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Calixarene-coated gold nanorods as robust
photothermal agents†

Victor Lepeintre, a,b Franck Camerel,c Corinne Lagrost,c,d Maurice Retout, a

Gilles Bruylants *a and Ivan Jabin *b

Gold nanorods (AuNRs) hold considerable promise for their use in biomedical applications, notably in the

context of photothermal therapy (PTT). Yet, their anisotropic nature presents a notable hurdle. Under

laser irradiation, these structures are prone to deformation, leading to changes in their optical and photo-

thermal properties over time. To overcome this challenge, an efficient strategy involving the use of calix

[4]arene-tetradiazonium salts for stabilizing AuNRs has been implemented. These molecular platforms are

capable of irreversible grafting onto surfaces through the reduction of their diazonium groups, thereby

resulting in the formation of exceedingly robust organic monolayers. This innovative coating strategy not

only ensures enduring stability but also facilitates conjugation of AuNRs. This study showcases the super-

iority of these fortified AuNRs over conventional counterparts, notably exhibiting exceptional resilience

even under sustained laser exposure in the context of PTT. By bolstering the stability and reliability of

AuNRs in PTT, our approach holds the potential to drive significant advancements in the field.

Introduction

Gold nanorods (AuNRs) have emerged as highly promising
materials for various biomedical in vivo applications, includ-
ing as photothermal agents (PTAs), bioimaging contrast
agents and drug delivery systems.1–4 Beyond the compelling
attributes inherent to gold nanoparticles (AuNPs), such as
their excellent biocompatibility and diverse surface chem-
istries, the optical properties of AuNRs are amenable to
precise modulation.3,5 The optical behaviour of gold nano-
structures is underpinned by the Localized Surface Plasmon
Resonance (LSPR) phenomenon, arising from the collective
oscillations of their conduction electrons in response to
incident electromagnetic fields.3,5 AuNRs exhibit dual LSPR
modes, namely transverse and longitudinal, the latter of
which can be adeptly tailored by manipulating the aspect
ratio (AR) of the rods.1–3,5

For high AR (above 3), the longitudinal LSPR band lies in
the near-infrared (NIR) spectral region, which engenders a
plethora of opportunities for in vivo applications, including
photothermal therapy and non-invasive optical imaging.1,2

This spectral window between 650 and 1350 nm is often
acknowledged as the “therapeutic window” or “optical trans-
parency window”, given its minimal light absorbance by water,
hemoglobin, and other endogenous molecules, hence
enabling enhanced light penetration into tissues compared to
visible light.1,2 Photothermal therapy (PTT) is a promising non-
invasive cancer treatment strategy leveraging the conversion of
light to heat by PTAs for thermal ablation of cancer cells.4,6,7

AuNRs possess several qualities that make them excellent PTAs
including intense optical extinction coefficient in the NIR
region, high photothermal conversion efficiency, long circula-
tion time, ease in functionalization, and high biocompatibility,
provided that their coating does not induce toxicity.4,6,7

However, one limitation is their anisotropic structure that is sus-
ceptible to deformation under laser irradiation leading to the
alteration of their optical and photothermal properties.8,9

AuNRs synthesized through the prevalent seed-mediated
growth approach, which occurs in the presence of cetyltri-
methylammonium bromide (CTAB), exhibit limited direct
utility in biomedical applications, due to their the inherent
cytotoxicity associated with CTAB.10–12 The optimal solution
involves an efficient ligand exchange strategy to remove the
CTAB molecules that imparts chemical functionality compati-
ble with conjugation chemistry, ensures colloidal stability both
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during and after functionalization, and retain water dispersi-
bility of functionalized AuNRs.13 Commonly employed strat-
egies include the use of biocompatible ligands through either
electrostatic interaction or thiol-based functionalization.10,14,15

Typically, thiolated PEG molecules are efficiently used to sub-
stitute CTAB, where thiol groups chemisorb onto the AuNRs’
surface through Au–S bonds.15 The introduction of PEG chains
onto AuNRs notably enhances their stability and biocompat-
ibility.15 However, the use of large thiolated PEG chains can
result in a thick coating, causing a greater separation between
the gold surface, the conjugated bioactive molecules and the
surrounding medium, which, depending on the targeted appli-
cation, can be problematic (e.g. photodynamic therapy,
surface-enhanced spectroscopy-based sensing or plasmonic
coupling-based applications).13 Additionally, the Au–S bonds
are susceptible to thermolysis, can be subjected to irreversible
oxidation in biological systems, and can be exchanged with
endogenous thiol containing (bio)molecules such as gluta-
thione, impacting the stability of the AuNRs.16–18 Conversely,
electrostatic physisorption of (poly)electrolytes, such as citrate,
polystyrene sulfonate (PSS), or polyethylenimine (PEI),
emerges as an alternative, offering colloidal stability and a
platform for immobilizing biomolecules through electrostatic
interactions.10,14,19,20 Nevertheless, the binding energies
between (poly)electrolytes and the surface of AuNRs often
exhibit variability under physiological conditions, leading to
partial leaching of the physisorbed ligands and the formation
of aggregates, especially under irradiation.13,14 Another strat-
egy involves AuNR encapsulation with inorganic or carbon-
based materials such as mesoporous silica, polydopamine or
proteins (e.g. albumin).10,19,21 However, these strategies often
prove challenging regarding post-functionalization with bio-
active molecules, and generally result in the formation of a
thick layer around the AuNRs which, as mentioned earlier,
could be detrimental in some applications.10,19 In addition,
these approaches only cover the CTAB layer rather than repla-
cing it, thereby raising concerns about toxicity due to the per-
sistent presence of CTAB within the assembly.10,19

To address these challenges, we have envisioned an alterna-
tive approach for the functionalization of AuNRs, involving the
use of calix[4]arene-tetradiazonium salts.22–24 Calixarenes are
conical macrocyclic platforms capable of being functionalized
on both their large and small rims.25 Those used in this work
are equipped on the large rim with four diazonium groups
that can be reduced to the corresponding aryl radicals,
enabling their attachment to various types of metallic nano-
particles via multiple, strong and irreversible Au–C covalent
bonds.26–28 The energy of the Au–C bond has been calculated
to be 14.2 kJ mol−1 (3.4 kcal mol−1) higher than that of the
Au–S bond, resulting in a more robust organic layer on the
surface compared to coatings formed using thiols.29,30 It has
previously been reported that AuNRs can be functionalized
with simple aryl diazonium salts, however this strategy gener-
ally results in uncontrolled polymerization caused by the
reaction of aryl radicals with the already-grafted aryl
molecules.31,32 This leads to the formation of thick and

loosely-packed multilayers constituted of arborescent poly
(phenylene) structures with a reduced number of anchoring
points to the surface.31–33 In contrast, the use of calix[4]arene-
tetradiazonium salts offers the opportunity to form thin and
dense monolayers, owing to the meta positions of the aryl
groups being substituted with methylene bridges, thus avoid-
ing any further polymerization.22–24 Furthermore, because the
calixarenes are equipped with four diazonium groups, each
macrocycle can form up to four Au–C bonds with the surface,
resulting in an increased density of anchoring points and
much more robust coating compared to the use of simple aryl
diazonium salts.22–24 This calix[4]arene-based functionali-
zation strategy has been successfully employed and reported
for various silver nanostructures, such as nanoparticles, nano-
plates and gold–silver core–shell nanoparticles, which are
notoriously hard to stabilize due to silver’s susceptibility to
oxidation.27,28,34 The small rim of the calixarene used in this
work bears four appending carboxyl groups (X4C4(N2

+)4)
(Scheme 1).22,26 These groups ensure the electrostatic stabiliz-
ation and aqueous dispersibility of the nanoparticles, and can
subsequently facilitate the coupling of various amine-termi-
nated (bio)molecules, enabling opportunities for specific tar-
geting, drug delivery, and sensing applications.26–28

In this work, we have developed a new generation of calixar-
ene-coated AuNRs (AuNR-X4C4) using the calix[4]arene-based
functionalization strategy. The (photo)chemical and colloidal
stabilities of these calixarene-coated AuNRs were compared to
those of AuNRs functionalized with monodentate thiolated
polyethylene glycol (PEG) molecules (AuNR-S-PEG8-COOH) or
stabilized with citrate molecules (AuNR-citrate), commonly
used for biomedical applications. Covalent post-functionali-
zation of the calixarene-coated AuNRs was studied by coupling
an amine-terminated fluorophore through carbodiimide cross-
linking chemistry. Finally, we examined the photothermal pro-
perties and stability of AuNR-X4C4 and evaluated the improve-
ment compared to AuNRs with different coatings.

Experimental section
Functionalization of AuNRs with X4C4(N2

+)4

X4C4(N2
+)4 was dissolved in ultrapure water to prepare a 5 mM

stock solution. To 10 mL of AuNR-CTAB (ODLSPR = 2, stabilized
in 0.1 mM CTAB) under vigorous stirring at 35 °C, 1 mL

Scheme 1 Synthesis of AuNR-X4C4 from AuNR-CTAB through a ligand
exchange procedure.
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X4C4(N2
+)4 (5 mM in water) was added dropwise followed by

100 µL freshly prepared ice-cold NaBH4 (100 mM in water), the
pH of the solution at this stage should be around 2.5. After
5 minutes of stirring, the pH of the solution was adjusted to
7.0 by stepwise additions of 50 µL NaOH (100 mM in water)
spaced by at least 2 min initially, then 10 µL additions when
approaching the desired pH value (above 6). A total added
volume of approximately 230 µL NaOH (100 mM in water) was
added to reach pH 7.0. The pH must be measured after each
addition to ensure that it does not exceed 7.5, as exceeding
this value may cause destabilization of the AuNR suspension.
The mixture was then stirred overnight (18 h) at 35 °C before
addition of 50 µL NaOH (1 M in water). The functionalized
AuNRs (AuNR-X4C4) were centrifuged four times at 12 000g for
20 min and resuspended with 10 mL NaOH (5 mM in water)
thrice and finally with 10 mL ultrapure water. Different AuNR
batches were synthesized for characterization (initial AR = 4.1
± 0.4), chemical and colloidal stability (initial AR = 3.6 ± 0.7)
and photothermal studies (initial AR = 4.3 ± 0.4).

Preparation of AuNR-citrate

The citrate-coated AuNRs were prepared with a revised poly-
styrene sulfonate (PSS) replacement method described by
Mehtala et al.14 To 10 mL of AuNR-CTAB (ODLSPR = 3, stabil-
ized in 0.1 mM CTAB), 1.765 mL of a PSS (1 wt% in water, MW

≈ 70 kDa) and NaCl (5 mM in water) mixture was added. The
solution was left undisturbed at room temperature for at least
1 h. The AuNRs were centrifuged at 6000g for 30 min, the
supernatant was discarded and the pellet was redispersed with
10 mL ultrapure water followed by the addition of 1.765 mL
PSS (1 wt% in water) and NaCl (5 mM in water). The PSS incu-
bation and centrifugation were repeated twice more to yield
PSS-stabilized AuNRs. The AuNR suspension was then centri-
fuged at 6000g for 30 min, the supernatant was discarded and
the pellet was redispersed with 10 mL trisodium citrate (5 mM
in water). The solution was left undisturbed at room tempera-
ture for at least 12 h. The AuNRs were then centrifuged at
5500g for 20 min in 1.5 mL centrifuge tubes, the supernatants
were discarded and replaced with a total of 2.5 mL trisodium
citrate (5 mM in water) to yield AuNR-citrate.

Functionalization of AuNRs with HS-PEG8-COOH

AuNR-citrate were functionalized with heterobifunctional poly-
ethylene glycol ended by thiol and carboxylic acid groups
(HS-PEG8-COOH) via a ligand exchange method. To 10 mL of
AuNR-citrate (ODLSPR = 5, stabilized in 5 mM trisodium
citrate), 1 mL HS-PEG8-COOH (5 mM in water) was added
under stirring. After 16 hours of stirring at room temperature,
the functionalized AuNRs (AuNR-S-PEG8-COOH) were centri-
fuged four times at 12 000g for 20 min and resuspended with
10 mL SDS (1 wt% in water) twice, then with 10 mL NaOH
(5 mM in water) and finally with 10 mL ultrapure water.

Conjugation of the AuNR-X4C4 with Cyanine5.5 amine

In a 1.5 mL Eppendorf tube, 500 µL AuNR-X4C4 (ODLSPR = 1)
were suspended in MES buffer (10 mM in water; pH 5.8). To

this, 50 µL EDC (6 mM in water) and 50 µL sulfo-NHS (10 mM
in water) were added and the mixture was stirred in a thermo-
mixer at 1000 rpm for 15 min. Then, 166.7 µL of DMSO was
added to ensure the fluorophore solubility (25 v/v% DMSO)
before an appropriate volume of Cyanine5.5 amine (330 µM in
DMSO) was added to reach 10 000 equivalents per AuNR. The
temperature was then increased to 50 °C, and the mixture was
stirred at 1000 rpm for 4 h. At the end of the reaction, 7.5 µL
NaOH (1 M in water) and 150 µL SDS (10 wt% in water) were
added and the volume was completed to 1.5 mL with ultrapure
water. AuNRs were then centrifuged four times at 12 000g for
20 min and resuspended with 1.5 mL SDS (1 wt% in water)
thrice and finally with 500 µL ultrapure water.

Photothermal conversion experiments

The photothermal studies were done using an 808 nm laser
(Changchun New Industries Optoelectronics, FC-W-808A-10W)
in a 3500 µL special optical glass cuvette (Hellma, 100-OS,
Schott N-K5 glass). The temperature was measured with a
thermocouple (PerfectPrime, TC0520) with an accuracy of
±0.1 °C and data were recorded and saved on a computer with
the dedicated software SE520. The thermocouple measured
the solution temperature and was immersed in such a position
that direct irradiation by the laser was avoided. The power
intensity of the laser could be adjusted externally (0–10 W).
The output power was independently calibrated using an
optical power meter. In a typical experiment, AuNRs (2 mL,
OD808 = 0.5) were irradiated at 3 W cm−2 for 18 min before
turning the laser off for 18 min, and the temperature was
measured every second throughout the entire run without stir-
ring. The glass cuvette was placed in a 3D-printed white PLA
cuvette holder with a 1 cm diameter aperture for laser
irradiation and aeration grids on the sides. Photographs of the
setup are shown in Fig. S16.† For multiple cycles experiments,
five consecutive 24-minute cycles were performed (12 min
heating and 12 min cooling). Photothermal conversion
efficiencies were calculated using the method reported by
Roper et al. (see the Supplementary Methods section of the
ESI† for an example of the detailed calculation).35

Results and discussion
Synthesis of gold nanorods

CTAB-stabilized AuNRs (AuNR-CTAB) were synthesized with an
optimized silver-assisted seed-mediated growth method,
wherein the symmetry-breaking event is decoupled from the
seeded growth process.36 This approach results in narrower
size distributions of the final AuNRs and improved shape yield
compared to standard syntheses.36 Initially, spherical gold
seeds of a few nanometres were formed through accelerated
reduction of chloroauric acid (HAuCl4) by sodium borohydride
(NaBH4) in a micellar solution of CTAB and 1-decanol. These
spherical gold seeds underwent further growth into small an-
isotropic seeds (i.e. symmetry-breaking event). Subsequently,
these anisotropic seeds were used for the synthesis of

Paper Nanoscale

19694 | Nanoscale, 2024, 16, 19692–19703 This journal is © The Royal Society of Chemistry 2024



AuNR-CTAB (Fig. S1A†). Using this method, AuNR-CTAB
with narrow LSPR bands and a maximum absorption wave-
length of 843 nm were successfully synthesized (Fig. S1B†).
Transmission electron microscopy (TEM) images revealed
dimensions of 60.4 ± 5.0 × 13.8 ± 1.1 nm (AR = 4.4 ± 0.4)
(Fig. S1C†).

Synthesis and characterization of calix[4]arene-coated AuNRs
(AuNR-X4C4)

The reductive grafting of X4C4(N2
+)4 was performed by ligand

exchange on AuNR-CTAB. The functionalization protocol is
based on previously documented methods applied to various
metallic nanomaterials.26,28,37,38 Briefly, an aqueous solution
of X4C4(N2

+)4 was added to AuNR-CTAB, followed by an
aqueous solution of NaBH4 in controlled pH conditions
(Scheme 1). NaBH4 is known to reduce the calix[4]arene-tetra-
diazonium molecules to the corresponding aryl radicals,
which are the reactive species capable of grafting onto AuNRs,
but it also probably facilitates the removal of CTAB from the
surface of AuNRs. It has indeed previously been described that
the hydride ions derived from sodium borohydride have a high
affinity for gold and rapidly replace CTAB on the surface of
AuNRs.39 The surface-bound hydride ions eventually react with
water to form H2 gas which leads to their removal from the

AuNR surface, leaving a capping agent-free surface, which
facilitates the grafting of calixarene molecules. It is noteworthy
that critical parameters were identified to ensure efficient and
reproducible ligand exchange, as well as to maintain colloidal
stability during the functionalization (Table S1†). The free
CTAB concentration was optimized at 0.1 mM to facilitate
efficient ligand exchange without inducing AuNR aggregation.
Similarly, an optimal AuNR concentration of ∼0.5 nM (ODLSPR

= 2) was chosen to prevent aggregation. A pH reaction range of
6.9–7.1 was identified as ideal, avoiding both the instability of
starting AuNR-CTAB in basic conditions and the gradual aggre-
gation of AuNRs due to the protonation of carboxyl groups that
disrupts the electrostatic stabilization during ligand exchange.
The optimized ligand exchange procedure was repeated ten
times yielding the same results, proving the reproducibility of
the synthesis.

The AuNR-X4C4 were characterized using various analytical
techniques, including TEM, ζ-potential analysis, UV-visible
absorption, attenuated total reflection Fourier-transform infra-
red (ATR-FTIR) and surface-enhanced Raman (SERS) spectro-
scopies (Fig. 1). UV-visible absorption spectra of AuNRs before
and after calixarene functionalization exhibited sharp LSPR
bands, indicating the presence of well-dispersed AuNRs that
maintained their colloidal state during ligand exchange

Fig. 1 Characterization of AuNR-CTAB and AuNR-X4C4. (A) UV-visible absorption spectra of AuNR-CTAB (black) and AuNR-X4C4 (blue). (B) TEM
image of AuNR-X4C4. (C) ζ-Potential distributions of AuNR-CTAB (black) and AuNR-X4C4 (blue) measured at pH 7. (D) SERS spectra of AuNR-CTAB
(black) and AuNR-X4C4 (blue) with tentative Raman band assignments, the spectra are scaled for clarity and the respective magnifications are dis-
played for each region. (E) Normalized ATR-FTIR absorption spectra of AuNR-CTAB (black) and AuNR-X4C4 (blue) with IR band assignments.
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(Fig. 1A). The maximum absorption wavelength of the
AuNR-CTAB slightly shifted from 843 nm to 840 nm upon
functionalization. This slight hypsochromic shift could be
attributed to several factors such as the slight decrease of the
average AR observed upon functionalization (Fig. S2 and S3†),
the presence of NaBH4 during the ligand exchange, which is
known to cause hypsochromic shifts for AuNRs,39 or a possible
modification of the dielectric environment at the surface of
AuNRs. The increase of optical density in the near-UV region is
likely due to the light absorption of the calixarenes grafted
onto AuNRs, as suggested by the UV-visible absorption spec-
trum of the X4C4(N2

+)4 aqueous solution, that unlike CTAB,
displays intense absorption in that region (Fig. S4†). TEM ana-
lysis corroborated these findings, revealing similar average
width, length, and shape of AuNRs before functionalization
(60.4 ± 5.0 × 13.8 ± 1.1 nm, AR = 4.4 ± 0.4) and after
functionalization (61.4 ± 4.7 × 14.9 ± 1.1 nm, AR = 4.1 ± 0.4)
(Fig. 1B and S1C, S2, S3†). High-resolution TEM (HRTEM)
images of AuNR-X4C4 revealed fringe spacing of 2.39 and
2.08 Å, characteristic of the (1,1,1) and (2,0,0) lattice planes of
gold, respectively (Fig. S5A and B†). The selected area electron
diffraction (SAED) pattern of AuNR-X4C4 confirmed the pres-
ence of face-centred cubic (FCC) gold (Fm3̄m space group)
(Fig. S5C†). Moreover, the energy-dispersive X-ray (EDX) spec-
trum of AuNR-X4C4 revealed, as expected, the presence of gold
and carbon in high abundance, while no bromine was
detected, suggesting the efficient removal of CTAB from the
surface of the AuNRs (Fig. S5D†). ζ-Potential measurements
confirmed the ligand exchange, with a shift from positive
values (50.0 ± 2.6 mV) to negative values (−43.6 ± 2.8 mV)
upon AuNR functionalization (Fig. 1C). This shift aligns with
the replacement of positively charged CTAB with negatively
charged calixarenes, a noteworthy observation given the chal-
lenges associated with achieving one-step ζ-potential inver-
sion, often resulting in aggregation and low recovery yields.14

Similarly, SERS analysis revealed new Raman bands upon
AuNR functionalization, suggesting the presence of calixarenes
on the AuNR surface (Fig. 1D). Tentative Raman band assign-
ments were performed for AuNR-X4C4, with Au–C stretching at
210 cm−1,40 aromatic ring stretching at 1077 cm−1, carboxylate
symmetric stretching at 1441 cm−1, and CH2 symmetric and
asymmetric stretching at 2853 cm−1 and 2876 cm−1, respect-
ively. The Raman band at 117 cm−1, which was also visible for
AuNR-CTAB as a shoulder peak, is attributed to gold lattice
vibrations.41 For AuNR-CTAB, characteristic cetyltrimethyl-
ammonium (CTA+) Raman bands were visible such as CN+

stretching at 756 cm−1, skeletal CC stretching at 1142 cm−1,
methyl/methylene CHx stretching modes at 2800 to 3000 cm−1,
and NCH asymmetric stretching at 3018 cm−1.21 Notably, the
very intense Raman band at 180 cm−1, attributed to the
surface-bound bromide counterion (AuBr−), is clearly visible,
indicating a surface-bound interlayer of bromides between the
CTA+ bilayer and the gold surface.21,42 After calixarene
functionalization, this signal vanishes indicating efficient
CTAB removal. Similarly, characteristic signals of CTA+, such
as CN+ stretching and skeletal CC stretching, also vanished

upon functionalization, further confirming CTAB removal.
Original full range and unscaled SERS spectra can be found in
the ESI (Fig. S6†). ATR-FTIR spectroscopy validated the pres-
ence of calixarenes at the surface of the AuNRs, with character-
istic IR absorption bands visible at 1461 cm−1 for aromatic
ring stretching, 1197 cm−1 for asymmetric COCAr stretching,
1611 and 1403 cm−1 for asymmetric and symmetric carboxy-
late stretching respectively (Fig. 1E).38

Chemical and colloidal stability of AuNR-X4C4

The chemical and colloidal stabilities of AuNRs stabilized by
calixarenes, thiolated PEG molecules (i.e. HS-PEG8-COOH),
citrate or CTAB were assessed using UV-visible absorption
spectroscopy (see the Experimental section for the synthesis
procedures of AuNR-citrate and AuNR-S-PEG8-COOH). The
corresponding absorption spectra of the colloidal AuNR sus-
pensions were compared before and after exposure to different
physicochemical stresses.

Under acidic conditions (pH 3), all three types of carboxyl-
terminated AuNRs experienced aggregation due to the protona-
tion of carboxylate groups, leading to a depletion of the
electrostatic repulsion (Fig. 2A). Notably, a bathochromic shift
occurred over time in acidic conditions for AuNR-X4C4 and
AuNR-citrate, possibly attributable to end-to-end aggregation.
In contrast, a hypsochromic shift was observed for AuNR-S-
PEG8-COOH, possibly suggesting side-to-side aggregation. In
contrast to AuNR-citrate, the aggregation observed for
AuNR-X4C4 was completely reversible upon shifting to basic
conditions (pH 11), even after several successive pH variation
cycles. For AuNR-S-PEG8-COOH, while the aggregation was par-
tially reversible, the maximum optical density of the longitudi-
nal LSPR band (ODLSPR) decreased, and absorbance at higher
wavelength increased with successive cycles, indicating the for-
mation of irreversible aggregates. AuNR-CTAB were stable
under acidic conditions but irreversibly aggregated upon shift-
ing to basic conditions (Fig. S7A†).

The coating density and robustness were then evaluated
with a fluoride-induced aggregation test (Fig. 2B).43 The
different AuNRs colloids were incubated with 200 mM KF, and
their UV-visible absorption spectra were recorded at different
time intervals throughout 1 h. For AuNR-X4C4, the UV-visible
absorption spectra remained mostly unchanged, with only a
slight decrease of the ODLSPR over time, characteristic of a
dense and robust coating. Similarly, AuNR-CTAB also experi-
enced little aggregation, showcasing the density of the CTAB
bilayer coating and its high affinity for the gold surface
(Fig. S7B†). However, progressive aggregation occurred for
AuNR-S-PEG8-COOH, and immediate aggregation was observed
for AuNR-citrate, suggesting loose and labile coatings.

Regarding ionic strength, AuNR-X4C4, AuNR-S-PEG8-COOH
and AuNR-CTAB were both stable after addition of at least
300 mM NaCl, while AuNR-citrate immediately and strongly
aggregated under the same conditions (Fig. S7D and S8A†).

The impact of high temperature on AuNR colloids stability
was also evaluated over the course of 15 h (Fig. 2C and S7C†).
An arbitrary temperature of 90 °C was chosen to exert signifi-
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cant stress to AuNR colloids while staying below the boiling
point of water. After 15 h at 90 °C, an important hypsochromic
shift was observed for AuNR-S-PEG8-COOH (ΔλLSPR = 217 nm)
and AuNR-citrate (ΔλLSPR = 118 nm), while a much slighter one
was observed for AuNR-X4C4 (ΔλLSPR = 23 nm) and AuNR-CTAB
(ΔλLSPR = 25 nm). TEM analysis was performed before and
after heating the suspensions to assess potential AuNR defor-
mation (Fig. S9†). As expected, an important decrease in AR
was observed for AuNR-S-PEG8-COOH (3.4 ± 0.7 before and 2.4
± 0.4 after heating) and AuNR-citrate (3.3 ± 0.9 before and 2.6 ±
0.6 after heating), while no AR change was observed for
AuNR-X4C4 (3.6 ± 0.7 before and 3.6 ± 0.6 after heating) and
AuNR-CTAB (3.6 ± 1.1 before and 3.6 ± 0.8 after heating). The
observed shortening of the AuNRs is attributed to Ostwald
ripening, and also likely due to the progressive thermolysis of
the Au–S bond for AuNR-S-PEG8-COOH.44,45 These obser-
vations suggest that the calixarene and CTAB coating grant
better resistance towards heat-mediated deformation than
thiolated PEG coatings or adsorbed citrate molecules.

AuNR-X4C4, AuNR-S-PEG8-COOH and AuNR-CTAB could
both be dried in the presence of sucrose as a lyoprotecting
agent and redispersed in water without significant aggregation
or reduction of ODLSPR, unlike AuNR-citrate (Fig. S7E and
S8B†). Briefly, the AuNR suspensions were incubated with
10 wt% sucrose before drying them under reduced pressure.
Once dried, the AuNRs were redispersed with water and soni-
cated before recording their UV-visible spectra.

Furthermore, ageing of AuNR-X4C4 was evaluated at room
temperature for at least 12 months. No significant changes in

their UV-visible absorption spectra could be noticed, while
AuNR-S-PEG8-COOH experienced a hypsochromic shift of their
longitudinal LSPR band. A similar behaviour was observed for
AuNR-citrate along with an important decrease in ODLSPR and
widening of the longitudinal LSPR band, indicating aggrega-
tion (Fig. S8C†). For AuNR-CTAB, only a slight reduction of
ODLSPR was observed (Fig. S7F†).

Overall, AuNR-X4C4 demonstrate remarkable stability com-
pared to commonly used AuNRs. This property is attributed to
the robust organic layer formed through the formation of mul-
tiple Au–C covalent bonds with the gold surface by the calixar-
ene, but also to the higher stability of the Au–C bond com-
pared to the more labile Au–S bond.29,30,46

Covalent conjugation of molecules to AuNR-X4C4

An additional advantage conferred by the X4C4 coating lies in
the presence of appending carboxylate groups on the small
rim of the calixarenes, enabling the coupling of amine-termi-
nated molecules through a peptide-type coupling reaction. As
proof of concept, an aminated fluorophore (Cyanine5.5 amine)
was conjugated onto AuNR-X4C4 via a carbodiimide cross-
linking reaction using EDC and sulfo-NHS. A control experi-
ment was conducted under identical conditions, without
addition of coupling reagents to the reaction mixture. Each
reaction was performed in triplicates. The fluorophore absorbs
light in a spectral region where the absorbance of the AuNRs
is minimal (λmax = 684 nm; ε = 198 000 L mol−1 cm−1), allowing
for its quantification (see the Supplementary Methods section
of the ESI† for the detailed procedure). Despite multiple cen-

Fig. 2 Stability of AuNR-X4C4 (left), AuNR-S-PEG8-COOH (middle) and AuNR-citrate (right) regarding (A) successive pH variations, (B) 200 mM KF
incubation and (C) heating at 90 °C.
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trifugation and resuspension cycles using sodium dodecyl
sulfate (SDS), a small amount of the fluorophore was observed
on the AuNRs in the absence of coupling reagents. This
residual amount could be attributed to the strong adsorption
of the fluorophore on the organic coating or the gold surface.
However, the UV-visible absorption bands of the fluorophore
are much more pronounced and distinctly visible in the pres-
ence of coupling reagents compared to the control, indicating
successful coupling (Fig. 3A). With the addition of coupling
reagents, a loading of 770 ± 10 Cyanine5.5 per AuNR was calcu-
lated (0.34 ± 0.01 Cy5.5 per nm2), whereas 290 ± 30 Cyanine5.5
per AuNR (0.13 ± 0.01 Cy5.5 per nm2) was calculated for the
control experiment (Fig. 3B). By subtracting these two values,
an average covalent loading of 480 ± 30 Cyanine5.5 per AuNR
(0.21 ± 0.01 Cy5.5 per nm2) was obtained. The addition of
coupling reagents resulted in an almost three-fold increase in
loading, indicating that AuNR-X4C4 can be covalently conju-
gated with amine-terminated molecules while preserving their
colloidal stability. Additionally, a slight bathochromic shift of
the longitudinal LSPR band was observed in presence of coup-
ling reagents, which is attributed to modification of the dielec-
tric environment at the surface of AuNRs upon fluorophore
conjugation.

AuNR-X4C4 as photothermal agents

The photothermal properties of AuNR-X4C4 were investigated
in aqueous medium and compared to those of AuNRs stabil-
ized with thiolated PEG molecules, citrate, or CTAB. The
AuNRs colloidal suspensions (OD808 = 0.5; ∼0.1 nM) were irra-
diated with an 808 nm continuous diode laser with a power
density of 3 W cm−2 for 18 min. Then the laser was sub-
sequently switched off for a cooling period of 18 min. The vari-
ation of temperatures during the cycles were monitored with a
thermocouple (Fig. 4A and S11A†). To determine photothermal
efficiency (η), thermal equilibrium must be reached, i.e. the
maximum temperature Tmax that can be reached at a constant

value. The difference between Tmax and the ambient tempera-
ture (ΔTmax = Tmax − Tamb) is used as a photothermal marker.
Thermal equilibrium is reached in 18 min for all colloids.
High maximum temperatures ranging from 62.3 °C to 90.4 °C
have been measured upon laser irradiation for the different
AuNRs suspensions. AuNR-X4C4, AuNR-S-PEG8-COOH and
AuNR-citrate reached relatively similar maximum temperatures
of 88.5 °C (ΔTmax = 66.8 °C), 90.4 °C (ΔTmax = 70.8 °C), and
83.9 °C (ΔTmax = 61.6 °C), respectively, while AuNR-CTAB
reached a substantially lower maximum temperature of
62.3 °C (ΔTmax = 39.9 °C). However, the temperature plateau
was rapidly reached for AuNR-CTAB (∼8 min), with the temp-
erature starting to slowly decrease afterward, indicating a loss
in photothermal performance. As expected, generated heat was
increased with AuNR concentration and with laser power
density (Fig. S10†). In the absence of AuNRs, ultrapure water
exhibited a maximum temperature of only 22.1 °C (ΔTmax =
4.7 °C) under the same irradiation conditions (Fig. S12A†),
indicating the strong photothermal activity of the AuNRs at
808 nm. No fatigue was observed after several successive
heating and cooling cycles for AuNR-X4C4, AuNR-S-PEG8-
COOH, and AuNR-citrate while substantial fatigue was
observed for AuNR-CTAB (Fig. S13†).

Photothermal conversion efficiencies (η) were calculated
according to the following equation reported by Roper et al.
(eqn (1)):35

η ð%Þ ¼ 100� hS Tmax � Tambð Þ � Q0

I 1� 10�Aλð Þ ð1Þ

where h is the heat transfer coefficient, S the heat transfer
surface area, Tmax the maximum temperature, Tamb the
ambient temperature, Q0 the heat dissipated by the solvent, I
the incident laser power and Aλ the absorbance of the photo-
thermal absorber at the irradiation wavelength. The system

time constant for heat transfer τs is equal to
P
i
miCp;i

� �
=ðhSÞ,

where miCp,i are the products of mass and heat capacity of the
system components i (water and glass cuvette, the contribution
of the gold was found to be negligible). τs was determined by
plotting the cooling period (from 1080 to 2160 s) as a function
of −ln(ΔT/ΔTmax) (Fig. S11B and S12B†) where ΔT is the differ-
ence between the measured temperature T and ambient temp-
erature Tamb. It was then used to obtain the hS coefficient for
calculating η. An example of photothermal conversion
efficiency calculation is detailed in the Supplementary
Methods section of the ESI.†

The calculated photothermal conversion efficiencies are
89% ± 3% for AuNR-X4C4, 88% ± 4% for AuNR-S-PEG8-COOH,
87% ± 3% for AuNR-citrate and 54% ± 3% for AuNR-CTAB.
Except for AuNR-CTAB having a much lower photothermal
efficiency, the other AuNRs exhibited similar η values regard-
less of their coating. It is worth noting that the absolute values
of calculated photothermal conversion efficiencies are heavily
dependent on the experimental setup and the calculation
method,47 and can therefore only be objectively compared

Fig. 3 Covalent conjugation of AuNR-X4C4 with Cyanine5.5 amine. (A)
UV-visible absorption spectra without (blue line) and with coupling
reagents (black line). (B) Quantification of conjugated Cyanine5.5 amine
molecules with standard deviation error bars without (blue) and with
coupling reagents (black).
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when obtained from the same setup and method. This could
explain the important discrepancies of the reported photother-
mal conversion efficiency values in the literature, which can
range from 20% to over 90% for AuNRs.48–51

Interestingly, we have compared the UV-visible absorption
spectra of the AuNR colloidal suspensions before and after
irradiation. The spectra display striking differences (Fig. 4B).
For AuNR-X4C4, only a slight reduction of ODLSPR is observed
but the maximum absorption wavelength of the longitudinal
LSPR band remains constant (ΔλLSPR = 0 nm). For AuNR-S-
PEG8-COOH and AuNR-citrate, a larger reduction of ODLSPR is
observed and, more importantly, a substantial hypsochromic
shift (ΔλLSPR = 24 nm and ΔλLSPR = 44 nm, respectively) occurs.
This observation can be explained by AuNR deformation
leading to a decrease in AR (decrease in length and increase in
width) during irradiation.44,45 For AuNR-CTAB, no defined
longitudinal LSPR band was observed after irradiation,
suggesting AuNR aggregation, correlating with the poor photo-
thermal performance compared to the other tested AuNRs.
The slightly higher maximum temperature for AuNR-S-PEG8-
COOH compared to AuNR-X4C4 can therefore be attributed to
the increase of OD808 during irradiation, as observed in the

UV-visible absorption spectrum, which is linked to their defor-
mation. To confirm these findings, TEM images of AuNRs
were recorded before and after irradiation (Fig. S14†). No sig-
nificant change in AR was observed for AuNR-X4C4 (4.3 ± 0.4
before and 4.2 ± 0.4 after irradiation) (Fig. 4C). A more sub-
stantial decrease in AR was observed for AuNR-S-PEG8-COOH
(4.3 ± 0.4 before and 4.0 ± 0.4 after irradiation) and for AuNR-
citrate (4.4 ± 0.5 before and 3.9 ± 0.4 after irradiation). For
AuNR-CTAB, individual AuNRs could still be observed after
irradiation, but they were more agglomerated than before
irradiation, consistent with the changes observed in their UV-
visible absorption spectrum. Surprisingly, an increase in AR
was observed (4.4 ± 0.4 before and 4.6 ± 0.4 after irradiation),
although their sizes were more difficult to estimate from TEM
images due to AuNR agglomeration. In addition, these obser-
vations were corroborated by dynamic light scattering (DLS)
measurements (Fig. S15†), which indicate a pronounced
increase in the hydrodynamic radius after irradiation for
AuNR-CTAB. In contrast, AuNR-X4C4 exhibits remarkable stabi-
lity in both its rotational and translational diffusion radii,
unlike AuNR-S-PEG8-COOH and AuNR-citrate, which show a
slight decrease in these values. The DLS behaviour is consist-

Fig. 4 Photothermal stability of different AuNRs. (A) Temperature profiles recorded on aqueous solutions of AuNRs (OD808 = 0.5) when illuminated
with a continuous 808 nm diode laser (3 W cm−2) for 18 min and after turning the laser off for 18 min. (B) UV-visible absorption spectra of AuNRs
before (black line) and after (blue line) irradiation. (C) AuNR aspect ratio variations measured by TEM before (blue) and after (orange) irradiation with
standard deviation error bars. The reported aspect ratio values represent the averages calculated from more than 100 individual AuNR aspect ratio
values measured from TEM images, except for AuNR-CTAB after irradiation because the sample was too aggregated to analyse more than a few indi-
vidual rods.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 19692–19703 | 19699



ent with the TEM observations. The low photothermal conver-
sion efficiency of AuNR-CTAB compared to other AuNRs, as
well as their substantial fatigue over several successive heating
and cooling cycles, can be explained by their aggregation upon
irradiation, as evidenced by the UV-visible spectra (Fig. 4B,
right panel), TEM images (Fig. S14,† right panels), and DLS
data (Fig. S15,† bottom right panel). As shown in the UV-
visible spectra before and after irradiation, the OD808 of
AuNR-CTAB decreases significantly upon irradiation, thereby
reducing their photothermal activity because the AuNRs do
not absorb as much incident light. This inevitably leads to a
lower photothermal conversion efficiency. In contrast, no sig-
nificant aggregation was observed for the other AuNRs, which
explains their high photothermal conversion efficiency com-
pared to AuNR-CTAB and their consistent heating over several
irradiation cycles, as they maintain much higher OD808 upon
irradiation.

The surface chemistry of the AuNRs was further investi-
gated through X-ray photoelectron spectroscopy (XPS)
measurements to evidence any impact of the laser irradiation
on the coating. Herein, we only report the results obtained for
AuNR-X4C4 and AuNR-S-PEG8-COOH since photothermal
measurements for the two other series of AuNRs (AuNR-citrate
and AuNR-CTAB) have been performed in suspensions con-
taining citrate and CTAB, respectively, where the free ligands
may interfere in the XPS analyses. Fig. 5 shows the high-resolu-
tion core level spectra in the C 1s region for AuNR-X4C4 and
AuNR-S-PEG8-COOH and in the S 2p region for the latter. Peak-
fitting of the C 1s photoelectron signal was performed to
reveal the molecular fingerprint of the coating before and after
irradiation. Worth is noting that the XPS analyses for the 4
series of AuNRs before laser irradiation demonstrate the suc-
cessful exchange of CTAB to the various coatings (Fig. 5A, C
and S17, S18†). More specifically, the C 1s signals of a deposit
of AuNR-X4C4 and AuNR-S-PEG8-COOH could be decomposed
in CC-CH (284.4–285.5 eV), COC/CS (286.3–286.5 eV), CvO
(287.6–288.1 eV) and OCvO (289.1–289.3 eV) components.
Before irradiation, the ratio of OCvO/COC components are in
fair agreement with the theoretical values considering the
chemical structure of X4C4 (0.5) and S-PEG8-COOH (0.059,
including the C–S contribution), respectively (Fig. 5A and C).
We experimentally found OCvO/COC equal to 0.4 for
AuNR-X4C4 and 0.08 for AuNR-S-PEG8-COOH. Carbonaceous
contamination species are also always observed in XPS spectra
explaining the presence of CC–CH, CvO, COC or OCvO com-
ponents in higher concentrations than expected from the
chemical structures of the coating molecules. The photo-
electron signal S 2p was also recorded in the case of AuNR-S-
PEG8-COOH (Fig. 5E and F). The signal of weak intensity is
observed in the range 161.9–163.9 eV with a main doublet con-
tribution at 161.9 and 163.0 eV, characteristic of gold-bound
thiolate species while a smallest contribution at higher binder
energy (163.8–164 eV) is probably due to flat-lying physisorbed
HS-PEG8-COOH molecules (unbound sulfur species).52,53 Only
a very weak contribution could be seen at 168–169 eV due to
oxidized sulfur termini. After laser irradiation, no significant

change is evidenced in the C 1s spectrum corresponding to
AuNR-X4C4 (Fig. 5A vs. Fig. 5B), showing the strong stability of
the coating. In sharp contrast, the C 1s spectrum of the
deposit of AuNR-S-PEG8-COOH is strongly modified after
irradiation (Fig. 5C vs. Fig. 5D). Moreover, the signal in the S
2p region now shows a main component centred at 168.4 eV
attributable to oxidized sulfur, along with a drastic decrease of
the gold-bound thiolate contribution (Fig. 5F). These XPS data
indicate that the S-PEG8-COOH coating is heavily affected by
the laser irradiation.

Overall, these findings indicate that calixarene-stabilized
AuNRs can withstand continuous laser irradiation over
extended periods without undergoing deformation or degra-
dation of the metallic structure and its coating unlike conven-
tional AuNRs. This superior stability positions calixarene-
coated AuNRs as promising candidates for applications in
photothermal therapy.

Conclusions

In summary, gold nanorods were successfully synthesized
through seed-mediated growth. The symmetry-breaking event
is decoupled from the seeded growth process, enabling lower

Fig. 5 High-resolution peak-fitted C 1s core level spectra of deposits of
AuNR-X4C4 (A and B) and AuNR-S-PEG8-COOH (C and D) colloids
before (A and C) and after (B and D) continuous 808 nm laser irradiation
at 3 W cm−2. High-resolution core level S 2p spectra for AuNR-S-PEG8-
COOH before (E) and after irradiation (F). Violet and blue highlights
correspond to oxidized sulfur and thiolate-gold molecules, respectively.
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polydispersity and improved shape yield compared to standard
methodologies. Efficient and reproducible CTAB ligand
exchange with calix[4]arene-tetradiazonium X4C4(N2

+)4 was
achieved by reductive grafting, involving careful optimization
of reaction conditions, including pH, free CTAB concentration,
and AuNR concentration. The confirmation of calixarene graft-
ing and CTAB removal was ascertained by ATR-FTIR, SERS and
XPS spectroscopies and ζ-potential measurements, while the
retention of colloidal stability was verified by UV-visible spec-
troscopy and TEM observations. Furthermore, the calixarene
layer enabled the covalent conjugation of amine-terminated
molecules onto the AuNRs, enabling opportunities for specific
targeting and drug delivery. These calixarene-coated AuNRs
demonstrated excellent chemical and colloidal stability against
various physicochemical stresses, outperforming commonly
used AuNRs. This stability is attributed to the formation of
multiple Au–C bonds between the calixarenes and the gold
surface, and their irreversible nature.22–24,26 Notably, these
novel AuNRs exhibited resistance to deformation under con-
tinuous laser irradiation, maintaining their optical properties
and dimensions throughout prolonged illumination. The calix-
arene coating is not impacted by laser irradiation in sharp con-
trast to thiolate coating. In addition to the thermolysis of the
Au–S bond as demonstrated by XPS analyses and known
thermal desorption of labile ligands like citrate,16,54 the defor-
mation of AuNRs under laser irradiation could lead to the
additional leaching of adsorbed molecules and gold etching,
potentially resulting in undesirable effects in biological
systems. The use of calixarene-coated AuNRs presents a poten-
tial solution to alleviate these issues, offering enhanced
reliability and control in photothermal therapy or photo-
induced drug delivery. Calixarenes have already been used for
biomedical applications with little to no toxicity observed,55 so
there is no reason to believe that AuNR-X4C4 would induce sig-
nificant toxicity. Nonetheless, their biocompatibility and cyto-
toxicity would need to be assessed before transitioning into
biological systems. Beyond the scope of this work, owing to
their remarkable stability, chemical functionality suitable for
conjugation chemistry, and robustly anchored thin coating,
these calixarene-coated AuNRs could prove promising for
numerous other applications such as targeted bioimaging,
photodynamic therapy, stimuli-responsive drug delivery (e.g.
light or pH-triggered), (bio)sensing, photoelectrocatalysis, or
optoelectronics. Notably, the reversible pH-mediated aggrega-
tion behaviour of AuNR-X4C4 could be leveraged for the devel-
opment of tumour microenvironment specific PTAs, contrast
agents for imaging and drug carriers.56–58
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