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ABSTRACT
Plasmonic metal nanoparticles have deeply impacted the spectroscopy field by enabling nanoscale concentration of light and
powerful signal enhancement. However, their operation remains largely confined to the visible and near-infrared spectral ranges
due to the poor stability and limited surface functionalization strategies of UV-active materials. Here, we establish a complete
route for the fabrication of programmable UV-plasmonic nanoantennas based on rhodium nanocube dimers assembled on DNA
origami scaffolds. We report on an effective surface ligand exchange protocol for functionalizing rhodium nanocubes with DNA
strands enabling their assemble into dimers with a yield of 69%, and an interparticle distance of 10 nm. Thanks to the DNA
origami, a single streptavidin protein is accurately positioned into the plasmonic nanogap, contrasting to other works relying only
on random diffusion. In good agreement with numerical simulations, UV autofluorescencemeasurements on a single streptavidin
indicate up to 22× brightness enhancement factor with the average value of 6.6×, shorter autofluorescence lifetimes, and over
10× increase of the total photon budget. By pioneering a robust, versatile and selective strategy for constructing UV-resonant
plasmonic nanoantennas, this work broadens the applications of plasmonics into the deep UV range and opens new opportunities
for label-free spectroscopy of single proteins.
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Introduction

he ability of plasmonicmetal nanoparticles (NPs) to concentrate
he electromagnetic field at the nanoscale has been widely
xploited for enhanced spectroscopy techniques such as surface-
nhanced Raman scattering (SERS), fluorescence, and circular
ichroism [1–3]. However, unlocking the optical potential of plas-
onic NPs into practical plasmonic-enhanced spectroscopy tools
equires a careful consideration for the NP assembly and their
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
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surface functionalization [4, 5]. A particularly effective strategy is
to graft the surface of NPs with a monolayer of thiol-terminated
single-stranded DNA (ssDNA) forming strong sulfur bonds to
the metal [6–8]. Such DNA shells not only stabilize the NPs in
high-salt media but also encode sequence-specific recognition,
transforming the NPs into uniquely addressable, programmable
building blocks [8]. DNA origami is a highly adaptable bottom-
up technique that makes full use of DNA’s programmable
nature, enabling the precise placement of nanoparticles and
its use, distribution and reproduction in any medium, provided the original work is properly

1 of 13

http://www.afm-journal.de
https://doi.org/10.1002/adfm.202532006
https://orcid.org/0000-0001-8066-2677
https://orcid.org/0000-0001-9167-0672
mailto:denis.garoli@unimore.it
mailto:guillermo.acuna@unifr.ch
mailto:jerome.wenger@fresnel.fr
mailto:karol.kolataj@unifr.ch
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adfm.202532006
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202532006&domain=pdf&date_stamp=2026-03-25


o
e
e
T
t
f

T
n
r
b
v
m
a
a
t
t
t
f
U
i
a
s
t
t
n
e
d
t
o
l
i

B
M
t
s
a
b
G
W
d
i
c
m
o
p
r
m
a
p
g
r
P
i
t
f
f
f
t
d

2

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202532006 by D
enis G

aroli - U
niversity M

odena , W
iley O

nline L
ibrary on [26/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
ther components (such as fluorophores, quantumdots, proteins,
nzymes, or nucleic acids) with nanometer-level accuracy and
xact stoichiometric control down to individual molecules [9, 10]
his deterministic placement fully leverages the optical proper-
ies of plasmonic NPs and enables reproducible enhancement of
luorescence and SERS down to the single molecule level [11, 12].

o date, DNA functionalization has been realized predomi-
antly for Au and Ag NPs with some excursions into high
efractive index materials [13, 14]. Thus, DNA and DNA origami–
ased plasmonic systems operate almost exclusively in the
isible/near-IR [9, 11]. However, this spectral range misses the
any opportunities open in the ultraviolet (UV) wheremolecular
bsorption is the highest, notably the π–π* bands of aromatic
mino acid residues such as tryptophan [15–22]. Extending
he operating range of origami-based plasmonic nanoantennas
oward the deep-UV unlocks the key benefit to probe directly
he protein intrinsic UV autofluorescence and avoids the need
or additional fluorescence labeling [23–31]. Moreover, the deep
V range enables the exploitation of resonance enhancement
n SERS, where spectral overlap between the plasmonic mode
nd molecular absorption bands leads to significantly amplified
ignals [21, 32–37]. DNA origami-based nanoantennas provide
he supplementary crucial advantage of accurately localizing
he protein target inside the antenna nanogap hotspot with
anometer and stoichiometric control [10, 38–40]. So far, the
arlier works on UV plasmonic antennas relied on nonspecific
eposition of dense molecular layers [32–35, 41–46], or random
ranslational diffusion into the hotspot area [31, 47, 48], but DNA
rigami antennas and their high potential to deterministically
ocate a single target emitter into the hotspot remain unexplored
n the deep UV range.

eyond the visible, a subset of materials, most notably Al, Ga,
g, and Rh, supports localized surface plasmon resonances in
he UV range [17, 20, 49–52]. However, despite a decade of
ynthetic advances that yield diverse shapes and sizes of UV-
ctive NPs, their practical application remains strongly limited
y their surface chemistry and stability [53–56]. Al, Mg, and
a are highly reactive, with large oxidation enthalpies [49].
hile stable in organic solvents, they therefore tend to oxi-
ize in aqueous environments [53, 57]. Their stability could be
ncreased by depositing a dielectric coating [53, 58], yet this
oating substantially dampens the near field intensity enhance-
ent and reduces the spectroscopic performance [59, 60]. To
vercome these limitations, rhodium stands out as a particularly
romising material for UV plasmonics combining strong UV
esonances with high chemical stability [36, 61–66]. However,
ost of the UV-active Rh NPs such as nanocubes (NC) or tripods
re synthesized using organic polyol routes in the presence of
olyvinylpyrrolidone (PVP) molecules. This ligand protects the
rowing crystals and steers their morphology to ensure high
eproducibility of their size and shape [61–63]. At the same time,
VP binds so efficiently and densely to the metal surface that
t blocks its surface to the interaction with other molecules,
hus hindering the functionalization. Consequently, the colloidal
unctionalization of Rh NPs with DNA has not been achieved so
ar. Establishing a robust method of removing PVP from Rh sur-
ace and their subsequent DNA functionalization would unlock
he fabrication route of programmable UV nanoantennas with
eterministic analyte placement, expanding plasmon-enhanced
of 13
fluorescence and resonant SERS into the deep-UV regime where
light-molecule interaction is the strongest.

In this work, we pioneer a route for integrating UV-active
plasmonics together with DNA origami nanotechnology. Our
first major result is a reliable strategy for functionalizing Rh
NCs with DNA strands, which involves a dedicated approach to
remove the PVP ligands from the Rh surface. Second, using the
DNA origami scaffold, we assemble well-defined UV-resonant
Rh dimer antennas in a face-to-face configuration, achieving an
average interparticle distance of 10 nm and a yield of 69%. A
single streptavidin protein is deterministically positioned into
the plasmonic nanogap, contrasting to earlier works relying
only on random diffusion [30, 47, 48]. The UV autofluorescence
intensity recorded from the streptavidin protein inside thehotspot
indicate an average enhancement of 6.6× as compared to the
reference on quartz, together with a 6.6× reduction of the
autofluorescence lifetime and a 10× increase of the total photon
budget. The experimental results are in very good agreement with
numerical simulations, highlighting the high nanofabrication
and positioning accuracy enabled by our UV-active nanoan-
tennas. By establishing a robust and versatile strategy for the
realization of UV-resonant Rh nanoantennas, our work broadens
the applicability of plasmonics down into the deep UV range
and paves the way toward enhanced label-free spectroscopy with
single molecule resolution [16, 23, 67, 68].

2 Results and Discussion

Rhodium NCs with a side length of 23.6 ± 1.9 nm are selected
as a model UV-plasmonic system for their strong localized
surface plasmon resonances (LSPRs) in the UV range and their
excellent chemical stability in aqueous environments [63]. Trans-
mission electron microscopy (TEM) images shown in Figure
S1a,b confirms the successful synthesis using the polyol method
(see Methods section for details about the Rh NCs synthesis
protocol).

To construct programmable UV-plasmonic Rh nanoantennas on
DNA origami scaffolds, we need to establish an efficient ligand-
exchange process that preserves colloidal stability and enables
functionalization of the Rh surface with DNA. Our dedicated
surface modification protocol involves two steps: first, we remove
the PVP ligand bound to themetal surface, and thenwe introduce
thiolated single-stranded DNA (ssDNA), as shown schematically
in Figure 1a. The PVP binding mechanism is based on the
formation of coordination bonds between the Rh atoms and the
carbonyl oxygen of the PVP molecules (Figure 1b). To expose
the metal surface for interaction with DNA, we use sodium
borohydride (NaBH4) to reduce the coordination bonds and
compete with the PVP molecules, removing them from the NCs.
However, NaBH4 is a strong reducing agent that can destabilize
colloids and cause their aggregation. Therefore, the process was
carefully optimized to be carried out at low temperature, assisted
by sonication to minimize aggregation, and then stabilized by
adding the competing surfactant (Pluronic F-127) to replace the
detached PVP molecules (see the Materials and Methods section
for details). After PVP removal, the NCs are functionalized with
thiolated poly-thymine (poly(T)18) DNA strands routinely used
for the functionalization of metallic NPs. Functionalization is
Advanced Functional Materials, 2026
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FIGURE 1 Surface functionalization of Rh NCs with single-stranded DNA. (a) Full workflow of the DNA functionalization of Rh NCs.
(b) Mechanism of PVP removal from Rh NCs by NaBH4 through cleaving Rh-carbonyl bond. (c) Schematic representation of the NC surface
functionalization with DNA using the “Freeze–thaw”method. (d) Workflow of the fluorescence assay used to quantify DNA attachment on the Rh NCs.
(e) Fluorescence intensity measurements for Rh NCs with and without PVP coating incubated with either a complementary or a non-complementary
DNA strand labeled with the fluorescent dye ATTO 647N.
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erformed using a “Freeze–thaw” method, in which the freezing
tep promotes efficient binding between the metal and thiolated
NA, as shown in Figure 1c [69].

o assess the performance of our Rh surface functionalization
rotocol, we use a fluorescence assay whose principle is summa-
ized in Figure 1d. The assay relies on the specific hybridization
f the fluorophore-labeled DNA strands (Poly(A)18 – ATTO
47N) complementary to the poly(T)18 DNA strands on the
C surface. After hybridization and washing, the fluorescence
rom the surface-hybridized strands is measured. A strong flu-
rescence signal is observed only for the complementary DNA
trands using the NCs treated with NaBH4 (Figure 1e). On the
ontrary, untreated Rh NCs samples retaining the surface PVP
igands show only weak nonspecific emission comparable to that
bserved when a non-complementary DNA sequence is used.
hese results confirm the successful surface functionalization
f Rh NCs with specific thiolated DNA strands, highlighting
hat PVP removal represents a critical step to enable DNA
unctionalization. From the fluorescence intensity in Figure 1e,
e estimate the surface density of DNA to be approximately
.05 molecules nm−2, consistent with the densities reported for
g NCs [70]. Gel electrophoresis confirms our results (Figure
1c), where only NCs functionalized after PVP removal migrated
hrough the gel, indicating successful DNA conjugation and
ncreased surface charge. Additionally, as can be seen from the
el analysis in Figure S1d,e, DNA functionalization combined
ith gel electrophoresis enables for the separation between the
dvanced Functional Materials, 2026
different fractions formed during the NCs. This step is crucial, as
it allows the selection of well-defined nanoparticles suitable for
subsequent optical applications.

Having achieved a reliable surface functionalization of the Rh
NCs with DNA, we now use DNA origami scaffolds to assem-
ble the NCs into well-defined plasmonic nanogap antennas
designed to enhance the UV autofluorescence of native proteins
(Figure 2a). The rectangular base of our DNA origami template
features a length of 180 nm, a width of 15 nm and a height of 5 nm.
It includes a “mast” of 8.5 nm width and 20 nm height placed in
the center (Figure S2) [14, 71]. A single biotin extension is added at
the top of the mast to precisely bind a single streptavidin protein
and locate it inside the plasmonic hotspot. We check the binding
of streptavidin to the DNA origami by fluorescence microscopy
as shown in Figure S3. To attach the Rh NCs to the DNA scaffold,
the origami features 32 poly(A)8 handles complementary to the
poly(T)18 DNA on the NC surface. Half of the hybridization
handles protrude from the base, with the other half protruding
from the mast. This design ensures specific and reproducible Rh
NC dimer formation while leaving the hotspot area accessible to
the targetmolecule [72]. To ensure high quality of the sample used
for the fluorescence measurements, the obtained dimers were
separated from the excess of Rh NCs after binding via the gel
electrophoresis, as presented in Figure S4. Transmission electron
microscopy confirms the formation of well-aligned dimers with
an average interparticle distance of 10.7 ± 3.2 nm and a yield of
69% (Figure 2b,c).
3 of 13

tive C
om

m
ons L

icense



FIGURE 2 Deep-UV self-assembled plasmonic nanoantennas. (a) Realization of a UV nanoantenna composed of a Rh NC dimer with a single
streptavidin precisely positioned in the hotspot via a DNA origami scaffold. (b) TEM image of 24 nm Rh NC dimer antennas. (c) Gap size distribution
obtained from TEM images out of 164 individual dimer antennas. (d) Normalized extinction spectra of the Rh dimer antenna and single Rh NCs,
together with the normalized absorbance and autofluorescence emission of a 12 µm streptavidin solution. All spectra were acquired in solution using
a NanoDrop UV–vis spectrophotometer. (e,f) Distribution of the electric field enhancement around a Rh dimer nanoantenna with 10 nm gap under
linearly polarized light at 266 nm with the electric field (e) parallel and (f) perpendicular to the dimer main axis. The excitation intensity gain indicated
at the bottom corresponds to the streptavidin position (black dot marker).
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he extinction spectrum of the RhNCs dimer in solution shows a
lasmonic resonance at 320 nm, slightly red-shifted as compared
o the plasmon band of the Rh NC monomer (Figure 2d). Impor-
antly, the plasmon resonance of the dimers is in good agreement
ith the simulated optical properties (Figure S5) and still overlaps
ith the absorption and emission band of streptavidin in the UV
Figure 2d), indicating the strong UV activity of Rh NCs make
hem relevant candidates for UV-enhanced spectroscopy.

o evaluate the antenna near-field distribution under 266 nm
llumination, consistent with our experimental excitation wave-
ength, we perform numerical simulations on a Rh dimer
ith 24 nm side length and 10 nm gap corresponding to the
xperimental conditions (Figure 2e,f). The Rh NCs antenna is
laced above an Al mirror to further increase the excitation and
mission gains [73, 74], with a 5.5 nm spacing corresponding to
he thickness of the DNA origami. Far-field simulations (Figure
5) indicate that placing the Rh NC dimer on the Al mirror
as little impact on the optical response, preserving the overlap
etween the surface plasmon resonance and the molecular
lectronic transition. Additionally, the near-field amplitudemaps
n Figure 2e,f show that the dimer behaves like an efficient
ptical nanogap antenna, concentrating the electric field inside
he gap and demonstrating a polarization-sensitive response.
hen the incoming field polarization aligns with the dimer
ain axis (Figure 2e), the plasmonic coupling leads to a strong
lectromagnetic confinement with a 15.2× amplification of the
ocal excitation intensity. When the illumination polarization is
otated by 90◦ (Figure 2f), the coupling decreases and the intensity
ain is reduced by approximately 4 times.

e also tested numerically whether small angularmisalignments
f the NCs in the dimer could affect the antenna’s performance.
of 13
To our surprise, the simulations shown in Figure S6 indicate
a moderate impact of NCs angling (from 0.5 to 2.5×) on the
fluorescence enhancement compared to the perfectly formed
face-to-face dimers, indicating that our UV nanoantennas are
quite robust to minor geometric deviations without loss of
performance. Finally, we investigated the influence of the Rh NC
size on the resulting fluorescence enhancement in the dimer. To
obtain general insights into the system performance, the dipole
was placed at the exact geometrical center of the dimer, rather
than at the position dictated by the DNA origami design used in
the experiments. The results shown in Figure S7 indicate that the
highest fluorescence intensity at 350 nm is achieved for 25 nm Rh
NCs. For both smaller and bigger nanoparticles the fluorescence
enhancement is reduced due to decreased electric field in the gap,
as well as smaller quantum yield enhancement. These findings
rationalize the choice of 24 nm NCs for optical measurements.

Figure 3 summarizes our main experimental findings monitoring
the autofluorescence of single streptavidin proteins located inside
the plasmonic hotspot of Rh NCs dimer antenna. The origami
structures with or without streptavidin are dispersed on an
aluminum mirror and scanned individually with a UV confocal
microscope with 266 nm laser illumination and autofluorescence
detection in the 310–410 nm range (Figure 3a). Confocal scans in
presence of the Rh nanoantennas loaded with streptavidin show
distinct bright spots, which we associate to the nanoantenna sig-
nal (Figure S9). To ensure the specificity and origin of the detected
fluorescence signal, we employed multiple lines of evidence.
First, the detection of autofluorescence in the presence of strep-
tavidin, combined with a low background signal in its absence
(Figure 3b; Figure S8), strongly indicates that the observed
signal originates from the protein within the nanogap. Second,
our experimental observations are well supported by numerical
Advanced Functional Materials, 2026
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FIGURE 3 Label-free single-protein detection with plasmonic-enhanced deep-UV autofluorescence. (a) Scheme of the experimental setup.
(b–e) Representative autofluorescence time traces recorded for a single streptavidin protein localized on a DNA origami in presence (b,c) or absence
(d,e) of the Rh NCs antenna. The autofluorescence traces are fitted with a single exponential decay (thick black line) with the respective amplitude A
and decay time τ indicated on each graph. Supplementary traces are shown in Figure S8. (f,g) Fluorescence enhancement factors as a function of the
reference quantum yield in homogeneous solution environment. The markers correspond to the experimental data in absence (f) or presence (g) of the
Rh NCs antenna. The presentation of the experimental data includes some random shift along the x-axis to better view the different points. The solid
lines in (f) correspond to numerical simulations when the DNA origami base is in contact with the aluminummirror while the dashed lines denote the
simulations results where the origami position is reversed respective to themirror, and the streptavidin is at the closest distance to themirror. The dotted
line in (g) corresponds to numerical simulations when the DNA origami base is in contact with the Al mirror and the polarization is perpendicular
to the dimer main axis. (h) Comparison of the fluorescence enhancement factors in absence or presence of the Rh NCs antenna. The black markers
indicate the average value with the error bars corresponding to 2× the standard deviation. The error bars on the individual data points correspond to
the experimental uncertainties, which appear in some cases smaller than the marker size. The p-values written on the graphs result from statistical
t-tests performed on the distributions. (i) Normalized time-resolved decay traces measured in absence or presence of the Rh NCs antenna, cumulated
over the 5 brightest systems of each case. The same data is shown in logarithmic scale in Figure S11b. IRF indicates the instrument response function.
(j) Comparison of the total photon budgets. (k) Scatter plot of the autofluorescence decay amplitude versus the photobleaching time. (l) Scatter plot of
the total photon budget versus the autofluorescence enhancement factor confirming the gain brought by the brightest antennas. The line is an empirical
fit following a quadratic dependence.

Advanced Functional Materials, 2026 5 of 13
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imulations, as we discuss further below. Third, the binding tests
eported in Figure S3 confirm the specific interaction between
treptavidin and biotin and validate the presence of streptavidin
n the DNA origami. Finally, recent surface-enhanced Raman
cattering (SERS) experiments performed on similar RhNC–
NA origami–single streptavidin constructs confirm the precise
ositioning of the protein within the nanogap [75].

igure 3b–e presents typical autofluorescence time traces
ecorded for a single streptavidin protein localized on a DNA
rigami in presence or absence of the Rh NCs antenna.
upplementary traces are shown in Figure S8. Contrarily to
he stepwise photobleaching of a single organic fluorophore
39], each streptavidin molecule contains 24 tryptophan and
4 tyrosine residues that bleach sequentially with overlapping
ecay steps, resulting in an overall exponential-like fluorescence
ecay. Unfortunately, the signal to noise ratio is not sufficient
o unequivocally distinguish the photobleaching steps from
ndividual amino acids. Therefore, the autofluorescence time
race of each detected streptavidin is fitted with a single
xponential decay to extract the autofluorescence amplitude
and decay time τ. To assess the reliability of our numerical

nalysis and the influence of low signal-to-noise conditions, we
imulate autofluorescence traces with known amplitudes, decay
imes, and noise comparable to the experiments (Figure S10).
he fitting procedure accurately retrieves the input parameters
own to amplitudes of 80 counts/s, confirming the robustness of
he experimental measurements reported in Figure 3.

o promote the photostability and reduce the bleaching time,
e have to lower the 266 nm laser power down to 220 nW. In
uch conditions, measuring the reference emission from a single
treptavidin protein on a reference quartz coverslip is extremely
hallenging (amplitude estimated to less than 50 photons/s).
nstead, we rely on the measurements recorded on the DNA
rigami with a single streptavidin on an Al mirror in absence of
he Rh NCs dimer and compare the average amplitude with the
umerical prediction of the 3.5× autofluorescence enhancement
n the sole presence of the aluminum mirror (Figure 3f). This
llows us to indirectly assess the reference signal for streptavidin
n a quartz substrate used to compute the fluorescence enhance-
ent factors in Figure 3. The simulations in Figure 3f consider
wo main orientations for the DNA origami structure either
ying flat on the surface (maximum 26 nm distance between the
treptavidin and the Al surface) or reverse (streptavidin in direct
ontact with the Al metal, leading to maximum autofluorescence
uenching). The influence of the quantum yield of the emitter
nd the collection efficiency are also taken into account as
arameters. While the quantum yield of each aromatic residue
n the protein is not known, we base our calculations on the 12%
eference found for tryptophan and tyrosine [15, 76], and add a ±
% uncertainty on the x-axis error bars together with a random
1% shift along the x-axis to better visualize the different data
oints, as seen in Figure 3f.

he results presented in Figure 3g demonstrate that the UV
utofluorescence of streptavidin is significantly enhanced in the
resence of the Rh NC antenna as compared to the quartz ref-
rence, with a maximum value of 22×. This enhancement aligns
ith the maximum predicted value of 24×, which arises from a
ombination of increased excitation intensity, moderate quantum
of 13
yield quenching and improved photon collection, as detailed
in Table S1. However, the experimental data exhibits a broad
distribution, with several antennas with enhancement factors
below 2.5×, leading to an average enhancement of 6.6×. We
attribute the variability in presence of the Rh NCs to differences
in the orientation of the DNA origami relative to the aluminum
mirror (either “up-oriented” or “reversed”) and the polarization
of the incoming laser. Due to the relatively short photobleaching
times, we were unable to rotate the linear polarization of the
laser duringmeasurements. As a result, each RhNC antenna was
exposed to a fixed, random polarization orientation, contributing
to the observed dispersion in signal intensity. While comparing
the Rh NC antennas to the autofluorescence signal on the
Al surface alone, the average gain brought by the Rh NCs is
hence relatively modest, with a 1.8× increase in autofluorescence
(Figure 3h).

To rationalize these experimental findings, we examined the
influence of key experimental parameters, including the orienta-
tion of the DNA origami or Rh NC dimers on the Al surface and
the laser polarization.We considered two probable configurations
for the DNA origami: an “up-oriented” configuration, where the
structure lies flat on the Al surface, and a “reverse” inverted
configuration, where the streptavidin is positioned close to the
surface. Since the exact conformation of each structure cannot
be experimentally determined, our analysis relies on numerical
simulations, whose main results are summarized in Table S1.

The simulations results for Rh NC dimers shown in Figure 3g
exhibit a broad signal distribution, ranging between the calcu-
lated enhancement values of 24× for “up-oriented” dimers and
0.97× for “reverse” orientation. In the latter case, the quantum
efficiency is reduced tenfold to 1.2%, and the excitation gain drops
to 4.4×. Additionally, as previously discussed and illustrated in
Figure 2e,f, the fluorescence enhancement of Rh NC dimers is
highly dependent on the excitation polarization. Misalignment
between the laser polarization and the dimer orientation further
modifies the signal intensity. Our simulations reveal that, for
laser polarization perpendicular to the dimer’s main axis, the
expected fluorescence enhancement decreases to 5.9× and 0.037×
for “up-oriented” and “reverse” dimers, respectively.

Taking into account both the dimer orientation and the laser
polarization dependence, we calculate an average fluorescence
enhancement of 7.7× for Rh NC dimers on Al relative to free
streptavidin on quartz, corresponding to a 2.0× enhancement
compared to the Al surface alone. Experimentally, we obtain
average values of 6.6× relative to the quartz reference, and 1.8×
compared to the Al surface. The close agreement between the
simulated andmeasured enhancements validates our experimen-
tal observations and underscores the reliability of DNA-guided
assembly for precisely positioning the protein within the plas-
monic hotspot. These findings also highlight the importance of
precise control over deposition geometry and alignment of the
dimers with respect to the excitation polarization for achieving
optimal performance [48, 77, 78].

Some of our earlier work used capillary-assembled Rh NCs
into rectangular nanoholes to enhance the UV autofluores-
cence of freely diffusing proteins [48]. While this platform
achieved autofluorescence enhancement factors of 50–70× for the
Advanced Functional Materials, 2026
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est-performing nanoantennas, it relied entirely on the random
iffusion of proteins into the nanogap, resulting in significant
ignal fluctuations and limited positional control. For further
omparison, the non-resonant UV horn antenna design achieved
n autofluorescence enhancement of 8.3× for diffusing strep-
avidin proteins [47]. High laser power up to 30 µW were
sed, but the occurrence of photobleaching was not considered
n these earlier works. Additionally, complex data processing,
ncluding fluorescence correlation spectroscopy (FCS) and back-
round removal, was required to isolate the nanogap signal
rom background autofluorescence. In contrast, our approach
ses DNA-guided positioning to achieve deterministic control
f the location of both nanoparticles and analytes, thereby
chieving a highly specific optical response with a true control
n the positioning and number of target protein. This method
ot only eliminates the stochastic limitations of diffusion-based
ystems, it also ensures a well-defined experimental reference
ith straightforward data analysis, thereby offering a robust
latform for single-molecule UV plasmonics.

easuring the autofluorescence lifetime from a single immo-
ilized protein is difficult as the limited photon budget is split
cross the different photon delay times. By summing up the signal
rom 5 different proteins, we could nevertheless obtain relevant
ifetime histograms in presence or absence of the RhNCs antenna
Figure 3i). Without the Rh antenna, the 1.4 ns autofluorescence
ifetime in the vicinity of the Al mirror remains comparable to
he reference value measured for a 1 µm streptavidin solution
Figure S11a,b), in good agreement with the numerical predic-
ions (Figure S11c). Thanks to the plasmonic enhancement inside
he nanogap antenna, the autofluorescence lifetime is shorter in
resence of the Rh NCs. Our measurements indicate a 210 ±
0 ps component corresponding to a 6.6× lifetime reduction. The
umerical simulations predict even higher lifetime reductions up
o 10 or 25× depending on the DNA origami orientation (Figure
11c). Despite this discrepancy, the overall trend is preserved, con-
irming the plasmonic enhancement of the total decay rate [39].
t should also be mentioned that the spectroscopy experiments
verage over 24 different tryptophan and tyrosine residues with
arying positions and orientations while our numerical model
nly accounts for a single dipole located in the center of the
anogap with a constant parallel orientation.

he lifetime measurements in Figure 3i reveal that 28% of the
otal amplitude arise from a short-lived component (210 ps),
orresponding to emitters strongly coupled to the nanogap,
hile 72% stem from a longer-lived component (1.4 ns). This
ong lifetime component reflects the intricate photodynamics of
treptavidin, which contains 24 tryptophan and tyrosine residues
hat can engage in Förster resonance energy transfer (FRET) [79].
onor dipoles aligned parallel to the nanogap are preferentially
xcited and decay rapidly, but they can transfer energy to less
oupled acceptors oriented perpendicularly, resulting in delayed
mission and an apparent longer lifetime. Although this long-
ived component might seem counterintuitive, it still contributes
o the overall brightness enhancement, as the weakly coupled
cceptors can still be excited more efficiently through donor-
ediated energy transfer [80].

he photon budget defined as the total number of photons
etected before photobleaching is a crucial parameter for sin-
dvanced Functional Materials, 2026
gle molecule fluorescence experiments [81, 82]. For a single
exponential bleaching decay, the photon budget corresponds to
the product A*τ of the amplitude by the photobleaching decay
time. Figure 3j compares the distributions of the photon budgets
for the different detected proteins. In presence of the Rh NCs
antenna, the average photon budget is increased by a factor of
9.4 from 700 to 6600. This results from the enhancement of
the autofluorescence amplitude A (Figure 3h) and also to some
increase in the photobleaching time τ (Figure 3k). As already
observed for organic fluorescent dyes in the visible [82, 83],
the photobleaching time follows a broad distribution covering
multiple orders of magnitude (Figure 3k). In presence of the
nanoantenna, the higher excitation intensity will tend to reduce
τ, yet this effect can be partially compensated by the reduced
autofluorescence lifetime limiting the time spent in the higher
excited state leading to photo-oxidation and bleaching [84, 85].
Altogether, Figure 3l summarizes the performance comparison
between DNA origami structures with and without the Rh NCs,
considering both fluorescence enhancement and total photon
budget. Likely due to variations in orientation relative to the
laser polarization and/or the aluminum mirror, some Rh NC
antennas exhibit responses similar to the reference DNA origami
alone. However, a distinct population showing approximately
10× higher fluorescence intensity and 10× higher photon bud-
get clearly demonstrates the superior performance of the UV
plasmonic antennas.

To further increase the autofluorescence enhancement, we have
performed numerical simulations for other Rh NC dimers con-
figurations. Specifically, we analyzed edge-to-edge and tip-to-tip
configurations, in addition to the experimentally realized face-
to-face configuration that are presented in Figure S12. The
alternative designs showed even stronger field enhancement in
the hotspots, with near-field intensity gains of 25× and 36×
compared to 15.2× for the original geometry, which is related
to a better plasmonic optical confinement in these cases. After
considering the gains in quantum yield and collection efficiency,
the overall fluorescence enhancement for parallel polarization
reached 47× and 69× for edge-to-edge and tip-to-tip dimers, as
compared to the free emitter. Looking at the reference on an Al
mirror, the net autofluorescence gains become 12× and 18×. These
results suggest that further adjustment of the dimer geometry
using DNA origami can greatly enhance their performance as UV
nanoantennas. However, the synthesis of such variants is beyond
the scope of this study, which focused on establishing a fabri-
cation pathway for a new class of UV plasmonic nanoantennas
rather than investigating several different configurations of NPs
to maximize the performance.

3 Conclusions

In this work, we establish a complete route for transforming Rh
NCs into programmable UV-plasmonic nanoantennas through
surface-specific functionalization. To this end, we report an
effective method for removing the native PVP ligand without
compromising colloidal integrity of Rh NCs, followed by their
functionalization with thiolated DNA strands using a ‘freeze-
thaw’ method. Exploiting the DNA origami technique as an
addressable scaffold, we demonstrate deterministic assembly of
Rh NC dimers with an average interparticle distance of 10 nm
7 of 13
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nd a yield of 69%. A single streptavidin protein is precisely
ositioned within the plasmonic hotspot, pioneering a route
or single label-free single protein sensors enhanced with UV
lasmonics. Importantly, owing to its addressability, the DNA
rigami technique introduces molecular selectivity, unlike previ-
usly reported UV-plasmonic systems in which analytes diffused
andomly during the measurements.

V autofluorescence measurements of single immobilized strep-
avidins show an average brightness enhancement factors up
o 6.6× compared to the reference on quartz with the highest
nhancement of 22× for perfectly aligned structures, together
ith a 6.6× reduction of the autofluorescence lifetime and a
0× increase of the average total photon budget. The good
greement between our experimental results and numerical sim-
lations confirm the validity of our conclusions and highlight the
emarkable nanofabrication and positioning accuracy enabled
y DNA origami templated Rh nanoantennas. Overall, this
ork demonstrates a versatile, reproducible, and highly specific
latform for constructing UV-resonant plasmonic nanoantennas,
pening new opportunities for optical studies of individual label-
ree biomolecules in aqueous solutions. Future optimization of
anoparticle geometry and dimer orientation promises increased
erformance for UV-active nanoantennas and their further appli-
ations, for example in assessing the number of tryptophan and
yrosine residues.

Materials andMethods

.1 Rhodium Cubes Synthesis

he synthesis was carried out by the polyol method developed
y Zhang et al. [63]. Potassium bromide (0.45 mmol, Acros) and
thylene glycol (EG, 2 mL, J.T. Baker) were added to a 20 mL
ial pre-cleaned with detergent and deionized water and dried
n a vacuum oven at 80◦C. The vial, equipped with a Teflon-
oated magnetic stir bar, was placed in an oil bath and heated
o 160◦C for 40 min with the cap loosely fitted. In parallel,
hodium(III) chloride hydrate (0.06 mmol, RhCl3⋅xH2O, 38%
h, Pressure) and polyvinylpyrrolidone (PVP, 0.225 mmol in
epeating units, M.W. ≈ 55 000, Aldrich) were each dissolved
n 2 mL EG at room temperature. The two solutions were then
imultaneously introduced into the reaction vial using a dual-
hannel syringe pump at 1 mL h−1. Following injection, the
eaction was maintained at 160◦C for an additional 10 min before
eing cooled to room temperature.

.4mL of above solutionwas used as the seed solution and diluted
ith 1.6 mL EG in a cleaned 20 mL glass vial. The mixture was
eated at 160◦C under stirring for 40 min with the cap loosely
itted. Separately, 0.045 mmol RhCl3⋅xH2O was dissolved in 2 mL
G. 0.225 mmol PVP and 0.45 mmol KBr were co-dissolved
n another 2 mL EG. These two solutions were simultaneously
njected into the seed solution by a syringe pump at a rate of
mL h−1. The reaction was kept at 160◦C for another 10 min
nd subsequently cooled to room temperature. Rh NCs of two
opulations of sizes with an average edge length of 24 and 40 nm
ere synthesized in this way, as shown in Figure S1a,b.
of 13
Following synthesis, the reaction mixtures were washed three
times with 0.5 mL deionized water and 25 mL acetone. The
obtained Rh NCs were finally dispersed in 3 mL deionized water
for further treatment.

4.2 Removal of the PVP Layer on Rhodium
Cubes

The removal of the PVP was carried out using a modified
procedure described by Zhang et al. [86]. First, a solution of 625
pm Rh NCs, 0.1% SDS was centrifuged at 20 000 g for 12 min
to remove the PVP excess from Rh NC solution. The pellet was
redispersed in Milli-Q water to reach a concentration of 3.1 nm of
Rh NCs and was briefly sonicated. At the same time a solution of
60mg/mL of NaBH4 was preparedwith a 1:1 ratio ofMilli-Qwater
and ethanol. The solution of Rh NCs and the NaBH4 were mixed
with the ratio of 1:1, followed by the addition of Pluronic F-127 to
reach a concentration of 0.3%. The solution was then sonicated
in a cold bath for 120 min. Afterward to stop the reaction, the
solution was rinsed via centrifugation at 16 000 g for 5 min. The
supernatant was removed, and the pellet was redispersed in 0.2%
SDS and briefly sonicated.

4.3 Rhodium Cubes Functionalization

400 µL of freshly PVP-removed RhNCs (∼6 nm) were mixed with
160 µL of 200 µm T18 thiolated DNA and 12 µL of 1 m NaCl. After
mixing, the solution was directly frozen at −20◦C. After 2 h the
solution was sonicated at room temperature for 5 min to unfreeze
the solution. The solution was centrifuged at 16 000 g for 5 min
and the pellet was redispersed in 0.2% SDS to reach a volume of
∼50 µL. Afterward the NCs were purified from the excess of DNA
using 1% gel electrophoresis at 70 V and 1x TAE 12 mm MgCl2
buffer. The band containing Rh NCs was cut out and extracted
from the gel.

4.4 DNA Origami Synthesis

A 7249-nucleotide-long scaffold extracted from the M13mp18
bacteriophage was folded into the desired shape using 243 staples
in 1xTAE, 12mm MgCl2, pH 8 buffer. It was mixed in a 10-fold
excess of staples over scaffold, and 100-fold for the functional
staples (biotin, and handles). Themixture was heated to 70◦C and
cooled down at a rate of 1◦C every 20min up to 25◦C. Half of the
DNA origami solution was kept for adding the streptavidin (See
the Incorporation of streptavidin to DNA origami section). The
other half was later purified by 1% agarose gel electrophoresis run
at 70V for 2 h and stored at 4◦C.

4.5 Incorporation of Streptavidin to DNA
Origami

Half of the DNA origami solution from the DNA synthesis was
purified from an excess of staples using 100k Amicon filters at
10 000 g for 5 min. Streptavidin was added to the Amicon filtered
DNA origami solution to reach an excess of 20-fold and incubated
Advanced Functional Materials, 2026
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or 60 min at room temperature. The mix was then purified by 1%
garose gel electrophoresis at 70V for 2 h and stored at 4◦C.

.6 Verification of Streptavidin Binding to DNA
rigami

1.5 nm solution of DNA origami with and without streptavidin
nd additionally labeled with a single fluorophore (ATTO 647N,
hown as a red star in Figure S3a) was incubated for 3 min
n a biotin-coated glass substrate. Measurements using Total
nternal Reflection Fluorescence (TIRF) microscopy are shown
n Figure S3b,c. Fluorescent spots detected over ∼200 video
rames were analyzed and summarized in Figure S3d. Since only
luorescence within ∼200 nm from the surface is detectable in
IRF, we conclude that the observed signal comes from the
NA origami binding through biotin-streptavidin interactions,
onfirming successful functionalization of the DNAwith a single
treptavidin.

.7 Fabrication of the Rh NC Dimers

or the synthesis of Rh NC dimers, T18-functionalized Rh NCs
ere mixed with the DNA origami solution with a ratio of 20:1 in
he TAE buffer containing 12 mm MgCl2 and 600 mm NaCl. The
ixwas then incubated at room temperature overnight. Obtained
tructures were then purified by 1% agarose gel electrophoresis
un at 70V for 2 h (Figure S4). The additional band was then
xtracted from the gel. The obtained structureswere usedwithout
urther purification.

.8 Fluorescence Assay of the Rh NC
unctionalization

ollowing the workflow described in Figure 2a, two Rh NCs
olutions were prepared as follows: 20 µL of OD15, 19 nm Rh
Cs synthesized using the PVP removal protocol. One solution
ollowed the protocol exactly, while in the other, NaBH4 was
mitted, keeping all other steps identical. Both solutions were
hen split in two and mixed with either 10 µL of 5′–AAA AAA
AA AAA AAA AAA–3′ or 5′–CTC TAC CAC CTA CAT–
′, each modified with ATTO 647N at the 5′ end. The four
ixtures were diluted in 1x TAE, 12 mm MgCl2 buffer with
.1% SDS to a final volume of 100 µL. The samples were then
ncubated for 2 h at room temperature. After incubation, the
olutions were centrifuged at 16 000 g for 5 min and pellets
ere redispersed in 100 µL of 1x TAE, 12 mm MgCl2 with 0.1%
DS. This washing step was repeated three times to remove
xcess of fluorophore-modified ssDNA. Thus, the only remaining
luorophores in the solution were those attached to the ssDNA
ybridized to the Rh-bound strands. Because the fluorophore is
uenched when attached to the Rh NCs, it must be released to
easure its fluorescence. The melting temperature of the A18–
18 duplex in 12 mm MgCl2 at 10 nm is 45◦C (according to the
DT OligoAnalyzer tool); therefore, the solutions were heated to
5◦C for 15 min to detach the fluorophores from the Rh NCs.
mmediately afterward, all samples were centrifuged at 16 000 g
dvanced Functional Materials, 2026
for 5 min at 40◦C (the maximum temperature of our centrifuge)
and the supernatants were collected for subsequent fluorescence
measurements.

After cooling to room temperature, the supernatants collected
from the above protocolwere transferred into a quartz cuvette and
placed in a Duetta spectrometer (HORIBA Scientific). Measure-
ments were performed using the following parameters: excitation
wavelength, 647 nm; emission range, 660–900 nm; excitation
band pass, 5 nm; emission band pass, 5 nm; integration time,
120 s; detector accumulations, 1; and emission increment, 0.5 nm
(1 pixel). To assess the concentration of the DNA on the surface
the measurements between 660 and 668 nm were averaged and
compared to the fluorescence intensity of known concentration
of the fluorophore-labeled DNA strands. The resulting data are
shown in Figure 1e.

4.9 Transmission ElectronMicroscope

For TEM imaging, 5 µL of the solution were dropped onto EM-Tec
Formvar Carbon support film on copper 300 square mesh. After
2min the solutionwas removedwith a paper filter, and the sample
was stainedusing 2%UranylAcetate for 40 sec followed by a quick
water rinsing. The measurements were then carried out using a
Tecnai Spirit with an accelerating voltage of 120 kV.

4.10 UV Confocal Setup

The UV microscopy experiments on single DNA origami struc-
tures were performed on a custom-built confocal microscope
equipped with a LOMO 58×0.8NA water immersion objective. A
266 nm linearly polarized picosecond laser (Picoquant LDH-P-
FA-266, 70 ps pulse duration, 80 MHz repetition rate) was used
for excitation. The laser beam was spatially filtered with a 50 µm
pinhole and spectrally filtered by a short-pass filter (Semrock
FF01-311/SP-25). The excitation laser was then reflected toward
the sample by a dichroic mirror (Semrock FF310-Di01-25-D). The
average 266 nm laser power was 0.22 µW measured before the
dichroic mirror at the entrance of the microscope body. A 3-
axis piezoelectric stage (Physik Instrumente P-517.3CD) was used
to position the sample at the laser focus. The autofluorescence
emission in the spectral range of 310–410 nm was collected back
by the same microscope objective and separated from the exci-
tation by the dichroic mirror and two emission filters (Semrock
FF01-300/LP-25 and Semrock FF01-375/110-25). A 200 mm focal
length air-spaced achromatic doublet was used as a microscope
tube lens to focus the fluorescence light on a 50 µm confocal
pinhole. The autofluorescence light was detected by a single
photon photomultiplier tube (Picoquant PMA 175) connected
to a time-resolved counting module (Picoquant Picoharp 300
with time-tagged time-resolved mode). The autofluorescence
time traces were analysed with the softwares Symphotime64
(Picoquant) and IgorPro (Wavemetrics). All the UV experiments
were performed in a freshly prepared 1x TAE buffer at pH 8 with
12 mm MgCl2. The buffer solution was purged with argon for
10min just before the experiments to remove the dissolved oxygen
and reduce the formation of reactive oxygen species.
9 of 13
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.11 Finite Element Method Simulations

luorescence enhancement simulations were performed using
he finite element method (FEM) in CST Studio Suite. No
daptive mesh was used. The particles were modeled as cubes
ith rounded edges of r = 2 nm. The permittivity of water was
et to 1.77, and the dielectric function of rhodium was taken
rom “Handbook of Optical Constants of Solids” by Edward D.
alik. The excitation light was linearly polarized either along or
erpendicular to the dimer axis. The fluorescence enhancement
actor was calculated by placing a Hertzian dipole at the center of
he gap, oriented along the dimer axis. Then enhancement of the
uantum yield of the emitter is calculated by:

𝑞

𝑞0
=

𝛾𝑟

𝛾𝑟+𝛾𝑙𝑜𝑠𝑠+𝛾𝑛𝑟
𝛾𝑟0

𝛾𝑟0+𝛾𝑛𝑟0

=

𝛾𝑟

𝛾𝑟0
𝛾𝑟+𝛾𝑙𝑜𝑠𝑠
𝛾𝑟0

+ 𝛾𝑛𝑟

𝛾𝑟0

𝑞0
=

𝛾𝑟

𝛾𝑟0
𝛾𝑟+𝛾𝑙𝑜𝑠𝑠
𝛾𝑟0

+ 𝛾𝑛𝑟0
𝛾𝑟0

𝑞0

=

𝛾𝑟

𝛾𝑟0
𝛾𝑟+𝛾𝑙𝑜𝑠𝑠
𝛾𝑟0

+ 1−𝑞0
𝑞0

𝑞0
=

𝑃𝑟

𝑃𝑟0
𝑃𝑟+𝑃𝑙𝑜𝑠𝑠

𝑃𝑟0
+ 1−𝑞0

𝑞0

𝑞0
(1)

= Quantum yield of the emitter in the presence of the NCs

q0 = Intrinsic quantum yield of the emitter

γr = Radiative decay rate of the emitter with NCs

r0 = Radiative decay rate of the emitter without NCs

Loss = Nonradiative decay rate due to energy loss in the NCs

nr = Intrinsic nonradiative decay rate of the emitter with NCs

nr0 = Intrinsic nonradiative decay rate of the emitterwithoutNCs

r = Radiated power of the Hertzian dipole with NCs

r0 = Radiated power of the Hertzian dipole without NCs

loss = Power lost due to absorption in NCs

hus, the final enhancement factor is equal to 𝑞

𝑞0

|𝐸|
2

|𝐸0|
2

𝜂

𝜂0
, where

E| is the magnitude of the electric field at the Hertzian dipole
osition under irradiation and η is the collection efficiency of our
ptical setup.
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