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Abstract: The development of efficient, reliable, and easy-to-use
biosensors allowing early cancer diagnosis is of paramount
importance for patients. Herein, we report a biosensor based on silver
nanoparticles functionalized by peptide aptamers for the detection of
a cancer biomarker, i.e. the Mdm2 protein. Silver nanoparticles
(AgNPs) were produced and stabilized with a thin PEGylated-
calix[4]arene layer that allows (i) the steric stabilization of the AgNPs
and (ii) the covalent conjugation of the peptide aptamers via the
formation of an amide bond. These peptide-conjugated AgNPs were
then used to detect Mdm2 via a dual trapping strategy that was
previously reported with gold nanoparticles (AuNPs). Our results
showed that replacing AuNPs by AgNPs allows to improve the
detection limit by nearly one order of magnitude, down to 5 nM, while
the high selectivity of the system and the stability of the particles
provided by the calixarene coating allow the detection of Mdm2 in
human serum.

Introduction

Cancer is a leading cause of death all around the world and
development of new tools for its early diagnosis is crucial. Today,
most of the cancer diagnosis are obtained via clinical imaging
techniques that are not adapted to early diagnosis.'™* In this
context, the use of biosensors to detect minute amount of cancer
biomarkers in biological fluids appears as a promising strategy for
the early diagnosis of cancer.!

The large majority of current medical diagnostic strategies target
protein biomarkersl®>7! and are based on the enzyme-linked
immunosorbent assay (ELISA).®l However, despite its high
sensitivity, this assay possesses significant drawbacks that limit
its use in point-of-care settings, such as high production costs,
complex procedures, and the need for trained operators.”” The
development of convenient, fast, cheap and sensitive methods
allowing to detect small variations in protein levels in biological
samples remains therefore of prime medical interest.

Due to their remarkable optical properties, systems based on
plasmonic nanomaterials appear as a valuable alternative

strategy for biomarker sensing. Plasmonic nanomaterials exhibit
indeed a localized surface plasmon resonance (LSPR) band that,
when falling in the visible region of the electromagnetic spectrum,
can be exploited for colorimetric sensing.l'"'? Besides, their
extinction coefficient is approximately three to four orders of
magnitude higher than that of any organic molecule.['*'¥ Gold
nanoparticles (AuNPs) represent the vast majority!' of the
particles used in plasmonic nanomaterials-based biosensors
because of their well-reported synthesis,['®l ease of surface
functionalization'-'! and good aqueous stability.?” Those
particles have been used for the sensing of a wide variety of
analytes®?" ranging from small molecules?>?% to proteins?*-21 and
nucleic acids.?®?°1 The most unambiguous detection signal is
obtained from the aggregation or redispersion of the particles in
presence of the analyte to detect. Aggregation of particles leads
indeed to a coupling between their surface plasmons and a
significant change in the extinction spectrum of the
suspension.%31 This strategy however requires functionalizing
the particles with ligands conferring them specificity for the
selected analyte. Antibodies are the most frequent targeting
ligands used with that objective.®233 However, the use of these
biomolecules suffers from some severe drawbacks due to their
large size that limits their number on a particle, reduces the LSPR
band coupling by imposing a large distance between the metallic
cores and renders their orientation at the particle surface difficult
to control. These biomolecules furthermore present stability
issues as well as large batch-to-batch variations.*-% To address
these problems, synthetic affinity probes such as peptide
aptamers have been considered in place of antibodies for the
detection of biomolecules.®”%8 In comparison to antibodies, these
are indeed far less expensive, easier to synthesize in a
reproducible way as well as to manipulate and to conjugate onto
surfaces with a controlled orientation. For this purpose, DNA and
peptide aptamers have been developed. If DNA aptamers are
widely used thanks to the SELEX procedure that allows to identify
DNA aptamers specific to almost any target molecule,®® peptide
aptamers show interesting properties, as the ability to use amino
acids with much more functional groups than nucleic acids, their
ease of synthesis and the possibility to identify their sequence
from proteins able to form complexes with the target.
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Mdm2 is a protein overexpressed in the early stages of the
carcinogenesis. Thus, detection of abnormal concentrations of
this oncoprotein would indicate the early formation of tumors that
could be subsequently treated in time.*” We recently developed
a detection strategy of Mdm2 that involves a dual trapping
mechanism: two sets of AuNPs bearing a different peptide
aptamer are used to recognize Mdm2 in a ternary complex, whose
formation induces the aggregation of the NPs.#"1 High selectivity
is ensured by the dual trapping mechanism, as a double
recognition of the protein Mdm2 is required to trigger the
aggregation. However, this system was based, as a vast majority
of systems reported in the literature, on citrate capped AuNPs
functionalized with peptide aptamers via a classical thiol
chemistry and was thus lacking the necessary colloidal stability to
work with biological samples.

From an optical sensing point-of-view, silver nanoparticles
(AgNPs) appear to be better candidates than AuNPs as
colorimetric reporters: for a given particle size, they exhibit an
extinction coefficient which is approximately one order of
magnitude higher than that of their Au counterpart.?? Silver
nanoparticles find many applications as Raman nanotags, in the
biomedical field,“3#4 but also in food safety and environmental
monitoring.*®!  In  particular, picomolar determination of
cytoplasmic and nuclear miRNAs in single living cells could be
achieved using a plasmonic affinity sandwich assay®’ or the
detection of cancer biomarkers achieved in spiked plasma
samples using dual molecularly imprinted polymer-based
plasmonic immune-sandwich assays.[*®!

Our work focuses on the use of AgNPs in colorimetric
aggregation-based assays, that presents the advantage of being
detectable with the naked eye or with inexpensive equipment. The
use of these assays with biological samples however represents
a great challenge, as the colloids should remain stable in these
complex environments in the absence of the target analyte. In this
context, colorimetric aggregation-based biosensors (involving
AgNPs) for the detection of a cancer biomarker in relevant
working conditions are barely reported in the literature.?l This
absence of attention to AgNPs compared to AuNPs, despite
better optical properties, is mainly due to their weak chemical
stability and the difficulty to manipulate and conjugate them with
biomolecules without leading to their degradation.’®*-%2 Indeed, if
stable AgNPs have been obtained with thick organic coatings
such as polymers®54 or plant extracts,®>% these AgNPs are
however not suitable for colorimetric aggregation-based
biosensors, as the interparticular distance in the aggregates
remains large and hinders LSPR coupling. Therefore, AgNPs
have mainly been reported for the simple detection of cationic
species, as Cu?" 1 Cr®*®8 or Ca®* (in the presence of
cysteine),® or small molecular species®. In most cases
however the receptor is immediately linked to the silver core by a
thiol and the development of such sensors requires a case-by-
case optimization of the silver nanoparticles functionalization
conditions.

In this context, we recently developed ultra-stable and
bioconjugable AgNPs coated with a thin layer of calixarenes!®'¢2
that represent a promising tool for the conception of
biosensors.l®*l These particles present excellent colloidal and
chemical stabilities, as well as long-term shelf stability. In the
continuity of our previous work on the colorimetric detection of the
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oncoprotein Mdm2," we thus envisioned that these calixarene-
coated AgNPs could advantageously replace the citrate-capped
AuNPs that were used to develop this previously reporter system.
This latter was based on the dual-trapping of the Mdm2 protein by
two sets of AuNPs functionalized with peptides aptamers
composed of the reported binding sequences of proteins p53©4
and p14® for the oncoprotein to which two cysteines were added
at the N-term and C-term extremities respectively to ensure their
attachment to the gold surface. This system proves to be selective
for Mdm2 while ensuring a detection at a concentration as low as
30 nM but was not sufficiently stable to allow detection with
biological samples.

Herein we report on the synthesis of ultra-stable silver
nanoparticles stabilized with a thin PEGylated-calixarene layer
(PEG-calix-AgNPs) and their covalent bioconjugation with peptide
aptamers. These functionalized AgNPs were used for the
detection of Mdm2 in human serum through a dual trapping
strategy (Figure 1), paving the way for their use with real clinical
samples.

f)t p53-peptide /‘H’ =pl4-peptide
‘ = Mdm2 O = PEG-calix-AgNPs

Figure 1. lllustration of the dual-trapping of Mdm2 by two sets of
AgNPs coated by PEGylated calixarenes (PEG-calix-AgNPs),
each conjugated to a peptide aptamer that recognizes a specific
site of Mdm2.

Results and Discussion

Synthesis of the peptide-silver nanoparticles conjugates
PEGylated calixarene-coated silver nanoparticles with a narrow
size distribution were synthesized by the reduction of silver nitrate

in the presence of a PEGylated calixarene-tetradiazonium salt
(PEG-calix-diazonium) via a recently reported procedure
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(Scheme 1) (see Experimental section for detailed procedure).3l
The calixarene used bears four PEG chains at the level of its small
rim with one ended by a carboxyl group that allows the
conjugation of peptides via the formation of an amide bond.% The
PEG coating was selected to prevent the non-specific adsorption
of endogenous proteins and, by stabilizing the particles sterically,
minimize their sensitivity to ionic strength when used with
biological samples.[®]

The colloidal and chemical stabilities of the resulting AGQNPs were
analyzed by absorption UV-Vis spectroscopy and compared to
traditional AgQNPs capped by citrate anions (citrate-AgNPs). It was
observed that PEG-calix-AgNPs were stable in physiological
conditions (pH 7, PBS 1x) and can be exposed to acidic
conditions (pH 3) or potassium fluoride (150 mM) for several
hours with only minor effects on colloidal stability and loss of
AgNPs (Figure S1). In strong contrast, classical citrate-AgNPs
can barely be centrifuged, not even once, and cannot endure
acidic condition or even short exposure to potassium fluoride.
These results confirm that the PEGylated calixarene layer,
despite being thin, confers a high stability to the particles and
allows to easily manipulate them (i.e. centrifugation or
conjugation). This high stability allows them to be suspended in
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human serum for hours without showing signs of degradation or
aggregation (Figure S2a). Furthermore, the PEG-calix-AgNPs do
not express any variation of their LSPR band even 6 months after
their synthesis (Figure S2b).

In a second step, the peptide aptamers were conjugated via the
standard EDC/Sulfo-NHS procedure to the carboxyl groups
protruding from the calixarene layer of the PEG-calix-AgNPs. Two
distinct batches of peptide-conjugated AgNPs were produced,
one with the p53 peptide aptamer (p53-PEG-calix-AgNPs) and
another with the p14 peptide aptamer (p14-PEG-calix-AgNPs)
(Scheme 1). After conjugation, the particles were cleaned with
sodium dodecyl sulfate (SDS) to remove the physiosorbed
peptides. The minimal interaction sequences reported in the
literature are colored in blue or red for p534 or p14,9
respectively (Scheme 1). It is worth mentioning that the N-terminal
extremity of the p14-peptide was acetylated in order to prevent its
conjugation to the NP surface via this functional group as the
interaction with Mdm2 is mainly due to the first 14 amino acids
present at the N-terminal extremity of the peptide. Similarly, the
side chain of the unique lysine residue of p53 was also protected.

p14-PEG-calix-AgNPs  p53-PEG-calix-AgNPs

PEG-calix-AgNPs
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Scheme 1. Preparation of the peptide-AgNPs conjugates. Amino acids sequences of the p53-peptide and the p14-peptide necessary

for the interaction with Mdm2 are labelled in blue or red respectively.
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Figure 2. (A) TEM images of the PEG-calix-AgNPs. Inset shows the size distribution obtained by measuring the size of 300 AgNPs.
(B) UV-Vis spectra of PEG-calix-AgNPs (black dashed line), p53-PEG-calix-AgNPs (blue plain line), p14-PEG-calix-AgNPs (red plain
line) and equimolar mixture of p53- and p14-PEG-calix-AgNPs (green plain line) suspended in water. Inset shows a picture of equimolar
mixture of p53- and p14-PEG-calix-AgNPs suspended in water (C) ATR-FTIR spectra of PEG-calix-AgNPs (black dashed line), p53-
PEG-calix-AgNPs (blue plain line) and p14-PEG-calix-AgNPs (red plain line).
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p53-PEG-calix-AgNPs  and  p14-PEG-calix-AgNPs  were
characterized by UV-Vis and FTIR spectroscopies (Figure 2b-c).
UV-Vis spectra of the peptide-conjugated AgNPs showed an
intense LSPR band that was slightly broader than the LSPR band
of PEG-calix-AgNPs. Mixing equimolar suspensions of the two
batches gave rise to a stable suspension with a golden yellow
color (Figure 2b, inset). It indicates that the two sets of particles
do not interact with each other, despite bearing oppositely
charged peptides. FTIR spectroscopy revealed the presence of
amides | and Il bands at 1650 and 1530 cm, respectively,
confirming the presence of the peptides on the particles. An
intense band corresponding to the PEG chains (COC stretching
at 1100 cm™') was also observed, indicating that the PEGylated
calixarene layer was not removed during conjugation or during the
subsequent cleaning steps (Figure 2c).

Mdm2 detection in buffer via the dual-trapping strategy

The detection of 30 nM of Mdm2 was first targeted as it was the
detection limit for the previously reported AuNPs-based
system.*l The addition of 30 nM Mdm2 to an equimolar
suspension of p53-PEG-calix-AgNPs and p14-PEG-calix-AgNPs
in Tris.HCI buffer led to a rapid increase of the absorbance at 560
nm and to a decrease of the one at 490 nm, which is a clear
signature of a DLCA type aggregation of the particles (Figure
3a).181 After 30 minutes, barely no evolution of the LSPR band
could be observed. The strong deformation of the LSPR band was
associated to a clear change of color of the suspension from
golden yellow to brown-orange, allowing naked eye detection
(Figure 3a, inset).

Various control experiments were run to verify that the
aggregation was indeed due to the selective double recognition of
Mdm2 by the two types of peptide-conjugated AgNPs. The level
of the aggregation was evaluated by measuring the ratios of the
absorbances at 560 nm and 490 nm and by comparing it to the
initial ratio of the p53-PEG-calix-AgNPs/p14-PEG-calix-AgNPs
suspension (A=Assonm/A4g0nm-A° s60nm/A490nm). NO aggregation of
the particles was observed when 30 nM of Mdm2 was added to
either p53-PEG-calix-AgNPs, p14-PEG-calix-AgNPs or PEG-
calix-AgNPs suspensions (Figure 3b).

It clearly shows that (i) peptide conjugation and (ii) double
recognition are mandatory to induce the aggregation. Besides,
addition of Tris.HCI buffer as well as blood concentration of BSA
(0.6 mM) did not induce any aggregation of the particles. The
latter experiment confirms that the PEG layer prevents the non-
specific adsorption of proteins (Figure 3c). Remarkably, no
aggregation of an equimolar suspension of p53- and p14-PEG-
calix-AgNPs was observed one hour after the addition of 50% of
human serum (Figure 3c). This result highlights the strong
robustness of the PEGylated calixarene-coated AgNPs in a
complex medium as well as the high selectivity of the sensing
system, as only Mdm2 seems capable of triggering the
aggregation of the nanoparticles. UV-Vis spectra of all these
control experiments can be found in the Supporting Information
(Figures S4 to S9). The limit of detection of the sensing system
was then determined by using different concentrations of Mdm2
(from 5 to 50 nM). The difference in the ratios of the absorbance
at 560 nm and 490 nm were measured for all the concentrations
and a linear relationship was obtained between 5 and 30 nM (R?
=0.9602) (Figure 4). This result shows the potential of this system
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as a quantitative colorimetric sensor for Mdm2 at a nanomolar
concentration. For concentrations above 30 nM, the sensing
system starts to saturate, and a plateau is reached. However,
naked eye detection is still possible. It is worth mentioning that
with this improved AgNPs-based system, the limit of detection
was decreased from 30 nM to 5 nM compared to the previous
AuNPs-based sensing system using similar detection conditions
(OD of the suspension).
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Figure 3. (A) UV-Vis spectra of equimolar suspension of p53-
AgNPs and p14-AgNPs in Tris.HCI buffer before and 5, 15, 30
and 60 minutes after the addition of 30 nM Mdm2. Inset: pictures
of an equimolar suspension of p53-AgNPs and p14-AgNPs before
(top) or after (bottom) the addition of 30 nM of Mdm2. (B)
AA .s60nm/A.490nm Of a suspension of PEG-calix-AgNPs or p14-
PEG-calix-AgNPs or p53-PEG-AgNPs or p14-PEG-calix-AgNPs
and p53-PEG-AgNPs before and 30 minutes after the addition of
30 nM of Mdm2. (c) AA.seonm/A.s90nm Of a suspension of an
equimolar suspension of p14-PEG-calix-AgNPs and p53-PEG-
AgNPs before and after the addition of Tris.HCI buffer, 600 uM
BSA in Tris.HCI buffer; 50% (vol.) of human serum or 30 nM
Mdm2 in 50% of human serum.
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Figure 4. AA.seonm/A.s90nm Of an equimolar suspension of p53-
PEG-calix-AgNPs and p14-PEG-calix-AgNPs as a function of the
concentration of Mdm2.

Mdm2 detection in human serum.

Finally, the detection of 30 nM Mdm2 was investigated in 50%
human serum instead of Tris.HCI buffer. Modifications of the
LSPR band of the particles were clearly observed upon addition
of Mdm2 (Figure 5). The ratio of absorbances was slightly lower
(~ 0.4 vs ~ 0.5) than what was obtained in buffer, indicating that
the double recognition of Mdm2 by the particles is only weakly
hindered when performed in a complex media such as human
serum. Again, this highlights the high specificity and robustness
of our sensing system. To our knowledge, it represents the first
example of a biosensor combining silver nanoparticles and
peptides aptamers that can detect a human cancer biomarker in
conditions mimicking a real biological sample.

—— human serum
- - = human serum + 30 nM Mdm?2

0.8 -

0.6 -

0 0
(Assonm ! Asoonm) — (As60nm / Asoonm)
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Figure 5. UV-Vis spectra of an equimolar suspension of p53-
PEG-calix-AgNPs and p14-PEG-calix-AgNPs after the addition of
either 50% human serum (black plain line) or 50% human serum
containing 30 nM of Mdm2 (black dashed line). Inset shows the
corresponding AA.s60nm/A.490nm.
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Conclusion

In this work, we used peptide aptamer coated silver nanoparticles
as a colorimetric sensor for the oncoprotein Mdm2.4 This
development was possible thanks to the remarkable stability
provided by the newly developed calixarene-based coating that
allows to covalently conjugate biomolecules on AgNPs and to
work in human serum without loss of colloidal stability.
Furthermore, the thinness of the coating combined with the small
size of the detection ligands (peptide aptamers) makes these
particles suitable for the elaboration of colorimetric sensors. Our
experiments show that calixarene-coated AgNPs functionalized
with peptide aptamers are capable of selectively recognizing the
Mdm2 protein. The dual trapping strategy is highly selective, as
only the presence of Mdm2 can trigger the aggregation of the two
sets of AgQNPs. Even when dispersed in human serum, the AgNPs
do not aggregate, indicating that the PEGyalted-calixarene layer
enables to maintain the particle colloidal stability in a complex
biological medium. We have demonstrated that using AgNPs
instead of AuNPs improves the limit of detection of the system by
almost one order of magnitude. To our knowledge, this is the first
time that AgNPs are functionalized with peptide aptamers and
used for the selective detection of a cancer biomarker in
conditions that mimic real testing conditions. We do believe that
this work could pave the way to the development of many other
biosensing systems based on AgNPs and a dual-trapping
strategy.

Experimental Section

General materials. AQNO3 were purchased from VWR Chemical
(Radnor, Pennsylvania). P53 and p14 peptides were ordered from
Eurogentec. Human serum (088HSER) was ordered from Zenbio
(New-York, NY). Sodium ascorbate, 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride (EDC) and N-
hydroxy-sulfosuccinimide (Sulfo-NHS) were ordered from Sigma-
Aldrich (Saint-Louis, Missouri). Sodium n-dodecyl sulfate were
purchased from Alfa Aesar (Kandel, Germany). The PEGylated
calixarene-tetradiazonium salt was synthesized according to
procedures reported in the literature.®”] Before use, all glassware
and Teflon-coated stir bars were washed with aqua regia (3:1
volume ratio of concentrated HCI and HNOs) and rinsed
thoroughly with water.

Caution! Although we have not encountered any problem, it is
noted that diazonium salt derivatives are potentially explosive and
should be handled with appropriate precautions. Aqua regia is
highly toxic and corrosive and requires proper personal protective
equipment. Aqua regia should only be handled in a fume hood.

Measurements. UV-Vis absorption spectra were recorded from
1000 to 300 nm at a 120 nm/min scan speed with a UV-Vis-NIR
spectrophotometer in disposable (PMMA) cuvettes with a 1 cm
optical path length at room temperature. Samples were
characterized by dynamic light scattering (DLS) with
backscattering (NIBS 173°). Measurements were performed at
25 °C using a refractive index of 1.54 for the gold nanoparticles.
AgNPs (20 L, A ~ 5) were dispersed in lichrosolv water to obtain
1 mL of AgNPs (A~0.1 nM) in disposable semi-micro cuvettes
(PMMA) and multiple (>5) DLS measurements were performed.
The reported values are the average hydrodynamic diameters
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obtained from three independent measurements using the Z
average as calculated by the Zetasizer software. Attenuated Total
Reflection Fourier-transform Infrared (ATR-FTIR) spectra were
recorded at 22 °C on a FTIR spectrophotometer equipped with a
liquid-nitrogen-cooled mercury—cadmium-telluride detector. The
spectrophotometer was continuously purged with dried air. The
AgNPs were deposited in solution on a germanium single-crystal
internal reflection element (triangular prism of 6.8 x 45 mm, with
an internal incidence angle of 45°), and the solvent was removed
with a flow of nitrogen gas. Bare germanium was used for the
background spectrum. Opus software (4.2.37) was used to record
128 scans with a nominal resolution of 2 cm™. Data were
processed and analyzed using the home written Kinetics package
in Matlab R2013a by subtraction of water vapor, baseline
correction, and apodization at 10 cm-1. Images of the AgNPs
were obtained with a Philips CM20-UltraTWIN Transmission
Electron Microscope (TEM) equipped with a lanthanum
hexaboride (LaB6) crystal at a 200kV accelerating voltage. The
average size and 95% confidence interval were determined by
measuring the size of more than 100 AgNPs.

Synthesis of PEG-calix-AgNPs. 150 uL of an aqueous solution
of AgQNOs (10 mM) were mixed with 575 L of lichrosolv water and
360 pL of an aqueous solution of PEGylated calixarene-
tetradiazonium salt (5 mM). The pH was increased to 7 through
the addition of an appropriate volume of NaOH 1M. Quickly after
this, 410 uL of an aqueous solution of sodium ascorbate (15 mM)
were added and the resulting solution was stirred for 16 hours at
60 °C. After ca. 10 minutes, a change of color of the solution can
be clearly observed, becoming yellow. The nanoparticles were
then washed through centrifugation. Briefly, the NPs were
centrifuged at 20,000g for 20 minutes, the supernatant was
removed and replaced by SDS 1% (mass.). This process was
repeated two times then two other cycles were performed with
replacement of the supernatant by pure water. Four cycles were
then performed in order to completely discard all the unreacted
reagents as well as small and non-coated particles. It is worth
mentioning that the first supernatant was yellow due to the
presence of small particles that do not precipitate in this
centrifugation conditions.

Conjugation of p53- and p14-peptide to PEGylated
calixarene-coated AgNPs. In a 1.5 mL Protein LoBind
Eppendorf, PEG-calix-AgNPs were diluted in MES buffer for the
p53-peptide (10 mM, pH 5.8) or in Borate buffer (20 mM, pH 9) for
the p14-peptide in order to reach a concentration of 1 nM in
nanoparticles (Abs. = 5) in a volume of 500 pL. To this, 10 pL of
an aqueous solution of EDC (6 mM) and 10 pL of an aqueous
solution of Sulfo-NHS (10 mM) were added. The resulting
suspensions were stirred at room temperature for one hour to
activate the carboxyl groups carried by the particles. After one
hour, 1 mL of pure water was added, and the particles were
centrifuged at 20.000g for 20 minutes, the supernatant was
discarded and replaced by 450 uL of pure water. Ultrasonication
could be necessary to resuspend the particles but was not
systematically performed. Finally, an appropriate volume of the
peptide aptamer (either p14 or p53) was added in order to reach
5000 equivalents per particle and the final solution was stirred for
4 hours at room temperature. The particles were then cleaned
from excess of reagents and adsorbed peptides via centrifugation
cycles. One cycle involving replacement of the supernatant with
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SDS 1% in mass to ensure the removal of adsorbed peptides was
performed, followed by 2 cycles with pure water to discard any
residual reactant.

Mdm2 detection in buffer. In a Protein LoBind Eppendorf, 6 pL
of a suspension of p53-PEG-calix-AgNPs (Abs. = 5) were mixed
with 6 uL of a suspension of p14-PEG-calix-AgNPs (Abs. = 5) and
108 pL of Tris.HCI. A UV-Vis spectrum of the resulting suspension
was recorded. To this, an appropriate volume of Mdm2 (250 nM,
Tris.HCI) was added in order to obtain the final desired Mdm2
concentration and a UV-Vis spectrum was recorded after 30
minutes.

Mdm2 detection in human serum. In a Protein LoBind
Eppendorf, 6 uL of a suspension of p53-PEG-calix-AgNPs (A=5)
were mixed with 6 pL of a suspension of p14-PEG-calix-AgNPs
(A=5) and 108 pL of Human serum. To this, an appropriate
volume of Mdm2 (250 nM, Tris.HCI) was added in order to obtain
the final desired Mdm2 concentration and 30 minutes later, the
resulting suspension was centrifuged in order to remove the
human serum and a UV-Vis spectrum was recorded and
compared to the initial one of the particles.
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Dual-trapping strategy Colorimetric sensing in serum

Peptide aptamer

Silver nanoparticles (AgNPs) coated with PEGylated calixarenes and conjugated to peptide aptamers were used for the colorimetric
detection of Mdm2 in human serum via a dual-trapping strategy. The calixarene-based coating, despite its low thickness, provides a
remarkable stability to particles. AgNPs allow to improve the limit of detection by almost one order of magnitude compared to similar
system based on gold nanoparticles. This study highlights the interest of calixarene-AgNPs for the development of colorimetric
Sensors.
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