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Beyond the Passive Diffusion: Core @ Satellite
Magneto-Plasmonic Particles for Rapid and Sensitive

Colorimetric Inmunosensor Response

Maria De Luca, Adriano Acunzo, Daniele Marra, Margherita Borriello, Diego Ingrosso,
Raffaele Velotta,* Vincenzo lannotti, and Bartolomeo Della Ventura

Magneto-plasmonic particles, comprising gold and iron oxide, exhibit
substantial potential for biosensing applications due to their distinct
properties. Gold nanoparticles (AuNPs) provide plasmonic features, while
iron oxide composites, responsive to an external magnetic field, significantly
reduce detection time compared to passive diffusion. This study explores
core@satellite magneto-plasmonic particles (CSMPs), featuring magnetic
nanoparticle clusters and numerous satellite-like AuNPs, to amplify the
optical response on a nanostructured gold surface. Using a sandwich scheme,
target analytes are detected as hybrid nanoparticles bind to the
pre-immobilized target on the AuNPs surface, inducing changes in the
immunosensor’s extinction spectrum. Application of an external magnetic
field notably enhances biosensor response and sensitivity, reducing assay
time from hours to minutes. Leveraging the properties of CSMPs, the
immunosensor detects specific immune protein at low concentrations within

1. Introduction

In recent years, magneto-plasmonic
nanoparticles have gained significant
attention in biosensing, emerging as ver-
satile tools for detecting and analyzing
biological molecules.!'”] These nanopar-
ticles combine the key characteristics of
two crucial phenomena: plasmonics ex-
hibited by metal nanoparticles (NPs) and
magnetic properties of nanocrystals of
3d metals and their oxides.[*”] The out-
standing optical properties of metal NPs
primarily arise from the localized surface
plasmon resonance (LSPR) effect.l®]
This phenomenon results from the col-
lective oscillations of surface electrons

minutes. CSMPs hold considerable promise for precise and sensitive
analyte detection, offering potential applications in rapid testing and mass
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induced by visible light, leading to an
extinction band in the visible region of
the optical spectrum.*1% The resonance
wavelength of LSPR can be adjusted
by manipulating the size, shape, and
composition of the NPs, as well as the
distance between them and the refractive
index of the surrounding medium.
LSPR’s adaptability makes it a powerful tool for biosensing,
as the binding of biomolecules to the NP surface induces a
shift in the resonance wavelength, detectable and quantifiable.[®]
Gold NPs (AuNPs) are preferred in this context due to their
exceptional optical properties and biocompatibility, boasting a
non-toxic and chemically stable surface under physiological
conditions.[1112]

On the other hand, the effectiveness of controlling function-
alized materials using magnetic nano/microparticles through
the use of an external magnetic field is well known.[!3] The
widely used magnetic material is iron oxide composite Fe;O,,
which shows superparamagnetism for a NP diameter less than
20 nm."*] Magnetic NP (MNP) clusters are frequently utilized,
offering an enhanced and cooperative magnetic response that
results in improved saturation magnetization and reduced co-
ercive field at low temperatures.['>1°l Despite their size, the
functionalization of magnetic surfaces involves lengthy bio-
chemical procedures, posing challenges for scalability in indus-
trial applications. Combining MNP clusters with a gold struc-
ture offers the advantages of robust gold surface chemistry
and the unique properties of MNP clusters. Furthermore, this
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configuration can protect the magnetic core from oxidation and
corrosion. As an optimal coating, strategically distributed gold
spots on the surface streamline the functionalization process for
linking bioreceptors,!['’] relying on gold’s surface chemistry and
biocompatibility, while a fragmented rather than uniform gold
coating preserves the magnetic properties. Considerable atten-
tion has been devoted to strategies for fabricating multifunc-
tional magneto-plasmonic nanostructures,'®2!l leading to the
development of several immunosensors.[?22 Utilizing the in-
novative properties of magneto-plasmonic materials, these NPs
can function as amplifiers to enhance the optical response of
a plasmonic nanostructured surface. Simultaneously, the mag-
netic properties contribute to the acceleration of the detection
time. In a recent study, Gessner et al. utilized magnetic AuNPs
with an idealized coating (MAGIC) in a sandwich scheme to am-
plify the LSPR shift on a plasmonic surface composed of Au
nanobipyramids.!?’! The application of a zwitterionic polymer
coating conferred nearly neutral charge properties to MAGIC
NPs, effectively minimizing nonspecific protein adsorption.[¢!
However, the polymer created a spatial gap between the NPs and
the nanostructured surface. To enhance plasmonic coupling be-
tween the Au nanobipyramids surface and MAGIC NPs, a half-
antibody was utilized. With an LSPR shift ranging from 0 to 6 nm
at analyte concentrations between 1073 and 10° ng mL~!, MAGIC
NPs enable the detection of specific molecular urinary biomark-
ers in the presence of other proteins at levels as low as a few
dozen pg mL~! within minutes. With this conceptual framework
in mind, we employed core@satellite magneto-plasmonic parti-
cles (CSMPs), which consist of a Fe;O, NPs cluster (diameter ~
250 nm) decorated with AuNPs (~20 nm),[?’] to link from above
the analyte already captured by a plasmonic surface. The latter
consisted of 30 nm diameter AuNPs densely packed on a glass
substrate (300 + 20 AuNPs per um?) via the electrostatic self-
assembly technique.[?®?] The AuNPs were functionalized using
the photochemical immobilization technique (PIT), a method
developed by our research group.3®3!l This technique relies on
the selective UV activation of antibodies (Abs) and is character-
ized by its rapid, user-friendly nature. It results in the forma-
tion of robust covalent bonds between Abs and the sensor sur-
faces, with the Abs conveniently oriented for enhanced perfor-
mance. An additional pivotal aspect in the biosensor’s develop-
ment was the integration of a fluidic system with the plasmonic
substrate.[?”] This integration proved crucial, as the fluidic de-
vice was specifically designed to accommodate a plasmonic de-
vice with metal structures facing the flow. Such a design facili-
tated enhanced interaction of antibodies, as well as other solu-
tions such as BSA and analytes, on the nanostructured surface.
By minimizing the volume of solutions employed, the biosen-
sor achieved a homogeneous surface coverage, contributing sig-
nificantly to its overall efficiency and reliability. Utilizing an ex-
ternal magnetic field enabled a controlled and targeted delivery
of the top bioreceptor, facilitating specific binding to the target
analyte and accelerating the detection time, thereby overcom-
ing passive diffusion. The detection of target analyte led to a
change in the extinction spectrum of the immunosensor, exhibit-
ing features more similar to the spectrum of CSMPs as the ana-
lyte concentrations increased. With a simple and robust colori-
metric response, the immunosensor demonstrated its capabil-
ity to detect a specific protein involved in the immune response
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at low concentrations on the order of a few hundred pg mL™!
within minutes.

2. Results

2.1. Characterization of CSMPs

The CSMPs were synthetized by reacting tetrachloroauric acid
(HAuCl,-3H,0) with positively charged PEGylated dextran iron
oxide composite particles (positively charged MNP clusters) in
the presence of a reducing agent, the sodium citrate.'! This
last one played a role in inducing acid reduction to gener-
ate gold seeds. Subsequently, as gold grew around the seeds,
negatively charged citrate-capped AuNPs were assembled onto
the positively charged MNP clusters, resulting in the forma-
tion of CSMPs. Additionally, the citrate-capped AuNPs negatively
charged the CSMPs giving them the repulsive force that avoids
the self-aggregation phenomena.l?”] The CSMPs and their pre-
cursors underwent thorough characterization using various tech-
niques. Transmission electron microscopy (TEM) revealed the
irregular shape of the MNP clusters, along with the presence
of smaller AuNPs on the CSMPs surface, measuring approxi-
mately 15-20 nm in diameter (Figure 1a). Dynamic light scatter-
ing (DLS) was utilized to assess the overall size of the nanocon-
structs. In Figure 1b, the size distribution of MNP clusters (de-
picted by the yellow line) and CSMPs (indicated by the purple
dashed line) in ultrapure water is illustrated. The hydrodynamic
diameter of bare MNP clusters peaked at ~250 + 260 nm, while
CSMPs exhibited a peak at ~350 + 450 nm, attributed to the
presence of the AuNPs coating. The formation of CSMPs was
further confirmed through zeta potential measurements. In wa-
ter, the {-potential distribution peaked at —38 mV for CSMPs,
as illustrated by the purple dashed line in Figure 1c, compared
to 30 mV for bare MNP clusters indicated by the yellow line.
A {-potential value beyond —30 mV indicates high colloidal so-
lution stability, confirmed by their usability several weeks after
synthesis.?3] CSMPs exhibited a saturation magnetization of 51
emu g}, slightly lower than the 55 emu g! observed for MNP
clusters (refer to Figure 1d, purple dashed and yellow lines, re-
spectively). This deliberate reduction in saturation magnetization
(10%) was successfully achieved in our investigation. The frag-
mented gold coating, as opposed to a uniform coating, distin-
guishes CSMPs as a preferable option over fully coated MNPs.
This configuration ensures the absence of a “heavy” diamagnetic
layer, allowing the retention of the initial magnetic properties.
The presence of AuNPs on the surface of MNP clusters was con-
firmed through spectroscopic measurements. In Figure 1e, the
experimental extinction spectra of MNP clusters (yellow line) and
CSMPs (purple dashed line) are displayed. MNP clusters exhib-
ited no extinction peak, while CSMPs showed a prominent res-
onance at ~554 nm, confirming the existence of AuNPs and the
successful synthesis of CSMPs. The gold growth on MNP clus-
ters is visually apparent, as it results in a color change in the col-
loidal solution from light brown to burgundy red (Figure 1f). The
magnetic core facilitates rapid particle collection (<1 h for 20 mL
CSMPs colloidal solution) under an external magnetic field gen-
erated by a permanent magnet (axially magnetized NdFeB with a
thickness of 9 mm, a diameter of 20 mm, and a residual induc-
tion of 1.32 T) as depicted in Figure 1f.
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Figure 1. Characterization of CSMPs. a) TEM images of MNP clusters (top view) and CSMPs (bottom view). The circled area highlights the AuNP on
MNP cluster. b,c) DLS and {-potential of MNP cluster (yellow line) and CSMPs (purple dashed line). d) Specific magnetization of CSMPs (purple dashed
line) of 51 emu g~ with respect to 55 emu g~ for MNP clusters (yellow line). e) The extinction spectra of the MNP clusters (yellow line) do not exhibit
any extinction peak, whereas the spectrum of the CSMPs shows a prominent resonance at 554 nm (purple dashed line). f) Photograph of the colour
change of the colloidal solution from light brown to burgundy red as a result of the AuNPs on MNP clusters. Magnetic separation of CSMPs in water

occurs in < 1 h for 20 mL solution.

2.2. Characterization of AuNPs Surface

The nanostructured gold surface was created through the electro-
statically driven self-assembly technique.[?®) This method relied
on the spontaneous adsorption of pre-synthesized citrate-capped
AuNPs,**] carrying a negative charge, onto a positively charged
glass substrate through electrostatic interactions. The AuNPs sur-
face was morphologically characterized by scanning electron mi-
croscopy (SEM). In the SEM micrograph at low magnification,
spheroidal NPs were observed, randomly distributed onto the
substrate as both single particles and clusters (Figure 2a). The im-
age displayed a very high AuNPs surface density of ~300 AuNPs
pum~2, ensuring a large number of binding sites available for im-
mobilizing the bioreceptors. The spheroidal AuNPs could be ap-
proximated as spheres, and a narrow Gaussian distribution for
their diameters with mean value (D) = (33 + 7) nm was obtained
(Figure 2c). Finally, Figure 2d shows the histogram of the nearest-
neighbor center-to-center distances, with a distribution having a
mean value < d > = (38 + 8) nm. The nanostructures were also
optically characterized through UV-vis spectroscopy by measur-
ing the extinction spectrum. Figure 2b shows the experimental
extinction spectrum of the nanostructure (black line), featuring
a plasmonic resonance at 528 nm and a “shoulder” in the range
600-800 nm. The former was associated with both single AuNPs
far enough from their nearest neighbors to be considered as iso-
lated, and AuNPs close enough to mildly interact with each other.
Instead, the shoulder was associated with AuNPs in proximity,
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forming clusters that interact with longer wavelengths due to
their larger overall size.

2.3. Functionalization and Analyte’s Recognition of AuNPs
Surface

Functionalization of the plasmonic surface and analyte capture
were carried out using a model antibody-antigen pair—anti-
human IgG and human IgG—to optimize detection efficiency
protocols. Importantly, the results obtained can be readily ex-
tended to any other antibody-antigen IgG pair. The AuNPs sur-
face was functionalized using a fluidic setup that incorporated
a peristaltic pump with a 3D printed fluidic cell (Figure 3a).
The fluidics was custom-designed to match the geometry of the
plasmon nanostructure, resembling a multiwell plate with eight
cylindrical-shaped cells. The fluidic geometry gave rise to a circu-
lar well on the AuNPs surface. This well was subsequently func-
tionalized to enable detection. Moreover, the cells were connected
in a series circuit, allowing for the simultaneous execution of at
least three different experiments. The bottoms of the cells were
attached to the plasmonic surface with a silicone O-ring, prevent-
ing charge loss of solutions. The O-ring created a sort of swim-
ming pool with a volume of 30 pL, facilitating efficient interac-
tion between the solution and the gold surface. Moreover, the flu-
idics ensured the uniform distribution of samples and reagents
across the sensing area, guaranteeing consistent and reliable
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Figure 2. Characterization of the AuNPs surface. a) SEM micrograph of the 2D AuNPs array from a top view. b) The extinction spectrum of AuNPs
surface, indicating a plasmon resonance at 528 nm. The inset features a photograph of the plasmonic nanostructure. c) Distribution of nanoparticle

diameters. d) Distribution of the center-to-center distances.

measurements while minimizing variations due to manual
handling.®! A volume of 1 mL of Abs solution in PBS activated
by PIT, flowed onto the plasmonic surface. The concentration of
Abs was fixed to 2.5 ug mL™!, ensuring a red-shift of approxi-
mately 6.5 nm (Figure 3b). The fluidic cells facilitated the flow of
other solutions, such as BSA and analyte, over the plasmonic sur-

face. While the functionalization process resulted in a red-shift
and an increase in the extinction spectrum of the AuNPs surface
due to an increased refractive index of the surrounding environ-
ment, no discernible changes were observed when the analytes
bound to the antibodies. This is true even at a relatively high tar-
get concentration (100 ng mL™!), as illustrated in Figure 3b. This

b) ~6.5nm
0.08 -

=+ Analyte (100 ng mL"")
= Functionalization

0.06 _\/' =+ AuNPs surface

0.04+

Extinction

0.02+

0.00 . - ;
400 500 600 700 800
A (nm)

Figure 3. Fluidic setup. a) The AuNPs surface is placed within a custom 3D-printed multi-well plate, sealed from above with cylindrical-shaped cells. The
geometry of the fluidic setup constrains the circular well on AuNPs surface, which is subsequently functionalized for the detection of PTX3. Biological
samples circulate onto the AuNPs surface by using a peristaltic pump. b) The red-shift and the increase in the extinction spectrum of the plasmonic sur-
face after the functionalization process (red line), compared to the bare AuNPs surface (dash and point black line), are due to a layer of Abs surrounding
the NPs. On the other hand, the antibody-analyte binding (dashed blue line superimposed on red ones) does not produce any appreciable variation,

underlining the need to use amplifiers.
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Figure 4. CSMPs functionalization process. a) Antibodies are immobi-
lized on the gold surface using PIT, based on the selective UV activation of
Abs. b) Extinction spectrum of CSMPs (red line) and CSMPs after the func-
tionalization process (f-CSMPs, blue dashed line). A red-shift of ~8 nm of
the extinction spectrum of f-CSMPs is attributed to an increase in the re-
fractive index of the environment surrounding the AuNPs.

observation underscored the essentiality of employing CSMPs as
amplifiers.

2.4. CSMPs Functionalization

The functionalization of CSMPs for use as amplifiers involved
the application of PIT,®!l to enable the covalent attachment of
anti-human IgG Abs specific to the target analyte on the AuNPs.
This process included activating a solution of Abs (100 uL at
12.5 pg mL™!) with PIT and manually adding this activated Ab
solution to 1 mL of CSMPs.

The formation of an Abs layer around the AuNPs surface en-
tailed an increase of the local refractive index, leading to a red-
shift of the resonance peak position. Figure 4 shows the result
of the CSMPs functionalization process, showing an ~ 8 nm
red-shift in the extinction spectrum of the functionalized CSMPs
(E-CSMPs).

2.5. Enhancement of Optical Response on AuNPs Surface by
f-CSMPs

The biosensor employed a sandwich scheme, illustrated in
Figure 5a, where f-CSMPs bound from above the analyte al-
ready immobilized on the functionalized AuNPs (f-AuNPs) sur-
face. The application of an external magnetic field by an axi-
ally magnetized NdFeB permanent magnet, whose characteris-
tics are provided in Section 2.1, significantly enhanced the detec-
tion time, overcoming passive diffusion. Specifically, the magnet-
driven detection time was reduced to 2 min, a substantial im-
provement compared to hours required for diffusion-driven mo-
tion. In Figure 5b, the extinction spectrum of the immunosen-
sor is presented for a relatively high analyte concentration of
100 ng mL™!, recorded after only 2 min of exposure to the mag-
netic field. Notably, changes in the extinction spectrum were ob-
served during detection, exhibiting features more closely resem-
bling the CSMPs spectrum as analyte concentrations increased.
To enhance the spectra differences, the data were normalized,
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and AArea was chosen as the sensing parameter, representing
the difference between the area after detection (post-CSMPs in-
cubation) and the area before, Figure 5c.

We conducted initial tests on the immunosensor response
with and without the magnet. As depicted in Figure 5d, in the ab-
sence of the magnetic field, approximately an hour was required
for the biosensor response to significantly deviate from the con-
trol experiment (performed without the analyte but with the ap-
plication of an external magnetic field). However, even without
the magnetic field, the response remained lower than the ex-
periment conducted with the magnet, as indicated by the yellow
blocks in comparison to the red ones. On the other hand, the ex-
periment confirms that a 2 min application of the magnetic field
is sufficient to attract all CSMPs towards the plasmonic surface.
The biosensor’s response remained consistent, whether waiting
for 2 min or 1 h. To determine if the analyte surface was satu-
rated, we conducted the experiment in Figure Se. In this case,
the CSMPs solution on the substrate was refreshed every 2 min.
The outcome indicated that a total of 6 steps, each lasting 2 min,
were required to fully saturate the surface.

2.6. PTX3 Detection

The optimized protocol has been employed to detect pentraxin3
(PTX3) 36371 in PBS, a protein involved in innate immune re-
sponses and inflammatory processes. The experiment involved
varying PTX3 concentrations from 250 pg mL™! to 100 ng mL™".
For a better visualization, Figure 6a shows the extinction spec-
tra at selected PTX3 concentrations—100, 50, 10, 1 ng mL™'—
alongside a control performed under the same conditions but
without analyte. Figure 6b showcases the normalized spectra,
and the dose-response curve is reported in Figure 6¢. The exper-
imental data were fitted by a logistic curve:

A - A
y=A, + — (1)

P
e (2)

with A, = 0.26 + 0.02, A, = 1.34 + 0.03,x, = 3.33+0.28,p =

1.49+0.17,and a )?02 = 1.5.

Applying the 36, criterion (shaded area in Figure 6¢), we
achieved a limit of detection of 300 pg mL~!. To assess the speci-
ficity of the immunosensor, the sensor’s response has been mea-
sured to detect different types of proteins involved in the inflam-
matory response, interleukin 6 and 8 (IL-6 and IL-8), by employ-
ing the same experimental procedure used to detect PTX3. In
the most challenging scenario, we employed the immunosen-
sor to identify IL-6 and IL-8 at the upper limits of protein con-
centrations detectable, 100 ng mL™'. Figure 6d highlighted that
signals acquired from analytes different from PTX3 were com-
parable with the control signal range. Importantly, these signals
notably differed from those obtained for PTX3 at equivalent con-
centrations.

3. Conclusions

In this work, we demonstrated that the CSMPs enhance the opti-
cal response of a nanostructured gold surface. The CSMPs were
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Figure 5. Immunosensor sandwich scheme and response. a) -CSMPs bind from above to the analytes, which are already immobilized on the f-~AuNPs
surface, in the presence of an external magnetic field. b) Extinction spectrum measured at an analyte concentration of 100 ng mL~". Its shape results
from the combination of f-CSMPs and f-AuNPs spectra. c) AArea (the region depicted in red) is the increase of the (normalized) area due to -CSMPs
binding and was used as the sensing parameter. d) Results of the experiment carried out by applying the magnet for only 2 min in presence and absence
of the analyte (red and green bar, respectively). The yellow bar reports the results achieved with the analyte but without the magnet. While 2 min are
enough to draw the CSMPs towards the substrate in presence of the magnetic field, one hour is barely enough to observe a small change of AArea when
no magnetic field is applied (passive diffusion). e) The measurement of AArea was performed several times after the two-min interaction (followed by
washing). The best fit of the experimental data with an exponential (dashed red line) provided a time constant 7 = 541 min corresponding to 2.5 cycles.
To reach a value significantly close to saturation, 6 cycles was chosen for the measurement. In both the panels d) and e), the errors on AArea are derived

from three independent measurements.

synthesized by inducing the growth of AuNPs directly onto the
MNP clusters, enabling them to exhibit strong magnetization
and high stability in a colloidal solution. The AuNPs covering en-
abled the use of the Photochemical Immobilization Technique
to functionalize the CSMPs with antibodies, transforming them
into immunoreactive particles characterized by a high magnetic
response under external magnetic fields. Furthermore, we engi-
neered a plasmonic nanostructure with a high density of AuNPs
(30 nm diameter, 300 + 20 AuNPs per um?), ensuring a substan-

Adv. Sensor Res. 2024, 3, 2400006 2400006 (6 of 9)

RIGHTSE LI MN iy

tial number of binding sites for the immobilization of biorecep-
tors. Antibodies were affixed to the gold surface using a custom
3D printed fluidic cell. Fluidics played a pivotal role in our biosen-
sor development, facilitating precise control of the flow and en-
suring the uniform distribution of samples and reagents across
the sensing area. This uniformity not only guaranteed consis-
tent and reproducible measurements but also minimized man-
ual errors. Fluidics was also employed to guide the flow of BSA
and analyte solutions over the nanostructured surface. The final

© 2024 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH
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line), 10 ng mL™" (green dashed dot line) and 1 ng mL™" (turquois short-dashed line). The control experiment (orange line) has been carried out in the
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from left to right. Each image is represented by a circle with the same line (style and color) used for the correspondent extinction spectrum. b) Normalized
spectra enhance the differences at analyte concentrations. c) Dose-response curve for the detection of PTX3 in PBS. The experimental data were well
fitted by a logistic function (72 = 1.5). d) Specificity test at different types of proteins (IL-6 and IL-8) at higher concentrations (100 ng mL~"). c,d) AArea
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step, involving the binding of analytes by f-CSMPs, occurred stat-
ically. A small droplet of {~CSMPs was placed in the well on the
AuNPs surface and was drawn downward by an external mag-
netic field. This magnetic field significantly enhanced the biosen-
sor response and sensitivity, simultaneously reducing the detec-
tion time. Only 2 min were required to pull down all CSMPs to-
wards the AuNPs surface, while a total of 6 steps, each lasting 2
min, was needed to saturate the analyte surface. Consequently,
we were able to complete an experiment by measuring the target
analyte concentration in less than 30 min. For the detection of
PTX3 in PBS, the immunosensor achieved a limit of detection
of about 300 pg mL~'. Thanks to the simplicity of colorimetric
measurements, our biosensor is well-suited for point-of-care ap-
plications. Its fluidic design not only allows for straightforward
extension to multiplexing analysis but enables measurement in
a controlled and clean environment through washing steps. Con-
sequently, the actual extinction measurements are carried out in
the absence of any possible nonspecific reactant present in the
matrix. Thus, even with real samples, the effectiveness of our
device is expected to be preserved. In summary, the integration
of fluidics, coupled with the rapid biosensor response achieved
through the magnetic properties of CSMPs described here, offers
significant advantages, including improved sensitivity, reduced
detection times, and enhanced throughput.
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derived from three independent measurements (n = 3), with error bars indicating the standard deviation of the

4. Experimental Section

Reagents and Materials:  Milli-Q ultrapure water (resistivity 24 MQ
cm) was used for the preparation of all solutions. Tetrachloroauric acid
(HAuCl,-3H,0), sodium citrate (Na3CgH5O;), and bovine serum albu-
min (BSA) were supplied by the Sigma-Aldrich company (Milano, Italy).
Pentraxin3 (PTX3) was purchased from Abcam company. Rabbit poly-
clonal antibody against pentraxin3 (GTX135596) were supplied by Gene-
Tex. Phosphate Buffered Saline (PBS, 0.01 m, pH 7.4) was prepared by
dissolving PBS tablets (from Gold Bio, St Louis, MO, USA) in Milli-Q
water; each tablet prepared 100 mL of a 0.0T m PBS solution. The posi-
tively charged PEGylated dextran iron oxide composite particles (positively
charged MNP clusters) were obtained from MicroMod (product name
nanomag-D, product code 09-54-252). They possess a core-shell-like struc-
ture comprising a magnetite core and a dextran shell. The magnetite core
consists of aggregates of individual iron oxide (magnetite) crystals with
diameters ranging from 5 to 15 nm. The dextran surface of the particles
has been modified with PEG 300 to prevent non-specific protein binding
on the particle surface. The SuperFrost Plus Adhesion slides (25 x 75 x
1 mm) were purchased from Epredia. They feature a permanent positive
charge on standard microscope slides that electrostatically attracts the
negatively charged AuNPs. The instrumentation used for gold coating of
NPs includes a mechanical motor stirrer (Heidolph RZR 50, Germany),
hot plate (DLAB MS-H28- PRO), ultrasonic bath (EIma sonic S-40H 37
KHz), and spectrophotometer (Jenway 6715 UV/vis). N42-grade NdFeB
magnets with a thickness of 9 mm and a diameter 20 mm were purchased
from supermagnete.com.
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Synthesis of CSMPs:  The gold coating procedure, initially proposed by
Silva et al.,["®] was refined by adjusting reagent concentrations and intro-
ducing a rapid cooling step to prevent undesired aggregation. The syn-
thesis involved dissolving tetrachloroauric acid (HAuCl,-3H,0) with pos-
itively charged PEGylated dextran iron oxide composite particles. In detail,
a 25 mL of ultrapure water (Milli-Q) was heated to 100 °C with vigorous
stirring using a mechanical motor stirrer (Heidolph RZR 50, Germany).
After reaching the temperature, 34 uL of positively charged PEGylated dex-
tran iron oxide composite particle (10 mg mL~"), purchased from Micro-
mod (Germany) with a diameter of 250 nm, were added. Then, 1.7 mL
of sodium citrate at 10 mg mL~" and 50 uL of HAuCl,-3H,0 at 10 mg
mL~" were added to induce acid reduction and produce gold seeds, an-
choring the PEG. Subsequently, due to gold growth around the seeds,
negatively charged citrate-capped AuNPs were assembled onto the pos-
itively charged MNP clusters, resulting in the formation of CSMPs. Cit-
rate molecules acted as both a reducing agent and capping agent, nega-
tively charging the CSMPs and providing repulsive forces to prevent self-
aggregation. The growth of gold on PEGylated dextran iron oxide com-
posite particles induces a color change in the colloidal solution from light
brown to burgundy red, which stabilizes within 15 min. Subsequently, the
solution was cooled in ice maintaining the same stirring speed. To purify
the CSMPs solution from excess reagents and products dissolved in the
supernatant, an axially magnetized NdFeB magnet was employed. After
magnetic separation, the particles were resuspended in 10 mL of Milli-
Q water, resulting in a colloidal solution with a concentration of 5 x 10°
CSMPs mL~". Furthermore, several batches of CMSPs were synthesized
and analyzed using DLS. Consistency in the observed size distribution
across all tested samples indicates the reproducibility of the synthesis pro-
tocol.

Synthesis of AuNPs: The AuNPs were synthesized following a
Turkevich-modified protocol.3*] In a process, 0.5 mL of HAuCl,-3H,0
(24 x 1073 m) was mixed with 50 mL of ultrapure water and warmed on a
hot plate at 150 °C with vigorous stirring. At boiling, 6 mL of sodium citrate
dihydrate ((Na3;CgHsO5) at 39 x 1073 m) was added to induce gold seeds
formation. After 2 min, 4.2 mL of HAuCl,-3H,0 (24 x 1073 m) was added
to promote particle growth. The solution’s color transitioned from trans-
parent to black and then to bright red within a few minutes. Afterward, the
solution was cooled for 2 h by holding vigorous stirring. The synthesized
AuNPs exhibited an extinction spectrum with a narrow peak at 528 nm
and an Optical Density (OD) of 8, indicative of spherical AuNPs with an
average diameter of 30 nm.

Fabrication of AuNPs Surface: The glass surface (SuperFrost Plus Ad-
hesive slides) was cleaned with Milli-Q, and an airgun. Subsequently, it
was immersed in an AuNP solution with OD 2 for 1h. The pre-synthesized
AuNPs were immobilized onto the glass surface through electrostatic in-
teractions between the negatively charged citrate capping on AuNPs and
the positively charged surface. After 1 h, the glass substrate was rinsed
with Milli-Q water and then dried using an airgun.

Particle Characterization: DLS and zeta potential measurements were
performed using the Zetasizer Nano ZS instrument from Malvern Instru-
ments. TEM micrographs were obtained with an FEI Tecnai G2 S-twin ap-
paratus operating at 200 kV and equipped with a LaB6 source. For TEM
analysis, particle powder samples were dispersed in water, and a small
quantity of the solution was applied onto a carbon-coated copper grid (200
mesh) and allowed to dry. The AuNPs surface underwent gold/palladium
sputtering (30's, 25 mA) for morphological characterization using SEM mi-
crographs obtained with a Zeiss LEO 1550VP field emission scanning elec-
tron microscope (FESEM) at a nominal resolution of 1 nm and 20 kV ac-
celeration voltage. UV-vis absorbance spectra were recorded on a Jenway
6715 UV/vis spectrophotometer within a spectral range of 400-800 nm
with 0.1 nm resolution.

Antibodies Conjugation to CSMPs:  The PIT was employed for the effi-
cient immobilization of immunoglobulins on thiol-reactive surfaces, such
as AuNPs. To functionalize the CSMPs solution, a volume of 100 uL of Abs
solution—12.5 ug mL~" in PBS—was placed in a quartz cuvette and ex-
posed to UV light for 30 s, determined as the optimal irradiation time for
PIT. Subsequently, the solution was introduced drop by drop into a T mL
CSMPs solution at OD 1 under gentle stirring, ensuring proper mixing and
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dispersion of the functionalized antibodies within the CSMPs solution. To
remove unbound Abs, the CSMPs underwent magnetic separation from
the solution, a process lasting about 5 min. It is noteworthy that employ-
ing a Teflon beaker was essential to separate the CSMPs from excess an-
tibodies and avoid particle adhesion to the glass beaker. The successful
formation of an antibodies layer around the AuNPs resulted in a red-shift
of 8 nm in the extinction spectrum of the CSMPs, a shift considered sig-
nificant as the experiment’s success criterion required LSPR shift greater
than 5 nm.

Preparation of AuNPs Surface to the Analyte’s Recognition: The func-
tionalization of AuNPs surface involved several steps. The gold nanostruc-
tured surface was placed into the custom 3D printed multi-well plate and
covered from above with a cylindrical-shaped cell. A volume of 1 mL of Abs
solution at 2.5 ug mL~" was activated by PIT and flowed onto the surface.
The flow rate and the flowing time were set at 850 uL min~" and 15 min, re-
spectively. The flow time was chosen as a trade-off between the short time
required by PIT (the produced thiol is effective for approximately 10 min)
and the extended time needed to conserve Abs (as consumable material).
Following this, a 5 min washing step with Milli-Q water was carried out
to eliminate non-bonded Abs. Subsequently, BSA with a concentration of
5 mg mL~" and the target analytes at different concentrations flowed onto
the f-AuNPs for 15 min. After the analytes flowed, the surface underwent
a 5 min wash in Milli-Q water.

PTX3 Detection: A 30 uL droplet of CMSPs conjugated with anti-PTX3,
with an OD of 1 (containing 10% f-CSMPs), was carefully placed into the
well on the nanostructured surface through which the PTX3 analyte had
been circulated. The f-CSMPs were guided downward by a magnet posi-
tioned under the substrate for 2 min, the estimated time needed to draw
all CMSPs toward the substrate. Following this, the surface underwent a
rinse with Milli-Q water. The f-CSMPs incubation was repeated 6 times
(as indicated by Figure 5e to saturate the analytes surface), and then,
the extinction spectrum of the immunosensor was recorded. To facilitate
this final step, a custom-designed 3D holder was meticulously crafted to
precisely match the well on the nanostructure and can be easily inserted
into the spectrophotometer. The extinction spectrum of the immunosen-
sor changed accordingly to the analyte’s concentrations, showing features
more similar to f-CSMPs with increasing the PTX3 concentration.

Statistical Analysis:  The extinction spectra of the immunosensor were
normalized to their maxima to reduce fluctuations. In each plot, AArea val-
ues are shown as “mean =+ o,,.,,”, derived from three independent mea-
surements (n = 3), with error bars indicating the standard deviation of
the mean. The experimental data, describing AArea as function of analyte
concentrations, were well fitted by a logistic function (72 = 1.5). Statisti-
cal analysis was carried out using Origin 9.5 Software.
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