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1. Introduction

Gold nanoclusters (AuNCs) represent an emerging class of
luminescent nanomolecular species with unique molecular-
like-properties that has been exploited for several applications
in optoelectronics,[1] photocatalysis,[2] bioimaging,[3,4] biosens-
ing,[4,5] and therapy.[6,7] Recently, several groups have introduced

approaches for producing assembled nano-
structures with AuNCs by physical interac-
tion[8,9] or with the use of different matrices
(small organic molecules,[10] polymers,[11]

MOF,[12] nucleic acids[13–15]) which outper-
form individual AuNC photonic properties,
such as improved brightness,[16] prolonged
fluorescence lifetime,[17] or enhanced two-
photon absorption enhancement.[18] Excell-
ent reviews reported the advances in this
field.[19–22] In addition, such self-assembled
nanostructures were proposed as theranostic
agents and offer the possibility to be activat-
ed by X-ray or near-infrared light and to de-
liver therapeutic agents or biological targets.
For instance, us and others have demon-
strated how self-assembled AuNCs–siRNA
can target telomeric response for radiother-
apy enhancement[13] or to enhance the anti-
tumor immune response of stereotactic
ablative radiotherapy at primary and meta-
static tumors.[14] We have further showed
that these assemblies could efficiently deliver
siRNA into cells, knock down telomeric

repeat-binding factor 2 expression, and enhance radiosensitivity,
with AuNCs also acting as intrinsic radiosensitizers.

In parallel, there are lot of efforts to develop nanoparticles or
nanostructures that can be detected and tracked at the single
particle level to probe and decipher biological structures at the cel-
lular level.[23,24] While several candidates have shown outstand-
ing spatial and temporal resolution in the visible (400–700 nm)
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Gold nanoclusters (AuNCs) possess unique photophysical properties that make
them excellent candidates for advanced bioimaging and single-particle detection.
In this article, the self-assembly of highly emissive, positively charged near-
infrared-II AuNCs stabilized by cysteamine, directed by small interfering RNA
(siRNA), is reported, which serves as both a structural and electrostatic mod-
ulator. The resulting supramolecular assemblies exhibit quasi-spherical mor-
phologies around 100 nm in diameter, with outstanding colloidal stability,
photostability, and enzymatic resistance. Their strong photoluminescence,
extending up to 1400 nm, enables robust single-particle detection in solution.
Spectroscopic and structural analyses—including fluorescence spectroscopy,
small-angle X-ray scattering, and single-particle tracking—highlight the pivotal
role of siRNA in tuning the assembly process via charge balance and concen-
tration-dependent interactions. Beyond providing insights into the structural and
photophysical behavior of nucleic acid-guided AuNC assemblies, these results
underscore their promise as multifunctional nanoplatforms for integrated
imaging and gene-silencing therapies in biophotonic and theranostic
applications.
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and in the first infrared window (700–900 nm), only few biocom-
patible candidates, such as carbon nanotubes[25–27] and highly
loaded polymeric nanoparticles,[28] have been detected at the sin-
gle particle level in the second biological window called near-
infrared-II (NIR-II) or shortwave infrared (SWIR) between
900–1700 nm. NIR-II region is particularly appealing for biologi-
cal and biomedical studies due to the reduced autofluorescence
and scattering which should improve the resolution in depth and
find some interest in complex cellular environments (organoids,
organ-on-chip) and in living tissues.[29–31] Most existing NIR-II
probes possess imaging capabilities but lack therapeutic func-
tionalities. Therefore, new probes combining both NIR-II detec-
tion and therapeutic modalities would be of high interest for
bio(medical)applications.

In this work, we demonstrate that ligand engineering can
enhance the quantum yield (QY) of positively charged NIR-II-
emitting AuNCs. Furthermore, we show that, in the presence of
siRNA, these AuNCs can self-assemble into quasi-spherical
structures around 100 nm in size via electrostatic interactions.
For this study, we used silencing heat shock transcription
factor 1 (siHSF1)[32] as a model siRNA. These AuNCs–siRNA
supraclusters demonstrate an excellent photo and enzymatic
stabilities, an enhanced photoluminescence (PL) shifted to lon-
ger wavelengths compared to single AuNCs, and are detectable at
the single particle level above 1000 nm wavelengths.

2. Results and Discussion

Positively charged AuNCs (AuCystA) were synthesized using cys-
teamine as a capping ligand and Me3NBH3 as a mild reducing
agent (Scheme 1, see Experimental Section in Supporting Infor-
mation). Transmission electron microscopy (TEM) images reveal
an average core for diameter of 2–4 nm with lattice fringes spaced
at�0.23 nm, characteristic of the Au (111) plane (Figure 1a). Mass
spectrometry (Matrix Assisted Laser Desorption Ionization - Time
of Flight [MALDI-ToF]) further identifies two predominant species
(Figure 1b) with two main broad peaks (m/z= 5700 and 8600),
most likely corresponding to Au25CystA18 and Au36CystA24,
respectively. Zeta potential measurements confirm the positive
charge of AuCystA in a wide pH range (4–9) over at least a week
due to the primary amine of cysteamine (Figure 1c, Figure S1,
Supporting Information).

Absorbance spectrum of AuCystA reveal distinct absorption
bands at 690, 770, 900, and 1050 nm (Figure 1d). The absorption
band at 690 nm is commonly associated with the Au25 struc-
ture.[33] Interestingly, the near-infrared bands observed in
AuCystA resemble those found in AuNCs stabilized by coli-
gands, where anisotropic surface charges induce structural dis-
tortions at varying distances.[34–36] However, in the present case,
cysteamine alone stabilizes these NCs. One possible explanation
for the presence of the near-infrared bands could be related to the
spatial arrangement of the cysteamine on AuNCs surface.[35]

Alternatively, the bands may result from excited-state exciton
localization, induced by structural distortions within the gold
core of the second species, Au36CystA24. Indeed, this is con-
sistent with previous reports on rod-like AuNCs with compara-
ble atomic numbers, such as [Au37(PPh3)10(SC2H4Ph)10X2]

þ

(X= Cl/Br)[37] and Au38SG24,
[38] which exhibit similar absorption

bands at 800 and 1000 nm.
Upon excitation at 808 nm, AuCystA exhibits strong PL in the

NIR-II region, characterized by a prominent emission band at
930 nm and a second PL emission band centered at 1050 nm
(Figure 1e). This dual-emission feature suggests the presence
of two distinct emissive states or pathways within the nanoclus-
ter.[39] Additional PL measurements at different excitation wave-
lengths (400, 690, and 780 nm) yield consistent emission spectra,
(Figure 1e, Figure S2a, Supporting Information) and confirm
the presence of the excitation/emission coupling at 770/1050 nm
(Figure S2b, Supporting Information). We estimated the PLQY of
AuCystA is at 7.1% using indocyanine green (ICG, PLQY 0.23%)
as a reference which is more than 14 times higher than
the well-described water soluble Au25SG18 (SG: glutathione).[40]

Furthermore, time-resolved PL analysis of the 1050 nm emission
band, fitted using a biexponential decay model, reveal two distinct
emissive processes: a fast decay component with a lifetime of
�48 ns and a slower decay component of �1.2 μs (Figure S3,
Supporting Information). The shorter lifetime (τ1= 48 ns) likely
corresponds to rapid radiative transitions associated with the gold
core’s intrinsic electronic states, whereas the longer lifetime
(τ2= 1.2 μs) suggests additional relaxation pathways, potentially
involving surface states modulated by cysteamine ligands.

While PL of AuCystA is sensitive to both pH and solvent
polarity (Figure S4a,b, Supporting Information), at pH> 9 the
PL intensity decreases, likely due to the deprotonation of the cys-
teamine ligand. Conversely, at mildly acidic pH (4–5), the PL

Scheme 1. Schematic illustration of the synthesis of cysteamine-stabilized gold nanoclusters denoted AuCystA.
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intensity increases, suggesting that ligand protonation stabilizes
the emissive states—a trend previously reported for analogous
gold nanocluster systems.[41] In polar solvents, such as dimethyl
sulfoxide (DMSO) and ethanol, AuCystA maintains strong PL,
whereas in acetonitrile, PL is quenched despite an unchanged
absorbance spectrum (Figure S4c,d, Supporting Information).
This suggests that the solvent interactions or polarity effects dis-
rupt excited-state processes, further confirming the important role
of ligand protonation state in the PL properties of AuCystA.

Additional studies assessed the stability of AuCystA’s PL in var-
ious biological buffers confirming robust fluorescence in bovine
serum albumine (BSA) and HBSS at both pH 7 and pH 5, and
0.9% NaCl solution (Figure S5, Supporting Information). This sta-
bility highlights the potential of AuCystA NCs for in vitro and in
vivo applications where bright PL in complex biological media
would be essential for monitoring.[42] Given the strong influence
of pH and solvent polarity on AuCystA’s PL, we further explored
their optical properties in water (H2O) and deuterium oxide (D2O).

Figure 1. a) High-resolution TEM (HRTEM) images of AuCystA and histogram of the average size determined from HRTEM images using 250 particles.
Zoomed TEM image with inset showing the distance between two lattice fringes (�0.23 nm: [Au 111]). b) MALDI-ToF spectrometry of AuCystA nano-
clusters and deconvolution of the bands 1 (m/z= 5700, Au25CystA18) and 2 (m/z= 8600, Au36CystA24). c) Zeta potential of AuCystA in PBS at different
pH. d) Absorbance spectrum of AuCystA in water. e) PL spectrum of AuCystA in water. λexc. 808 nm.
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The D2O experiment shows an enhancement of the band at
1050 nmwhen exciting at 780 nm suggesting energy transfer from
AuCystA surface. Excitations at 450 and 690 nm show an overall
increase of the full PL spectra indicating more complex energy
transfer taking place in the core and on the surface (Figure S6,
Supporting Information).[43]

The NIR-II detection sensitivity of AuCystA was next evaluated.
First, we assessed its limit of detection in a capillary tube
(1mgmL�1) immersed in 1% Intralipid, where the signal re-
mained detectable up to a depth of 1.4 cm (Figure S7, Support-
ing Information). Second, AuCystA was detectable in both water
and plasma across various sub-NIR-II windows at concentrations
as low as 0.1 μgmL�1 (�12 nM), highlighting their exceptional
sensitivity and robust detection performance in complex biological
media (Figure S8, Supporting Information).

In the following, the positively charged AuCystA NCs were
mixed with the negatively charged siRNA (see Supporting In-
formation), leading to spontaneous self-assembly of AuCystA–
siRNA structures driven by electrostatic interactions (Figure 2a).
To assess the impact of different ratios on complex formation,
an agarose gel shift assay was performed with various AuCystA:
siRNA weight ratios (1:1, 2:1, 5:1, and 9:1; Figure 2b). As expected,
free AuCystA NCs accumulate at the top of the gel near the nega-
tive electrode, while free siRNA migrates toward the positive elec-
trode. At a 1:1 and 2:1 ratio, a significant portion of siRNA remains
unbound, as evidenced by its distinct migration pattern with a
rather weak PL signal of these assemblies. Increasing the weight
ratio to 5:1 or 9:1 leads to complete binding of siRNA to AuCystA.
The zeta potential of the assembled AuCystA–siRNA at the weight
ratio 5:1 is slightly negative (�7� 2mV) compare to the free
siRNA (�30mV<), confirming the full complexation of the siRNA.

For the remainder of the study, we used a 5:1 ratio as the opti-
mal condition. When other ratios were used, they were explicitly
indicated in the complex name. TEM measurements show pre-
dominantly spherical assemblies ranging from 30 to 100 nm in
diameter with individual AuCystA NCs visible evenly distributed
dark spots less than 3 nm within the assemblies for the 5:1 ratio
(Figure 2c, Figure S9, Supporting Information). The presence of
gold in the supraclusters is also confirmed by energy-dispersive
x-ray spectroscopy (Figure S10, Supporting Information). In con-
trast, only dispersed AuCystA are observed at the ratio 1:1
(Figure S9, Supporting Information) while for AuCystA-SiRNA
9:1, we observe a significant nanostructures polydispersity in size
ranging from 20 nm to more than 200 nm as well as the presence
of single AuCystA due to the high concentration of AuCystA
(Figure S9, Supporting Information).

The resulting complex AuCystA–siRNA was characterized
using dynamic light scattering indicating an average hydrody-
namic diameter of �100 nm (Figure 2d), which remains stable
over a period of at least 240min. Complementary small-angle X-
ray scattering (SAXS) measurements yielded an average radius of
65 nm and a slight shift in the size curve over time suggesting
that the assemblies might become progressively more compact
(Figure S11, Supporting Information). This increase of compact-
ness overtime might be related to some reorganization of the
AuCystA in the supraclusters or to the exchange of AuCystA
between supraclusters to minimize energy. Further advanced
techniques (megaldalton mass spectrometry,[44] ion mobility[45])
will be necessary to confirm this trend.

The protective efficacy of AuCystA complexation against RNase-
mediated degradation of siRNA was then evaluated. Since RNases
are abundant in biological environments and rapidly degrade
siRNA, we first complexed siRNA with AuCystA at an optimized
1:5 weight ratio. The resulting complexes were then exposed to
increasing concentrations of RNase A (1–10 ng μL�1), exceeding
typical levels found in the bloodstream6. Gel electrophoresis
reveals that free siRNA is completely degraded at an RNase A con-
centration of 1 ng μL�1. In stark contrast, siRNA complexed with
AuCystA remains intact across all tested RNase concentrations
(Figure S12, Supporting Information). TEMmeasurements further
confirm that supraclusters retain their morphology in the presence
of RNase (Figure S13, Supporting Information).

The optical properties of the AuCystA nanocluster and its
siHSF1 complex were first characterized in solution using absor-
bance and PL spectroscopy (Figure S14, Supporting Information).
The absorbance spectra reveals that free siRNA exhibits the typical
nucleic acid absorption peak at 260 nm. Upon complexation, the
resulting spectrum is essentially an additive overlay of the individ-
ual spectra of AuCystA and siRNA, with no significant alteration in
shape. There are also no significant changes of absorbance and PL
profiles over 240min after complexation in different mediums
(water, HBSS buffer pH5 and pH7, NaCl 0.9%, BSA 40 g L�1) sug-
gesting a relatively good stability of the supraclusters without
aggregation which would induce scattering (Figure S15, Support-
ing Information). Characteristic AuCystA bands at 690 and
770 nm are not observed, likely due to the detection limits of
the instrumentation used. The PL spectra of free AuCystA exhibit
a broad emission profile with a prominent peak at 1050 nm. Upon
introduction of siRNA, a marked decrease in PL intensity is
observed, accompanied by a significant redshift in the emission
maximum to �1400 nm. These findings are in agreement with
previous results correlating the increase of rigidity in the local
environment of AuNCs to a bathochromic of his PL emission
spectra.[3] An excitation- PL map of AuCystA versus AuCystA–
siRNA confirms also the shift and decrease intensity observed
in the PL spectra of the components when assemblies are formed
(Figure 2e).

The photostability of free AuCystA NCs and their correspond-
ing AuCystA–siRNA assemblies were also compared to the
organic dye ICG (Figure S16, Supporting Information). Under
continuous laser excitation for 20min (120mW cm�2), ICG ex-
hibits a significant loss in intensity—more than 70%—indicating
rapid photobleaching. In contrast, free AuCystA NCs demon-
strates about a 40% reduction in intensity and less than a
10% drop for AuCystA–siRNA complex. This substantial im-
provement in photostability upon complexation with siHSF1
suggests that siRNA plays a critical role in protecting AuCystA
emission, probably shielding the nanocluster from photodegra-
dation.

To gain a deeper understanding of the formation and properties
of the supraclusters, both AuCystA and their corresponding siRNA
self-assemblies were studied at the single-particle level. For this, we
used a widefield epifluorescence single molecule microscope
(Figure 3a), equipped with 488 nm laser (1.4 kW cm�2) and an
InGaAs camera, which has excellent sensitivity in the NIR-II win-
dow. Figure 3b shows representative PL images of solutions con-
taining AuCystA–siRNA complexes when different weight ratios of
AuCystA: siRNA were used. As a control, we first imaged free
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AuCystA in the absence of siRNA, observing the formation of a
homogeneous luminescent layer on the glass slide. In contrast,
when siRNA was present, increasing the concentration of AuCys-
tA led to the formation of self-assembled particles composed
of AuCystA clusters bound to siRNA, which appeared as bright
particles in suspension. The optimal ratio for stable self-assembly
of the AuCystA–siRNA complex was determined to be 5:1,
as evidenced by the presence of uniform, spherical, and diffusive

structures corresponding to complete siRNA binding (Figure 2b).
Zeta potential of AuCystA–siRNA 5:1 is almost neutral (�7� 5mV
due to the full complexation of siRNA and the presence of AuCys-
tA. At suboptimal weight ratios, such as 2:1, only dispersed
AuCystA was observed, whereas exceeding the optimal range
(e.g., at a 9:1 weight ratio) resulted in heterogeneous, large aggre-
gates lacking structural control (Figure S17, Supporting Infor-
mation).

Figure 2. a) Schematic representation of self-assembled AuNCs. b) Migration of AuCystA–siRNA by electrophoresis in 1% agarose gel using the fluo-
rescent channel of AuNCs (up) and after siRNA staining with GoldSyber (down) at different AuCystA:siRNA weight ratio. c) TEM images of the self-
assembled AuCystA:siRNA (weight ratio 5:1) at different magnifications. d) Hydrodynamic diameters of the self-assembled AuCystA:siRNA (weight ratio
5:1) overtime. e) Excitation-photoluminescent maps of the AuCystA (up) and the self-assembled AuCystA–siRNA (down).
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Next, we analyzed the single-particle diffusion properties of
these supraclusters to calculate their hydrodynamic radius, in
order to provide a quantitative evaluation of their structural char-
acteristics that complement the qualitative insights obtained
frommicroscopy. Figure 3c presents an example of such analysis
in the specific case of an AuCystA–siRNA at a 5:1 weight ratio
30min post-mixing. On the left panel (Figure 3c), a representa-
tive image is shown where the reconstructed 2D trajectories of
the particles are superimposed, after 13 s of recording. Owing to
the excellent photostability of the assemblies, trajectories lengths
are not limited by photobleaching, but only by the depth-of-focus
of the microscope as particles diffuse in 3D. Furthermore, in the
case of Brownian motion, each dimension can be analyzed inde-
pendently, allowing us to calculate and analyze the 2D mean
square displacement (MSD) for every individual trajectory.
The graph presented on the right panel of Figure 3c compiles
results from N= 1774 trajectories along with the linear fit—as
expected for Brownian motion—of their average MSD (Video 1,
Supporting Information). From the slope of the fit, we could

determine the average particle hydrodynamic diameter via the
Stokes–Einstein equation (see Materials & Methods, Support-
ing Information). The resulting value, 101� 9 nm, is consistent
with the earlier structural analysis.

Finally, we evaluated the stability of the supraclusters, by mon-
itoring the evolution of the particle hydrodynamic radius over
time. The PL images (AuCystA: siRNA at 5:1 weight ratio) reveal
consistent spherical assembly structures after 5, 30min, and 3 h
post-mixing (Figure 3d) confirmed by the average hydrodynamic
radius of 148� 12, 117� 10, and 125� 11 nm, respectively.
These results are consistent with previous SAXS measurements
(Figure S11, Supporting Information), which show a similar
trend, although indicating a progressively more compact size
over time.

To investigate conditions beyond the optimal ratio, we per-
formed the same analysis for the 9:1 AuCystA–siRNA system.
Under these conditions, an excess of AuCystA led to the visible
formation of large AuCystA–siRNA aggregates (Figure S17a,
Supporting Information). Additionally, a slight redshift was

Figure 3. NIR-II microscopy detection as a function of complexation. a) Schematic of the experimental setup: DM-dichroic mirror, EF-emission filter.
b) Complexation at different concentrations. Sample frames are shown for each case. From left to right: control (AuCystA without siRNA), AuCystA:siRNA
at 2:1 weight ratio (stabilization phase), AuCystA:siRNA 5:1 (assembly formation), AuCystA:siRNA 9:1 (formation of heterogeneous structures). Scale
bar= 10 μm. c) MSD analysis of AuCystA-siRNA assemblies (5:1). Left: Example frame showing detected particles trajectories. Right: Individual MSDs
(light green) from 1774 trajectories across five fields of view in the same sample; ensemble MSD calculated from individual ones (dark green); linear fit
over ensemble MSD (dark green dashed line) used to obtain the typical hydrodynamic radius of the tracked objects. d) Stability kinetics of AuCystA-siRNA
assemblies (5:1). Hydrodynamic radius remains consistent over time (5, 30min, and 3 h post-mixing). Sample frames at each time point are shown
together with the calculated radius obtained after trajectories analysis. Scale bar= 10 μm.
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observed in the 2D spectral maps (Figure S17b, Supporting
Information), which was notably smaller than that observed at
the 5:1 weight ratio (Figure 2e), likely due to the predominance
of unbound AuCystA in the solution. Finally, diffusion analysis
revealed the presence of large aggregates with a hydrodynamic
radius of �1.5� 0.15 μm (Figure S17c and Video 2, Support-
ing Information). These findings further support the conclusion
that an excessive concentration of AuCystA promotes the forma-
tion of uncontrolled, heterogeneous structures.

3. Conclusion

In this work, we have engineered a positively charged gold nano-
cluster (AuCystA) that emits brightly in the NIR-II window with a
high QY (7.1%) and demonstrate strong stability in biological
media. Using the AuCystA scaffold, we formed �100 nm supra-
clusters assemblies with siRNA driven by electrostatic interac-
tions. The assemblies revealed efficient protection of siRNA
against RNase-mediated degradation and a strong photostability.
Notably, the resulting assemblies exhibit broad, red-shifted NIR-
II emission extending up to 1400 nm, with sufficient brightness
to enable reliable detection and sizing at the single-particle level.
While further work is needed to explore these self-assembled
siRNA-gold supraclusters behavior in complex biological envi-
ronments, our findings offer a promising proof of concept sug-
gesting that such assemblies may possess the structural and
optical properties required to function as theranostic agents,
potentially allowing for single-particle level monitoring within
the biological tissue transparency window. These findings repre-
sent an initial advancement toward the design of modular nano-
platforms with NIR-II detection and addressability, offering
potential for future applications in imaging and targeted delivery
within biomedical settings.

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

Acknowledgements
X.L.G. would like to thank Laetitia Rapenne for the HRTEM measure-
ments, Aurélien Thureau for the SAXS measurements, and Thibault
Gallavardin and Iyanu Diriwari for the fluorescence lifetime measure-
ments. L.C. and B.M.M. would like to thank M. Tondusson, Q. Gresil,
and R. Mangalwedhekar for providing experimental help and support.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
Zeineb Ayed: investigation (lead); methodology (equal); writing—original
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