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Familial Mediterranean Fever (FMF) is an autosomal recessive genetic dis-
order, primarily observed in populations around the Mediterranean Sea,
linked to MEFV gene mutations. These mutations disrupt inflammatory
responses, increasing pyrin-protein production. Traditional diagnosis relies
on clinical symptoms, family history, acute phase reactants, and excluding
similar syndromes with MEFV testing, which is expensive and often incon-
clusive due to heterozygous mutations. Here, we present a biosensor plat-
form that detects differences in pyrin-protein levels between healthy and
affected individuals, offering a cost-effective alternative to genetic testing.
Our platform uses gold nanoparticle-based plasmonic chips enhanced with
anti-pyrin antibodies, achieving a detection limit of 0.24 ng/mL with high
specificity. The system integrates an optofluidic system and visible light
spectroscopy for real-time analysis, with signal stability maintained for up to
six months. Our technology will enhance FMF diagnosis accuracy, enabling

early treatment initiation and providing a cost-effective alternative to
genetic testing, thus improving patient care.

Familial Mediterranean Fever (FMF) is a recessive genetic disease that
originates in the Mediterranean region, particularly affecting people of
Armenian, Arab, Turkish, and Jewish ancestry. For example, it affects
approximately 1in 200-1000 individuals in these populations. While it
is highly prevalent in countries surrounding the Eastern Mediterranean
basin, there has been an increasing number of cases reported world-
wide in recent years'”. Mediterranean Fever (MEFV) gene, associated
with FMF, was defined in 1997*°. FMF is characterized by specific
symptoms such as episodes of fever, inflammation of serous mem-
branes, and less frequently, complications like amyloidosis, joint
restriction, and pericarditis, while it often causes leukocyte infiltration
as well* ™, FMF is defined as the impairment of the body’s inflammatory
response due to variants in the MEFV gene located on the short arm of

chromosome 16. To date, more than 300 variants have been identified
in the MEFV gene, with many of them commonly found in exon 102",
The MEFV gene encodes the pyrin protein, also known as marenostrin
or TRIM20". Consequently, variants in the MEFV gene affect the
function of the pyrin protein”. The pyrin protein consists of 781 amino
acids and has a molecular weight of 86 kDa™. It is primarily found in
neutrophils and macrophages, playing a crucial role in the apoptosis
and inflammatory pathways. Mutated pyrin leads to an excessive
inflammatory response with uncontrolled secretion of interleukin-
1B, variants in the MEFV gene result in an abnormal increase in
pyrin protein synthesis and disrupt the regulation of inflammation by
pyrin protein®. While the genetic autoinflammatory disease is typically
diagnosed in childhood, some individuals may not receive a diagnosis
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until adulthood if their attacks are infrequent and mild, and they
appear normal between attacks.

Currently, there is no specific laboratory test available that allows
for a definitive diagnosis of FMF. The diagnosis of FMF relies on clinical
symptoms, family history, evaluation of acute phase tests, response to
treatment, exclusion of other familial periodic fever syndromes, and
genetic laboratory data. Routine blood test results during acute
attacks are not specific’. Genetic tests targeting the MEFV gene serve
as the definitive diagnostic criterion for FMF?% However, these tests are
time-consuming, require complex and costly preparation steps, and
necessitate sophisticated infrastructure®. Despite the advantages of
this diagnostic method in addressing an important disease, the lengthy
duration of genetic analyses is a major obstacle for physicians aiming
to use these analyses to promptly identify FMF and initiate timely
treatment. While the initiation of colchicine treatment does not
require genetic analyses and a clinical diagnosis of FMF is sufficient for
treatment initiation, obtaining a definitive diagnosis is critical to pre-
vent potential unnecessary treatment resulting from a false
diagnosis*. FMF diagnosis is established primarily through the
assessment of clinical symptoms. However, genetic screening is con-
sidered indispensable to both confirm the diagnosis and distinguish it
from other akin conditions in the presence of patients exhibiting aty-
pical or incomplete clinical presentations. For instance, there are
numerous autoinflammatory diseases manifesting symptoms similar
to FMF, and genetic analyses serve as a guiding tool in such cases.
Considering the potential harm to vital organs such as kidneys caused
by recurrent fever and serositis attacks in FMF, it is crucial for physi-
cians to begin treatment based on specific parameters before the
results of genetic tests are available. While initiating treatment based
on symptoms and family history may provide a short-term solution,
the ability to measure an indicative marker resulting from variants in
the MEFV gene could add an important and reliable parameter for

Input

LA
)

decision-making. This would enable physicians to start treatment prior
to receiving the genetic test results. Variants in the MEFV gene lead to
defective pyrin synthesis and impair the function of the pyrin protein.
Interestingly, these variants can also result in abnormally increased
pyrin protein synthesis, leading to higher expression levels within
cells**81°,

Recognizing the distinct difference in pyrin protein levels
between healthy individuals and those with FMF, in this article, we
introduce a plasmonic biosensor for the preliminary diagnosis of FMF.
The biosensor platform effectively detects and quantifies the amount
of pyrin protein in clinical blood samples using highly sensitive plas-
monic substrates. The limit of detection achieved for pyrin protein is
0.24 ng/mL. As schematically illustrated in Fig. 1, by providing infor-
mation regarding the pyrin protein levels in patient samples, in addi-
tion to the well-known symptoms and family history, our plasmonic
biosensor enables physicians to pre-diagnose the disease, and
promptly initiate necessary treatment while awaiting the results of
genetic tests. Our biosensor platform was designed, calibrated, and
tested using FMF- and FMF+ blood samples, demonstrating its
potential as a clinical tool for the preliminary diagnosis of FMF. Figure 1
depicts the photograph and the schematic illustration of the plas-
monic pre-diagnostic biosensor. The platform utilizes a disposable
plasmonic chip, which consists of gold nanoparticles coated with anti-
pyrin antibodies for label-free detection of pyrin protein. Our fabri-
cation approach based on nanoparticle synthesis ensures stable plas-
monic resonances, and the surface modification techniques used in the
technology ensure the stability of the capturing mechanism for pyrin
protein yielding robust sensing signals for up to six months. We also
demonstrated that our surface chemistry approach allows for high
specificity, as shown through selectivity and interference tests with
other inflammatory proteins and various serum agents. The system
hardware comprises a bright-field microscopy setup that is fiber-
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Fig. 1| Plasmonic biosensor platform designed for preliminary diagnosis of Familial Mediterranean Fever (FMF). Schematic illustration shows the diagnosis of FMF
based on the test results provided by the plasmonic biosensor and the clinical findings.
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coupled to two spectrometers. It also includes a microfluidic setup
incorporating a piezo pump, a valve, and a double-channel flow cell
integrated with the plasmonic chip. The system software features a
graphical user interface (GUI) that allows control of the hardware
components, an algorithm for processing the raw spectral data, and a
database prepared based on clinical samples that evaluates the spec-
tral data associated with the tested samples to determine their FMF
status. The biosensor platform is operated using a Raspberry Pi,
eliminating the need for an external computer as it can directly provide
test results to the operator. Figure SI1 in the Supplementary Informa-
tion shows the flow cell within the pre-diagnostic biosensor platform,
with an integrated plasmonic chip.

Results

System hardware

Figure 1 shows the photograph and the schematic illustration of the
plasmonic biosensor used for the preliminary diagnosis of FMF. The
system hardware utilizes a visible light spectroscopy setup to assess
the transmission response of the nanoparticles. The plasmonic chip
is illuminated by a white LED (light-emitting diode) source. Initially,
the incident light is collimated using a collimator, and a shutter is
employed to reduce the size of the light spot, allowing illumination
of either the control or sensor location on the plasmonic chip, one at
a time. The light transmitted from the plasmonic chip is collected
using a fiber collimator and sent to two simultaneously operating
spectrometers via a bifurcated fiber. By dividing the spectral region
of interest into two 200 nm-wide spectral windows, a spectral reso-
lution of 0.15nm is achieved. The optical setup is assembled on an
aluminum breadboard mounted on rubber dampers to minimize the
effects of mechanical vibrations. The spectral measurements are
based on visible light spectroscopy, and thus the spectroscopy setup
is housed in a black casing to eliminate background light noise. For
the targeted delivery of analytes, the platform utilizes a two-channel
flow cell dedicated to control and sensor tests. Analyte delivery is
ensured by a single piezo pump, with the pump outlet divided into
two by using a Y-connector. A valve is integrated into the tubing
connected to the control channel to prevent capturing agents such
as protein A/G and IgG from reaching the nanoparticle surface in this
channel. The drivers for the piezo pump and the valve are controlled
by a microcontroller, enabling different flow rates by adjusting the
supply voltage applied to the pump. By applying different voltages
ranging from 1V to 4.5V at a constant frequency of 100 Hz, a linear
relationship between flow rate and supply voltage is achieved.
Through calibration tests conducted with PBS (a dilution solution
used for all sensor tests), the flow rate range of the pump system is
determined to be ~0.15 mL/min to 6.5 mL/min. The Raspberry Pi also
controls the microcontroller responsible for operating the pump and
the valve. The microcontroller employs pulse-width modulation
(PWM) to generate an analog signal as an input for the pump driver,
while the on/off voltage signals for the valve driver are applied using
a relay.

Fabrication of the plasmonic structures

For clinical applications, diagnostic test kits should ideally be dis-
posable, requiring affordable plasmonic chips. To meet this require-
ment, our plasmonic chips were fabricated using a cleanroom-free
method based on nanoparticle synthesis, significantly reducing the
cost of the chips. Figure 2A illustrates the fabrication steps, wherein
gold nanoparticles were synthesized on a glass substrate. Initially, the
glass surface was cleaned with a piranha solution. Next, the glass sur-
face was functionalized with (3-aminopropyl) triethoxysilane, which
conferred an amino-functional property. Different concentrations of
(3-aminopropyl) triethoxysilane, such as 5%, 10%, and 20% ethanol
solutions, were studied to adjust the amount and number of functional
groups on the glass surface structure. During the reaction, the glass

surface was refluxed under acid catalysis and reflux temperature
conditions in a sol-gel reaction. The resulting structure was char-
acterized by washing with ethanol and ether, and its characterization
measurements included FTIR (Fourier transform infrared spectro-
scopy), liquid contact angle, SEM (scanning electron microscope), and
SEM-EDX (energy-dispersive X-ray) analyses. The number of amino
groups on the surface was determined analytically using the back
titration method”. Subsequently, nanoparticle synthesis was con-
ducted on the surface with a sufficient number of amino groups. The
citrate reduction method was employed for synthesis, where a 1 mL
solution of 1% trisodium citrate was added to the oil bath, and a 50 mL
solution of HAuCl, was mixed with this solution. The reaction was
allowed to proceed for 30 min with high stirring. After the process, the
mixture was cooled to room temperature, resulting in a gold nano-
particle solution. The size, morphology, and distribution of nano-
particles in the solution were determined using TEM (transmission
electron microscopy), Zeta Sizer, and X-ray spectroscopic techniques.
The gold nanoparticles with the appropriate size and morphology
were then coated onto the clean glass surface using the thermal
annealing method at 110 °C for two hours under a nitrogen atmo-
sphere (under vacuum conditions). Based on measurements with a
particle size analyzer, the average nanoparticle size used for synthesis
was found to be ~40 nm. The nanoparticles were further coated with
polydopamine using the dip-coating method, which was performed at
room temperature in a 0.5 mg/mL polydopamine solution prepared
with 10 mM tris buffer at pH 8.5. The dip-coating method parameters,
such as dipping speed, time, retraction speed, solution concentration,
and number of dips, were characterized to determine the optimal
surface film. We used the polydopamine film to stabilize the nano-
particles and promote analyte attachment®.

Optical properties of the plasmonic chip

To ascertain the underlying physical mechanisms responsible for the
plasmonic resonances supported by the gold nanoparticles, we con-
ducted finite difference time domain (FDTD) simulations. (See the
“Methods” section for the details of the numerical simulations) The
optical properties of the plasmonic chip, based on gold nanoparticles,
were characterized using visible light spectroscopy. These nano-
particles utilize the unique optical properties of surface electro-
magnetic waves, known as surface plasmons, which enable the label-
free detection of biomolecular interactions”. In the plasmonic chip,
the nanoparticles are synthesized and distributed randomly over the
glass substrate, supporting a localized surface plasmon mode. This
mode is excited at a specific wavelength determined by the particle
size. In Fig. 2B, the optical response of the plasmonic chip is shown. For
example, gold nanoparticles exhibit a plasmonic resonance at ~521 nm,
with a linewidth of ~51nm. Figure 2C illustrates the cross-sectional
profile of the electric field along the direction of propagation (z-axis),
demonstrating that the hot spots with large local electromagnetic
fields primarily concentrate along the particle wall. Importantly, these
hot spots extend extensively within the medium rather than being
confined within the supporting glass substrate. This characteristic
makes them highly accessible to the analytes of interest on the plas-
monic sensing surface. This accessibility is crucial for label-free bio-
sensing technologies that rely on sensing-by-binding methodologies.
In such methods, light-matter interactions creating refractive index
changes, are used to determine the presence of targeted analytes.
Figure 2D shows the nearfield distribution at the center of a single
nanoparticle (highlighted with a white dashed line in Fig. 2C) along the
xy-plane. Under an unpolarized incident light source, electromagnetic
fields are mainly localized around the edges in all directions.

Preparation of the plasmonic chips
The synthesis of the gold nanoparticles was performed on a micro-
scope glass slide. To reduce the fabrication cost, we selectively
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Fig. 2 | Gold nanoparticle-based plasmonic chip utilized in the pre-diagnostic
platform. A Realization of plasmonic chips based on nanoparticle immobilization
on a glass substrate using a synthesis and chemical modification method.

B Experimentally obtained plasmonic resonance supported by the synthesized
gold nanoparticles (T = Optical transmission). The inset in the figure shows the
photograph of a plasmonic chip. C Cross-sectional electric field profile calculated at
the plasmonic resonance. D Electric field profile calculated at z =z’ (highlighted
with a white dashed line in Fig. 2C) along the xy-plane. The figure displays the
propagation (k) and polarization (E) directions of the incident light source.

E Schematic illustration of the constituent elements of the chip-preparation
apparatus. F Photograph of the chip-preparation apparatus with a glass slide
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sandwiched inside. G SEM image of the gold nanoparticles bounded on the glass
surface. H Zeta Sizer results demonstrating particle distributions based on dia-
meter. Figure inset shows the substrate surface covered with gold particle (high-
lighted with green), demonstrating a 66.33% coverage ratio. I Variations within the
resonance wavelength (A, left) and the linewidth (full-width half-maximum - FWHM,
middle) of the transmission resonance supported by n =50 plasmonic chips with
different surface coverage ratios (right). The box plot represents the interquartile
ranges, and the black squares are the average values of the data. J Variations in the
spectral position (A, black) and the linewidth (orange) of n=10 plasmonic chips
over a 24-month period. In the figure, squares correspond to the mean values and
the error bars represent double the standard deviation.

coated only a specific area on the plasmonic chip surface, con-
sidering the spectral measurements performed on a small area. For
this purpose, we developed a chip-preparation apparatus. Figure 2E,
F show the schematic illustration and photograph of the chip-
preparation apparatus, respectively. The apparatus consists of two
layers of polydimethylsiloxane (PDMS) and two acrylic caps, with the
glass slide sandwiched between the PDMS layers. The molds used to
create the PDMS layers were manufactured using resin-based 3D
printing. The top PDMS layer features a square hole that defines the
area for nanoparticle synthesis on the glass slide, while the bottom
PDMS layer has a rectangular groove with the width of the micro-
scope glass slide to hold the slide in position. The top acrylic cap,
concentric with the hole in the top PDMS layer, is used to secure the
glass slide. To ensure a leak-free setup, we tightened the PDMS layers
using six screws, taking advantage of the deformability of PDMS to
prevent the glass slide from breaking. Once the glass slide is posi-
tioned within the chip-preparation apparatus, we conducted the
nanoparticle synthesis protocol on the designated open area of
the glass slide. Figure 2B-inset shows the photograph of the fabri-
cated plasmonic chip, with the nanoparticles synthesized on the
black area.

In our pre-diagnostic technology, plasmonic chips were created
by synthesizing gold nanoparticles. 3-aminopropyltriethoxy silane
(APTES) served as the binding molecule to affix gold nanoparticles to
the glass surface. The APTES structure forms Si-O bonds through a sol-
gel reaction with the —~OH groups on the substrate surface, resulting in
an amino-functional surface structure. Although an alternative mole-
cule forming a much stronger covalent bond with the Au nano-
particles, e.g., (3-mercaptopropyl)trimethoxysilane (MPTES), could
have been chosen as the binding molecule, we preferred APTES for our
fabrication methodology. MPTES is an organosilane with three alkoxy
groups capable of reacting with hydroxyl groups on the substrate
surface to form Si-O bonds, leaving terminal functional thiol groups
available for immobilization. Both APTES and MPTES are commonly
used for surface binding of AUNPs*®, However, there is no quantitative
evidence to determine which functionality is superior for incorporat-
ing AuNPs in the immobilization process™. In this context, the weak
interaction is attributed to electrostatic bonding, while the strong
interaction results from covalent bonding. Both bonding agents
effectively bind and coat the Au groups onto the surface”. Despite
these general considerations, four specific reasons justify the pre-
ference for APTES in our study.
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(i) The interaction of the APTES structure with gold nanoparticles
is weaker than the interaction of 3-mercaptopropyl groups with gold
nanoparticles. This characteristic ensures that it does not disrupt the
crystal structure of gold nanoparticles, maintaining their integrity®.
Additionally, the weak interaction results in a lower degree of passi-
vation compared to thiols, making the gold surface less passivated®’.
Consequently, subsequent modifications could be easily carried out.
(if) Amino groups on the APTES molecule, adhering to the glass surface
via sol-gel chemistry, bind to gold nanoparticles through electron
transfers and electrostatic interactions. In contrast, HS- groups on
MPTES possess two unshared electron pairs on the S atom, leading to a
stronger interaction with gold nanoparticles®*>. This stronger inter-
action could potentially result in irregular and multilayer bonding, as
well as single-row gold accumulation on the surface, which is unde-
sirable for optical sensors. (iii) In this study, our focus was on a pre-
diagnostic technology employing disposable measurement units.
Achieving cost-effective measurements with disposable chips neces-
sitates a low-cost disposable sample unit, which is a requirement met
with the use of APTES. (iv) As demonstrated in the literature, APTES
allows for faster derivation of gold films, providing a practical advan-
tage in the context of this study®.

Repeatability and stability of chip fabrication

Figure 2G shows the scanning electron microscopy (SEM) images,
revealing well-distributed random gold nanoparticles on the glass
surface. The results of Zeta Sizer in Fig. 2H shows the particle size
distribution, demonstrating an average particle size of ~40 nm. The
SEM image further shows that gold nanoparticles cover ~66% of the
total surface, as indicated in Fig. 2H-inset (green areas represent the
gold-covered surface). Our fabrication methodology based on nano-
particle synthesis results in random antenna formations on the
dielectric surface, which could lead to batch-to-batch variations in the
position and linewidth of the plasmonic resonance supported by the
nanostructures. Figure 21 compares the variations in the spectral
position (left) and the linewidth (middle) of the plasmonic resonance
with the coverage ratio of the glass surface by the gold nanoparticles
(right). Analyzing 50 plasmonic chips, we found that the surface cov-
erage ratio centers at 66.32% with a standard deviation of 3.32%. These
variations in the particle distribution lead to variations in the optical
properties of the plasmonic chips, e.g., the resonance location is
centered at 521.74 with a standard deviation of 1.91nm and the line-
width is centered at 51.43 nm with a standard deviation of 0.91 nm.
These small variations demonstrate the robustness and repeatability of
our fabrication process. As an important note, despite the batch-to-
batch variations resulting in minor variations in the optical properties
of the plasmonic chips, they could be critical when evaluating diag-
nostic conditions based on low biomarker concentrations in bodily
fluids. As explained in the next section, batch-to-batch variations were
eliminated by evaluating each test using its own plasmonic chip, where
the position and linewidth of the transmission resonance were solely
responsible for the calculations performed with the associated
plasmonic chip.

As an additional point to consider, while our technology is based
on realizing the plasmonic chips through particle synthesis and offers
cost-effectiveness, another crucial factor for the commercial applica-
tions of diagnostic platforms relying on sensing-by-binding metho-
dology is the shelf-life stability of the uncoated plasmonic chips.
Figure 2J depicts the average spectral position and linewidth of the
plasmonic resonance for 10 plasmonic chips monitored over a 24-
month period, revealing minimal variations in these two parameters,
each remaining below 0.5 nm. For example, the transmission reso-
nance has a mean spectral position of -521.9 nm with a standard
deviation of 0.33 nm, where the linewidth is ~51 nm with a standard
deviation of 0.22 nm. This analysis underscores the robust shelf-life
stability afforded by our fabrication method, which is an essential

attribute for potential commercial applications in the field of
diagnostics.

Manufacturing process of the flow cell

For label-free applications, one traditional method of introducing
biomolecules to the sensor surface is physical immobilization through
pipetting, where the analytes of interest randomly bind to the surface.
However, this technique limits the consistency and reproducibility of
sensing data®. In our plasmonic pre-diagnostic platform, we adopted
the targeted delivery of analytes methodology, which utilizes a flow
cell comprising two microfluidic channels for control and sensor tests
(Fig. 3A). The control channel is employed to generate reliable and
accurate biosensing signals by eliminating noise caused by biological,
optical, or mechanical fluctuations. The flow cell consists of two layers
of polydimethylsiloxane (PDMS), where the top PDMS layer contains
the microfluidic channels, and the bottom PDMS layer has a rectan-
gular groove with the width of a microscope glass slide to position it.
Similarly, the molds used for creating the PDMS layers were produced
using resin-based 3D printing. Traditionally, PDMS-based components
are bonded to the sensing surface, limiting their reusability. To address
this limitation, we designed a user-friendly flow cell holder that con-
sists of two acrylic caps, ensuring a leak-free microfluidic system
without the need for PDMS bonding. As depicted in Fig. 3A, the two
acrylic caps are identical and used to secure the PDMS layers. They
feature two holes aligned with the control and sensor channels in the
top PDMS layer, allowing light transmission. Four screws were utilized
to tighten the PDMS layers, ensuring a leak-free flow cell design while
preventing the glass slide from breaking.

Limit of detection of the biosensor platform

As surface plasmons are strongly concentrated on the surface of the
metallic particles, their optical properties are very sensitive to changes
within the refractive index of the adjacent medium, which can alter the
excitation wavelength of the surface plasmons. For example, when an
analyte is captured on the metallic surface using its capturing ligand,
the effective refractive index increases, thereby red-shifting the exci-
tation wavelength of the surface plasmons. By employing a ligand with
high affinity for the targeted analyte, the spectral variations in the
optical response of the nanoparticles can indicate the presence of this
analyte. The transmission resonance of nanoparticles coated with anti-
pyrin antibody exhibits different spectral shifts depending on the
amount of pyrin protein present in the FMF- and FMF+ samples.
Healthy individuals have a certain amount of pyrin protein, which
increases dramatically in FMF patients®>°. Consequently, the spectral
shift within the transmission resonance is much larger for the patient
samples compared to the healthy samples. Our pre-diagnostic bio-
sensor utilizes this distinct variation in the spectral shift to determine
the FMEF status of clinical samples.

Figure 3A-inset shows the schematic illustration demonstrating
the capturing mechanism for the pyrin protein on the gold sensing
surface via its capturing antibody. (See the “Methods” section for the
details of the surface modification methodology for capturing pyrin
protein) In the flow cell, the biological agents in both commercial and
clinical samples were diluted in PBS. Figure 3B shows the transmission
response of the nanoparticles for different biological agents under a
PBS solution. Here, the initial transmission resonance located at
~675.5nm (black curve) shifted to ~677.4nm (orange curve) and
~686.7 nm (blue curve) after the attachment of 100 pyg/mL protein A/G
and 100 ug/mL protein IgG, respectively. Finally, 100 ug/mL pyrin
protein shifted the transmission resonance to -693.6 nm (green curve).
Here, the high concentrations of protein A/G and IgG were used to fully
coat the sensing surface with antibodies, ensuring that even samples
with very low amounts of pyrin protein could still be captured on the
surface. As aresult, the biomass on the sensing surface could vary even
at very low pyrin concentrations, creating a spectral shift that provides
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(green curve) diluted with PBS solution (T = Optical transmission). The spectral
window used for the spectral integral method is highlighted in gray. The figure
inset presents the calculated spectral integral values for each transmission
spectrum. C Real-time changes in the spectral integral value for the IgG-coated
nanoparticles: initial response (¢ = 0-6 min., blue curve), pyrin protein flowed
over the sensing surface (¢=6-21 min., green curve), and surface saturation with
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pyrin protein (¢ =21-30 min., orange curve). D Spectral integral values calculated
for different pyrin concentrations (green squares) compared to protein IgG (blue
square). The yellow line highlights the spectral integral values associated with the
surface saturation case for pyrin protein. For each concentration, the spectral
integral values were calculated after a 15-min pyrin injection. The figure inset
zooms into a smaller pyrin concentration range. In the figure, squares correspond
to the mean spectral values for n =10 independent experiments, and the error
bars represent double the standard deviation. The black line corresponds to the
linear regression model fitted to the calibration data to define the system LOD
(limit of detection). Gray area highlights the overlapping spectral integral data-
sets for different conditions. The repetition tests were conducted for all pyrin
concentrations, and the error bars are displayed only in the zoomed-in figure.

highly sensitive spectral information. By using a high concentration of
pyrin protein, we demonstrated the maximum spectral shift achiev-
able within the transmission resonance supported by the gold nano-
particles when their surface is fully covered with pyrin protein.
Furthermore, as the biomass increases on the sensing surface, small
variations in the amplitude of the transmission resonance can also be
observed, which were eliminated by normalizing the spectral data.
Low pyrin concentrations in clinical samples can cause small
spectral shifts within the plasmonic resonance, which can be challen-
ging to track. Traditionally, spectral variations have been monitored at
the wavelength of the plasmonic resonance (such as transmission or
reflection maxima). However, this approach fails to provide sensitive
sensing information in the presence of very low differences in refrac-
tive index”. The limit of detection capacity of label-free biosensing
methods based on spectral tracking can be digitally improved using
different data processing techniques. One potential approach is to
simultaneously monitor spectral changes at multiple wavelengths

instead of a single one®. This simultaneous monitoring could be
achieved through their integration, accurately determining the pre-
sence of analytes at low concentrations. Here, the spectral integral
method cumulatively evaluates spectral variations, where the trans-
mission resonance is integrated within a spectral window, and the sum
of all spectral changes within this region is used to determine the
overall spectral change. Utilizing this method, we achieved a remark-
able refractive index sensitivity of 2 x107° RIU (refractive index unit)
through the employment of periodic gold nanohole arrays®. More-
over, this technique facilitates the monitoring of minute mass changes
in cancer cells, with a mass accumulation rate on the order of picogram
per hour®. Additionally, our method extends its applicability to
nucleic acid sequencing via an integrated sensing-by-binding
approach*®. Considering that the transmission resonance shifted by
~18 nm after fully covering the sensing surface with protein A/G, anti-
pyrin antibody, and pyrin protein, we positioned a 50 nm-wide spectral
integral window at a wavelength that is 20 nm longer than the initial
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position under PBS solution. The spectral window is highlighted in
gray in Fig. 3B. We chose the position of the spectral integral window to
be 2 nm longer than the transmission peak obtained when the surface
was saturated with pyrin protein, which represents the longest wave-
length position the plasmonic resonance could shift to. This choice
eliminates the effects of the Lorentzian shape of the transmission
resonance on the integral calculation, including only the right side of
the transmission resonance in the spectral integral calculations®. As
biomolecules attach to the sensing surface, the transmission reso-
nance shifts toward longer wavelengths, overlapping well with the
integral window. Consequently, larger transmission values fall within
the integral window. As shown in Fig. 3B-inset, the spectral integral
value increases as the biomolecular mass on the sensing surface
increases.

It is essential to highlight that, for every test conducted with a
plasmonic chip, the position of the spectral integral varies. This var-
iation occurs because of the spectral position fluctuations inherent in
our nanoparticle synthesis-based fabrication technique, as explained
in the previous section. However, this methodology determining the
position of the spectral integral window for each plasmonic chip,
effectively eliminates the impact of these spectral variations when
calculating the spectral integral values for different plasmonic chips.

As an additional note, the increase in the refractive index not only
shifts the spectral position of the dipole but also broadens its line-
width. For example, the linewidth of the transmission resonance,
~51 nm, increases to ~76 nm after immersing the plasmonic chip in a
PBS solution. However, for FMF diagnosis, we are comparing the
transmission resonance obtained after the attachment of pyrin protein
in the patient sample with that associated with anti-pyrin antibody,
which does not cause a dramatic shift as in the case of the air-PBS
interchange. For example, the total spectral shift from the antibody to
100 pg/mL pyrin protein results in only a -1.6 nm linewidth broadening.
Considering the much smaller spectral shifts in the presence of a
smaller amount of pyrin protein in the patient samples, the broadening
is expected to be much lower, resulting in a negligible impact on the
spectral integral calculations.

Figure 3C shows the real-time spectral integral values calculated
for nanoparticles coated with anti-pyrin antibody (100 pg/mL) as pyrin
protein flows over the sensing surface. The stable integral value for
anti-pyrin (blue curve) exhibits an exponential increase with the
attachment of pyrin protein (100 yg/mL) to the nanoparticle surface
(green curve). This exponential behavior is dependent on the asso-
ciation and disassociation constant (k,, ky) which governs the time-
dependent molecular interaction between the anti-pyrin antibody and
pyrin protein**2, The time-dependent change in the spectral integral
can be modeled as ASI(¢)=ASI, (1 — e-*Pyinl+kot) - where [Pyrin]
represents the concentration of pyrin protein and ASI, is fit constant
(See the Supplementary Information for the details of the derivation
regarding this exponential relation*') After 15 min of pyrin injection,
the sensing surface becomes saturated, resulting in a constant spectral
integral value (orange curve).

Figure 3D illustrates the spectral integral values calculated at the
end of a 15 min-long pyrin injection for different pyrin concentrations
ranging from 0.1ng/mL to 100 ug/mL (represented by green dots),
along with the spectral integral value for 100 yg/mL anti-pyrin anti-
body (blue). We consistently observed an increase in the spectral
integral value with higher pyrin concentrations. Once the concentra-
tion reaches 50 ug/mL, the sensing surface becomes fully saturated,
resulting in no further variation in the spectral integral value for dif-
ferent concentrations (indicated by the yellow line). To determine the
minimum detectable pyrin concentration using our pre-diagnostic
biosensor, we conducted ten independent experiments for each con-
centration. The squares represent the mean integral values, and the
error bars indicate double the standard deviation. In Fig. 3D-inset, we
zoomed into the concentration range of 0.1ng/mL-0.3 ng/mL. The

spectral integral ranges obtained for anti-pyrin antibody (IgG), toge-
ther with the 0.1 ng/mL and 0.2 ng/mL pyrin concentrations, showed
an overlap and could not be reliably distinguished from each other.
The overlaps between different conditions are highlighted with gray in
the figure. However, we were able to differentiate the spectral integral
value associated with the 0.3 ng/mL concentration from the others. To
more precisely determine the limit of detection (LOD) for our pre-
diagnostic biosensor, we applied a linear regression model to the
spectral integral vs. IgG concentration data, which yielded an R? value
of 0.99857. Using the formula LOD = 3.3¢/s, where o represents the
standard deviation of the signal and s is the slope of the calibration
curve, we determined the LOD to be 0.24 ng/mL*. Furthermore, using
the relation LOQ =10 o/s, the limit of quantification of the system was
calculated as 0.72 ng/mL*. Although the calibration curve exhibits
linearity at lower concentrations, nonlinearity appears at higher con-
centrations likely due to surface saturation and mass transport lim-
itations. However, for determining the LOD, linearity is required, so we
focused on lower concentrations where the relationship remained
linear, ensuring the fit was valid for LOD calculation. A sensitivity of
0.24 ng/mL (240 pg/mL) is not considered high, especially in com-
parison to SPR (Surface Plasmon Resonance)-based methodologies,
which can achieve an LOD as sensitive as 10-100 pg/mL*. Metallic
particle-enhanced periodic plasmonic structures have also been
reported to achieve similar LODs*. Relative to these methodologies,
our plasmonic chip supports a comparatively lower LOD, yet as shown
in the following section, it is sufficient to distinguish between FMF+
and FMF- clinical samples based on the concentration of pyrin protein.
Our clinical results confirm that our sensitivity level is adequate for this
specific application. Besides, our fabrication method does not require
expensive and sophisticated cleanroom facilities or complex and
costly sample preparation, which is crucial for commercial applica-
tions. Furthermore, as demonstrated in the literature, there are several
studies on metallic nanoparticle-based plasmonic chips that achieve
higher LODs compared to ours*. In addition to our robust and sensi-
tive hardware approach, our spectral post-processing methodology
further improves the system’s sensitivity, yielding better LODs com-
pared to the classical nanoparticle-based plasmonic chips.

Specificity of the biosensor platform

In addition to high sensitivity, it is crucial for a biosensor to possess
high specificity to ensure accurate detection of target analytes in
complex biological samples. Specificity minimizes false positives and
enhances the reliability of the biosensor, making it an essential char-
acteristic for accurate diagnostics and analytical applications®. To
demonstrate specificity, we conducted both selectivity and inter-
ference tests. In our selectivity test, the plasmonic chips coated with
anti-pyrin antibodies were exposed to pyrin protein together with
some inflammatory proteins such as C-Reactive Protein (CRP), Tumor
Necrosis Factor-alpha (TNF-a), Interleukin-6 (IL-6), and common pro-
teins like Albumin, Immunoglobulin G (IgG), and Transferrin. Fig-
ure 4A-left shows the spectral integral values for the anti-pyrin
antibody (100 pug/mL, blue bar), pyrin protein (10 ng/mL, green bar),
and the other proteins (10 ng/mL, gray bars). In the figure, the bars
represent the mean integral values of ten independent experiments,
and the error bars indicate double the standard deviation. The change
in the spectral integral upon the addition of pyrin protein was sig-
nificant, while minimal changes were observed for the other proteins.
To better demonstrate this behavior, we conducted Welch’s ¢-test at a
significance level of a=5%, where o ranges between O and 1, and
p>0.05 indicates no significant difference. Using spectral integral
values for each dataset, we compared the protein subsets with anti-
pyrin, with p-values corrected using the Bonferroni method. Welch'’s ¢-
test demonstrates an excellent separation from the antibody response
for pyrin protein (p =3.74 x10™), while inflammatory and serum pro-
teins are indistinguishable from the antibody, e.g., p > 0.13 for all cases.
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Fig. 4 | Specificity and stability of the biosensor platform. A Schematic illus-
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the selectivity test. (Left) Spectral integral values calculated for anti-pyrin antibody
(blue bar), pyrin protein (green bar), and inflammatory and serum proteins (gray
bars). Welch'’s t-test: p (anti-pyrin vs. pyrin) =3.74 x10™ and p (anti-pyrin vs. other
proteins) > 0.13. (Right) Spectral integral values calculated for the anti-pyrin anti-
body (blue bar) and the protein mixture containing human pyrin CRP, TNF-q, IL-6,
Albumin, IgG, and Transferrin proteins (yellow bar). Welch’s ¢-test: p (single pyrin
vs. protein mixture) = 0.21. B Spectral integral values calculated for the plasmonic
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chip coated with anti-pyrin antibody (blue bar) after the addition of pyrin protein
under PBS (green bar) and artificial serum sample (peach bar). All measurements
were conducted under PBS. Welch's t-test: p(PBS vs. Artificial Serum) = 0.19.

C Schematic illustration of the two surface modification methodologies: Physi-
sorption adapted for short-term storage and Streptavidin-biotin interaction adap-
ted for long-term storage at 4 °C. Spectral integral values calculated for the
plasmonic chips surface-modified via physisorption (blue bars) and streptavidin-
biotin interaction (peach bars) for different storage durations. In the figures, bars
correspond to the mean spectral integral values for n=10 independent experi-
ments, and the error bars represent double the standard deviation.
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Furthermore, when exposed to a protein mixture (Fig. 4A-right) for the
same concentrations, the plasmonic chip exhibited similar spectral
integral values (yellow bar) to those obtained for single pyrin protein
exposure (green bar). Similar behavior can be also seen from Welch's ¢-
test, e.g., p (single pyrin vs. protein mixture) = 0.21. This demonstrates
that for the protein mixture, the spectral shifts were solely due to the
attachment of pyrin protein on the sensing surface. In this section, our
results highlight the exceptional selectivity of our biosensor platform,
demonstrating its ability to accurately detect pyrin protein with
minimal interference from other inflammatory and serum proteins.

For an ideal biosensor, minimizing interference is another critical
parameter to ensure accurate detection of target analytes. To
demonstrate this capability, we performed an interference test by
adding pyrin protein to artificial serum that contains macromolecules,
carrier proteins, hormones, growth factors, low molecular weight
nutrients. As shown in Fig. 4B, immobilizing the 10 ng/mL pyrin protein
on the sensing surface under PBS (green bar) and artificial serum
(peach bar) exhibited similar spectral integral values, where p(PBS vs.
Artificial Serum)=0.19. This consistency underscores the high cap-
ability of our biosensor to eliminate interference from other serum
components. These findings highlight the robustness and specificity of
the biosensor, emphasizing its potential for reliable application in
clinical diagnostics.

Stability and shelf-life of ready-to-use plasmonic chips

Similar to technologies that rely on antibody-based sensing, our pre-
diagnostic technology detects pyrin protein using its specific antibody.
The performance of these antibodies depends significantly on storage
conditions, as high temperatures can lead to degradation*®, Like other
examples, the anti-pyrin antibody and other ligands employed in our
technology can be stored at 4 °C for short-term and at —20 °C for up to
6 months. For optimal analyte-ligand binding, freshly prepared
antibody-coated surfaces could provide the highest sensitivity for
biosensors®. Thanks to its system software, our technology allows
operators to coat surfaces with various modification agents, enabling
the use of fresh plasmonic chips for FMF analyses. While our point-of-
care technology is designed for controlled environments like hospi-
tals, the plasmonic chips could be prepared in ready-to-use format for
high-throughput screening of FMF patients. Here, the ligand activity of
our plasmonic chips can be preserved using methods similar to those
in commercial SPR technologies, e.g., Bruker and Biacore™.

Figure 4C shows the spectral integral values for different storage
durations, with bars representing the mean values from ten indepen-
dent experiments and error bars indicating double the standard
deviation. To store for up to two weeks, we added 500 uL of distilled
water to the center of a petri dish and placed the plasmonic chips,
which were prepared with physisorption for antibody attachment, on
these water drops. A moistened lint-free tissue was placed into the dish
to prevent evaporation during storage at 4 °C, and the dish was sealed
with parafilm. This method successfully preserved the sensing cap-
ability of the plasmonic chips for ten days, as shown in Fig. 4C
(blue bars).

When the coated surface needs to stay active for an extended
period, maintaining moisture on the sensor surface is challenging. For
functionalized plasmonic chips, this typically involves submerging
them in a glass jar with 50 mL PBS. However, for plasmonic chips
prepared via physisorption, this method may compromise binding
stability due to the weak van der Waals forces used to attach anti-
bodies. Submerging these chips can lead to antibody desorption,
reducing their stability and sensing capability. Therefore, we opted for
the streptavidin-biotin interaction, which provides a stronger and
more stable attachment of antibodies (See the “Methods” section for
the details of the surface modification methodology)*. In this strategy,
the spin-coating step of streptavidin was conducted before inserting
the plasmonic chip into the technology. In our plasmonic chips,

polydopamine provides a versatile adhesive layer that can strongly
attach to various substrates due to its ability to form strong covalent
and non-covalent interactions. Dextran, a biocompatible poly-
saccharide, can be further modified with functional groups, e.g., bio-
tinylation, to enable specific binding interactions. The combination of
polydopamine and biotinylated dextran creates a stable and functional
surface, providing strong binding and functional versatility. This
method ensures that the biotinylated antibodies remain firmly
attached to the streptavidin-coated chip surface, even during long-
term storage in PBS, maintaining the chip’s stability and sensing cap-
abilities over extended periods. As shown in Fig. 4C (peach bars), the
sensing capability of the plasmonic chips could be preserved for up to
6 months.

Clinical sample tests

Figure 5A illustrates the schematic representation of the sample pre-
paration process, as thoroughly described in the “Methods” Section.
For each test conducted with FMF+ and FMF- clinical samples, the
surface of the plasmonic chips was coated with 100 ug/mL protein A/G
and 100 pg/mL anti-pyrin antibody. The total protein concentration
varied for each sample, and they were subsequently diluted to a con-
centration of 0.1 ug/uL with PBS, as indicated in Table S1 and Table S2 in
the Supplementary Information. This dilution strategy allowed for the
reliable calculation of spectral integral values and the determination of
their characteristic ranges for FMF+ and FMF- samples, independent
of the total protein concentration. Moreover, since clinical samples
contain a high number of other proteins that may interfere with the
capturing of pyrin protein by its antibody, it was necessary to dilute the
total protein concentration to an optimal value. This optimal value
should be sufficiently high to create distinct spectral integral ranges
for FMF+ and FMF- cases, while remaining low enough to minimize
nonspecific bindings that could affect the binding between IgG and the
pyrin protein (e.g., 0.1 ug/uL =100 pg/mL). In the biodetection tests
using clinical samples, the control and sensor channels were initially
filled with PBS solution. The valve was then closed to prevent analyte
binding in the control channel, while the sensor channel was sequen-
tially coated with protein A/G and IgG. Subsequently, the valve was
opened, and the clinical sample was flowed over both the control and
sensor channels. Finally, PBS solution was infused to rinse both chan-
nels. The specificity of our technique is derived from the antibody’s
strong affinity to the pyrin protein, and the final washing step effec-
tively removes unwanted proteins from the sensor surface.

Typically, control channels should be covered with antibodies
that lack affinity for the targeted analytes. In our case, the determi-
nation of FMF status relies on quantifying the amount of pyrin protein
in clinical samples. However, no other protein or biomarker specific to
FMF has been identified to date®**. The diagnosis of FMF is based on
typical symptoms and nonspecific acute phase reactants such as
C-reactive protein, fibrinogen, erythrocyte sedimentation rate, and
serum amyloid A, all of which increase during an attack. Genetic tests
confirm FMF by detecting variations in the genes encoding pyrin on
chromosome 16. While serum amyloid A, fibrinogen, and C-reactive
protein are acute phase proteins used to detect attacks in FMF
patients, they are nonspecific inflammatory markers. In addition,
proteins like resistin, calprotectin, pentraxin 3, CXC chemokine ligand
16, and serum soluble fasLigand are not specific to FMF. Their levels
fluctuate during inflammation but lack diagnostic significance beyond
indicating inflammation during an attack. Notably, their levels are
normal during periods without attacks, rendering them unsuitable for
assessing method specificity. Consequently, no other protein can serve
as a control protein or antibody for control studies in our context.

Figure 5B displays the spectral integral values obtained from the
control channel (gray bar) and the sensor channels (blue bar for
healthy samples, red bar for FMF+ samples) in the analysis of clinical
samples, consisting of 12 healthy and 18 patient samples. In each
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Fig. 5 | Clinical tests with the pre-diagnostic platform. A Schematic illustration
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ender.com. B Corrected spectral integral (SI) values determined for the control (gray
bars) and sensor (blue bars: healthy samples, red bars: patient samples) channels in
the flow cell. Total number of clinical samples, e.g., n (healthy) =12 and n

(patient) =18. The figure inset shows the schematic illustration of the flow cell, where
patient samples were flowed through the control (bare surface) and the sensor
channels (surface coated with anti-pyrin antibody). In the figure, squares correspond
to the mean spectral values for ten independent experiments, and the error bars
represent double the standard deviation. C Normalized spectral integral values for
healthy and patient samples. Blue and red boxes represent the spectral integral
ranges for healthy and patient samples used in the system database. Inside the
boxes, one blue dot (FMF-) and two red dots (FMF+) correspond to the clinical
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samples with successfully determined FMF status in single-blind tests. Welch'’s -test:
p (Healthy vs. FMF+) =512 x 10-**. D The two-dimensional spectral integral data
determined before and after pyrin injection in the sensor region on the plasmonic
chip, where an orthogonal LDA vector (black dashed line) separates the healthy (blue
squares) and FMF+ subsets (red squares). E ROC analysis conducted between healthy
and FMF+ samples, demonstrating and AUC of 1. As an additional note, both cor-
rected and normalized spectral integral values were calculated via the division of two
different spectral integral values, making them unitless parameters. F Comparison
between normalized spectral integral values determined from the plasmonic pre-
diagnostic technology and the optical density values determined from ELISA. In the
figure, blue (healthy) and red lines (FMF+) account for the linear regressions fitted to
the experimental data (black squares). Pearson’s correlation coefficient: r (heal-
thy) = 0.9561 (blue line) and r(FMF+) =0.9593 (red line).

measurement, protein A/G, IgG, and clinical samples were flowed over
the chip surface for 20 min, and subsequently, the spectral integral
values for each analyte were calculated. Patient samples, diluted in
PBS, were flowed over the plasmonic chip surface at a flow rate of
0.15 mL/min, which required a total of 3 mL of solution. For high
reliability in determining spectral integral ranges corresponding to

healthy and patient responses, spectral tests were repeated ten times.
To ensure the accuracy of the control response, spectral integral
values for the control channel were adjusted by dividing the spectral
integral values determined after the final PBS wash (performed to
remove unbound proteins from the surface) by the ones obtained after
the initial PBS wash (representing the nanoparticle response under
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PBS). This correction procedure validated that the control response
exclusively accounted for nonspecific binding by eliminating the initial
nanoparticle response and any external effects. For the sensor channel,
the spectral integral values were corrected by dividing the spectral
integral values obtained after the final PBS wash (representing the
spectral integral value for the pyrin protein) by the ones determined
for the anti-pyrin antibody. This correction step determines the
spectral difference between the protein IgG and the pyrin protein,
ensuring that the sensor response accurately represents the presence
of the pyrin protein in the clinical samples. By dividing the integral
values obtained for the sensor channel by those of the control region,
we derived the normalized spectral integral values for each healthy
and patient sample (Fig. 5C). This normalization process was necessary
due to variations in the plasmonic resonances excited by the nano-
particles, which result from the particle synthesis method employed to
fabricate the plasmonic chips. By following this methodology, we
successfully eliminated the influence of nonspecific bindings and
external factors such as optical and mechanical fluctuations on spec-
tral integral calculations. Consequently, the obtained spectral infor-
mation solely reflected the presence of the pyrin protein in the clinical
samples. This approach not only facilitated the reduction in chip fab-
rication costs but also steered the development of a commercially
viable product.

Figure 5B clearly illustrates the noticeable distinction between the
spectral integral values obtained from healthy samples (blue bar) and
patient samples (red bar). This distinction arises from the disparity in
pyrin protein levels, while the relatively low spectral integral values
calculated for control channels can be attributed to unspecific bind-
ings. This differentiation, resulting from the higher pyrin protein levels
in FMF+ samples compared to FMF-, is crucial for accurately deter-
mining the FMF status of the tested samples. In the figure, the squares
represent the mean integral values of the data, and the error bars
indicate a range of twice the standard deviation from these means,
showing the variability in real values. Additionally, when considering
the standard deviation as a percentage of the mean, a measure of
relative variability, this relative standard deviation spans from 7% to
14% across the dataset. The consistency in the relative standard
deviation across various measurements underscores the robustness of
our hardware approach. This robustness was achieved by employing
multiple spectrometers yielding high resolution, and the use of optical
components that are spectrally compatible with each other, along with
a casing designed to minimize optical, electrical, and mechanical
fluctuations. Furthermore, our data processing methodology plays a
crucial role in reducing errors due to fluctuations in the spectral
measurement setup. This was accomplished by eliminating the spec-
tral contribution of the background noise and the emission distribu-
tion of the light source, and simultaneously evaluating spectral
features at different wavelengths, thereby enhancing the reliability and
accuracy of our measurements. In Fig. 5C, the blue and red boxes
represent the normalized spectral integral ranges for healthy and
patient samples, respectively. These ranges were utilized to classify the
tested clinical samples as either FMF- or FMF+. In the single-blind tests
conducted with clinical samples, the normalized spectral integral
values for two patient samples (red dots: Test-I and Test-ll) and one
healthy sample (blue dot: Test-Ill) fell within the defined spectral ran-
ges. This outcome demonstrates that the spectral ranges employed in
the system database successfully enable the determination of the FMF
status of the clinical samples.

In order to demonstrate the robustness of the system’s database
in classifying healthy and FMF+ samples, we conducted Receiver
Operating Characteristic (ROC) analysis following Linear Discriminant
Analysis (LDA) for healthy (green bars) and FMF+ (red bars) in com-
parison to control datasets (gray bars). LDA projects the two-
dimensional spectral integral data onto a single axis that optimally
separates these two datasets and establishes a classification threshold.

Fig. S12A in the Supplementary Information displays the two-
dimensional data corresponding to the spectral integral values
before (x-axis) and after (y-axis) the pyrin infusion in both the control
and sensor regions on the plasmonic chip. In the figure, the dashed
black lines represent the overlay of two orthogonal vectors, marking
the threshold that separates the control group (gray squares) from the
healthy (blue squares) and FMF+ data (red squares), demonstrating a
greater distinction for the FMF+ group. Subsequently, we conducted
ROC curve analysis and calculated the Area Under the Curve (AUC), a
metric that assesses the accuracy of classifying each clinical sample as
either healthy or FMF+*, To provide context, arandom classifier would
yield an AUC of 0.5, whereas a perfect classifier would have an AUC of 1.
Figure S12B in the Supplementary Information shows the ROC curve
conducted between the control and healthy group (blue curve) and
between the control and FMF+ group (red curve). ROC analyses
demonstrate an excellent resolution between the healthy and FMF+
datasets from the control group, with AUC values calculated as 0.9792
for the healthy group and 1 for the FMF+ group (Fig. SI2B-inset in the
Supplementary Information). Using spectral integral values for each
dataset, we compared the FMF- and FMF+ subsets with the control
group, with p-values corrected using the Bonferroni method. Welch’s
t-test demonstrates excellent separation from the control group for
both clinical datasets, with the FMF+ subset showing a higher dis-
tinction compared to the healthy samples, e.g., p (Control vs.
Healthy) =5.68 107 and p (Control vs. FMF+) =130 x 1077,

These statistical methods clearly demonstrate the perfect
separation of clinical samples from the control group, ensuring the
robustness of the system database. More importantly, classifying the
clinical samples as healthy and FMF+ is critical to provide accurate test
results. Using the normalized spectral integral data for healthy and
FMF+ samples (Fig. 5C), Welch’s t-test demonstrates their perfect
separation, e.g., p (Healthy vs. FMF+) =5.12 x 107, Figure 5D shows the
two-dimensional spectral integral data for clinical samples, where the
LDA vector (black dashed line) accurately distinguishes between
healthy (green squares) and FMF+ datasets (red squares). ROC analy-
sis (Fig. 5E) also demonstrates the perfect separation between healthy
and FMF+ samples, yielding AUC =1. These results confirm that the
database created using the clinical samples, which exhibit distinctive
spectral variations, is capable of accurately classifying the real samples
as either healthy or patients.

Validation of the plasmonic technology with a standard
technique

In this study, we conducted a thorough evaluation of clinical samples
using an innovative plasmonic pre-diagnostic technology. To validate
our methodology, we compared our findings with those obtained
through ELISA (enzyme-linked immunosorbent assay). ELISA is a
sophisticated laboratory technique designed for the precise detection
and quantification of proteins or antibodies within biological fluids®.
Functioning on the principles of molecular recognition, ELISA operates
akin to a lock-and-key system, where specific interactions occur
between targeted molecules, namely antigens and antibodies. In the
procedural sequence, the substances of interest are immobilized on a
solid surface, thus initiating the assay. Stringent measures are then
implemented to prevent nonspecific interactions. ELISA (LifeSpan
BioSciences Inc.) used as a reference standard, possesses versatility in
analyzing clinical samples like serum, blood, plasma, or supernatants.
Its sensitivity of 0.094 ng/mL and a broad working concentration
range from 0.156 to 10 ng/mL make it a reliable tool in clinical diag-
nostics. See the Supplementary Information for the details of the ELISA
test and Fig. S13 for the standard calibration curve of the ELISA kit
performed with pyrin protein. Figure SF illustrates the results of our
parallel analyses using both ELISA and our plasmonic biosensor on
samples from both healthy individuals and those diagnosed with FMF.
In the figure, the x-axis corresponds to the normalized spectral integral
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Fig. 6 | Graphical User Interface (GUI) of the plasmonic pre-diagnostic plat-

form. The figure represents a particular case where a patient with file number F15 is
being tested for Familial Mediterranean Fever. The spectrometer settings show the
device name, with adjustable parameters such as update rate, integration time, and
boxcar width to ensure smooth data collection. The selected flow rate is set to slow,
and the pump duration (in minutes) is controlled to manage the delivery of fluids
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during testing. The data acquisition panel displays the test date, patient informa-
tion, and control/sensor status. Transmission spectra show the signal at different
wavelengths (600-800 nm), with the shaded area indicating the spectral integral
window. The bar charts show the spectral integral (SI) values for control and sensor
regions, comparing initial, AG, IgG, and patient samples. The FMF test result indi-
cates a positive diagnosis, confirmed by the “POSITIVE” status in red.

values determined from our plasmonic methodology and the y-axis
corresponds to the optical density values determined at 450 nm using
a microplate reader in ELISA. Blue and red lines account for the linear
regressions fitted to the experimental data (black squares) for the
healthy and FMF+ clinical samples, respectively.

In order to quantitatively measure the agreement between our
methodology with a clinical tool, we calculated Pearson’s correlation
coefficient, a robust statistical method to measure the linear correla-
tion between two datasets. Our analysis revealed a high correlation
between ELISA and our plasmonic biosensor as shown in Pearson’s
correlation coefficient (r) values, e.g., r (healthy) =0.9561 (blue line)
and r (FMF+) =0.9593 (red line). In this context, Pearson’s r ranges
from -1 to 1, signifying the strength and direction of a linear relation-
ship. In our case, values near 1 indicate a nearly perfect positive linear
relationship between the variables, emphasizing the precision and
reliability of our plasmonic technology for clinical sample analyses.
The significance of our findings extends beyond the high correlation,
reaching into the realm of clinical relevance. The strength of the
relationship, as indicated by Pearson’s r values exceeding the widely
accepted threshold of 0.7 for a strong correlation®, underscores the
potential of our plasmonic biosensor as a robust and dependable
clinical tool, comparable to the widely adopted ELISA method.
Demonstrating a strong correlation with an FDA-approved technique
(Food and Drug Administration) validates the clinical applicability of
our plasmonic biosensor, paving the way for its integration into rou-
tine practice for FMF.

System software

To control the system hardware from a single panel, we developed a
graphical user interface (GUI) using Qt Designer and Python™ (Fig. 6).
The GUI is responsible for determining the FMF status of clinical
samples by calculating spectral integral values and identifying their

ranges corresponding to either FMF+ or FMF-. It also provides access
to the system hardware to execute surface modification steps by
controlling analyte delivery with the piezo pump and acquiring data
using spectrometers. The Spectrometer Settings panel allows the
operator to connect to the spectrometers and configure parameters
such as the data Update Rate (interval between each spectral signal
generation), Integration time (duration for spectrometers to collect
photons at each goniometer measurement point), and Boxcar Width.
The Boxcar Width determines the number of pixels included in the
average on each side of the center pixel for the manufacturer-defined
boxcar averaging function used to smoothen the spectral data
(Pixels Averaged = 2 x Boxcar width + 1). In the Pump Settings panel,
the operator can connect to the piezo pump and choose from three
different flow rates (Slow: 0.15 mL/min, Medium: 3 mL/min, and High:
6 mL/min) for a user-defined Duration (min).

The Data Acquisition panel enables the operator to perform
spectral measurements for the control and sensor channels. These
measurements include determining the initial chip response under
PBS for both channels, the chip response after the attachment of
protein A/G and IgG for the sensor channel, and the chip response after
the attachment of clinical samples for both channels. The initial chip
response is measured separately for the control and sensor channels to
account for the spectral variations at different locations on the plas-
monic chip caused by the random particle distribution resulting from
the particle synthesis-based fabrication method. The position of the
spectral integral window, highlighted with a gray area in the figure, is
determined based on the initial transmission spectrum, and spectral
integral values are calculated within this window. The transmission
spectrum for each surface modification step is displayed on the panel,
and the calculated spectral integral values are shown separately for the
control and sensor channels. Each measurement involves determining
transmission spectra (automatically normalized between O and 1)
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20 min after the injection of targeted analytes using the piezo pump.
The sequential operation of the pump, spectrometers, and spectral
integral calculations for each step is automatically carried out through
the GUI when the operator clicks on the associated icon on the Data
Acquisition panel. Additionally, this panel allows the operator to
archive all raw spectral data in a specific folder for each patient,
including associated information such as Patient File Number and Test
Date. In the Archive panel, the operator can retrieve all archived raw
data for a clinical sample from a folder labeled with the patient file
number. The FMF Test Result panel utilizes an algorithm to calculate
the corrected and normalized spectral integral values for the clinical
samples. It determines the range within which the calculated spectral
integral value falls, providing the FMF status as either NEGATIVE or
POSITIVE.

As an additional note, this section presents a detailed version of
the GUI operated on a computer, showcasing the hardware settings
panels to highlight the software’s working principle. However, in
practice, the hardware was operated through a Raspberry Pi directly
integrated into the biosensor platform. The GUI for the Raspberry Pi
was also developed using Qt Designer and Python™ (refer to Fig. S14
in Supplementary Information for images of the GUI). The compact
version of the GUI includes all the settings found in the detailed
version, with the distinction that the hardware settings were sepa-
rated from the data acquisition and processing. In the Home panel of
the compact version, the software automatically establishes con-
nections with the spectrometers and pump. This allows the operator
to focus solely on following the data acquisition steps for each sur-
face modification. On the same panel, the operator can acquire and
process spectral data in real-time or access archived data, perform
the FMF test, and store the results. In the Hardware panel, the
operator has the capability to modify the spectrometer settings for
improved data quality and adjust pump settings for system cleaning
purposes.

Discussion

The most significant characteristic of the patient samples used to
characterize and test our pre-diagnostic biosensor is that they were
collected during routine doctor visits, rather than during acute attacks
associated with FMF. During these attacks, individuals may experience

symptoms of the disease such as abdominal and chest pains, joint
complaints, and elevated levels of biomarkers like CRP (C-reactive
protein), fibrinogen, and serum amyloid A. This constellation of
symptoms is referred to as an acute phase response. Typically, the
duration of these attack periods ranges from 1 to 3 days for most
patients, and biomarker levels return to normal once the attacks sub-
side. If a patient is not receiving treatment, these attacks may recur
unpredictably. Of particular importance, the amount of pyrin protein
in FMF patients is abnormally high during attack periods compared to
non-attack periods (the intervals between attacks). Conversely, during
non-attack periods, patients typically do not exhibit symptoms, and
their laboratory test results are mostly within normal ranges. There-
fore, the ability of our plasmonic biosensor technology to distinguish
between FMF+ and FMF- individuals based on their pyrin levels, even
during non-attack periods, is crucial for pre-diagnosing FMF during
routine doctor visits. These findings highlight the high sensitivity of
our plasmonic biosensor in discerning the pyrin protein levels between
FMF+ and FMF- cases during non-attack periods, where the expected
pyrin levels are generally lower than during attack periods.

The presented data suggests that our plasmonic biosensor holds
the potential to serve as a pre-diagnostic tool for a rare disease. Our
platform could aid physicians in initiating drug treatment for FMF
patients by detecting abnormally synthesized pyrin protein in clinical
samples. Figure 7 illustrates the overall procedure for FMF treatment,
combining preliminary diagnosis and definitive diagnosis. Tradition-
ally, during a routine doctor visit, the physician interviews the patient,
conducts a physical examination, and investigates the clinical history,
including the patient’s record of FMF attacks and family history. Based
on these clinical findings, the physician requests a genetic test to
definitively diagnose the disease by detecting variants in the MEFV
gene. However, receiving the genetic test results may take 2-6 months,
which poses a considerable delay in initiating treatment for a disease
with severe symptoms. To address this issue, an additional blood
sample will be collected from the patient during the same doctor visit.
A straightforward sample preparation protocol will be employed to
extract cellular protein from the collected sample. The resulting pro-
tein solution will be tested using our plasmonic biosensor, which offers
high selectivity and specificity in detecting the presence of pyrin
protein. The biosensor technology will then determine the spectral
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ranges associated with the protein levels in the clinical samples,
thereby indicating the FMF status of the individual under investigation,
whether FMF+ or FMF-. In the presence of symptoms and clinical
findings suggestive of FMF, and based on the indicative results pro-
vided by our plasmonic biosensor, the physician will be able to initiate
drug treatment. Finally, the genetic test results will be obtained to
provide a definitive diagnosis of the disease, confirming the clinical
case’s status.

Based on recent studies, it is well-documented that the MEFV
gene, responsible for encoding the pyrin protein on chromosome 16,
harbors a total of 396 variants”. Notably, variants located within the
exon 10 (B30.2) region have been established as having a higher
pathogenic potential®®. While pathogenic characteristics are evident in
various exon and intron regions, in the realm of FMF, there exists a
subset of variants categorized as “variants of unknown significance”
(VUS) due to the uncertainty surrounding their clinical implications*’.
The clinical implications of these variations are not yet fully under-
stood, leaving a gap in our comprehension of their impact on FMF. This
uncertainty underscores the need for innovative solutions to better
understand these genetic anomalies. Our technology emerges as a
promising tool in this context, offering the potential to elucidate the
pathogenicity of variants previously deemed uncertain and distin-
guishing individuals with heterozygous variants, particularly those
displaying exon 10-enhanced features beyond the typical hetero-
zygous pattern. In the future, by leveraging our technology, we could
bridge the gap in knowledge regarding VUS, providing a clearer pic-
ture of their role in FMF and enhancing our ability to tailor more
effective treatment strategies for affected individuals. Our findings
emphasize the utility of our technique in differentiating between
affected individuals, carriers, and those with VUS.

As an additional note, the main objective of this article was to
develop a method for detecting patients during non-attack periods.
The hypothesis is grounded in the observation that patients without
attacks also exhibit elevated pyrin levels. Patients were enrolled after
clinical and laboratory assessments confirmed the absence of FMF
attacks. Blood samples were collected from these patients during non-
attack periods, and individuals with inflammatory markers (such as
C-reactive protein) within the normal range were included in the study.
As a result, the levels of inflammatory markers (specifically C-reactive
protein) measured were within the normal range. Furthermore, as
previously mentioned, all patients involved in this study exhibited the
M694V variant in the MEFV gene. It's important to note that the
investigation into the connection between other MEFV variants and
pyrin will be the focus of a forthcoming study, which has been planned
based on the findings of this research.

In this study, the elevation of pyrin expression in the patient
group is attributed to the influence of MEFV variants on pyrin synth-
esis, inflammatory attacks, and the impact of IL-1 levels. In literature, it
has been shown that cytokines such as IFN-alpha and TNF, in parti-
cular, stimulate pyrin expression, although this has not been clearly
elucidated“°. On the other hand, there is no data regarding con-
tinuous stimulation of pyrin expression and a constant elevation in
pyrin levels. There is no data available regarding the continuous high
levels of pyrin in these patients. However, especially in disorders like
FMF, the presence of pathogenic genetic mutations, exposure to a
severe and continuous inflammatory process, and the stimulation of
pyrin expression may lead to the detection of patients with high pyrin
levels even during asymptomatic periods. Future research will delve
into FMF and other inflammatory diseases, investigating the connec-
tions and distinctions between pyrin expression in relation to causes
such as infection and trauma. This will necessitate testing our pre-
diagnostic technology in a diverse range of individuals, including
asymptomatic carriers, and patients with various MEFV variants, such
as single heterozygous, complex heterozygous, and homozygous
individuals. Additionally, the study will encompass a broader scope,

exploring pyrin expression in the context of other rheumatic diseases,
infections, and trauma.

In our future studies, we will also conduct a comprehensive eva-
luation of the sensitivity and specificity of our technology. These tests
necessitate a diverse range of patient samples with different origins,
which could potentially result in false negative or false positive out-
comes, underscoring the importance of a large and varied patient
sample pool. By utilizing clinical samples from individuals with
asymptomatic carriers, featuring different MEFV variants, alongside
cases of other rheumatic diseases and infections, we aim to establish a
robust patient sample pool. This will allow us to assess potential false
outcomes in the context of current clinical techniques, relying on both
clinical observations and genetic tests. Through this process, we
intend to challenge our technology to ascertain its limits and
capabilities.

Our future research will also concentrate on differentiating FMF
from infections and other inflammatory conditions that share similar
symptoms with FMF. Our technology has proven effective in distin-
guishing individuals with FMF from healthy ones. However, when it
comes to separating FMF from similar diseases, integrating clinical
data could enhance the precision of our technology’s results. The
primary limitation in distinguishing these diseases lies in our tech-
nology’s sensitivity, an area we aim to explore in greater depth through
comprehensive future studies.

Methods

The research presented in this article complies with all relevant ethical
regulations. The authors obtained ethical approval to use patient and
healthy samples from the Dokuz Eylul University Clinical Research
Ethics Committee. In addition, informed written consent for the use of
clinical samples was obtained from each volunteer donor.

Statistics and reproducibility

No statistical method was used to predetermine the sample size. We
collected data from a group consisting of 20 FMF patients and 13
control individuals, ranging in age from O to 18 years. Participants were
recruited voluntarily. Participants’ gender was not a parameter in this
study. No data was collected based on participants’ race, ethnicity, or
other socially relevant groupings. No data was collected based on
population characteristics. No data were excluded from the analyses.
The investigators were single-blinded, e.g., the FMF status of the
volunteers was known by the clinicians before delivering the clinical
samples to the authors. The authors determined the FMF status of the
samples using the presented technology and confirmed their results
with the clinicians. The reproducibility of the experiments was con-
firmed via Welch’s t-test at a significance level of o =5%, and for all
reproducibility tests, the p-values were greater than 0.05. Participants
were randomly assigned. Data collection occurred during the patients’
regular doctor visits. Volunteers in the control group scheduled their
sample collection based on their availability. No specific instructions
were given to the participants regarding their tests during the study.

FDTD simulations

The simulations were performed using a unit cell that comprised a
single particle, and perfectly matched layer boundary conditions were
applied in all directions to model the behavior of the individual
particle®. The refractive index values for gold and glass were obtained
from reference®”. A mesh size of 1 nm was selected for discretization
along all directions. Consistent with the experimental configuration,
we employed an unpolarized light source to illuminate the plasmonic
structures.

Surface modification for capturing pyrin protein
In the literature, various surface modification and chemistry methods
have been proposed for capturing target analytes in detection
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processes®. In our biosensor platform, the surface modification
technique relies on the physical attachment of analytes to the sensing
surface, specifically through physical adsorption or physisorption,
which is facilitated by the presence of a polydopamine film on the gold
nanoparticle surface. Microfluidics was employed for the targeted
delivery of analytes to the sensing surface®. The process began by
delivering 100 pug/mL protein A/G (Thermo Fisher Scientific Inc.) to the
surface, which bonded to the active groups in the polymer structure.
Protein A/G is a fusion protein that possesses binding sites for both
protein A and protein G, exhibiting a high affinity for the Fc region of
the anti-pyrin antibody (immunoglobulin G or IgG). Subsequently,
antibody (Abcam Plc., ab154319) in 100 pug/mL concentration was
introduced, and they attached to the A/G-coated sensing surface
through their Fc region, forming a Y-shaped structure that exposes
their binding sites (Fab regions) for pyrin protein®. In the final step, a
commercially purified pyrin solution (Abcam Plc.) or a clinical sample
containing pyrin proteins was infused, and the anti-pyrin antibodies
captured these proteins on the sensing surface through their binding
domains. In our surface modification method, after each immobiliza-
tion step, the chip surface was rinsed with phosphate-buffered saline
(PBS) to eliminate any unwanted proteins and biological agents from
the surface.

For the selectivity test, human CRP, TNF-q, IL-6, Albumin, IgG, and
Transferrin proteins were purchased from Sigma-Aldrich®. For the
interference test, the artificial human serum was purchased from
Sigma-Aldrich®. In both tests, to eliminate the effect of unbound
proteins, the chip surface was thoroughly rinsed with PBS. This step
ensures that any non-specifically bound proteins are removed, allow-
ing us to accurately assess the sensor’s response to the target pyrin
protein.

For long-term storage of the functionalized plasmonic chips, we
followed a streptavidin-biotin interaction-based surface modification
methodology*’. The chip surface was initially spin-coated with bioti-
nylated dextran (Thermo Fisher Scientific Inc.). Following this, 25 nM
streptavidin (Sigma-Aldrich®) was flowed over the sensing surface,
ensuring a strong capturing mechanism to specifically target the bio-
tinylated anti-pyrin antibody. Here, biotin is conjugated to the Fc
region of the antibody leaving the antigen-binding sites free for target
recognition. Finally, biotinylated anti-pyrin antibody (Picoband™) was
immobilization on the sensing surface. This approach ensures stable
and specific attachment, maintaining the chip’s sensing capability over
extended periods.

Collecting healthy and patient samples

For the biosensing experiments, the clinical samples were tested in the
form of serum. This approach was chosen because blood is a complex
sample that contains a variety of biological materials, which could
potentially lead to unspecific binding. The clinical and control group
samples were obtained from Dokuz Eylul University, Department of
Pediatric Rheumatology, Izmir, Turkey.

Patient group. The patient group consisted of 20 FMF patients, ran-
ging in age from O to 18 years, who met the diagnostic criteria and were
genetically diagnosed with FMF with exon 10 variants. All patients
included in the study had at least one M694YV variant. 14 of these are
M694V homozygous, 6 are other exon 10 variants that form com-
pound heterozygous variation with M694V. Table S3 in the Supple-
mentary Information shows the MEFV Variations in the patient
samples. The patients included in the study had complete file infor-
mation, and their diagnosis was confirmed during follow-up visits. Out
of the 20 patient samples, 18 were used for the system database, and
2 samples were used for system testing.

Control group. The control group consisted of 13 individuals, ranging
in age from O to 18 years, who had not been clinically diagnosed with

FMF and did not have a family history of FMF. Out of the 13 control
samples, 12 were used for the system database, and 1 sample was used
for system testing.

Preparing healthy and patient samples
Pyrin is primarily expressed in neutrophils, eosinophils, monocytes,
dendritic cells, and fibroblasts, and it plays a crucial role in regulating
apoptosis, inflammation, and cytokine production. To isolate pyrin,
cell lysates were prepared from whole blood samples obtained from
patients. These whole blood samples were centrifuged with ery-
throcyte lysis buffer to separate leukocytes, which were subse-
quently homogenized using a vortex. The resulting leukocyte pellets
were then mixed with a solution containing protease inhibitor,
Octylphenyl Polyethylene Glycol, and PBS. Afterward, the tubes were
centrifuged to collect the supernatants, which contained cyto-
plasmic proteins.

The protein isolation was carried out using the protocol described
below®. Fig. 4A provides a schematic representation of the sample
preparation protocol.

White blood cell isolation. Blood samples from each individual were
collected in vacuum blood collection tubes containing 10 mL EDTA. To
a sterile Falcon tube, 3 mL of red blood cell (RBC) lysis buffer was
added for every 1 mL of blood sample, and the contents were mixed.
The tubes were then centrifuged with a shaker at 625 x g for 15 min at
room temperature to remove red blood cells, and the supernatants
were discarded. To each pellet, 2 mL of RBC lysis buffer was added, and
the pellets were re-suspended. The tubes were centrifuged again at
755 x g for 7 min. The supernatants were discarded, and the remaining
white cells were homogenized using a vortex. This last step was
repeated until completely RBC-free pellets were obtained.

Protein isolation. For the resulting white blood cell pellet, a 400 pL
mixture consisting of 1x protease inhibitor (1%), Octylphenyl Poly-
ethylene Glycol (Igepal, 1%), and PBS (98%) was prepared in a cen-
trifuge tube. 200 pL of this mixture was added to each sample and
mixed by pipetting to dissolve the cell pellet. The tubes were then
centrifuged for 30s, and the supernatants containing cytoplasmic
proteins were collected. If necessary, the samples were stored at
-80 °C for long-term storage.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study are available in the article, its
Supplementary information, the source data file and from the corre-
sponding author upon request. Source data are provided with
this paper.

Code availability

Code used to generate findings are available in Zenodo repository®.
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