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This study introduces an innovative plasmon-mediated strategy for the surface functionalization of colloidal
gold nanoparticles (AuNPs) through the reductive grafting of calix[4larene-based tetra-diazonium salts
under pulsed laser irradiation. By exploiting the localized surface plasmon resonance (LSPR) of AuNPs, the
diazonium salts were efficiently grafted onto the nanoparticle surface without the use of external reducing
agents or photocatalysts. Optimization of experimental parameters, such as irradiation wavelength, power,
and reaction time, enabled rapid and robust functionalization while minimizing nanoparticle degradation.
Mechanistic studies confirmed that both hot electron generation and localized photothermal effects
contribute to the grafting process, while surface analyses confirmed a denser calix[4]larene coating for the
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Accepted 10th November 2025 calix[4]arene derivatives yielding densely packed, highly stable organic shells. Compared to conventional
chemical reduction, this laser-assisted approach significantly reduces reaction time and reagent

consumption. Overall, the method provides a fast, efficient, and versatile strategy for the covalent
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Introduction

Plasmonic noble metal nanoparticles (NPs) exhibit
remarkable optical properties due to the localized surface
plasmon resonance (LSPR) phenomenon." As a result,
plasmonic NPs, particularly gold nanoparticles (AuNPs), have
found numerous applications in the biomedical field,
including in vitro diagnostic, drug delivery, and
phototherapy.>™ In organic synthesis, the photocatalytic
activity of plasmonic NPs is particularly valuable for
enhancing reaction yields.*” Upon photoexcitation, NPs can
act as heat generators or electron reservoirs, enabling the
catalysis of various chemical reactions such as dihydrogen
dissociation and CO oxidation.®*® In 2018, the ability of
polyvinylpyrrolidone (PVP) coated-AuNPs to generate “hot
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functionalization of plasmonic nanoparticles in suspension.

electrons” under continuous laser irradiation was evidenced
by the reduction of Fe*" complexes." Beyond their
applications, the optical properties of NPs can also be
exploited for their synthesis or reshaping.'”> For instance,
laser-induced synthesis of AuNPs from AuCl,” salts and laser-
assisted reduction of particle dispersity have been reported."?

Functionalization of plasmonic NPs by organic ligands is
often essential for ensuring their colloidal stability or
tailoring their properties for specific applications. In the case
of AuNPs, commonly used ligands include carboxylates,
amines, phosphine derivatives and the widely used thiol
derivatives."*'® Although thiol-based ligands strongly links
with or to gold, the S-Au bond remains labile, making them
susceptible to detachment in the presence of competing
thiols or under thermal conditions."®'” An alternative
strategy for AuNPs functionalization involves aryl diazonium
salts.'® Upon reduction, these salts generate the
corresponding aryl radical species that form strong and
irreversible Au-C bonds with gold surfaces.'® In this context,
tetra-diazonium salts based on a calix[4]arene platform have
been shown to be particularly effective for the
functionalization of AuNPs and AgNPs, yielding ultra-stable
and bio-conjugable monolayers.>*>> Moreover, by adjusting
the ratio of two distinct calixarene tetra-diazonium salts, the
composition of mixed layers can be controlled.**** Over the
past five years, ultra-stable calixarene-based AuNPs and
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AgNPs have been applied to the colorimetric detection of
biomolecules in solution or in lateral flow assays, delivery of
nucleic acids in cells, the immunolabelling of cancer,
photothermal therapy, the recovery of precious metals, and
oxygen reduction reaction electrocatalysis.>?>*>°

Despite extensive research on plasmonic NPs, the use of
their photocatalytic activity as a tool for their surface
functionalization has been scarcely investigated with few
examples using iodonium salts or aryl diazonium salts as
grafting agents.***' While the photochemical grafting of
classical diazonium salts on surfaces has been reported, it
usually required the use of a Ru photocatalyst to supply the
electrons necessary for reduction.®® The direct grafting of
salts by UV irradiation has however been
demonstrated on metallic surfaces.*® The grafting of aryl
films derived from diazonium salts on gold lithographic
nanostripes has been described upon plasmon excitation.**
This approach enables regioselective functionalization of (an)
isotropic structures such as nanodiscs, nanorods or
nanotriangles.*>*® However, these studies have focused
exclusively on nanostructures deposited on solid substrates
(e.g. indium tin oxyde, glass) or lithographed patterns,
limiting their potential applications, particularly in in vivo
drug delivery or phototherapy. To the best of our knowledge,
no studies have explored this approach, combining
diazonium salt chemistry with plasmon excitation, for NPs in
suspension, likely because the functionalization of colloidal
NPs requires additional precautions to maintain their
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stability during the process. Plasmon-induced
functionalization of colloidal nanoparticles with diazonium
salts could offer several advantages over conventional
chemical reduction methods. Notably, this approach may
require lower amounts of diazonium salts, as the reduction
occurs in close proximity to the NP surface, thereby
minimizing uncontrolled polymerization of aryl radicals in
solution.”” Additionally, plasmon-driven functionalization
could enable faster and/or regioselective modification of NPs,
a benefit previously demonstrated for surface-deposited
NPs.*

Herein, we present the development of an innovative
plasmon-mediated procedure for the efficient
functionalization of colloidal gold nanospheres with calix[4]
arene tetra-diazonium salts.

Results and discussion

Development of the plasmon-mediated functionalization
procedure using calix[4]arene tetra-diazonium salt
X4(PEG)4(N,"),

To assess the feasibility of the plasmon-mediated
functionalization approach, we used a known calix[4]arene
tetra-diazonium salt*® bearing four oligoethylene chains on
the small rim, namely X,(PEG)4(N,"); (Fig. 1A). Pulsed laser
irradiation of 17 nm AuNPs-citrate was performed in
presence of X,(PEG),(N,"); at 520 nm, corresponding to the
LSPR maximum wavelength (LSPR Z,,.). Note that diazonium
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Fig. 1 (A) Photo-mediated grafting of X4(PEG)4(N,*); on AuNPs-citrate. The parameters that have been optimized (N, C, Z, X and Y) are indicated
in green. (B) Left: Absorbance ratios (lmax/4700 nm) Of AUNPs-X4(PEG), after 60 min in the presence of KF as a function of irradiation time. Right:
UV-vis spectra in water of AUNPs-X4(PEG), functionalized under 20 minutes of irradiation, before KF addition (black line) and after 60 min in 0.3 M
KF (red dashed line). Experimental details: citrate—~AuNPs (6 nM) in presence of 0.6 mM citrate; 70 000 eq. of X4(PEG)4(N>")4/AuNP; 7, = 5-20 min;
Jirr = 520 NM; Payerage = 250 mW (delay: 205 ps); final pH = 6.5 + 0.5; stirring. (C) UV-vis spectra in water of AuNPs-citrate, before KF addition

(black line) and after 60 min in 0.3 M KF (red dashed line).
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salts do not absorb in the visible spectral range, preventing
their photoreaction under the conditions used in this study.
All grafting experiments were conducted in water at pH 6.5 in
presence of free citrate at room temperature (rt). This pH was
chosen because AuNPs-citrate exhibit poor stability at pH <
6.5, while diazonium groups are unstable under basic
conditions, readily forming diazoate groups that
subsequently decompose into their corresponding radical
species.***® The following experimental parameters were
optimized to enhance the grafting efficiency of the tetra-
diazonium salt: irradiation time (), laser output power (P),
as well as the concentration of free citrate, AuNPs-citrate, and
X4(PEG),(N,"),. After each grafting experiment, the resulting
functionalized particles (AuNPs-X,(PEG),) were purified
through four centrifugation cycles in water and stored at
room temperature. The density of the organic ligand shell
surrounding the AuNPs was evaluated using a simple and
reliable stability test based on potassium fluoride
treatment.*" This assay monitors particle aggregation via UV-
vis spectroscopy one hour after the addition of 0.3 M KF.
Significant aggregation indicates a low ligand density,
whereas the absence of aggregation suggests a densely
grafted ligand shell. The extent of aggregation was quantified
using the absorbance ratio A(Ayax)/A(700 nm), which
decreases as particles aggregate. This fluoride-based stability
assay provided valuable insights into the key parameters
required for efficient photo-assisted functionalization of
AuNPs with calix[4]arenes. As a control experiment,
functionalization of AuNPs-citrate by X,(PEG)4(N,"); was first
evaluated at pH 6.5 without any laser irradiation. Irreversible
aggregation of the resulting nanoparticles occurred during
the cleaning cycle, indicating poor surface coverage (Fig. S1).
As shown in Fig. 1B, the resistance against fluoride of
AuNPs-X,(PEG), increased with irradiation time, reaching a
plateau after 15 minutes. In strong contrast to AuNPs-citrate,
the UV-vis spectrum of AuNPs-X,(PEG), obtained after 20
min of irradiation showed no aggregation in the presence of
fluoride (Fig. 1B vs. C). Only a slight decrease in absorbance
was observed (Fig. 1B), likely due to weak adsorption of the
PEG chains from the grafted calixarenes onto the cuvette
walls.** Unlike classical ligand-exchange processes (Fig. S2),
the functionalization efficiency was unaffected by the citrate
concentration (from 0.05 mM to 1.2 mM).*>** Given the high
optical absorption of AuNPs, the initial concentration of
AuNPs-citrate proved to be a crucial parameter. Efficient
grafting was only achieved at concentrations below 6 nM,
corresponding to an absorbance of approximately 3 for 17
nm AuNPs (Fig. S3). At higher concentrations, grafting
efficiency decreased, likely caused by the excessive light
absorption of AuNP suspension. Interestingly, the amount of
X4(PEG)4(N,"),; could be reduced to 40 000 eq. per NP without
any changes in the stability of the NPs (Fig. S4), requiring
substantially fewer reagents than the 100000 equivalents
typically required for classical chemical reduction with
NaBH,.>' Finally, the laser output was found to be a crucial
factor, with optimal grafting achieved at the maximum

© 2025 The Author(s). Published by the Royal Society of Chemistry
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power, i.e. P =250 mW. Lower power settings resulted in poor
functionalization efficiency (Fig. S5).

A progressive decrease in absorbance was observed during
the irradiation experiments. To investigate this effect, real-
time UV-vis spectroscopy was used to monitor the grafting of
X4(PEG)4(N,"), onto AuNPs-citrate under 520 nm laser
irradiation at different time points (Fig. 2A). A decline in
absorbance, accompanied by a hypsochromic shift (from 523
to 516 nm) suggested a NP size reduction. Prolonged
irradiation (>20 min) resulted in extensive size reduction,
preventing most AuNPs from being recovered by
centrifugation. Such a modification of AuNPs upon laser
irradiation has been previously reported** and has been
attributed to complex multistep fragmentation pathways,
accompanied by solution-mediated etching and growth
processes.*>*® To mitigate this effect, different irradiation
wavelengths (1, = 450, 480, 518, 600, and 710 nm) were
tested to reduce light absorption by shifting excitation away
from the LSPR . (Fig. 2B). A clear correlation was observed
between the irradiation wavelength, and the extent of the
absorbance loss, as evidenced by naked eye inspection of the
resulting suspensions (Fig. 2C). Samples irradiated at 710
and 600 nm were subjected to a KF test to determine whether
irradiation at these wavelengths still enabled the reductive
grafting of the calix[4]arenes onto the particle surfaces.
Irradiation at 710 nm resulted in minimal absorbance
decrease (Fig. 2D) but produced poorly functionalized AuNPs
(Fig. S6). The best balance was achieved at 600 nm, which
significantly reduced absorbance loss compared to
irradiation at LSPR /nyax (Fig. 2D) while yielding AuNPs-
X,4(PEG), with excellent robustness (Fig. 2E). TEM images of
AuNPs-X,(PEG), functionalized under irradiation at these
two wavelengths were recorded (Fig. 2F). Compared to the
initial size of AuNPs-citrate (17.0 nm) (see Fig. S7 for TEM
images and size distribution of AuNPs-citrate before
irradiation), the images confirmed a more pronounced size
reduction of the NPs obtained under irradiation at the LSPR
Amax (11.3 + 1.5 nm) compared to 600 nm irradiation (13.8 +
1.4 nm).

It is noteworthy that the presence of calix[4]arenes on the
surface of the nanoparticles functionalized under irradiation
at 600 nm was confirmed through infrared spectroscopy, with
typical bands belonging to the calix[4]arene core and oEG
groups at 1466 cm ' (Cx—Cy, ting stretch) and 1102 cm™
(asymmetric COC stretching from the 0EG chains),
respectively (Fig. S8). Based on this first set of experiments,
the optimized conditions were established as follows:
[AuNPs-citrate] = 6 nM, [X,(PEG),(N,"),] = 40000 eq./NP,
[citrate] = 0.015-1.15 mM, A;, = 600 nm, 7, = 20 min, P = 250
mW, pH = 6.5, at rt (see Table S1 for the list of conditions
that were evaluated during this optimization process).
Compared to the conventional chemical reduction
procedures we have previously reported,’” these conditions
offer significant advantages: the required amount of
calixarene-tetradiazonium salt is reduced by half, and the
grafting process is considerably faster (15-20 min vs. 16 h for
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Fig. 2 (A) Spectrophotometric monitoring of the laser induced-grafting at 520 nm of X4(PEG)4(N;*)4 onto AuNPs-citrate. UV-vis spectra were
recorded with 5 min timelapse over 20 min of laser irradiation. (B) Position of the tested irradiation wavelengths on the absorbance spectrum of
the AuNPs. (C) Picture of the various suspensions obtained at different irradiation wavelengths (the suspensions have been diluted 4 times). (D)
UV-vis absorbance spectra of AuNPs-citrate before irradiation (black), AUNPs-X4(PEG), after 20 min under 450 nm (blue), 480 nm (cyan), 518 nm
(green), 600 nm (dark red) or 710 nm (red) laser irradiation. (E) UV-vis absorption spectra of AUNPs-X4(PEG)4 obtained by laser induced-grafting at
600 nm, before KF addition (black line) and after 60 min in the presence of 0.3 M KF (red dashed line). (F) TEM image and size distribution
(obtained by measuring the size of at least 150 particles) of AUNPs-X4(PEG),; functionalized under irradiation at 520 nm (top) and at 600 nm

(bottom). Experimental details: P = 250 mW, 7, = 20 minutes, stirring.

the chemical reduction method). It is worth mentioning that

parameters such as temperature, pH and diazonium
concentration influence the kinetics of the chemical
functionalization. The conditions reported here were

optimized to maximize the robustness of the resulting
suspensions rather than the reaction rate.

Investigation of the grafting mechanism

Upon pulsed laser excitation, AuNPs can simultaneously
generate hot electron and induce a temperature increase of
their metallic core.*>*® Both effects could contribute to the
grafting of the tetra-diazonium salt. To gain insight into the
grafting mechanism, AuNPs-citrate (6 nM) were irradiated at
520 nm and 600 nm (z;;; = 10 min, P = 250 mW, pH = 6.5, at
rt) in the presence of K3[Fe(CN)s] (0.25 mM)j The photo-

+ A Fe** concentration of 0.25 mM was chosen, as it provides a tenfold excess of
the electrons required to reduce a sufficient amount of diazonium salt to fully
functionalize the surface of the AuNPs.

RSC Appl. Interfaces

assisted generation of electrons was monitored using UV-vis
absorption spectrophotometry by tracking Fe®* reduction.
Indeed, Fe** exhibits a characteristic absorbance band at 419
nm (with an extinction coefficient of 1050 M™" cm™), while
its reduced form, Fe®*', does not absorb in the visible
spectrum.'’ A significant decrease in absorbance at 419 nm
was observed for both irradiation  wavelengths
(Fig. 3A and B). After 10 minutes of irradiation, 71% and
62% of Fe’" was reduced to Fe** upon photoexcitation at 520
nm and 600 nm, respectively. In contrast, no Fe** reduction
was detected under irradiation in the absence of AuNPs or
without irradiation (Fig. S9 and $10), confirming that the
reduction originated from electron generation by
photoexcited AuNPs. Note that in the absence of Fe’', a
decrease of the AuNPs absorbance was observed upon
irradiation but no decrease was observed at 419 nm (Fig.
S11). Additionally, post-irradiation temperature increases of
10 and 11 °C were measured for the suspensions irradiated
at 520 nm and 600 nm, respectively. These values are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spectrophotometric monitoring of ferricyanide [Fe(CN)el*
(0.25 mM) reduction photocatalyzed by AuNPs-citrate (3 nM) under
250 mW laser excitation, at pH = 6.5 and continuous stirring. Time-
series of UV-vis spectra are shown over 10 min of laser irradiation
for two different irradiation wavelengths: (A) %, = 520 nm (B) J;, =
600 nm.

consistent with previous reports.i All these data suggest that
the laser-induced grafting of X,(PEG)4(N,'),; onto AuNPs-
citrate could occur via hot electron generation and/or thermal
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efficiency and temperature rise observed for both irradiation
wavelengths confirm that excitation at 600 nm is preferable,
as it minimizes NP size reduction while maintaining effective
functionalization.

Samples prepared either by irradiation at 600 nm and
by chemical reduction were analysed by XPS and SERS to
confirm the successful grafting of the tetra-diazonium salt.
XPS analysis revealed marked differences in the surface
chemistry of the AuNPs-X,(PEG), samples, depending on
the grafting strategy. The XPS survey spectra show an
increased carbon signal intensity relative to gold after laser-
induced functionalization, compared to chemical reduction
(Fig. 4). The pronounced attenuation of the Au signal
observed following laser-induced grafting compared to
chemical reduction indicates a more extensive organic
coverage, suggesting a higher grafting efficiency.
Interestingly, the high-resolution C 1s, O 1s, and N 1s
spectra remain nearly identical for both grafting strategies,
indicating that the X,(PEG), moieties are not chemically
altered upon laser irradiation. In contrast, the Au 4f high-
resolution spectra show a pronounced modification,
characterized by a clear splitting of the 4f doublet after
laser-induced grafting. Specifically, the Au 4f spectrum

decomposition.**®  Furthermore, the similar reduction  recorded after chemical grafting exhibits a single pair of
(a) Chemical functionalization
Element [At. % C1s c-c/c=C Au 4f
Au 3.5 O1s
c 67.5
~|lo 263 Cils 35 35
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Fig. 4 XPS survey spectra and high-resolution C 1 s and Au 4f spectra of AuNPs-X4(PEG), prepared by (a) chemical or (b) laser-induced

functionalization. Inset tables report the atomic compositions.
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Fig. 5 Average SERS spectra of AuNPs-X4(PEG), prepared by (a)
chemical or (b) laser-induced functionalization.

peaks at 83.5 eV and 87.2 eV (Fig. 4a), assigned to the Au
4f,, and Au 4fs, components of metallic gold (Au®). After
laser-induced grafting, an additional pair of peaks appears
(Fig. 4b), attributable to oxidized gold species (Au’) with
binding energies of 84.5 eV and 88.1 eV. This partial
oxidation could arise from photoinduced charge transfer
processes between gold and X4(PEG)4(N,"),;, promoted by
the local electromagnetic fields generated during laser
irradiation of the AuNPs.

The SERS spectra of the AuNPs-X,(PEG), samples
confirmed the successful coating of the AuNPs with the
calix[4]arene layer. Characteristic vibrational features from
both the aryl rings (W (C=C) at 1590 cm ') and the
oligo(ethylene glycol) chains (symmetric and antisymmetric
¥(C-H) at 2880 and 2940 cm™', CH, wagging at 1280 cm ",
and v(C-O) at 1150 cm™') were clearly observed (Fig. 5).
Although the overall spectral profiles remained similar
regardless of the grafting strategy, the averaged spectra
recorded over the entire surface of the deposited drops
revealed a higher overall intensity for the laser-induced
grafting, suggesting a more efficient surface coverage, in
agreement with the XPS results.

0,4

O~ °~
o
w

HOOC COOH &
HoOC ( ) GooH 3 o
00 38
“Jer § 02
o
<
0,1
+
N2
X4(COOH)4(N2")4 Aryl(PEG)N," 0

View Article Online

RSC Applied Interfaces
Extension to other diazonium salts

Finally, we explored whether the optimized laser-induced
functionalization protocol could be extended to other
diazonium salts. To this end, two additional systems were
selected: a calix[4Jarene tetra-diazonium salt bearing four
carboxyl groups on the small rim (X4(COOH),(N,"),) and a
pegylated aryl diazonium salt (aryl(PEG)N,") (Fig. 6A). Pulsed
laser irradiation of 17 nm AuNPs-citrate in the presence of
X4(COOH),(N,")4 under the optimized conditions (vide supra)
resulted in efficient functionalization. The presence of
calix[4]Jarenes on the surface of the resulting AuNPs-
X,(COOH), was confirmed through infrared spectroscopy,
with characteristic peaks at 1604 cm™" (CO, Vasym) and 1459
em™ (Ca~Cyr ring stretch) (Fig. S12). These particles
exhibited a remarkable stability in the fluoride-based assay,
indicating a dense organic shell on the AuNP surface
(Fig. 6B). For comparison, a batch of AuNPs-X,(COOH), was
also prepared using the classical procedure with NaBH, as
reducing agent.”” While both approaches yielded particles
with similar fluoride stability (Fig. 6B vs. C), it is noteworthy
that the laser-induced functionalization was significantly
faster (20 min vs. 16 h) and required only half the amount of
calixarene diazonium salt.

In contrast, functionalization with the aryl(PEG)
diazonium salt led to particles with much lower stability in
the fluoride assay, regardless of whether laser-induced or
chemical grafting was used (Fig. S13). Nonetheless, slightly
improved stability was observed for the nanoparticles
produced via the laser-induced method. This reduced
stability can be attributed to the nature of the aryl
diazonium-derived coating, which is known to form loosely
bound, cauliflower-like polymeric layers.”’ In comparison,
calix[4]arene-based diazonium salts inherently prevent such
uncontrolled polymerization due to their macrocyclic
structure. Moreover, each grafted calix[4]arene is able to
anchor to the nanoparticle surface through multiple covalent
bonds, resulting in highly robust and densely packed organic
layers.

Laser-induced (o] Chemical
functionalization functionalization
0,4
AuNPs-X,(COOH), AuNPs-X,(COOH),
+ 0.3M KF, 1h + 0.3M KF, 1h
0,3 1

Absorbance
o
N

o
PN
L

300 400 500 600 700 800

0 T T " -
300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Fig. 6 (A) Structures of X4(COOH)4(N,")4 and aryl(PEG)N,*. UV-vis absorption spectra in water of AuUNPs-X4(COOH), functionalized by the laser-
induced procedure (B) or the reported chemical procedure (C), before KF addition (black) and after 60 min in 0.3 M KF (red dashed line).
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Conclusion

We have developed a novel plasmon-mediated strategy for
the rapid and efficient functionalization of colloidal gold
nanoparticles using calix[4]arene-based tetra-diazonium salts
under pulsed laser irradiation. By leveraging the localized
surface plasmon resonance of AuNPs, our method enables
reductive grafting without the need for chemical reducing
agents or photocatalysts. While irradiation at the LSPR
maximum (520 nm) induced nanoparticle
fragmentation due to intense localized heating, shifting the
irradiation wavelength to 600 nm significantly reduced
particle size reduction while maintaining efficient surface
functionalization. The optimized functionalization process
was shown to be both time- (<20 min) and resource-efficient,
requiring significantly lower amounts of diazonium salt
compared to conventional chemical methods. Mechanistic
investigations confirmed that the grafting proceeds via a
combination of hot electron generation and/or localized
heating. Both SERS and XPS surveys confirmed the presence
of a calix[4]arene layer on the particles, with a denser coating
observed following laser-induced functionalization. The
versatility of the method was demonstrated through its
successful achievement on two structurally distinct calix[4]
arene-based diazonium salts, with superior grafting
performance relative to classical aryl diazonium salts. Overall,
this plasmon-assisted approach appears as particularly
promising for the robust and scalable surface modification of
colloidal plasmonic nanoparticles, opening new avenues for
applications in nanomedicine, sensing, and catalysis.
Ongoing work aims to expand this strategy to other types of
plasmonic nanomaterials.

severe

Experimental section

Synthesis of aryl diazonium derivatives and gold
nanoparticles

The synthesis of aryl(PEG) diazonium, X4(PEG)4(N,"), and
X4(COOH),(N,"), were achieved according to previously
reported procedures.’**® AuNPs-citrate were synthesized by
the reduction of KAuCl, with citrate using a modified
Turkevich method and dialyzed against a 1 mM solution of
sodium citrate.>> TEM characterization showed mainly
spherical AuNPs with an average core diameter of 17.0 nm.
Aqueous solutions were prepared either in Millipore or in
Lichrosolv water.

Fe*" reduction experiments

In a 4 mL PMMA-cell, 1000 pL of citrate gold nanoparticles
(2-3 nM with 0.5 mM citrate) and 24 pL of K3[Fe(CN)s] (10
mM) were added successively. Then, the colloidal suspension
was irradiated with the laser (delay = 205 us) at the
appropriate wavelength (520 nm or 600 nm depending on the
experiment) for 0, 5 and 10 minutes under stirring. UV-vis
absorption spectra of the suspension were recorded for each
irradiation time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Optimized laser-induced grafting procedure

AuNPs-citrate (17 nm, 600 puL, 10 nM, 7 pmol) were placed in
4 mL PMMA cell with a 4 mm stir bar. 400 pL of H,O
Lichrosolv and 5 pL of NaOH 0.5 M were added. Then, a
solution of calix[4]arene (60 pL, 5 mM, 0.3 pumol) was added
over 1 min (pH value of 6.5 + 0.5 after the addition). The cell
was irradiated for 20 minutes upon pulsed laser (delay = 205
ps, 250 mW) at 600 nm, after which the stir bars were
removed, and water (500 pL) was added. The samples were
transferred into a 1.5 mL Protein LoBind Eppendorf and
centrifuged for 20 min at 18000g, after which the
supernatant was removed and the AuNPs were resuspended
in H,O0. This process was repeated three times with
Lichrosolv water (1.5 mL). At the end of the final cycle, the
AuNPs were suspended in water (600 pL) and stored at room
temperature for further characterization.

Control experiment: grafting procedure without any laser
irradiation

AuNPs-citrate (17 nm, 600 pL, 10 nM, 7 pmol) were placed in
4 mL PMMA cell with a 4 mm stir bar, and 400 pL of H,O
Lichrosolv was added and 5 puL of NaOH 0.5 M. Then a
calixarene solution (60 puL, 5 mM, 0.3 umol) was added over 1
min. After the addition, the pH should reach a value: 6.5 +
0.5. The mixture was stirred for 20 minutes, after which the
stir bars were removed, and water (500 pL) was added. The
samples were transferred into 1.5 mL Protein LoBind
Eppendorf and centrifuged for 20 min at 18 000g, after which
the supernatant was removed and the AuNPs
resuspended in H,O. This process was repeated three times
with Lichrosolv water (1.5 mL). At the end of the final cycle,
the AuNPs were suspended in water (600 pL) and stored at
room temperature for further characterization.

were

Chemical grafting procedure

AuNPs-citrate (17 nm, 600 pL, 10 nM, 7 pmol) were placed in
4 mL PMMA cell with a 4 mm stir bar. 400 pL of H,0O
Lichrosolv, 5 uL of NaOH 0.5 M and 10 uL of NaBH, 0.1 M
were added successively. Then, a solution of calix[4]arene (60
pL, 5 mM, 0.3 pmol) was added over 1 min (pH value of 6.5 +
0.5 after the addition). The mixture was stirred for 16 h, after
which the stir bars were removed, and water (500 pL) was
added. The samples were transferred into 1.5 mL Protein
LoBind Eppendorf and centrifuged for 20 min at 18000g,
after which the supernatant was removed and the AuNPs
were resuspended in H,O. This process was repeated three
times with Lichrosolv water (1.5 mL). At the end of the final
cycle, the AuNPs were suspended in water (600 pL) and
stored at room temperature for further characterization.

Stability against fluoride test'

A first UV-vis absorption spectrum of AuNPs was recorded
after the functionalization with a diazonium salt (cleaning
step included). Then, the resulting functionalized AuNPs
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were exposed to 0.3 M of potassium fluoride (KF) for 60
minutes. After this period of exposure, a second UV-vis
spectrum was recorded. By comparing the ratio of the
absorbance at 680 nm and 520 nm before and after the KF
addition, it was possible to evaluate the level of nanoparticles
functionalization. Densely functionalized nanoparticles
present no or few variations after the KF addition while partly
functionalized nanoparticles present variations proportional
to their level of functionalization.

Characterization measurement

Electronic UV-vis absorption spectra were recorded with a
Shimadzu UV3600 spectrophotometer in disposable semi-
micro cuvettes (PMMA). AuNPs were diluted by a 5 factor in 1
mL aqueous solution, except if specified. ATR-FTIR spectra
recorded at 20° Cona Bruker Equinox 55
spectrophotometer equipped with a liquid-nitrogen-cooled
mercury-cadmium-telluride (MCT) detector. The gold
nanoparticles were centrifugated and 2 pL of AuNPs “bottom”
was deposited on a germanium internal reflection element
(triangular prism of 6.8 x 45 mm?® with an internal angle of
incidence of 45°, ACM France) and the water was removed
with a flow of nitrogen gas. Opus software (4.2.37) was used
to record 128 scans with a resolution of 2 cm™ under a
continuous flow of nitrogen gas over the sample. Data were
processed and analysed using the kinetics software in
MatLab 7.1 (Mathworks Inc., Natick, MA) by the subtraction
of water vapour, baseline correction, apodization at 4 cm ™,
and flattening of the CO, signal. Finally, the spectra were
normalized at 1459 cm™" (aromatic ring stretching band from
the calixarenes) to compensate for variations in the number
of AuNPs present on the spot at the Ge crystal where the
measurement was performed. Images of the AuNPs were
obtained with a Philips CM20-UltraTWIN 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 150 AuNPs. The pulsed laser
is an Nd:YAG (Q-switched, Continuum Inc.) corresponding to
neodymium doped yttrium aluminium garnet. This crystal is
excited with a flashlight and produced radiation at 1064 nm.
This radiation goes through a frequency multiplicator, which
produces 2 radiations: at 532 nm and at 355 nm. The
radiation at 355 nm can pass through an oscillator (OPO,
continuum Inc.) that allows to produce laser irradiation
wavelength in the range of 410-710 nm.

XPS analyses were carried out using an Omicron Argus
X-ray photoelectron spectrometer, equipped with a
monochromated Al Ko radiation source (hv = 1486.6 eV) and
a 280 W electron beam power. Photoelectron emission from
the samples was analysed at a collection angle of 45° under
ultra-high vacuum conditions (<10™° mBar). Survey scans
were recorded with a pass energy of 100 eV, while core-level
spectra were acquired using a pass energy of 20 eV. Binding
energies were referenced to the C 1s peak at 284.8 eV, and

were
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peak intensities were corrected using Scofield factors. Peak
areas were determined after subtraction of a U 2 Tougaard
background. Spectra were fitted using Casa XPS software
(Casa Software Ltd, U.K.), applying a Gaussian/Lorentzian
ratio of 70/30 for deconvolution.

SERS measurements were recorded using a Horiba XploRA
PLUS Raman microscope. All spectra were acquired on dried
drops of the samples deposited on aluminum foil, using a
638 nm laser, with an exposure time of 10 s and an
accumulation of 10 spectra.
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