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Golden Plasmophores with Tunable Photoluminescence and
Outstanding Thermal and Photothermal Stability

Mustafa Gharib, A. J. Yates, Stephen Sanders, Johannes Gebauer, Sebastian Graf,
Anna Rosa Ziefuß, Nonappa, Günther Kassier, Christoph Rehbock, Stephan Barcikowski,
Horst Weller, Alessandro Alabastri, Peter Nordlander,* Wolfgang J. Parak,*
and Indranath Chakraborty*

Among various hybrid nanomaterials, the combination of plasmonic
nanoparticles and fluorophores in a single multifunctional nanoplatform,
so-called plasmophores, has attracted significant attention in different fields
such as dark field, fluorescence, and photoacoustic imaging, biosensing,
photothermal, and photodynamic therapy. Herein, author report a facile and
controlled synthesis route of hybrid nanoplatforms composed of fluorescent
gold nanoclusters (GNCs) coupled to plasmonic gold nanorods (GNRs) using
controlled silica (SiO2) dielectric spacers of different thicknesses from now on
referred to as GNR@SiO2@GNC plasmophores. The results show different
degrees of plasmon-enhanced fluorescence of the GNCs in their plasmophore
hybrid system when placed at different distances from the plasmonic cores of
the GNRs. On the other hand, these plasmophores show enhanced thermal
stability compared to GNRs@CTAB (CTAB, cetyl trimethyl ammonium
bromide). This results also demonstrated that upon annealing at elevated
temperatures (800–1000 °C), the GNRs in the plasmophores are more
thermally stable and robust than the GNRs@CTAB. More surprisingly, despite
the commonly reported very low melting temperature of smaller-size
nanocrystals, the GNCs in the plasmophores showed high thermal stability
and do not exhibit significant structural changes at elevated temperatures
(800–1000 °C).
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1. Introduction

Hybrid or multifunctional nanomaterials
are composed of more than one com-
ponent in a single platform, and they
may not only preserve the original fea-
tures of each component but can also
offer additional unique and beneficial
features/functionalities for the resultant
nanohybrid systems.[1,2] A classic exam-
ple of the term “hybrid nanoparticle”
originates from the late 1990s, when
Zhou et al.[3] reported improved surface-
enhanced Raman scattering (SERS) in
Ag–TiO2 core@shell hybrid nanostruc-
tures based on TiO2 NPs upon amalgama-
tion with Ag. Since then, a wide variety
of hybrid plasmonic/fluorescent, plas-
monic/magnetic, fluorescent/magnetic,
and plasmonic/fluorescent/magnetic
nanomaterials have been reported and
have been used in a broad range of
demonstrators/applications.[4–6] It has
also been shown that the rational design
of hybrid nanostructures allows them
to maintain and even maximize the fea-
tures and functions of their individual
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nanocomponents.[2,7,8] Among various hybrid nanomaterials, the
combination of plasmonic and fluorescence properties in a sin-
gle multifunctional nanoplatform, the so-called plasmophores,
has attracted great attention in different fields such as dark field,
fluorescence, and photoacoustic imaging, biosensing, photother-
mal, and photodynamic therapy.[5,9–11] Such coupling of plas-
monic nanoparticles (NPs) and inorganic/organic fluorophores
has been studied as well in order to enhance the performance of
those materials and to obtain higher quantum yields and photo-
stable emitters for different applications.[12–18] For instance, there
have been various reports on the modulation of the fluorescence
quantum yield of quantum dots upon their coupling to plas-
monic nanomaterials at different distances from the plasmonic
cores.[19–22] Moreover, the fluorescence quantum yield as well as
the photobleaching of many organic dyes have been modulated
upon their coupling to plasmonic NPs at different distances from
the plasmonic surface.[23–26]

Gold nanoclusters (GNCs) are noble metal-based fluorophores
with ultrasmall size (≈2 nm) in comparison to plasmonic gold
nanoparticles that possess unique size-dependent photophysical
properties induced by quantum confinement of the electrons.
This motivates their applicability in various research areas in-
cluding catalysis, and sensing, as well as in diverse biomedical
applications.[27–30] Despite their commonly observed low photo-
luminescence (PL) quantum yield (QY)[31–33] compared to con-
ventional fluorophores such as organic dyes and semiconduc-
tor quantum dots, GNCs have been reported to be photostable,
water-soluble, and non-blinking, which makes them a fascinat-
ing choice of material for hybridization.[34–38] Som et al.,[39] have
reported the synthesis of a hybrid material consisting of Ag nan-
oclusters and Te nanowires, which shows unusual bilayer assem-
bly at the liquid–air interface. Chakraborty et al.,[40] have shown
the assembly of different metal NCs on GNRs to form hybrid ma-
terials due to inter-NC hydrogen bonding. All these reports were
focused on the assembly of metal nanoclusters induced by the
ligands present on the NCs’ surfaces. However, limited progress
has been achieved with this type of hybrid materials beyond these
distinct reports.

Herein we report a controlled synthesis of hybrid nanoplat-
forms, referred to as plasmophores, composed of fluorescent
GNCs coupled to plasmonic GNRs via nanoscale electroni-
cally insulating silica (SiO2) spacer layers of different thick-
ness (GNR@SiO2@GNC). Although a couple of recent reports
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have reported the synthesis of GNCs-conjugated GNRs hy-
brid systems,[41–44] some of them did not study the effect of
distance between GNCs and GNRs on their physicochemical
properties,[43,44] whereas for the other reports a very little was
mentioned about the mechanisms via which the thermal and
photothermal enhancement of both the fluorescent and plas-
monic moiety takes place in such hybrid systems.

In this work, the influence of the silica shell thickness of
the plasmophores on the thermal and photothermal behavior of
GNCs and GNRs, as well as the fluorescence behavior of GNCs,
was studied in detail. Functionalization of GNRs with SiO2 shells
enhances their colloidal stability, thermal/photothermal stability,
as well as their photothermal efficiency. Moreover, conjugating
the GNRs@SiO2 with GNCs affects the fluorescence of the conju-
gated GNCs as a function of the SiO2 thickness but also changes
the mode of the photothermal reshaping of the GNRs upon ns
laser irradiation.

2. Results and Discussion

2.1. Synthesis and Characterization of the Plasmophores

The CTAB-capped GNRs (GNRs@CTAB) were synthesized by
the previously reported seed-mediated method, which involves
using binary surfactant systems composed of CTAB and sodium
oleate to obtain GNRs of different aspect ratios.[45] Three differ-
ent approaches were employed to synthesize the nanohybrids.
In the first approach, GNRs were conjugated with the GNCs via
the direct electrostatic interaction between the positively charged
GNRs@CTAB (𝜁 -potential = +39.2 ± 7.1 mV, Figure S6, Sup-
porting Information) and the negatively charged glutathione-
capped GNCs (GNCs@GSH) (𝜁 -potential = −32 ± 4.2 mV).[46]

The second approach involved a layer-by-layer (LBL) assem-
bly technique, during which GNRs@CTAB were coated with
negatively charged poly(styrene sulfonate) (PSS) and positively
charged poly(diallyldimethylammonium chloride) (PDADMAC)
polyelectrolyte layers, respectively, and finally were incubated
with the GNCs that attached via electrostatic attraction. How-
ever, in our experiments, these approaches either did not yield
effective and homogeneous distributions of GNCs around the
GNRs cores (first approach) or failed to conjugate the GNCs to the
GNRs (second approach) (Figure S4, Supporting Information).
Hence, we decided to coat our GNRs@CTAB with a silica (SiO2)
layer to obtain the GNRs@SiO2 first and then conjugate them
with the GNCs via ethyl dimethylaminopropyl carbodiimide/N-
hydroxysuccinimide (EDC/NHS) coupling chemistry (Figure 1).
The transmission electron microscopy (TEM) images of the
nanohybrids obtained through the later approach ascertained the
successful synthesis of the GNRs@SiO2@GNCs plasmophores
as could be revealed from the effective and homogeneous dis-
tribution of the GNCs around the GNRs@SiO2 (Figure 1H–K).
It is worth mentioning that our conjugation strategy is valid not
only for conjugating GSH-coated GNCs to the GNRs@SiO2 but
also for conjugating other NCs such as bovine serum albumin-
coated GNCs (GNCs@BSA) and dihydrolipoic acid-coated silver
nanoclusters (SNCs@DHLA) (Figures S7–S9, Supporting Infor-
mation). The UV–vis absorption spectra of the plasmophores
did not exhibit spectral change, aggregation, or broadening of
their plasmonic peaks (Figure S5, Supporting Information),
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Figure 1. Synthesis and characterization of GNRs@SiO2@GNCs plasmophores. A) Schematic illustration of the synthetic route of the
GNRs@SiO2@GNCs plasmophores (left panel). Photographs of the plasmophores under white light and UV lamp excitation (right panel). B) TEM
micrographs of GNRs@CTAB, GNRs@SiO2, and GNRs@SiO2@GNCs plasmophores (left to right, respectively) (scale bar = 50 nm). 3D reconstruc-
tured structures of C) GNRs@CTAB, D,E) GNRs@SiO2, and its cross sectional view and F,G) GNRs@SiO2@GNCs plasmophores and cross sectional
view (scale bar = 20 nm). H,I) Dark-field TEM micrographs of GNRs@SiO2@GNCs plasmophores. J–L) HR-TEM images of GNRs@SiO2@GNCs.
M–O) EDX elemental mapping of Au, Si, and O, respectively, in the GNRs@SiO2@GNCs plasmophores.

whereas a significant broadening of the plasmonic peaks of both,
GNRs@GNCs and GNRs@LBL@GNCs, was observed as com-
pared to that of the original GNRs@CTAB (Figure S4, Supporting
Information).

The SiO2 shell thickness of the plasmophores was systemati-
cally tuned from ≈2.5 to 30 nm (2.5, 3.3, 4, 5, 6.5, 7.8, 8, 9.2, 13,
16, 20, 21.7, 23, 26, 28, and 30 nm) as revealed from the TEM im-

ages (Figures S2,S19,S20, Supporting Information). The coating
of GNRs@CTAB with various thicknesses of SiO2 was carried
out using a modified Stöber method as reported previously.[47]

Tuning the SiO2 thickness was initiated by adjusting the CTAB
concentration in the as-synthesized GNRs solution, which is a
very crucial step to precisely control the silica shell thickness.
The SiO2 deposition started by the successive hydrolysis and
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condensation of the silica precursor, tetraethyl orthosilicate
(TEOS), in alkaline reaction conditions on the CTAB micellar
templates which are mostly around the GNRs surfaces. The
SiO2 shell thickness is determined by the ratio of silica deposited
around the GNRs and freely formed silica in the solution as a
function of the equilibrated CTAB added in the previous step.[47]

Following this synthesis protocol, we successfully achieved the
fabrication of a mesoporous silica shell with a pore size of
2.0–2.5 nm.[47–49]

The UV–vis absorption spectral features of different SiO2
thickness-coated GNRs did not show aggregation or broadening
of their plasmonic peaks (Figure S2, Supporting Information).
Silanization of GNRs was accompanied by a small blue shift in
the longitudinal surface plasmon resonance (LSPR) peak, which
is attributed to the changes in refractive index as a result of
CTAB removal during the purification steps in the synthesis of
GNRs@SiO2.[50] Our results are in agreement with a previous
report that showed that the methanol used during the purifica-
tion steps diffuses through the mesopores of the deposited silica
layer and dissolves the underlying CTAB micellar templates.[50]

The conjugation of GNRs@SiO2 of different SiO2 thicknesses
with the GNCs@GSH was carried out following two main
steps. The GNRs@SiO2 were first functionalized with amine
groups via their interaction with 3-aminopropyl triethoxysilane
(APTES). The terminal carboxylic groups of GNCs@GSH were
then activated and made ready for their subsequent reaction with
the primary amine-terminated GNRs@SiO2@APTES through
the carbodiimide coupling chemistry. The GNCs@GSH with
their activated carboxylic terminus were then conjugated to the
amine-functionalized GNRs@SiO2 via amide bond formation
through the nucleophilic attack of primary amine groups of
the latter on the activated carboxyl groups of the former. The
successful functionalization of GNRs@SiO2 with APTES and
GNCs was confirmed by changes in zeta potential (𝜁 ). The zeta
potential of GNRs@SiO2 was ≈−10 mV, and upon functionaliza-
tion with APTES, it changed into ≈+9 mV and ultimately shifted
to −6 mV after conjugation with the GNCs (Figure S6, Support-
ing Information). The full characterization of GNRs@CTAB
before and after functionalization with SiO2, APTES, and GNCs
is depicted in Figure S6 (Supporting Information). Moreover,
the successful conjugation of GNRs@SiO2 with GNCs@GSH
could be revealed from the TEM images which show a uniform
distribution of the GNCs around the plasmonic cores (Figure 1).
High resolution (HR)-TEM further confirms the homogeneous
deposition of GNCs@GSH of 1.8 ± 0.35 nm average core diame-
ter with a measured lattice fringes d-spacing of 0.235 nm, which
matches well with reported values,[51] indicating the retained
original crystallinity of the deposited GNCs (Figure 1L). Energy
dispersive X-ray (EDX) elemental mapping of the plasmophores
revealed a uniform SiO2 deposition as well as an exclusive and
preferential deposition of the GNCs at the outer surfaces of the
plasmophore nanohybrid system (Figure 1M–O).To visualize
the three diomenstional (3D) structures of GNRs, GNR@SiO2
and GNR@SIO2@GNCs, we performed transmission electron
microscopy (TEM) tomographic resconstruction. Accodingly, a
series of 2D TEM projections were collected and used to retrive
the 3D structural details and internal structure of the hybrid
systems. The electron tomography images of the plasmophores
revealed the uniform and homogeneous distribution of GNCs

on the silica layer of the plasmophores without preferential
spatial deposition and not within the mesoporous structure of
the SiO2 shells (Figure 1C–G). Moreover, a similar approach was
successfully followed to conjugate ≈2 nm fluorophore to the sur-
face of mesoporous silica-coated GNRs.[47] This in turn means
that the GNCs (diameter ≈1.8 nm) are deposited at the same
distance from the surfaces of the plasmonic cores ruling out the
possibility of diffusing through the mesopores of the silica shell,
especially with the expected additional pore size reduction of
the pore size due to surface functionalization with APTES.[52,53]

Moreover, both 2D and 3D TEM studies showed the formation of
only a monolayer of the GNCs in the plasmophore nanohybrid
system (Figure 1). These findings revealed that our conjugation
strategy could be simply applied to deposit a monolayer of any
carboxyl group-functionalized molecule/nanostructure to the
plasmonic GNRs@SiO2 nanostructures.

2.2. Distance-Dependent Fluorescence Properties of the
Plasmophores

Notwithstanding the various attempts to investigate the plasmon-
dependent fluorescence behavior of organic dyes,[54–59] inorganic
QDs,[60–71] and fluorescent proteins,[72] when coupled to plas-
monic GNRs, systematic studies of the separation dependence
are missing. In order to investigate the separation-dependent
fluorescence of the GNCs in the plasmophore nanohybrid sys-
tem, we used steady-state fluorescence as well as the time-
resolved photoluminescence (TRPL) for different aspect ratios
(AR) GNRs. The distances between GNR and GNCs were con-
trolled by varying the SiO2 thicknesses (≈2.5–9.2 nm for high
AR GNRs, and 13–30 nm for low AR GNRs). The results are
presented in Figures S18–S20 (Supporting Information) includ-
ing the characterizations of the plasmophores with different SiO2
thickness. The steady-state fluorescence measurements revealed
an obvious distance-dependent fluorescence enhancement of the
GNCs. As could be seen from Figure 2, when the GNCs located
at a distance of ≈2.5 and ≈9.2 nm from the surfaces of GNRs in
high AR plasmophores they showed emission intensity ranged
from minima (≈1.2 × 106 CPS) to maxima (≈3.1 × 106 CPS),
whereas in low AR plasmophores (Figure S21, Supporting In-
formation), when the GNCs located at a distance of ≈13 and
≈30 nm from the surfaces of GNRs they showed emission
intensity ranged from minima (≈2.1 × 104 CPS) to maxima
(≈27.0 × 104 CPS). Moreover, the steady-state fluorescence re-
sults showed that the metal/distance-dependent fluorescence
of GNCs takes place without alteration in the emission spec-
tral profiles of the GNCs, as could be revealed from their un-
changed emission maxima (≈600 nm) and unaffected emission
color upon excitation at 365 nm (Figure 2A; Figure S21, Sup-
porting Information). This latter effect is of significance in var-
ious bioimaging applications where more than one single flu-
orophore is utilized, as any alterations in the emission spectral
profile of one fluorophore could interfere with the spectral pro-
files of the other fluorophores.[73] Moreover, the metal/distant-
dependent emission intensity of the GNCs follows a nonmono-
tonic behavior, where the emission intensity increases gradually
until it reaches its maxima at a separation distance of ≈8 nm
(high AR plasmophores) and ≈23 nm (low AR plasmophores)
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Figure 2. A) Photographs of high AR plasmophores of different silica thickness under white and UV-lamp excitation (PL = plasmophore, number
indicates the thickness of silica shell in nm and its corresponding colored dot) and B) their respective steady-state fluorescence intensity and mean
lifetime (Insets are cartoon illustrations of thin and thick plasmophores; the colored dots indicate the different samples, I-III indicates different regimes
of distance-dependent fluorescence of plasmophores). C–F) Numerical estimation of fluorescence at the equator and the tip. (C) Schematic of the model
used. The green arrow points to the equator, and the blue arrow points to the tip. (D) Excitation rate enhancement of the GNCs, as estimated by the
square of the electric field enhancement at 365 nm. (E) The quantum yield of the GNCs at 600 nm, assuming 100% internal quantum yield. (F) Purcell
factor of the GNCs at 600 nm on the surface of the silica layer.

and then drops back with increasing SiO2 thickness (Figure 2B;
Figure S21, Supporting Information). It is worth mentioning that
in the case of high AR plasmophores an abrupt increase in the
fluorescence intensity as well as fluorescence lifetime takes place
when the silica thickness of the plasmophore changes from 5.0
to 6.5 nm (Figure 2B).

To understand the distance dependence of the plasmophore
fluorescence, we modeled them using the Lumerical finite-
difference time-domain software package.[74] Because particle

concentrations in the experiment are low, interactions between
plasmophores are minimized, and we model the plasmophore
as a single particle illuminated by a plane wave. Boundary con-
ditions are shown schematically in Figure S49A,B (Supporting
Information). The simulation consisted of two parts. In the first
part, we modeled the GNR@SiO2 complex with plane wave in-
coming light. We used this model to find the square of the elec-
tric field enhancement at the surface of the plasmophores, which
is equal to the excitation rate enhancement in the unsaturated

Adv. Optical Mater. 2024, 2302833 2302833 (5 of 14) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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limit.[75,76] In the second part of the simulation, we replaced the
plane wave source with a dipole emitter on the surface of the silica
shell whose dipole moment points into the nanorod. This latter
part of the simulation provided the quantum yield, which is the
portion of the GNCs’ energy that is radiated to the far field, and
the Purcell factor, which is the ratio of the GNCs’ radiative decay
rate near the antenna to its decay rate in free space.[75] The quan-
tum yield and Purcell factor were calculated in two locations: the
tip, where the GNC couples most strongly to the GNR longitudi-
nal plasmon resonance; and the equator, where the GNC couples
most strongly to the transverse resonance of the GNR. We have
assumed that the different plasmon modes of the GNCs do not
couple and therefore can be simulated separately.

Figure 2 shows the results of the simulations for high-AR rods.
The plasmophore is shown schematically in Figure 2C, where
the green arrow points toward the equator, the blue arrow points
to the tip, and the crosses represent the locations of particular
GNCs. Figure 2D shows the square of the electric field enhance-
ment at 365 nm, which again equals the excitation rate enhance-
ment. Figure 2E,F show the quantum yield and the Purcell fac-
tor at 600 nm. The data in Figure 2F have been multiplied by
a phenomenological arctangent function (details in the supple-
mental information), representing quenching, i.e. nonradiative
relaxation of the emitter due to quantum mechanical effects. The
figure shows that the GNR couples more strongly to emitters
near the equator than to emitters near the tip. This is due to the
transverse plasmon resonance at 550 nm (see Figures S18,S51,
Supporting Information). Both, the excitation rate and the Pur-
cell factor are strongly enhanced for emitters near the equator at
wavelengths ≈550 nm. By contrast, emitters near the tip inter-
act most strongly with light near the longitudinal plasmon reso-
nance at 900 nm but do not couple strongly with the nanorod at
wavelengths of 365 or 600 nm.

The distance-dependent emission enhancement of GNCs in
the plasmophore nanohybrid system with its nonmonotonic
trend could be explained as follows; at thinner SiO2 spacer thick-
ness, the drop in fluorescence intensity for GNCs that are lo-
cated very close to the GNRs’ surfaces is due to nonradiative
quenching of the GNCs to the continuum states of the plasmonic
GNRs.[47] Likewise, an obvious drop in the fluorescence intensity
of GNCs takes place when the GNCs are placed far away from the
plasmonic surfaces (i.e. at thicker SiO2 spacer thickness), where
the electric field generated by the GNRs and hence the sponta-
neous decay rate enhancement is minimal. The trade-off between
the distant-dependent spontaneous decay rate enhancement and
quenching will determine whether an enhancement or quench-
ing will take place at a given GNCs-GNRs separation distance.[77]

For a separation distance of ≈8 and 23 nm, in high and low AR
plasmophores, the spontaneous decay rate enhancement consid-
erably outweighs the quenching, resulting in a maximum flu-
orescence intensity. The distance-dependent fluorescence could
be summarized as follows; strong fluorescence enhancement of
the plasmophore system takes place when GNCs are located at
certain distances (8 nm for high AR and 23 nm for low AR
plasmophores) from the surfaces of the plasmonic GNRs. Here
Förster Resonance Energy Transfer (FRET) to the GNRs is mini-
mal and the plasmon-induced electric field still contributes to the
excitation of GNCs (higher excitation rates due to strong local
electromagnetic field) and/or emission enhancement of GNCs

(higher emission rates due to enhancement of the radiative decay
rates of the electromagnetically-coupled GNCs).[47,78,79] Consider-
able fluorescence quenching takes place in two limits: One limit
is when FRET outweighs the enhancement of excitation and/or
emission of the GNCs, which means that the excitations of the
fluorophore dissipate efficiently in the plasmonic moiety. This
effect could be seen clearly when GNCs are placed very close to
the GNRs, ≈2.5 and 13 nm for high and low AR plasmophores,
respectively. The second limit is when the contribution from the
plasmon-enhanced electric field is minimal which occurs when
the separations between GNCs and GNRs are large ≈9.2 and
30 nm in high and low AR plasmophores, respectively.[47]

It is worth noting that the concentrations of GNRs as well as
GNCs were kept the same in all plasmophore systems as well
as experimentally possible. Nevertheless, because of the different
silica shell thicknesses in the obtained plasmophores, there may
be an unequal amount of conjugated GNCs, i.e. with increasing
the silica thickness one can expect an increase in the conjugated
GNCs and vice versa. However, our results show an increased flu-
orescence from the intermediate-thickness plasmophores rather
than from plasmophores of thicker silica thickness in both, our
low and high AR plasmophores. Therefore, the data shows that
the enhanced fluorescence is not an effect of the increased con-
centration of conjugated GNCs, but that distance from the plas-
mon surface plays a major role.

Time-resolved photoluminescence measurements were also
carried out to determine the fluorescence lifetime of the GNCs
as a function of their distance from the plasmonic surfaces of
the GNRs in the plasmophore system. As could be seen from
Figures S22,S23,S26,S27 (Supporting Information), the time-
resolved fluorescence decay curves of the free GNCs as well
as of the plasmophores follow a multiexponential decay and
could be efficiently fitted with a triexponential decay function
(details are added in SI). The fluorescence decay curves are
consistent with the data obtained from the steady-state fluores-
cence measurements. As the distance between the plasmonic
surfaces of GNRs and GNCs decreases, the fluorescence life-
time decreases, and the fluorescence decays faster (Figure 2B,
regime I; Figure S24,S25,S28,S29, Supporting Information).
This could be ascribed to the increased nonradiative decay rates
commonly seen when the fluorophores get closer to the plas-
monic surfaces.[47,80–82] On the other hand, when the GNCs are
placed at a specific distance from the GNRs surfaces, the fluores-
cence decays slower and the fluorescence lifetime of the GNCs
increases (Figure 2B, regime II; Figures S24,S25,S28,S29, Sup-
porting Information). At such distances from the plasmonic core,
there should be higher excitation rates of the GNCs as a result of
the strong local electromagnetic field of the GNRs or from the
enhanced emission of the GNCs by the enhanced radiative decay
rates. When the GNCs are placed farther away from the GNRs,
the radiative decay decreases and hence the fluorescence inten-
sity as well as the fluorescence lifetime are lowered (Figure 2B,
regime III). Our results are in good agreement with the observa-
tions reported by Abadeer et al.,[47] where the authors placed the
IRDye 800CW DBCO at different distances from the plasmonic
surfaces using dielectric silica spacer of different thicknesses
and found a SiO2 thickness-dependent fluorescence intensity in
this fluorophore-plasmon coupling system and reported an ap-
proximate tenfold fluorescence enhancement of the IRDye when

Adv. Optical Mater. 2024, 2302833 2302833 (6 of 14) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. In situ heating TEM study. A) Schematic illustration of the in situ thermal annealing TEM set-up. B) Effect of thermal annealing on the AR
of GNRs@CTAB, GNRs@SiO2, and GNRs@SiO2@GNCs plasmophores. C) TEM images of in situ thermal annealing of GNRs@CTAB, GNRs@SiO2,
and GNRs@SiO2@GNCs plasmophores at different temperatures.

placed at specific distance from the plasmonic surfaces of GNRs.
The authors have also shown that decreasing the silica thickness
results in a strong reduction in the fluorescence lifetime of the
conjugated IRDye.

2.3. Thermal Stability of the Plasmophores

Conjugation of the GNRs@SiO2 with the GNCs not only mod-
ulates the photophysical properties of the GNCs as discussed
above but could also modulate the photophysical properties of
the plasmonic GNRs cores. Thermal annealing of GNRs has
been reported to induce drastic structural and morphological
alterations of GNRs.[83] Many reports have shown that elevat-
ing the temperature of anisotropic NPs either thermally or
via laser irradiation results in a loss of anisotropy, leaving be-
hind deformed nanostructures of more stable crystal facets.
Such behavior limits the use of these anisotropic NPs in many
applications.[84–86] In order to study the thermal behavior of the
GNRs in our plasmophore nanohybrid system, in situ TEM
heating experiments were carried out. The heat-induced struc-
tural and morphological changes, as well as the melting process
during the thermal annealing of GNRs@CTAB, GNRs@SiO2,
and GNRs@SiO2@GNCs at different temperatures, were inves-
tigated using a TEM facility equipped with a special specimen

heating holder that allows for studying the heat-induced changes
at significantly elevated temperature (1000 °C).

The in situ heating of CTAB-capped GNRs for temperatures
below 150 °C did not affect their structure and morphology, and
the GNRs@CTAB preserved their AR (≈3.5) at such tempera-
tures (Figure 3). As the temperature elevated to 150 °C, the GNRs
started to develop some morphological changes, as could be re-
vealed from the coalescence of the GNRs (Figure 3C). With the
gradual increase of the annealing temperature, more structural
transformations and distortions of the GNRs took place, result-
ing in more distorted and irregular nanostructures. When the
annealing temperature reached 400 °C, the GNRs@CTAB started
to transform almost completely into spherical-shaped nanostruc-
tures (Figure 3C). The almost complete transformation (observed
at ≈505 °C), thus, took place hundreds of degrees below the melt-
ing temperature of bulk gold (≈1064 °C)[87] (Figure S33, Support-
ing Information). Similar findings for in situ heat-induced GNR
transformations have been previously reported.[88] Such thermal
behavior of the CTAB-capped GNRs could be attributed to the
inability of the CTAB layer to hinder the thermally-driven dif-
fusion of the less stable gold surface atoms from the tips of
the GNRs to their shaft. Such heat-induced surface atom dif-
fusion dominates until complete morphological transformation
into the more thermodynamically stable spherical NPs occurs.
The in situ TEM annealing results showed enhanced thermal

Adv. Optical Mater. 2024, 2302833 2302833 (7 of 14) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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stability of GNRs@SiO2, as could be revealed from their resis-
tance to the heat-induced structural and morphological changes,
even when they annealed at relatively high temperatures (850 °C)
(Figure 3; Figure S34,S36, Supporting Information). Likewise,
the in situ TEM results revealed the high thermal stability of
the GNRs@SiO2@GNCs plasmophores over the CTAB-coated
GNRs (Figure 3B,C). The TEM images of the in situ TEM heat-
ing of our plasmophores showed the preserved anisotropic shape
and AR of their core GNRs up to temperatures below 900 °C
with some morphological changes started to emerge as the an-
nealing temperature elevated to 900–1000 °C (Figure 3C; Figure
S35, Supporting Information). At such a high temperature (900–
1000 °C), which is very close to the bulk gold melting temperature
(≈1064 °C), some of the GNRs started to transform into prolate
spheroid- and Φ-shaped NPs. However, a complete morphologi-
cal transformation of the GNRs into spherical NPs still, however,
did not take place at such a higher annealing temperature. The
enhanced thermal stability of GNRs in SiO2-coated GNRs and the
plasmophores compared to the CTAB-coated GNRs could be as-
cribed to one or more of the following mechanisms; 1) the rigidity
of the silica shells prevents the heat-induced surface atoms dif-
fusion and hence the thermally-driven structural rearrangement
and morphological changes of GNRs, or 2) the SiO2 layer pro-
vides an insulation/passivation barrier around the GNRs against
the elevated temperatures which delays and maybe prevents sur-
face atoms diffusion. It is worth noting that the agglomeration of
particles seen in Figure 3 could be attributed to the drying effects
that are usually seen during the processing of samples for TEM
and it is not as a response to post-thermal treatment of the NPs.

To our surprise, the GNCs in the plasmophore hybrid system
did not show significant structural transformations but rather
exhibited excellent thermal stability at relatively high annealing
temperatures (800–1000 °C), although some fusion of individ-
ual GNCs took place at 800 °C (Figure S35, Supporting Informa-
tion). It is worth noting that the melting temperatures of gold
NPs decrease as their size decreases,[89] and it has been reported
that a gold nanocluster with a diameter of ≈2 nm has a melting
temperature of as low as 127 °C and shows even a lower surface
melting temperature.[90,91] This means that such incorporation of
GNCs in a nanohybrid system such as in plasmophores enhances
their thermal stability, making them more robust at hundreds of
degrees higher annealing temperature than their original melt-
ing temperature. The enhanced thermal stability of GNCs in the
plasmophores could be ascribed to the strong binding as well
as anchoring of the GNCs to the silica support which in turn
suppresses GNCs diffusion and hence their sintering and coa-
lescence at elevated annealing temperatures.

The thermal stability of GNRs, GNCs, and plasmophores was
assessed by recording their UV–vis absorption as well as their
PL spectra before and after annealing their solutions at elevated
temperatures. The UV–vis data showed a blue-shift of the LSPR
peak of the GNRs upon annealing at 100 °C, whereas, no obvi-
ous change in the LSPR peak position for plasmophores (Figure
S38A, Supporting Information). These results are consistent with
the solid-state in situ TEM heating experiment. On the other
hand, the PL data shows no difference between the PL stability
of GNCs and plasmophores upon annealing at 100 °C (Figure
S38B,C, Supporting Information). The diminished fluorescence
of both free GNCs as well as plasmophores upon thermal anneal-

ing may be due to lower charge transfer between GSH and GNCs
which could be attributed to temperature-induced weakening of
the Au─S bonds.[92]

2.4. Photothermal Stability of the Plasmophores

Apart from the thermal heating-induced structural and mor-
phological changes of GNRs, laser photothermal heating of
GNRs could also induce fragmentation and melting of the
GNRs.[86,93–95] The latter effect has been used to control the size
and shape of many nanostructures as well as to obtain highly
monodispersed NPs.[94,96–99] Various efforts have been devoted to
enhancing the photothermal stability of many NPs in diverse ap-
plications where NPs are required to be exposed to laser irradi-
ation for extended periods of time, such as cancer photothermal
ablation. Inspired by their robust structures and thermal stabil-
ity, we decided to evaluate the photothermal behavior of the plas-
mophores during their irradiation with ns laser pulses, which
will initiate the local heating of the NP surface. The photother-
mal stability of different AR plasmophores (AR ≈ 3.5 and 5.5,
𝜆LSPR ≈ 785 and 900 nm, respectively) after being irradiated with
different ns laser pulses (200–9000 pulses) using the first har-
monic of an Nd:YAG ns-laser source (1064 nm, 320 mJ cm−2)
was evaluated by recording their UV–vis absorption spectra as
well as by analyzing their morphological and structural changes
in TEM. The UV–vis absorption spectra of ns laser-irradiated
CTAB-capped GNRs (AR ≈ 3.5 and 5.5) showed a photothermally-
induced spectral hole-burning as could be revealed from the di-
minished extinction values at 𝜆LSPR with a concomitant increase
of the extinction values at 𝜆TSPR (Figure S39A,S41A, Support-
ing Information). It is worth noting that the transient increase
in the extinction maxima and reduction of spectral bandwidth
at 𝜆LSPR after irradiating the high AR GNRs@CTAB (≈5.5) with
≈500–1000 ns laser pulses arise from the ability of such laser
beams to minimize the polydispersity of GNRs, which in turns
reduces their spectral bandwidth and increases their extinction
maxima at 𝜆LSPR. Our results agree with previous work that shows
the ability to synthesize highly monodisperse GNRs with ultra-
narrow LSPR spectral bandwidth.[100] Irradiating different AR
GNRs@CTAB with 9000 ns laser pulses brings about dramatic
morphological and structural changes and leads finally to the al-
most complete loss of rod-shaped nanostructure and the dom-
inance of the more thermodynamically stable spherical-shaped
NPs (Figure 4; Figures S40,S42, Supporting Information). In or-
der to figure out the mechanism of the laser-induced photother-
mal reshaping of GNRs, TEM imaging of larger GNRs@CTAB
(AR ≈ 5.5) was carried out at intermediate laser pulses (200–
3000 pulses). The TEM results showed the formation of interme-
diate nanostructures at moderate laser pulses (200–3000 pulses),
such as the Φ-shaped NPs, where the length of GNRs dimin-
ishes, and their shafts become thicker, along with other bent
and twisted nanostructures (Figure S42, Supporting Informa-
tion). Such structures are believed to dominate at an early stage of
laser irradiation of NPs due to the photothermal heating-induced
planar defects and twin formation in the GNRs.[86,101] Based
on the aforementioned findings, one could conclude that the
ns laser-induced reshaping of GNRs@CTAB follows a melting-
mediated mechanism (Scheme S1, Supporting Information). It
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Figure 4. In situ plasmon-mediated reshaping of GNRs. A) Schematic illustration of the photothermal heating experiment set-up. B) TEM images of
photothermal heating using different ns laser pulses of GNRs@CTAB, different silica thickness GNRs@SiO2 (Si22 and Si15, numbers indicate different

Adv. Optical Mater. 2024, 2302833 2302833 (9 of 14) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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has been shown that the laser irradiation-induced structural
and morphological changes of GNRs@CTAB take place due
to the increased kinetic energy of gold atoms upon photother-
mal heating which in turn results in their surface diffusion.
The continuous absorption of laser light by the GNRs results
in increased lattice energy, and more surface diffusion takes
place until a more thermodynamically stable spherical struc-
ture dominates.[93,101] It is worth noting that the densely-packed
CTAB on the surfaces of GNRs has a significantly lower ther-
mal conductivity (K) than that of water (KCTAB = 0.140 W mK−1

and KWater = 0.598 W mK−1),[102] which means that the CTAB
layer acts as a barrier against heat diffusion upon laser radi-
ation, leading to a subsequent heat accumulation and accel-
erates the photothermal-induced morphological and structural
changes.

However, the UV–vis absorption spectroscopic and TEM imag-
ing results showed enhanced photothermal stability of the SiO2-
coated GNRs (Figure S39B,C, Supporting Information). In this
experiment, GNRs were coated with different SiO2 shell thick-
nesses (GNRs@Si22 and GNRs@Si15, Si22, and Si15 indicate SiO2
thickness in nm). Coating the lower AR GNRs (≈3.5) with either
Si22 or Si15 shells renders them more photothermally stable, as
could be revealed from their nearly unaffected UV–vis spectral
features (Figure S39B,C, Supporting Information), and that the
GNRs become more resistant to the photothermal-induced struc-
tural and morphological changes when coated with thicker SiO2
shells. The TEM results confirm the photothermal stability of low
AR GNRs@SiO2 (Figure S40, Supporting Information). Closer
examination of the TEM images of GNRs@Si15 irradiated with
9000 ns laser pulses revealed that the photothermally-induced re-
shaping of GNRs@SiO2 takes place in a different way than that
of GNRs@CTAB. The TEM imaging and UV–vis results show a
clear shortening and decrease of the AR of GNRs@SiO2 as well
as a hypsochromic shift of their LSPR band, respectively, which
reveals that the photothermal reshaping of GNRs@SiO2 most
probably follows a fragmentation-mediated mechanism rather
than a melting-based mechanism (Scheme S1, Supporting Infor-
mation). Furthermore, the formation of bullet-shaped NPs upon
photothermal heating of GNRs@SiO2 revealed that the reshap-
ing proceeds via a fragmentation mechanism where a gradual
release of fragmented gold takes place through the mesopores
of the SiO2 shells (Figure S40 and Scheme S1, Supporting Infor-
mation). Our results are consistent with previous findings.[103–105]

In order to gain further insight into the origin of the photother-
mal stability of SiO2-coated GNRs, we performed numerical sim-
ulations to predict the temperature reached by GNRs@CTAB,
GNRs@SiO2, and plasmophores for both high and low AR ge-
ometries. We found that GNRs coated in SiO2 shells reached
higher temperatures, due to the red shift of their resonances lead-
ing to a larger absorption cross section at the laser wavelength
(see Figure S49, Supporting Information). Therefore, we ascribed
the enhanced photothermal stability of SiO2-coated GNRs to the
rigid structure of the SiO2 shells that hinders the diffusion of
surface atoms and the concomitant photothermal reshaping of
GNRs. The same findings were also exhibited by SiO2-coated

larger GNRs (≈5.5) (Figures S41B,C,S43,S44, Supporting Infor-
mation). It is worth mentioning that the diminished photother-
mal stability of higher AR GNRs@SiO2 compared to lower AR
GNRs@SiO2 is likely due to a combination of two effects: 1)
the higher absorption cross-section of high AR GNRs@SiO2 at
the laser wavelength (1064 nm) compared to that of the low AR
GNRs@SiO2, which means more energy deposition on the larger
GNRs@SiO2,[84] and 2) the considerable thermodynamic stabil-
ity of shorter GNRs@SiO2 compared to larger GNRs@SiO2 that
makes them more resistant to the photothermal-induced mor-
phological and structural changes,[84] giving that both NPs are
irradiated using the same laser parameters.

The UV–vis absorption data and the TEM images of the
GNRs@SiO2@GNCs plasmophores irradiated with different
pulses ns laser showed that functionalization of GNRs@SiO2
with GNCs switches their photothermal reshaping behavior
from a fragmentation-mediated into a melting-mediated process
(Scheme S1, Supporting Information). These findings could be
clearly seen from the spectral hole burning of the plasmophores
at their LSPR band (Figures S39D,E,S41D,E, Supporting Infor-
mation), as well as the formation of Φ-shaped NPs and bent
nanostructures (Figure 4, Figures S45,S46, Supporting Informa-
tion) upon irradiation with different pulses of ns laser. As such,
the photothermal reshaping process of our plasmophores resem-
bles that of GNRs@CTAB, although the rate of spectral changes
and melting kinetics of our plasmophores are much slower as
well as their morphological transformation and structural rear-
rangement are not as fast and drastic as that of GNRs@CTAB.
It is worth noting that the agglomeration of particles seen in
Figure 4 could be attributed to the drying effects that are usu-
ally seen during the processing of samples for TEM and it is not
as a response to post-photothermal treatment of the NPs.

It should be pointed out that the fluorescence behavior of
GNCs in our plasmophore nanohybrid system was not af-
fected or quenched upon irradiation with frequent ns laser
pulses for an extended time (Figure 5). HR-TEM images of our
GNRs@SiO2@GNCs plasmophores did not reveal any structural
changes or melting of the fluorescent GNCs (Figure 5). Such high
thermal (vide supra) and photothermal stability of the GNCs in
our nanohybrid system could be of great importance in various
applications.

In order to gain further insight into the photothermal stabil-
ity displayed by the plasmophores, we performed finite element
method (FEM) simulations with the commercial software COM-
SOL Multiphysics (details in the supplemental information). We
show the plasmophore geometry and resulting electric field en-
hancement under longitudinal polarization in Figure 6A,B. In
the second step, the pulse profile was assumed to have a Gaus-
sian distribution in time with a width of 9 ns. Figure 6C shows
the temperature of the nanorod as a function of time for the
different high AR systems for different SiO2 shell thicknesses
(Si22 and Si15), as it was in Figures S39,S41 (Supporting In-
formation). This plot shows two important pieces of informa-
tion that determine the photothermal reshaping properties of the
plasmophores—the maximum temperature increase, as well as

SiO2 thickness in nm), and GNRs@SiO2@GNCs plasmophores of different silica thickness (PL22 and PL15, PL = plasmophore, number indicates the
thickness of silica shell in nm). Scale bar = 200 nm.
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Figure 5. High photothermal stability of GNCs in the GNRs@SiO2@GNCs plasmophores after irradiation with 9000 ns laser pulses of ≈320 mJ cm−2

fluence. A and I) Bright-field TEM images of PL22 and PL15, respectively. B and J) Dark-field TEM images of PL22 and PL15, respectively. C, D and K, L)
HR-TEM of PL22 and PL15, respectively. E and M) EDX mapping of Au, Si, and S in PL22 and PL15, respectively. F and N) EDX mapping of Au in PL22 and
PL15, respectively. G and O) Photographs of PL22 and PL15, respectively, under UV-lamp excitation.

the duration over which the temperature increase is maintained.
We observe that the dynamics are very similar between all of the
systems, and therefore, in Figure 6D, we plot only the maximum
temperature increase reached for all of the plasmophores. We see
that the temperature increase in the low AR systems is smaller
than for the high AR systems. This is because the absorption
peak of the low AR systems occurs at smaller wavelengths (see
Figures S18,S49 for the experimental and numerical spectra, re-
spectively, Supporting Information), further away from the laser
wavelength of 1064 nm. Furthermore, we observe that the bare
nanorods reach a lower temperature than those coated in SiO2.
Therefore, we attribute the thermal stability of the latter to the
rigid structure of the SiO2 layer inhibiting the surface diffusion
of gold atoms of the nanorod.

3. Conclusion

We have shown a facile route for the synthesis of plasmophores
composed of fluorescent GNCs conjugated to plasmonic GNRs
using dielectric silica spacers. The silica shell thickness could

be tuned by controlling the free CTAB micellar concentration in
the GNRs solution. Tuning the silica layer thickness allows for
placing our GNC fluorophores at determined distances either
closer to or further away from the GNR plasmonic cores. The
results showed that our plasmophores have higher colloidal sta-
bility in different media compared to CTAB-coated GNRs. More-
over, our plasmophores showed more enhanced physicochemical
properties of both plasmonic GNRs and the GNC fluorophores.
The results showed a nonmonotonic trend for fluorescence en-
hancement due to two competing processes, nonradiative flu-
orescence quenching at small GNCs-GNRs separation distance
and fluorescence-enhancing radiation decay from the strong elec-
tric field near the surfaces of the plasmonic GNRs. The best sep-
aration distance of the GNCs was shown to be ≈8 and 23 nm for
high and low AR plasmophores, respectively, where the increase
in spontaneous decay rate outweighs the nonradiative quench-
ing. On the other hand, our plasmophores showed more en-
hanced thermal stability compared to the CTAB-coated GNRs.
Although the melting temperature of smaller-size nanocrystals is
very low (127 °C for 2 nm Au nanocrystals), to our surprise, at ele-
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Figure 6. Photothermal simulations of plasmophores in water. A) Geometry and mesh of a high AR plasmophore with a SiO2 shell thickness of 2.5 nm.
The yellow and pink colors show gold and SiO2 domains, respectively. B) Electric field enhancement of the plasmophore when illuminated by light with
a wavelength of 1064 nm polarized along its axis. C) Temperature increase of the high AR nanorods, GNRs@SiO2 (GNRs@Si15 and GNRs@Si22), and
GNRs@SiO2@GNCs plasmophores (PL15 and PL22) as a function of time when illuminated with the first harmonic of a 9 ns Nd:YAG laser at a fluence
of 320 mJ cm−2. D) Maximum temperature increase reached by different AR plasmophores.

vated temperatures (800–1000 °C) the GNCs in the plasmophores
did not exhibit significant morphological changes and showed
high thermal stability. Furthermore, our plasmophores showed
apparent photothermal stability compared to CTAB-coated GNRs
and this stability is enhanced by increasing the silica layer thick-
ness. The laser irradiation of our plasmophores did not af-
fect the shape or the fluorescence behavior of the GNCs. Our
GNRs@SiO2@GNCs plasmophores hold promise for diverse ap-
plications such as multiplexed imaging, and PTT, and the high
surface area of silica coating facilitates efficient drug loading ca-
pability. The surfaces of the silica-coated GNRs and GSH-capped
GNCs in the plasmophore make them potential candidates for
many biomedical applications. Furthermore, the metal/plasmon-
enhanced fluorescence exhibited by our system may be of bene-
fit for many low-quantum yield fluorophores and thus could im-
prove the detection limits of fluorophore-based sensors.

The current study, while providing valuable insights into the
controlled synthesis of GNR@SiO2@GNC plasmophores and
their applications, acknowledges certain limitations that warrant
consideration. Achieving consistent and precise control over the
silica shell thickness, although reported as controlled in this
work, may pose challenges in scalability and reproducibility. The
findings are specific to the chosen combination of GNRs and
fluorescent nanoclusters, and caution should be exercised when
extending these results to different plasmonic nanoparticles or
fluorophores. Furthermore, the exploration of biocompatibility
for in vivo applications is lacking in this study, necessitating fu-
ture investigations into the potential cytotoxicity and suitability
of plasmophores in biological systems. Future work to broaden
the understanding and practical implementation of such plas-

mophores such as conducting comprehensive biological studies
and functionalizing the plasmophore surface for targeted appli-
cations should be considered. Additionally, exploring multimodal
imaging and quantifying the enhancement of quantum yields for
low-quantum yield fluorophores are areas that can significantly
contribute to the broader understanding and application of this
hybrid nanoplatform.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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