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Abstract

In the quest for more effective colorimetric reporters compared to traditional gold nanoparticles,
a family of Au@Ag core-shell nanoparticles was designed and synthesized using a seed growth-
mediated approach starting from commercial 37 nm AuNPs. This method enabled precise
control over the thickness of the silver shell by employing hydroquinone for the reduction of
silver and citrate for the stabilization of the resulting core-shell particles. Core-shell NPs with
an Ag shell of 7 nm (Au@Ag°NPs) and 18 nm (Au@Ag'’NPs) were synthesized resulting in
orange and milky yellow suspension, respectively. Additionally, the impact of an external gold

layer on Au@Ag!'NPs (Au@Ag'°@AuNPs), which significantly altered their optical
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properties from milky yellow to grey, was investigated. The core-shell Au@AgNPs exhibited
substantially higher molar extinction coefficients than their parent AuNPs: from 3.5-fold for
Au@Ag°NPs and 9-fold for Au@Ag'’NPs and Au@Ag'°@AuNPs. Subsequently, all core-
shell NPs were functionalized with a calix[4]arene layer, imparting superior stability against
external stresses, such as dispersion in PBS, when compared to NPs functionalized with
traditional ligands. This calixarene coating enabled the covalent bioconjugation of antibodies
on all NP types without inducing noticeable aggregation. Their performance as colorimetric
reporters was evaluated in a lateral flow assay for Troponin I detection, demonstrating positive
signals down to 1 ng/ml, surpassing the detection limit of the parent gold NPs (2.5 ng/ml).
Notably, the grey color of the core-shell Au@Ag'°@AuNPs provided strong contrast against
the white NC membrane, facilitating T line visualization even at low signal intensity. Despite
the lack of optimization of our LFA, it competes with the limit of quantification of commercial
LFAs for Troponin I detection, offering the potential for the development of a highly sensitive
assay. The diverse core-shell NPs employed in this study form a library of colorimetric reporters
with distinct optical properties, paving the way for multiplexed detection systems targeting
multiple proteins simultaneously and enhancing diagnostic reliability. Furthermore, the choice
of colorimetric reporters allows tailoring the detection range based on the pertinent Limit of

Quantification desired for the analyte, dictated by the reporter’s light extinction properties.

Introduction

Nanomaterials are extensively studied for their exceptional properties across various fields,
including optics, biomedicine, and catalysis.' In particular, metallic plasmonic nanoparticles,
specifically gold (AuNPs) and silver nanoparticles (AgNPs), are known for their superior
optical properties compared to conventional organic dyes.* These nanoparticles exhibit an
extinction band due to the well-known Localized Surface Plasmon Resonance (LSPR). This
phenomenon arises from the collective oscillation of free electrons upon light irradiation. When
the oscillation frequency of these electrons is in resonance with that of the electric field of light,
the plasmonic nanoparticles strongly extinct light.> AuNPs are probably the most popular
plasmonic nanoparticles in biomedical applications as they are easily synthesized, stable,
conjugable with biomolecules and generally considered as biocompatible.® In particular, they
are extensively used as colorimetric reporters in lateral flow assays (LFA), such as the
pregnancy test or the covid antigen test. Typically, AuNPs with a size ranging from 20-40 nm

are employed in LFAs. However, their molar extinction coefficient is far from optimal (108-10°



M em™) and it could be enhanced by both increasing its value or shifting its maximum
absorption wavelength to increase the contrast with the NC membrane. For instance, AuNPs
with a diameter of 100 nm exhibit a 10'' M-'ecm™! extinction coefficient.” Therefore, recent
research efforts have been devoted to the design of plasmonic nanoparticles with higher molar
extinction coefficients.®'® According to Mie theory, this coefficient depends on the
composition, size, external environment, but also on the shape of the nanoparticles.!! The
extinction cross section (cext) for spherical particles can be calculated using the following

equation (Equation 1):
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where R is the radius of the particles, A the excitation wavelength, & and &; are the real and
imaginary parts of the metal’s dielectric function, and &n the relative dielectric constant of the
surrounding medium.

Equation 1 shows that the interaction between a metallic nanoparticle and light strongly
depends on the intrinsic dielectric properties of the nanoparticle. Increasing the NPs' diameter
results in a cubic rise in Cex;, substantially enhancing their optical characteristics. However, in
practice, this strategy is rather limited because nanoparticle size must be inferior to 100 nm for
most applications to mitigate issues such as settling or aggregation. For instance, Li et al.
reported that AuNPs larger than 100 nm are unsuitable for LFA, as gravity dominates their
behavior, leading to reduced sensitivity.®!? Strategy based on low-density material cores, such
as silica, embedded in a metallic shell, allows to overcome this size limitation.'*!* An
alternative approach consists in the modification of the composition of the nanoparticles.
Notably, silver nanoparticles possess superior intrinsic optical properties owing to their low &;
(see Equation 1).!> Specifically, AgNPs exhibit an LSPR band in the visible region, with a
molar extinction coefficient up to one order of magnitude higher than AuNPs of similar size.*
Despite this advantage, their application in biomedical contexts has been limited.'® This
limitation largely stems from the weak chemical and colloidal stabilities of AgNPs over time
or in complex environments. Unlike AuNPs, AgNPs are highly prone to oxidation, making their
conjugation with biomolecules difficult to achieve without important particle loss or
degradation.!” Our research group recently demonstrated that the reductive grafting of
calix[4]arene tetra-diazonium salts can significantly enhance the stability of both silver

nanospheres and nanoplates.'®!” These preorganized macrocyclic platforms can be strongly



anchored onto surfaces by reducing their four diazonium groups into highly reactive radicals,
forming ultra-stable and densely packed thin layers of calix[4]arenes.?’ 2> Additionally, the
subsequent covalent attachment of biomolecules (e.g. proteins) onto the calix[4]arene-based
layer can be easily achieved through classical bioconjugation reactions with the appending
functional arms present on the small rim of the calix[4]arenes.?*** Furthermore, developing
colorimetric reporters with distinct colors is of great interest for multiplex detection. Most of
the currently reported multiplex LFAs feature multiple lines of the same color, which may
potentially lead to a misinterpretation of the results. Employing lines of distinct colors could
circumvent this issue, as each color would correspond to a specific analyte within a single strip.®
With the aim of developing more efficient colorimetric reporters for LFAs, we envisioned to
enhance the molar extinction coefficient of nanoparticles by tuning their size and composition.
To achieve this, we decided to develop Au@Ag core-shell nanoparticles. So far, only a few
examples of core-shell nanostructures have been reported for SERS-based and colorimetric
detection.>> >’ Herein, we describe a synthesis method that enables precise control over the
silver shell thickness on a gold core, ensuring high size monodispersity. The stability and
bioconjugability of these core-shell nanoparticles were ensured by the grafting of a
calix[4]arene layer. This strategy capitalizes on the superior extinction efficiency of the silver
shell, while the presence of the gold core alters the UV-Vis spectrum, resulting in a suspension
color distinct from that of pure silver nanoparticles. This attribute is particularly relevant for
LFA applications, as the yellow color of AgNP suspensions provides a low contrast with the
white nitrocellulose membrane. The promising applicability of this new type of nanoparticles
as colorimetric reporters in lateral flow assays was subsequently demonstrated through the
detection of Troponin I. Detecting minute amounts of this protein is of paramount importance
in diagnostics, considering its role as a cardiac biomarker. The presence of Troponin I in blood

aids in identifying potential cardiovascular diseases.

Results and discussion

Synthesis of core-shell nanoparticles. Various designs of Au@Ag core-shell nanostructures
were developed based on their potential optical advantages (i.e. suspension color and/or high
molar extinction coefficient). The growth of the silver shell followed a seed-mediated growth
procedure, which is known to efficiently control the size and shape of nanoparticles.*® The
thickness of the shell was controlled by adjusting the quantity of silver salt and the number of

cycles of addition of the silver salt and reducing agent. In summary, commercially available



citrate-stabilized gold nanoparticles (AuNPs-citrate), with an average size of 37 = 3 nm, were
diluted to an absorbance of 1.5. Then, citrate, hydroquinone and silver nitrate were sequentially
added into the suspension at room temperature (Scheme 1). This sequence was repeated either
five or ten times with a delay of 2 min between successive addition cycles, resulting in Au@Ag’
and Au@Ag'® NPs-citrate, respectively. The role of hydroquinone was to reduce the silver ions
on the gold surface, while citrate acted as a stabilizing agent. Notably, citrate alone was
incapable of reducing the silver salt at room temperature, while its absence led to substantial

nanoparticle aggregation during the synthesis process (Figure S1).
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Scheme 1. Synthesis of calix[4]arene-coated core-shell nanoparticles. Inset: structure of calix[4]arene

tetra-diazonium salt X4(N2")a.

UV-Vis spectra of the resulting Au@AgNPs-citrate were recorded after each cycle of additions
(Figure 1A). Initially, a small absorbance peak at 520 nm, related to the gold core, was observed.
Subsequently, a second peak, corresponding to the silver shell, appeared progressively around
410 nm and became the main component of the absorption band after the fifth addition, turning
the suspension color from red to orange. After the sixth addition, the LSPR band became more
uniform, displaying a single broad absorbance peak at 430 nm. After the tenth addition, the
suspension became milky yellow, due to the scattering properties of these large nanostructures.
Dynamic light scattering (DLS) analyses showed an increase of the initial particle

hydrodynamic radius from 2 nm to 30 nm for the 1% to the 10™ addition respectively, suggesting



an increase of the silver shell thickness from 1 nm to 15 nm (Figure 1B). Finally, a thin gold
shell was grown on the silver shell of the Au@Ag!°NPs through the sequential addition of
citrate and HAuCls to Au@Ag!''NPs-citrate, leading to Au@Ag'°@AuNPs (Scheme 1). The
growth of a gold shell in the presence of hydroquinone is known to form urchin-like structures,’!
enhancing the surface area, which could, for instance, augment antibody loading or binding
events in potential applications. This additional gold shell drastically changed the optical
properties of the NPs, turning the suspension color from yellow to grey (Figure 1C). This
observation has already been reported for Au@Ag@Au core-shell-shell nanostructures.®> It
is noteworthy that the external gold layer was also added on Au@Ag’NPs-citrate but these
particles presented a lower extinction coefficient and a less appealing color as colorimetric
reporter compared to Au@Ag'°@AuNPs (see Figure S2 for characterizations). Remarkably,
the experimental UV-Vis spectra indicated a 3.5-fold increase in molar extinction coefficient
for Au@Ag’NPs-citrate and a 9-fold increase for Au@Ag!"NPs-citrate, reported as a function
of the moles of nanoparticles, compared to the initial AuNPs-citrate (6.10° M'cm™'). Predictive
extinction coefficients of AuNPs and AgNPs with 37, 49 and 74 nm were compared with the
coefficient of our resulting Au@AgNPs in Table S1, confirming the experimental values that
were obtained. In contrast to the yellow suspensions of pure 20-50 nm AgNPs, the
Au@Ag’NPs-citrate suspensions exhibited an orange color, thanks to the presence of the gold
core. As mentioned above, this result is particularly important for designing a colorimetric
reporter that can be used in LFAs. It is noteworthy that, when the synthesis of the Au@AgNPs
was achieved from 20 nm AuNPs-citrate instead of 37 nm AuNPs-citrate, the absorbance of the
silver shell rapidly dominated the LSPR band, resulting in yellow-colored suspensions after
only five cycles of additions (Figure S3), providing poor contrast against the membrane. The
choice of 37 nm AuNPs as precursor material was furthermore confirmed using predictive UV-
Vis spectra of Au@AgNPs, with a final diameter of 50 nm and starting with different Au core
sizes (Figure S4). Smaller cores are shown to lead to yellow particles, while larger ones exhibit

lower extinction coefficients due to the poorer optical properties of gold.
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Figure 1: A) UV-Vis spectra monitoring and B) hydrodynamic diameter of core-shell Au@AgNPs-
citrate as a function of the number of addition cycles. C) UV-Vis spectra of Au@Ag'°NPs-citrate before
and after the addition of a final gold shell.

A ligand exchange procedure consisting in the reductive grafting of the calix[4]arene-
tetradiazonium salt X4(N>")s (see Inset displayed in Scheme 1) was then applied to the three
different types of nanoparticles, namely Au@Ag’, Au@Ag'® and Au@Ag'®@AuNPs-citrate.
To do so, sodium borohydride and X4(N>")s were added to the NP suspensions, which were
then stirred for 16h. The resulting calixarene-coated nanoparticles, NPs—X4, underwent three
centrifugation cycles to eliminate unbound calix[4]arenes and were subsequently redispersed
in water. The size of the NPs—X4 was determined using Transmission Electron Microscopy
(TEM). Au@Ag’NPs-Xs, Au@Ag''NPs-Xs and Au@Ag'*@AuNPs-X4 exhibited diameters of
49 +£4 nm, 74 + 6 nm and 82 + 10 nm, respectively (Figure 2A-C). It is noteworthy that the size
average obtained for the Au@Ag'°@AuNPs-X4 may be less reliable, due to their non-spherical
urchin-like structure of the external gold shell (Figure 2C, inset). Analysis of the NPs by dark
field microscopy and EDX mapping unequivocally confirmed the core-shell nature of the
nanostructures (see Figure 2D for Au@Ag'°NPs-X4, and Figure S5 for Au@Ag'°@AuNPs-
X4),** indicating the absence of significant galvanic replacement during the synthesis.
Furthermore, DLS measurements of the NPs-X4 were conducted, showing an increase in the
hydrodynamic size (ca. 6 nm for both Au@AgNPs-X4) compatible with the grafting of a
monolayer of calixarenes (Figure S6). Confirmation of the presence of the calix[4]arene layer
on the nanoparticles surface was achieved through Fourier Transform Infrared Spectroscopy
(FTIR). As depicted in Figure 2E, characteristic bands corresponding to the calixarene structure

(i.e. at ca. 3000-2800, 1450 and 1050 cm™' for the CH, asymmetric and symmetric stretching,



the aromatic ring stretching and the symmetric COCa, stretching, respectively) were observed
after the functionalization, while bands associated with the citrate ligands were no longer visible
(Figure 2E- orange dashed line). FTIR spectra of Au@Ag''NPs-X4and Au@Ag!°@AuNPs-X4
are presented in Figure S7A and B, respectively.
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Figure 2: TEM images of A) Au@Ag NPs-X4, B) Au@Ag''NPs-X4, C) Au@Ag'*@AuNPs-X4; D)
dark field microscopy and EDX mapping of Au@Ag''NPs-X4 (blue=Ag; red=Au); E) FTIR spectra of
Au@Ag NPs before and after functionalization with the calix[4]arene.

Stability of calix[4]arenes-coated core-shell nanoparticles. For comparison purposes, the
Au@Ag’NPs were also functionalized with a standard thiolated polyethylene glycol derivative,
HS(CH2CH20)sCH,CH2COOH  (referred to as HS-PEG-COOH), following a standard
procedure (see the Experimental Part). The colloidal and chemical stabilities of the
Au@Ag°NPs coated by citrate (pristine), calix[4]arene X4 or HS-PEG-COOH were evaluated
using UV-Vis spectroscopy. The suspensions were dispersed in a 1x phosphate buffer saline
(PBS) solution, mimicking the ionic strength and pH of body fluids, and UV-Vis spectra were
recorded after 2 hours. Most /n-vitro diagnostic applications necessitate to disperse the particles
in PBS, for maintaining the structure of proteins used to functionalize them and maintain their

ability to form a complex with their target. Investigating the stability of the NPs in this medium



is therefore crucial. The LSPR band of the Au@Ag°NPs-X4 remained quasi-unaffected in PBS,
highlighting the high stability conferred by the calix[4]arene coating (see Figure 3 for the
comparison of the three coatings).’® In contrast, Au@Ag NPs-citrate instantly aggregated in
PBS, as shown by the significant decrease and broadening of the absorption band after only 1
min (Figure 3B). Au@Ag°NPs-S-PEG-COOH exhibited moderate stability, showing a rather
pronounced broadening of the LSPR band in the high wavelength region (Figure 3C). Similar
high stability in PBS was observed for the Au@Ag!°NPs-X4 and Au@Ag'°@AuNPs-X4
(Figure S8A and B). The long-term stability of the NPs was also evaluated. The stability of
Au@Ag°NPs-S-PEG-COOH and Au@Ag’NPs-Xs4 were again evaluated in PBS after
prolonged storage at room temperature. In contrast to the calixarene-coated Au@Ag°NPs-X4
that maintained colloidal stability over time, the stability of the thiol-coated NPs drastically
decreased after one month (Figure S9A and B), in accordance with the lower affinity of thiols
for silver surfaces compared to gold surfaces.’®*” These findings demonstrate that the thin
calixarene layer is highly effective in stabilizing the silver surface of the core-shell Au@AgNPs

against external stresses, thereby paving the way for their use as colorimetric reporters in LFAs.
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Figure 3: UV-Vis spectra of Au@Ag’NPs stabilized by A) calix[4]arene X, B) citrate and C) HS-PEG-
COOH in water (dark line) or in 1X PBS solution (orange line) after 2 hours.

Au@AgNPs-X4 as colorimetric reporters in lateral flow assays. As mentioned in the
introduction, commercial lateral flow assays predominantly rely on the use of gold
nanoparticles. Therefore, the starting 37 nm AuNPs-citrate (Scheme 1) were also functionalized
with X4(N2")4 following the aforementioned procedure (see Figure S10 for the characterization
of the resulting AuNPs-X4). These gold nanoparticles were employed as a reference to assess

the performance of our core-shell Au@AgNPs-X4. Regarding the LFA, we decided to



investigate the detection of Troponin I, a well-studied cardiac marker.*® Therefore, the four
types of NPs-Xs (i.e. AuNPs-X4, Au@Ag > ''NPs-X4 and Au@Ag'°@AuNPs-X4) were
functionalized with an anti-Trop I monoclonal antibody (mAb), produced in mouse, following
the standard coupling procedure with EDC and sulfo-NHS. The bioconjugation was conducted
at an identical optical density for all batches to ensure a similar total exposed surface area for
all candidates. UV-vis spectra of all bioconjugated NPs-X4 exhibited a sharp and intense LSPR,
indicating that no aggregation occurred during the bioconjugation step (Figure S11). To confirm
the presence of mAb on the NPs’ surface, the nanoparticles were diluted in a running buffer
(1% BSA, 0.1% Tween 20 in 1X PBS) at a final optical density (OD) of 0.3, and a strip coated
with protein G’ at the test line was immersed in the solution. Protein G’ has a high affinity for
the heavy chain of antibodies and, therefore, the presence of antibodies on the NPs surface leads
to their immobilization on the test line, generating a colored signal. To our delight, positive
signals were observed for all the functionalized NPs, validating the successful bioconjugation
of the antibody (Figure 4A). However, in the case of the Au@Ag!°NPs-Xs-mAb, the yellow
color of the NPs and their high scattering properties resulted in a faintly visible yellow line, due
to a poor contrast with the white membrane (Figure S12). As a result, this type of nanoparticles
was omitted from further examination. Given that the nanoparticles used in this study possess
very different molar extinction coefficients, quantities of Au@Ag°NPs and
Au@Ag" @AuNPs-X4-mAb approximatively 3.5 times and 9 times lower than that of
AuNPs-X4 were used to generate signals of comparable intensities (Figure 4A). To better
compare the potential of the different types of NPs as colorimetric reporters, a similar lateral
flow experiment was thus conducted using NPs-X4-mAb at the same concentration
(approximately 20 pM) rather than the same OD. Under these conditions, the test line was much
more pronounced for the Au@Ag!'®@AuNPs-Xs-mAb, whereas the use of the AuNPs-X4-mAb
resulted in a test line that was difficult to discern with the naked eye (Figure 4B). This result
aligns with the higher molar extinction coefficient of the core-shell NPs, demonstrating the

remarkable potential of these nanomaterials as effective colorimetric reporters.
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Figure 4: Pictures of Protein G half strip with the different NPs-X4-mAb A) at the same optical density

(OD) and B) at the same concentration.

Finally, the performance of the various types of NPs as colorimetric reporters was evaluated for
the detection of Troponin I. For this, the different NPs-X4-mAb were diluted in a running buffer
spiked with different concentrations of Troponin I: 20, 10, 5, 2.5, 1 and 0 ng/mL. After
incubating the mixture for 15 minutes, a strip, with a test line composed of a monoclonal
antibody recognizing a different Troponin I epitope than the one bound to the NPs, was
immersed. Read-out was achieved after 30 minutes, both by naked-eye observation and camera
capture. In all cases, an intense signal was observed at the control line (Anti-Mouse Antibody),
showing that the experiments proceeded correctly. AuNPs-X4-mAb presented the weakest
signal across the different concentration ranges, and only a very faint signal could be detected
at 2.5 ng/mL (Figure 5A). In contrast, the use of Au@Ag’NPs-X4-mAb and
Au@Ag'"@AuNPs-X4-mAb enabled the detection of Troponin I down to at least 1 ng/mL
(Figure 5B and C, respectively). These experiments were conducted in duplicate (Figure S13),
and all strips were examined by three distinct observers using naked-eye observation. The best
results were obtained with the Au@Ag'°@AuNPs-X4-mAb, as the grey-colored T line
generated by these NPs provided a strong contrast to the white membrane, facilitating the
detection, particularly at the lowest concentrations. Quantification of the signal intensity was
performed using a reported procedure based on ImagelJ, and the limit of quantification (LoQ)
was determined as 10 times the standard deviation of the background (Figure 5D).*° The
performances of the NPs based on signal intensity ranked as follows: Au@Ag'°@AuNPs-X4 >
Au@Ag NPs-X4 > AuNPs-X4, confirming the naked eye observations. Based on signal



intensity, predictive LoQs of 0.06, 0.35 and 0.9 ng/mL were determined for
Au@Ag' " @AuUNPs-X4, Au@Ag’NPs-Xs and AuNPs-X4, respectively. The core-shell
nanoparticles Au@Ag'°@AuNPs-X4 emerged as the most promising candidate as a
colorimetric reporter for LFA, as they combine strong contrast with the white membrane and

the lowest LoQ.
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Figure 5: Pictures of Anti-Troponin I half strip with different concentrations of Troponin I: 20, 10, 5,
2.5, 1, 0 ng/mL using (a) AuNPs-Xs-mAb (b) Au@Ag’NPs-X4-mAb (¢) Au@Ag'’@AuNPs-Xs-mAb
as colorimetric reporters. (d) Quantification of signal intensity using a reported procedure based on
ImageJ software®® and LoQ calculation. ¢ corresponding to the standard deviation of background

obtained by ImageJ. Experiments were performed in duplicate.



Conclusion

With the aim to develop more efficient colorimetric reporters than classical gold nanoparticles,
various types of Au@Ag core-shell nanoparticles were designed. A convenient synthesis
method for these core-shell nanoparticles, ensuring strict control over the silver shell thickness,
was established. This procedure utilized a seed growth-mediated approach, leveraging the
reducing properties of hydroquinone and the stabilizing properties of citrate throughout the
colloidal suspension synthesis. Additionally, we examined the impact of an external gold layer
on the Au@AgNPs, which significantly altered their optical properties. All core-shell NPs were
functionalized with a calix[4]arene layer. The stability of the calixarene-coated Au@AgNPs
against external stresses, such as PBS, outperformed that of similar Au@AgNPs functionalized
with conventional ligands, such as a thiolated PEG or citrate, particularly for long-term storage.
The calixarene coating enabled the covalent bioconjugation of antibodies without inducing
noticeable aggregation, which is usually extremely difficult to achieve with NPs exposing an
external silver layer, again highlighting its exceptional stability. Compared to 37 nm AuNPs,
the core-shell Au@AgNPs exhibited substantially higher molar extinction coefficients. Their
performance as colorimetric reporters was subsequently evaluated in a lateral flow assay for the
detection of Troponin I. Positive signals were observed down to at least 1 ng/ml with the
Au@AgNPs, while the AuNPs exhibited a naked eye limit of detection of 2.5 ng/ml.
Furthermore, the grey color of the core-shell Au@Ag!°@AuNPs provides a strong contrast
against the white NC membrane, facilitating the T line visualization even at low intensities.
Remarkably, our assay competes with the limit of quantification of most commercial LFAs for
detecting Troponin I. Considering that LFA parameters (buffer, OD of the nanoparticles,
antibodies quantities, etc.) were not optimized, this result is particularly promising for the
development of highly sensitive assays, expanding the boundaries of LFAs in biomarkers
detection. It is important to point out that our initial purpose was to compare the performance
of the different colorimetric reporters using the detection of Troponin I as a model system and,
therefore, future work will be required to develop a functional assay, especially in body fluid
such as plasma. Finally, the different types of core-shell NPs used in this study form a library
of colorimetric reporters with distinct optical properties. Compared to the silver nanoplates
(AgNPIs) we previously reported,'® this strategy allows to increase significantly the extinction
coefficient while maintaining the absorption band in the visible region. Such a library paves the
way for the development of multiplexed detection systems capable of targeting multiple

proteins simultaneously, thereby enhancing diagnostic reliability. Moreover, as highlighted in



this example, the detection range can be tailored by selecting specific colorimetric reporters

based on the relevant LoQ desired for the analyte.

Materials and method

Chemical and Biomolecules. All chemicals were at least of reagent grade. HS-PEGs-COOH
and Protein G” were purchased from Iris Biotech and Sigma Aldrich, respectively. AuNPs-
citrate (37 nm) were ordered from NanoFlow. Anti-troponin antibodies, strips and calix[4]arene

X4(N2")4 salt were obtained from X4C.

Characterizations and Measurements. UV—vis absorption spectra were recorded with a
UV—vis spectrophotometer in quartz cuvettes. As-synthesized NPs were diluted by a factor of
10 in 1 mL of aqueous solution unless otherwise noted. Attenuated Total Reflection Fourier-
Transform Infrared (ATR-FTIR) spectra were recorded at 20 °C on a Shimadzu QATR-S FTIR
spectrophotometer. The nanoparticles were centrifugated, and 2 pL of the pellet was deposited
on the diamond. Water was removed with a flow of nitrogen gas. Data were processed and
analyzed using the instrument software by correcting the baseline, setting apodization at 10
cm !, and normalizing on the most intense signal. Images of the NPs were obtained with a
transmission electron microscope (TEM) equipped with a lanthanum hexaboride (LaB6) crystal
at a 200 kV accelerating voltage. The average size and standard deviation were determined by
measuring the size of more than 100 NPs for each sample. Samples were characterized by
dynamic light scattering (DLS) with back scattering (NIBS 173°) using a Malvern Zetasizer.
Measurements were performed at 25 °C and the NPs were dispersed in MilliQ water to obtain
I mL of NPs (OD = 0.1) in disposable semi-micro cuvettes (PMMA) and multiple DLS
measurements were performed. The reported values are the average hydrodynamic diameters
obtained from three independent measurements using the Z average as calculated by the
Zetasizer software. Samples were analyzed in Laboratorio de Microscopias Avanzadas

(Zaragoza, ES) for EDS mapping and dark-field imaging using an Analytical Titan.

Core-shell NPs synthesis. Au@Ag’NPs. In an 8 mL glass vial, 1 mL of AuNPs-citrate 37 nm
(OD= 8) was diluted in 4 ml of MilliQ H>O. Under stirring, 50 pL sodium citrate (15.4 mM),
50 pL hydroquinone (46.4 mM) and 50 pL of AgNO; (10 mM) were successively added. The
additions were repeated 5 times (in total) with a waiting time of 2 minutes between two cycles
of additions. Au@Ag'’NPs. In an 8 mL glass vial, 2.5 mL Au@Ag’NPs were diluted in 2.5 ml
of MilliQ H>O. Under stirring, 50 uL sodium citrate (15.4 mM) and 50 pL of AgNO; (10 mM)



were successively added. The additions were repeated 5 times (in total) with a waiting time of
2 minutes between two cycles of additions. Au@Ag"@AuNPs. In an 8 mL glass vial, 2.5 mL
Au@Ag'’NPs were added. Under stirring, 20 pL sodium citrate (15.4 mM) and 20 uL of
HAuCls (10 mM) were successively added. The additions were repeated 2 times (in total) with

a waiting time of 2 minutes between two cycles of additions.

Calix[4]arene functionalization. In an 8 ml glass vial, 2.5 mL of the appropriate Au@AgNPs
were added. Then, 25 uL of NaBH4 (100 mM) and 250 puL X4(N2")4 (5 mM) were successively
added. The mixture was stirred overnight at room temperature. The suspension was then
transferred in 1.5 mL Eppendorfs and 3 uL of NaOH 1M were added in each Eppendorf. The
Eppendorfs were then centrifugated at 2500 g for 15 minutes. The supernatant was discarded,
and the particles were resuspended in 5 mM NaOH solution. The cleaning cycle was repeated

twice and the particles were ultimately resuspended in MilliQ water.

Thiol functionalization. In a 1.5mL Eppendorf, 1 mL of Au@Ag NPs was mixed with 10 uL
HS-PEG-COOH (0.5 mM) and stirred overnight. The resulting NPs were then centrifugated at
2500 g for 15 minutes. The supernatant was discarded, and the particles were resuspended in a
5 mM NaOH solution. The cleaning cycle was repeated twice, and the particles were ultimately

resuspended in MilliQ water.

Bioconjugation of mAb. In a 1.5mL Eppendorf, 150 pL of the appropriate NPs-X4 were added
at an optical density=5. Then, 50 uLL MES (100 mM, pH 5.8), 60 uLL EDC.HCI (6 mM) and 60
pL Sulfo-NHS (10 mM) were added to the Eppendorf. The activation step was carried out for
1 hour before the tube was filled to 0.75 mL with MilliQ H>O and centrifuged at 2500 g for 15
minutes at room temperature. The supernatant was discarded, and the pellet was resuspended
in 150 pL phosphate buffer (5 mM, pH 8). Then, 10 pL of Anti-troponin I antibody (0.1 mg/mL
in 5 mM PB pH 8) were added, and the reaction mixture was stirred for 1 hour at room
temperature. Then, 600 pL of a solution of 1% BSA, 0.1% Tween 20 in 5 mM PB pH 8 were
added and the centrifuge tube was stirred for 3-5 minutes before being centrifuged for 15 min
at 2500 g. Afterwards, the supernatant was discarded, and particles were resuspended in 1 mL
of the solution 1% BSA, 0,1% Tween 20 in 5 mM PB pH 8 and once again, centrifuged. After
the last cycle, NPs were resuspended in 150 pL of 0.1% Tween 20 in 5 mM phosphate buffer
(pH 8). The resulting particles were stored at 4°C.

Assay procedure. In a well of a 96-well plate, 5 uL of the appropriate NPs-X4-mAb (OD=3)
were diluted in 40 pL of running buffer (1% BSA, 0.1% Tween 20 in 1x PBS). Then, 5 puL of
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the appropriate stock solutions of Troponin I were added to obtain final concentrations of 20,
10, 5, 2.5, 1 and 0 ng/mL. The mixture was incubated for 15 minutes to allow the formation of
the antibody-target complex and then, an anti-Troponin I half strip was immersed in the well.
Readout was achieved after 30 minutes and performed with 3 distinct observers. All observed
a positive signal down to 2.5 ng/mL for Au NPs-X4-mAb and 1 ng/mL for Au@Ag’NPs-Xa-
mAb and Au@Ag'*@AuNPs-Xs-mADb. Simultaneously, images of the strips were captured by

a camera and signal intensities were obtained using a reported procedure using ImageJ.*
Supporting information

UV-Vis spectra, TEM, EDX mapping images, DLS, FTIR spectra, predictive UV-Vis spectra
of Au@AgNPs, images of half-strip for troponin detection.
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