vis absorbance, scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) are provided in the SI (SI and Fig. S1).

Signal amplification using QCM-D

A quartz crystal microbalance with dissipation monitoring
(QCM-D),* an acoustic biosensor comprising a thin AT-cut
quartz crystal sandwiched between two gold electrodes and a
fundamental frequency of 5 MHz, was utilized to evaluate the
signal enhancement owing to the functionalized AuNPs.
QCM-D can monitor in real-time shifts in wave frequency (AF)
and energy dissipation (AD) of a material bound to the
surface; AF is related to mass deposition and AD is related to
the viscoelastic behavior of the adsorbed molecules. Here, a
Q-Sense Analyzer E4 (Biolin Scientific, Sweden) instrument
and 5 MHz, 14 mm Cr/Au crystals (AWS SNS 0000424,
AWSensors, Spain) were used. The Au sensor surface was
cleaned with 2% v/v Hellmanex, rinsed with dH,0 and 70% v/v
ethanol and finally treated under UV ozone for 30 min. The
clean Au surface was coated with spikes in PBS (0.06 mg mL™",
V = 50 pL) and blocked with 1% w/v BSA and 1% v/v human
serum negative for spike Ab. Then, a rabbit monoclonal anti-
spike antibody (0.1-50 nM), spiked in 1% v/v human serum,
was added to the immunoassay surface. To study signal ampli-
fication, a suspension of AuNPs (OD 1) conjugated with a goat
anti-rabbit IgG was added on each surface, and the acoustic
response was monitored with QCM-D.

Clinical validation of the immunoassay using patient samples

Human serum samples were tested for their anti-spike Ab
titers with the commercially available ELISA kit QuantiVac
anti-S + RBD IgG (Euroimmun, Germany) using the ELISA
automated system Euroimmun Analyzer I (Laboratory of
Clinical Virology, Medical School, University of Crete). The
microplate wells were coated with the recombinant S1 subunit
including the receptor binding domain (RBD) of the spike
protein. Quantification of Si-specific IgG Ab was performed
using a 6-point calibration curve covering a range from 1 to
120 relative units (RU mL™"). Samples yielding results above
this analytical range were re-evaluated at a higher dilution.
Positive and negative controls were included in each test run,
wherein <8 RU mL ™" were considered negative, 8-11 RU mL ™"
as borderline and >11 RU mL™' as positive (QuantiVac
guidelines).

Serum samples from N = 20 patients provided by the
Laboratory of Clinical Virology (Medical School, University of
Crete) were aliquoted and stored at —80 °C until use. For evalu-
ation of the samples using the developed acoustic immuno-

This journal is © The Royal Society of Chemistry 2026
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assays, each serum sample was diluted 100 times in PBS (1%
v/v), and a final injection of 60 pL was used. Finally, a suspen-
sion of AuNPs (OD 1, V = 50 pL) functionalized with goat anti-
human IgG (Fc) secondary Ab was injected after the addition
of the serum sample. The serum samples were tested on both
spike/BSA and PLL/spike/Casein surfaces. Full validation was
carried out using both the Love-SAW flow cell and capillary-
based SAW fluidic setups.

Data analysis and statistics

Data analysis and graphing were performed using OriginPro
2024 (OriginLab Corporation, Northampton, MA, USA).
Statistical analysis of patient samples was also conducted in
OriginPro 2024, using the Paired Comparison Plot app.
Differences among multiple grouped mean values were
assessed using one-way ANOVA followed by Tukey’s post hoc
test. Statistical significance was defined as p < 0.05.

Results and discussion

Optimization of immunoassay and SAW experimental setup
for Ab-testing

We first evaluated the sensitivity and usability of different
experimental platforms employing the SAW device and various
fluidics, measuring units and biorecognition surfaces.
Initially, we tested two biorecognition layers to detect protein
biomarkers. For the proof-of-principle, we used spike protein
as the biorecognition molecule to detect anti-spike Ab, all in
PBS (pH 7.4). In all cases, the phase and amplitude of the SAW
device were monitored and used to derive quantitative infor-
mation on the target analyte, here anti-spike Ab. Initially, we
used the simplest possible approach, where spike protein, the
biorecognition molecule, was physisorbed directly on the Au-
device surface followed by BSA adsorption as a blocking agent
(Fig. 3A). We also started by using a commercial polymeric
fluidic cell (see Fig. 1B) and a benchtop measuring unit
(SENSeOR) (Fig. 1C) to monitor the binding process. From the
real-time graphs we calculated a APh*P*® = 10.87 + 1.93°
(Fig. 3B) and AAP™ = 0.18 + 0.03 dB (Table S1). Moreover, a
binding isotherm was obtained by monitoring the phase
change during the addition of various Ab concentrations (1, 2,
5, 10, 50 and 100 nM) in 1% w/v BSA or 1% v/v serum to the
spike-modified surface. From Fig. 3C we calculated apparent
affinity constants of K, = 6.1 + 1.0 nM and 5.0 + 1.3 nM,
respectively. Moreover, Fig. 3D proves that the binding of anti-
spike Ab to the spike-modified Au surface is specific, as indi-
cated by the low response obtained upon the addition of a
non-specific Ab (anti-Interleukin) to the same surface (APh =
0.13 + 0.04°) or of anti-spike Ab to a BSA-modified surface
(APh = 0.08 + 0.04°). Fig. 3D shows that the limit of detection
of this assay is in the range of 1 nM, in agreement with pre-
vious studies.>**° The formation of the physisorbed spike-
modified SAW surface is a simple process giving quite reprodu-
cible results. However, to reuse the device surface, treatment
under UV ozone and cleaning with a detergent solution

This journal is © The Royal Society of Chemistry 2026
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(Hellmanex) were necessary. Chemical treatment was also
required for cleaning the Love-SAW fluidic cell before reusing
in another experiment.

Further improvements in the detection system focused on
the development of a biorecognition surface that could be
easily cleaned and reused, ideally outside a dedicated labora-
tory. A PLL polymer layer was tested as a potential surface to
attract the spike protein (Fig. 3E) but also as a layer that can be
easily removed to regenerate the Au surface (rubbing with a
cotton swab).>* PLL has been used as a surface coating, as it is
cationic in a neutral pH solution and promotes electrostatic
attraction with the negatively charged surfaces of bio-
molecules.*’ PLL found in the form of a copolymer with
grafted PEG units, named PLL-g-PEG, has been used as a
surface coating to attract negatively charged DNA molecules
from complex media (such as milk) and repel proteins.** Also,
PLL-g-PEG coating was used to bind various concentrations of
DNA molecules and thus check the sensitivity of the SAW
devices to detect biomolecules.>**?

In this work, we initially combined the PLL-SAW approach
with our in-house produced portable measuring unit (Fig. 1D),
together with the commercial flow cell (Fig. 1B). Based on our
protocol, spike protein (in PBS) was attached to a pre-adsorbed
PLL layer on the SAW device, followed by casein addition.
Casein was selected instead of BSA due to its better blocking
performance on this surface (Fig. S2B). The formation of the
PLL layer on the Au-coated device surface resulted in a phase
change APh™" = 1.02 + 0.2° (Fig. 3F and Table S1) and a near
zero amplitude response, in agreement with previous
studies**** and suggestive of a flat, tightly adsorbed layer;***
a similar result was obtained when paper-based fluidics was
used instead of the commercial one (Table S1).

Regarding the adsorption of spike protein (using commer-
cial AWS fluidics) on PLL and on Au, changes of APh{PK =
7.34 £ 0.80° and APhSP™ = 10.87 + 1.93° were recorded (Fig. 3F
and Table S1), indicating a little less binding on the PLL than
on the Au surface; the use of the paper-based fluidics resulted
in an even (slightly) smaller coverage of 5.92 + 0.36° on PLL.
The corresponding calculation of the acoustic ratios*® (A4/
APh)*P*¢ gave values of 0.017 + 0.004, 0.030 + 0.004 dB and
0.061 + 0.010 dB per deg respectively (Table S1).

Fig. 3G shows the binding isotherms of the anti-spike Ab
on the pre-adsorbed spike protein as a function of the Ab con-
centration (with the commercial fluidics). Measuring the
affinity of the reaction on the two surfaces (Fig. 3A and E), we
found that this was slightly lower on the PLL (K5 = 10.9 + 1.1
nM) than on the Au surface (K3 = 5.0 + 1.3 nM), most likely
due to the different packing, orientation and even confor-
mation of the spikes on the two surfaces. Inspection of the
above-mentioned phase changes and acoustic ratios for spikes
shows that the protein is more sparse and has a higher acous-
tic ratio on PLL indicative of a more extended structure.?” On
the other hand, the physisorbed molecules (spike on Au) are
tightly bound and in a flatter mode/orientation (on average),
as suggested by the lower acoustic ratio. The binding on PLL
probably orients most of the spike molecules away from the
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Fig. 3 (A) Schematic of the biorecognition layer consisting of spike protein adsorbed on the Au surface, BSA blocking and target antibody. (B) Real-
time phase signal change during the binding of 1-100 nM anti-spike Ab in 1% v/v serum on the spike/BSA surface. (C) Binding isotherms of the
target anti-spike Ab in 1% v/v serum (black squares) or 1% w/v BSA (blue circles) as a function of the antibody concentration using commercial (AWS)
Love-SAW fluidics (spike/BSA surface). (D) Selectivity of anti-spike Ab on the spike/BSA surface; the binding of 10 nM anti-interleukin-1b Ab on the
spike protein is also presented. (E) Schematic of the biorecognition layer consisting of PLL adsorbed on the Au surface, spike protein, casein blocking
and target antibody. (F) Real-time phase signal change during the binding of 0.1-100 nM anti-spike Ab on the PLL/spike/casein surface. (G) Binding
isotherm of the target anti-spike Ab in 1% v/v serum as a function of antibody concentration using commercial (AWS) (black squares) and paper
fluidics (blue circles), i.e., with the spike protein on PLL and casein as the blocking agent. (H) Selectivity of anti-spike Ab on the PLL/spike/casein
surface; the binding of 10 nM anti-interleukin-1b Ab on the PLL/spike/casein surface is also presented. Note: schematics (A) and (E) were created
with BioRender.com. The proteins are drawn approximately to scale; the dimensions are: IgG ~ 15 X 8 nm, BSA ~ 7 nm, casein ~ 3 nm and spike ~
20 x 13 nm (at its RBD end).>*
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surface (protruding), also allowing more flexibility and stron-
ger hydrodynamic coupling,”” as suggested by the almost 2 to
4-fold increase of the acoustic ratio.*® We conclude that both
the Au and the PLL surfaces correctly orient (in different frac-
tions) the spike (prolate shaped) molecule at the sensor’s
surface and also preserve its integrity, resulting in affinities
(~5-10 nM) well within the range of published values, ie.
~1-40 nM.*®**

Finally, we tested a configuration where the PLL surface was
combined with the capillary paper fluidics and the portable
measuring unit (Fig. 2A). The disposable paper strip enables
liquid flow based on the capillary effect while continuous flow
is maintained using a micropump. Fig. 3G shows that the
binding isotherm obtained with the paper fluidics results in a
larger phase response compared to the fluidic cell. This can be
attributed to the larger sensing area and probably higher sen-
sitivity in the case of the contactless paper fluidics compared
to the surface-attached Love-SAW-chamber. However, in both
cases, the detection limit was ~1 nM (Fig. 3D and H). The
affinity constant here is KB = 9.8 + 2.5 nM, almost identical
to the 10.9 nM value for the commercial arrangement. Finally,
as before, we confirmed the specificity of the binding by
recording negligible phase changes (~0.006°) when a non-
specific Ab (anti-interleukin) was applied to spike or anti-spike
Ab on a casein-modified PLL surface (Fig. 3D and H).

Overall, these results indicate that while differences may
occur in the amount of immobilized spike protein and/or the
subsequent affinity to the target anti-spike Ab, depending on
the selected immobilization surface, in all tested cases the
limit of detection is the same and in the low nM range.

Comparison of the SAW immune-assay with QCM technology -
AuNPs for signal amplification

Seeking confirmation of our previous results obtained with the
Love-SAW device and our newly developed setups, we employed
a commercially available QCM acoustic device and QCM-D
measuring technology as a benchmark. We studied the sensi-
tivity of the QCM-D towards the detection of anti-spike Ab to
the spike-modified gold-QCM surface, using 1% w/v BSA and
1% v/v serum solutions as blocking agents in PBS (Fig. 4A and
B), as we did earlier. Fig. 4C and D show that the frequency
(equivalent to phase) and dissipation (equivalent to amplitude)
signals were both sensitive towards Ab binding within the con-
centration range of 0.1 to 50 nM, with ~1 nM again being the
limit of detection. These results reassured us that the response
obtained with our new hand-held SAW measuring unit and
paper-based fluidics is equivalent to those obtained with a
commercial lab-based standard instrument. Then, we exam-
ined the possibility for signal enhancement and hopefully LoD
improvement by the use of (AuNPs). For this reason, we syn-
thesized (using the Turkevich method) and fully characterized
(Fig. S1) ~13 nm AuNPs functionalized with a secondary anti-
body “2Ab” (goat anti-rabbit IgG) able to bind to the Fc frag-
ment of the primary anti-spike Ab. The AuNP-2Ab complexes
exhibited almost zero non-specific binding to the spike/BSA
surface and also to bound serum components; when target

This journal is © The Royal Society of Chemistry 2026
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antibodies were added in the serum medium, they became
readily detected by AuNP-2Ab complexes (Fig. 4B). In contrast
to the previous results, in this case the dissipation was more
sensitive than the frequency response giving a detection limit
of 100 pM (instead of 1 nM) upon signal enhancement
(Fig. 4C and D); this was also the case in a previous work
where liposomes were used as the signal-enhancement par-
ticle.® The saturation of both frequency and dissipation
signals at [Ab]*"™" ~ 50 nM is attributed to surface saturation
with the AuNPs of OD 1 used in these experiments. It is gener-
ally accepted that acoustic wave phase changes relate well with
surface-attached mass changes for both specific and non-
specific interactions; it has also been shown that, in the case
of specific binding, the phase change correlates well with the
actual M,, of the molecule.® For our detection purposes,
future work could then test the possibility of increasing the
sensitivity of the assay by use of AuNPs with diameters greater
than 13 nm.

With this promising result in hand, we subsequently used a
similarly biofunctionalized probe (13 nm AuNPs with goat
anti-human secondary antibody) with the Love-SAW experi-
ments to amplify the signal of the immunoassay this time with
clinical samples.

Validation of the SAW platform with patient samples

The Love-SAW acoustic setups were further tested using
human serum samples already classified as positive or nega-
tive for anti-spike Ab using ELISA. Initially, we tested the
response of the SAW biosensor to the addition of serum
samples from patients negative to anti-spike Ab on the two bio-
recognition surfaces. When negative serum was added directly
to the Au-physisorbed spike protein surface (Fig. 3A), a high
non-specific response was obtained (APh = 0.33 + 0.03°,
Fig. S2A), probably due to partial surface-covering of the BSA
leaving bare-Au areas. In the absence of spike antigens on a
PLL/BSA-modified surface, a negative serum sample resulted
in a APh = 0.37° (Fig. S2B, black line). Again, the non-specific
binding of BSA was high, potentially affecting the discrimi-
nation among the serum samples. This suggests that a
Vroman-like effect is involved with the heavy serum proteins
displacing the surface bound BSA molecules.>® Therefore,
alternatives for blocking layers were examined; casein turned
out to be an excellent blocker, giving near-zero non-specific
signals, for either 1% v/v negative serum or 1% w/v BSA solu-
tions (Fig. S2B, blue line). A possible reason for the increased
blocking capacity of casein could be the small size of the mole-
cule, allowing it to be better entangled into the PLL polymer
mesh. The PLL/casein-modified surface minimized the non-
specific binding of negative human serum samples (APh =
0.015 + 0.029°) (Table S2). This observation is an indication
that the PLL/casein combination provides a better surface than
the Au/BSA one. For this reason, only the PLL/spike/casein
surface was employed in our pilot clinical validation studies.
For our valuation studies, we tested a total of 20 clinical
samples, 4 negative and 16 positive (ELISA-confirmed) on a
PLL/spike protein modified surface (Fig. 3E), initially using the
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and blocking with BSA and 1% v/v human serum, followed by sequential addition of AuNPs-2Ab, 1 nM anti-spike Ab and AuNPs-2Ab. (C & D)
Frequency and dissipation changes of primary anti-spike Ab binding on the spike/BSA surface (red circles) and the subsequent binding of AuNPs-2Ab
able to bind to anti-spike Ab (black squares) as a function of the anti-spike Ab concentration (N = 3-5); the LoD is ~100 pM. Since the x-axis is in the
logarithmic scale, the Ab concentration of 0.01 nM refers to the control measurement of 0 nM Ab added. All results reported here correspond to the
7" harmonic overtone and are used as raw numbers (i.e., without dividing them by the overtone). Note: schematic (A) was created with BioRender.
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Love-SAW commercial flow cell. To further improve the sensi-
tivity of the assay, we again used the AuNPs for signal amplifi-
cation and measured the corresponding APh and AA. As
before, AuNPs were functionalized with a secondary Ab that
could bind to the Fc region of the anti-spike primary Ab found
in human serum. As observed in Fig. 5A and B, the phase and
amplitude responses of the SAW device in combination with
the AuNP enhancement step can detect not only the positive
samples but also differentiate them as low (11-116 RU mL™"),
mild (140-530 RU mL™") or strong (>1000 RU mL™") positive,
depending on the Ab concentration in the sample. Moreover,
from the same graphs we observe that the use of AuNPs can
result in a 2 to 3 times larger phase and amplitude signals,
respectively, compared to the direct assays, with the amplitude
signal being more sensitive than the phase, in agreement with
QCM results (Fig. 4D). This is confirmed by the ANOVA ana-
lysis, where the statistical difference at probability values
between the different categories is improved in all cases when
AuNPs are applied. Table S2 summarizes the acoustic signal
values measured and used in Fig. 5A and B. The biosensor
also showed excellent reproducibility when 3 representative
human serum samples (one from each category) were tested 10

Analyst

times each (Fig. S3 and Table S3). Finally, SEM micrographs of
the SAW electrode surface after each functionalization step
further verified the successful sequential modification of the
biosensor surface (Fig. S4).

Moreover, some of these 20 clinical samples were also
tested on the same PLL/spike coated SAW surface with the
paper-based fluidics. Real-time graphs present the acoustic
signal response obtained when one negative and three posi-
tives for anti-spike Ab patient samples were tested on the PLL/
spike/Casein surface followed by signal amplification using
the AuNPs-2Ab complex (Fig. 5C and D). Table S4 summarizes
the acoustic signal values presented in Fig. 5C and D. As
before, the use of the AuNPs resulted in a significant enhance-
ment of both phase and amplitude signals, providing results
in less than ~30 min. Plotting the changes in phase and
amplitude as a function of the Ab concentration (RU mL™)
shows that AA has an LoD of 47 RU mL ™" which is 1.7 times
lower than the corresponding APh LoD (78 RU mL™") (Fig. 5E
and F). Compared to different biosensing technologies for the
detection of anti-spike antibodies against SARS-CoV-2
(Table S5), the developed portable Love-SAW biosensor, par-
ticularly when combined with AuNPs as signal amplification

This journal is © The Royal Society of Chemistry 2026
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using AuNPs-2Ab, tested with the commercial polymeric fluidic cell. (C) and (D) Real-time phase and amplitude signals, respectively, upon the
addition of human serum samples directly and with AuNPs-2Ab for signal enhancement, both using the paper-based fluidics. (E) Phase and (F)
amplitude signals, respectively, obtained from human serum samples (N = 6) and tested with the paper-based fluidics, without (black) and with

(blue) AUNP-2Ab amplification. The asterisk (*) in (F) indicates the “clinical”

probes, demonstrates robust performance, good sensitivity,
and rapid response. Moreover, the integration of real-time
detection, a regeneratable biosensing surface and paper-based
fluidics contributes to a simplified and portable platform suit-
able for point-of-care use.

Conclusions

The need to develop methods for testing outside a centralized
laboratory calls for simple and fast assays combined with easy-

This journal is © The Royal Society of Chemistry 2026

limit between positive and non-positive samples (~11 RU mL™).

to-use and cost-effective technologies. Acoustic devices can
potentially offer a powerful biosensing element for such appli-
cations due to their proven capabilities and wide availability in
the electronics industry. However, while the SAW devices are
produced in large yields, their cost is prohibitive for making
them a disposable part of a testing platform. The same applies
to the standard polymeric flow cells normally employed for
liquid handling, which require rigorous cleaning between
experiments. Here, we addressed both challenges by employ-
ing a reusable SAW-device biorecognition surface and a dispo-
sable fluidic paper strip. The flexibility of the proposed on-the-
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spot PLL-cleaning and surface regeneration method makes the
PLL surface an attractive solution for field-based applications
without compromising the quantitative capability of the
sensor (1-100 nM). Combined with casein as the blocking
agent, the PLL-adsorbed spike protein was proven to be well
suited for the detection of Ab from patient samples, giving a
negligible non-specific response in the presence of serum
alone. Adding AuNPs for signal amplification during the detec-
tion of anti-spike Ab in serum resulted in a 3 times higher
amplitude response, allowing discrimination between low
(11-116 RU mL™"), mild (140-530 RU mL™") and strong (>1000
RU mL ") titers using patient samples. The report of our novel
paper-strip technology as a reusable fluidic module and our
portable measuring unit complements previous studies where
SAW biosensing devices and platforms were used as immuno-
sensors. Specifically, a comparative study between the
described setup and standard SAW or QCM platforms indicates
that the assay performance is not affected by the mechanical/
electrical parts applied for sample handling and acoustic
detection. However, the user-friendliness, cost and capability
for decentralized testing are significantly improved in the case
of the paper-based capillary fluidics and portable measuring
unit, allowing the development of a quantitative immunosen-
sor for Ab detection near or at the point-of-care. Moreover, the
disposable paper fluidic structure introduces, for the first
time, the concept of affordable, robust, user-friendly and easy
to deliver SAW fluidics in acoustic detection.
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