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photodegradation of biomolecules on aluminum
platforms decorated with rhodium nanoparticles†
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Ben Johns, gh Nicolò Maccaferri, gh Guillermo Acuna, f Zhenrong Zheng,*a

Shangzhong Jin*d and Denis Garoli *dei

In the search for novel nanostructured materials for UV plasmonics, only a limited number of choices are

available. Materials such as aluminum, rhodium, and gallium can be used. One of the most interesting

applications of UV plasmonics is surface-enhanced Raman spectroscopy. It can be extended to this spectral

range to explore the spectral properties of biomolecules that have only a small cross-section in the visible

spectral range. We have recently reported on a functional substrate based on nanoporous aluminum

decorated with rhodium nanoparticles. This system exhibited an interesting behavior with UV excitation at

266 nm and an unexpected decrease in Raman intensity with an increase in rhodium nanoparticle

concentration. We proposed that this effect can be due to the difficult access of the molecules deposited

via thermal evaporation to hot spots. Herein, we extend the above-mentioned study by exploring the

performance of the system at another UV excitation wavelength of 325 nm and by reporting experimental

results obtained using a deposition process that can bring the molecules to the hot spots in a more

efficient way. Extensive spectroscopic data, combined with 3D maps, provided a more clear view of the

performance of this plasmonic platform. In particular, the photodegradation and potential oxidation of

biomolecules driven by the hot electrons/hot holes produced by the rhodium nanoparticles are reported.
Introduction

Surface plasmon resonance nds extensive applications in
multiple elds such as metal-enhanced uorescence (MEF),
photocatalysis, optical trapping, heating, energy harvesting and
surface-enhanced Raman spectroscopy (SERS).1,2 The latter, in
particular, has been the subject of intensive research that
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enabled to demonstrate, in the most recent years, the possibility
to obtain Raman spectra from single molecules and to investi-
gate, with a temporal resolution of few milliseconds, the
molecular dynamics in chemical reactions.1,2 Nowadays, SERS
platforms are still based on noble metals (Au and Ag), and their
application is typically limited to the visible/near-infrared (Vis/
NIR) spectral range. As is well known, metals such as
aluminum, magnesium, rhodium and gallium can be used to
prepare plasmonic platforms working in the spectral range of
UV and deep-UV wavelengths.3,4 The excitation of biomolecules
using UV radiation is particularly interesting for Raman spec-
troscopy. In fact, most biomolecules have small Raman cross-
sections in the visible and NIR regions,5,6 and the use of
higher energy to excite them can increase the detection limit
because of the presence of electronic resonances.7–11 Aluminum
(Al) is the most extensively explored material for UV plasmonics
considering its excellent electrical properties,12 which facilitate
signicant resonance in the UV range. In order to apply
aluminum's plasmonic characteristics in SERS, very small
metallic structures/nanostructures must be prepared by means
of advanced lithographic techniques or chemical synthesis of
nanoparticles.13–15 As an alternative approach to produce metals
with nanometer features, the preparation of Al lms as nano-
porous materials (NPMs)16–19 has been recently reported with
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00486a&domain=pdf&date_stamp=2025-08-15
http://orcid.org/0000-0002-5973-0062
http://orcid.org/0000-0002-7887-4336
http://orcid.org/0000-0002-6752-5931
http://orcid.org/0000-0002-0143-1510
http://orcid.org/0000-0001-8066-2677
http://orcid.org/0000-0002-5418-7494
https://doi.org/10.1039/d5na00486a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00486a
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007017


Table 1 Experimental conditions for sample preparation

Sample ID GD bath
tGD
min

Surface Rh
coverage %

a — 0 0
b 0.5 mM Na3RhCl6 + 0.09 M NaCl 2 6.46
c 0.5 mM Na3RhCl6 + 0.09 M NaCl 4 11.49

Fig. 1 Details of the prepared samples. SEM images of (A) untreated
rough Al (sample a, no GD) and (B–C) Al samples subjected to galvanic
displacement in 0.5 mMNa3RhCl6, pH 2.0, for different times: (B) tGD=

2 min (sample b); (C) tGD = 4 min (sample c), magnified detail. (D) Line
chart depicting Rh NP coverage (%) for samples a–c at corresponding
galvanic displacement times, showing 6.46% for sample b and 11.49%
for sample c.
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the experimental demonstration of efficient UV-MEF and UV-
SERS.6,20,21 Porous Al structures can be prepared following
different strategies.6,22

Another intriguing approach towards advanced plasmonic
platforms involves the combination of two or more plasmonic
materials in the same system.23,24 In UV-SERS, in particular, the
use of rhodium (Rh)7,25–28 combined with Al could represent an
interesting platform to better comprehend how to produce
strongly localized electromagnetic elds in the UV spectral
range. Therefore, porous Al can be decorated with Rh via
a galvanic displacement (GD) reaction, which allows the
reproducible preparation of metallic nanoparticles of a more
noble metal spontaneously, at the open circuit, with the use of
simple chemical apparatus.29

For this reason, we have recently reported on the facile and
low-cost fabrication of porous Al substrates decorated with Rh
nanoparticles (NPs).30 It is noteworthy that the current main
limitation of Rh use in the preparation of plasmonic devices is
the very high material cost. The methodology proposed herein
allows a signicant coverage by Rh NPs using minimal Rh
amounts. By studying this system for UV-SERS (probing adenine
with an excitation laser at 266 nm), we observed two interesting
phenomena: (i) increasing the density of Rh NPs over the
porous Al substrate leads to a decrease in the SERS enhance-
ment and (ii) the Rh NPs slow down the UV-induced photo-
degradation effect observed during long acquisition time.

In this work, we extended the investigations on this plas-
monic platform by performing additional SERS analyses using
a laser source at 325 nm to excite and probe two biomolecules,
i.e. adenine and bovine serum albumin (BSA), drop-casted from
water-based solutions. In particular, adenine is a major
contributor to the SERS features of DNA oligomers and
strands;31 therefore, it is still important to investigate SERS
processes on this molecule, in particular in the UV spectral
range. We discuss on the photodegradation process induced by
the UV exposure considering also the potential effect of
progressive oxidation of adenine to azupurine, as previously
demonstrated in photoelectrochemical experiments.32 The
progressive oxidation of adenine resulted to be more
pronounced for higher Rh NPs contents.

In addition to these analyses, we report on the excitation of
BSA discussing both the ability of the platform to detect the
main Raman peaks and the photostability of the molecule aer
multiple UV exposures. It is well known that serum albumin is
the most abundant protein in vertebrate blood and plays an
important role as a carrier and in interacting with external
molecules and materials. In the study of this protein, deep UV
(around 200 nm)33 was typically used for resonant Raman
excitation, and the selective enhancement of the signals of
amide vibrations occurs, enabling the characterization of the
protein secondary structure. Herein, we discuss the excitation
out of molecular resonance using the UV wavelength at 325 nm.

Results and discussion

To conduct the UV-SERS experiments, we used a new set of
samples prepared following a procedure similar to the one
© 2025 The Author(s). Published by the Royal Society of Chemistry
reported in our recent publication.30 Table 1 reports the
conditions of GD procedures on Al substrates.

Fig. 1(A–C) illustrate the SEM micrographs obtained for
samples a–c, while Fig. 1(D) reports the coverage of Rh NPs (%)
with respect to the corresponding galvanic displacement times.
Specically, sample b (tGD = 2 min) exhibited a Rh NP coverage
of 6.46 ± 0.64%, translating to 3.73 ± 0.37 particles per mm2

with a mean radius of 74 ± 18 nm, and Sample c (tGD = 4 min)
showed a coverage of 11.49 ± 1.23%, corresponding to 8.59 ±

0.89 particles per mm2 with a mean radius of 65 ± 20 nm. These
quantitative measurements provide a clearer comparison of Rh
NP densities across different galvanic displacement durations.
All samples display a signicantly roughened Al surface deco-
rated with different concentrations of randomly distributed Rh
NPs. With respect to the previous report,30 no mechanical pol-
ishing was executed on the Al substrates to avoid surface
damages due to mechanical scratching and inclusions of silicon
carbide particles used for the polishing. The pristine surface of
the Al exposed to Rh3+ ions reacted, facilitating the preparation
of Rh NPs with a reduced size distribution (see ESI #1†). The
cross-section imaging allows observing that the NPs present
a morphology approaching a hemi-spherical shape. To verify
the electromagnetic eld congurations that can be produced
Nanoscale Adv., 2025, 7, 5212–5220 | 5213
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by such structures, we performed numerical simulations using
Comsol Multiphysics. The details of the simulations and the
results are illustrated in ESI #2,† where we considered two
“partial-dome” congurations for the NPs on the Al substrate.
We nd a strongly enhanced electric eld around the Rh NPs,
particularly near the gap between single Rh NPs and the Al
substrate.

With respect to the previous experiments,30 here two main
points were modied, i.e. the procedure to deposit the target
analyte (adenine and BSA34–36) and the excitation wavelength
used in the Raman spectroscopy (325 nm). In particular, while
in the previous case the samples were coated with the probe
molecules by means of physical vapor deposition, here we
tested molecules in solution. By using this approach, we expect
to achieve a more efficient interaction between the molecules
and the gap between the single Rh NPs and the Al substrate,
where the electromagnetic eld is more localized.30

We focused our experiments on the investigation of the
photodegradation processes of adenine and BSA due to
successive UV laser exposures. In order to do that, we rst
measured all the samples functionalized with adenine (using
a concentration of 0.5 mM). We performed six successive scans
over an area of 2 × 2 mm2. The adenine spectra obtained from
all the samples are shown in Fig. 2, showing clearly distin-
guishable bands that correspond to the molecular vibrations of
adenine, as previously reported in resonant Raman experiments
with adenine and related compounds, as well as in pre-resonant
SERS spectra on Rh composite materials.37–41 Fig. 2(A) illustrates
a direct comparison between the samples aer a rst single
laser scan, while Fig. 2(B) depicts the maximum intensity
around 731 cm−1 and 1331 cm−1 for the tested samples. The
position of the obtained spectral peaks exhibited shis. We
Fig. 2 Adenine UV-SERS spectra from Al–Rh NP samples. (A)
Comparison between the first scans obtained from the three tested
samples. (B) Maximum values around 731 cm−1 and 1331 cm−1

extracted from the spectra in (A). (C and D) 3D time-dependent SERS
spectra and mean SERS spectra across six consecutive scans of
0.5 mM adenine on sample a.

5214 | Nanoscale Adv., 2025, 7, 5212–5220
provide an explanation in ESI #3, Fig. S5(a), S6(a) and (d).†
Fig. 2(C–D) report the relative 3D time-dependent UV-SERS
spectra and mean spectra of adenine across six consecutive
scans on sample a, respectively, clearly showing the photo-
degradation due to successive UV exposures. We also present
the average UV-SERS spectra of adenine from six consecutive
scans on sample b and c in ESI #3, Fig. S5(c) and S5(d),†
respectively.

As a rst important observation, the intensities of the UV-
SERS spectrum resulted in an increase with the increase in Rh
contents on the samples, as detailed in Table 1 and illustrated
in Fig. 1(D). Fig. 2(B) shows that the increase in Rh NP coverage
percentages is generally positively correlated with SERS signal
intensities at both wavenumbers, with the Pearson correlation
coefficient being slightly lower at 1331 cm−1 (r = 0.75)
compared to 731 cm−1 (r = 0.81). Specically, sample c (Rh NP
coverage = 11.49%) exhibited the highest SERS intensities at
both wavenumbers, while sample a, without GD treatment,
served as a control and demonstrated the lowest SERS signal
intensities. This is partially in disagreement with our previous
results,30 where the Rh NPs seemed to reduce the intensity of
the Raman peaks. As already reported, this is due to the inef-
cient interaction between the plasmonic hot spots generated
by the NPs and the physical evaporated probe molecules. Here,
on the contrary, the molecules can interact uniformly with the
whole sample thanks to the functionalization method used.

In all the measurements, the two most characteristic SERS
peaks of adenine at around 731 and 1331 cm−1 were identi-
ed.32,42 However, there are several other strong bands that
appear between 1000 and 1500 cm−1, such as 1048, 1423, and
1482 cm−1. The rst observation of this kind of SERS spectrum
was reported for adenosine on a roughened silver electrode at
a positive potential in 1985.43 We also conducted the SERS
spectra of several derivatives of adenine in ESI #4.† As shown in
Fig. S7,† the results indicated that we can observe a vibrational
band for adenine and its derivatives NAD+, ATP and adenosine
within the wavenumbers of 1000 and 1100 cm−1, similar to the
literature report,32 but the peak also shows different shiing to
around 1070 cm−1.

As a rst step in the photodegradation analyses, we moni-
tored the intensity of the peak at 1331 cm−1 during six mapping
scans over the different samples. The mode at 1331 cm−1

corresponds to a skeletal vibration of the pyrimidine ring,44 and
its intensity could therefore be indicative of the decomposition
of the molecule. The decrease in intensity of this band could
indicate the dissociation of skeletal purine ring bonds and/or
re-orientation of the molecule on the nanostructure.

For each map, we selected the intensity at 16 points and
normalized the intensities to the range [0, 1]. Fig. 3(A–C) show
the scatter diagram of the data with the t curve obtained across
samples a–c using the following formula:

y = y0 + A1e
−t/t1 (1)

where y0 is the initial intensity, y is the current intensity, t is the
time, and t1 is the time constant associated with the degrada-
tion rate k = 1/t1. It can be observed that the root mean square
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A–C) Experimental data and corresponding photodegradation
fitting curves of peak intensity at around 1331 cm−1 for adenine as
a function of collection time for different samples a–c, respectively. (D)
Time constants of sample a–c with varying Rh NPs coverage
percentages.
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errors (RMSEs) of the ts for different samples are all greater
than 0.97, indicating that the degradation process respects eqn
(1). The degradation rate for the three samples is also marked in
Fig. 3(A–C). Sample a without GD treatment exhibited the
highest decay rate (0.01011 s−1), while sample b and c demon-
strated lower decay rates of 0.00602 s−1 and 0.0049 s−1,
respectively, indicating that a higher Rh NPs content effectively
reduces the degradation rate, which is in agreement with our
previous results.30 Fig. 3(D) illustrates the time constants
measured for three samples with different Rh NP coverage
percentages. Specically, sample a with no GD treatment
exhibited a time constant of 98.83± 2.82 s, sample b with 6.46%
coverage had a time constant of 165.99 ± 5.70 s, and sample c
with 11.49% coverage demonstrated a time constant of 203.98±
6.30 s. The increase in time constants is correlated with the
increasing coverage of Rh NPs, indicating enhanced stability or
altered kinetics under varying nanoparticle coverage
percentages.

As reported by Su et al.,32 the peaks of adenine at 732 cm−1

and 1333 cm−1 are regular peaks, while the peaks that can be
observed at 1048 cm−1, 1423 cm−1, and 1482 cm−1 are dened
as unusual peaks. These unusual Raman peaks are attributed to
adenine derivatives or oxidation products. It is known that UV
Table 2 Calculated photodegradation time constants (t1) for the three s

ID

Time constant (t1) under different wavelength

1048 cm−1 1067 cm−1

a 75.3 � 14.7 (s) 69.3 � 8.3 (s
b 90.5 � 25.9 (s) 96.4 � 21.5
c 543.2 � 148.9 (s) −485.2 � 279 (

© 2025 The Author(s). Published by the Royal Society of Chemistry
light induces photochemical reactions on adenine.45,46 None-
theless, plasmonic nanostructures can, in principle, contribute
to the oxidation process of adenine to azupurine via hot carrier
generation.32 In particular, the peaks associated with azupurine
formation are exactly in the spectral range between 1048 and
1480 cm−1, as observed in our experiments. Therefore, aer
normalizing the different peaks, we rst examined the overall
changes in the other peaks with increasing scan time to deter-
mine whether they behaved similarly to the peak at 1331 cm−1.
We reported these analyses in ESI #5.† The obtained degrada-
tion time constant for the three samples under four Raman-
active wavelengths is reported in Table 2, each accompanied
by its standard error. By combining the Rh NP coverage
percentages presented in Table 1 and the time constants under
1331 cm−1 related to the Rh NPs contents shown in Fig. 3(D), we
can conclude that Rh incorporation generally improves photo-
stability, as evidenced by the increased t1 values in samples with
higher Rh NPs contents.

Specically, the standard deviations at 1331 cm−1 and
1482 cm−1 are both less than 10, which indicates that the tting
results are in good agreement with eqn (1). Sample c (11.49% Rh
NPs coverage) showed the highest t1 values at 1331 and
1482 cm−1, while Sample a, with no Rh content, exhibited the
lowest t1 values, suggesting that Rh contributes signicantly to
photostability. However, for the photodegradation constants of
adenine at the tted peaks of 1048, 1423 and 1067 cm−1,
samples containing Rh NPs generally exhibit large standard
error values and even anomalies. This indicates that using
photodegradation eqn (1) alone is no longer sufficient to meet
the tting convergence conditions. Moreover, these peaks are
roughly classied as “unusual peaks” as dened in ref. 32. For
unusual peaks, further analyses are necessary.

In order to better understand the potential oxidation reac-
tion from adenine to azupurine, additional data analyses on the
collected spectra were performed by calculating the area ratio
between different spectral ranges. The results calculated using
Python are presented in ESI #6 Fig. S9,† which demonstrate that
peak areas in the [700, 745] cm−1 range initially decrease and
then stabilize, the [1285, 1352] cm−1 range exhibit a gradual
reduction slowed by Rh nanoparticles, and the [960, 1200] cm−1

range generally decrease with the increase in scans, accompa-
nied by ratio analyses indicating consistent normal peak ratios
and varying relative changes in other peak ratios.

To investigate whether Rh NPs have an oxidation effect on
adenine and alter the “unusual peak” of adenine around ranges
of 1000 to 1100 cm−1 (according to the literature, silver colloid-
induced visible adenine SERS exhibits oxidation effects on
amples across various wavenumbers

1423 cm−1 1482 cm−1

) 105.1 � 8.8 (s) 101.6 � 3.6 (s)
(s) 118.3 � 18.7 (s) 137.3 � 8.4 (s)
s) 226.7 � 23.2 (s) 221.3 � 7.7 (s)

Nanoscale Adv., 2025, 7, 5212–5220 | 5215
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Fig. 4 UV-SERS on different samples a–c (black, blue and red spectra,
respectively) with 15.1 mM BSA and peak intensity analysis. (A) Mean
intensity. (B–C) Ratios of peak intensity changes across four scans for
Rh-modified Al ranging from 1050 to 1070 cm−1 and 1500 to
1700 cm−1. (D) Mapping images of sample a across four scans in the
range between 1500 and 1700 cm−1.
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characteristic peaks around 1048 cm−1),32 we performed
multiple peak deconvolution on the [960, 1200] cm−1 range and
single peak tting on the [700, 745] cm−1 range by applying
Gaussian functions, using the following formula:47

y ¼ y0 þ Ae
�4 lnð2Þðx�xcÞ2

w2

w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

4 lnð2Þ
r (2)

where xc is the center peak wavenumber, setting the initial value
y0 = 0. Fig. S10 in ESI #7† displays the t curve of sample as an
example to illustrate our reporting method. Using eqn (2), we
performed the peak tting and calculated the corresponding
area and relative full width at half maximum (FWHM). Since the
area corresponding to the wavenumber range of [700–745] cm−1

does not change signicantly with an increasing number of
scans, we selected the tting peak at approximately 731 cm−1.
We then calculated the ratio of the peak area for each tted peak
to the peak area around 731 cm−1 obtained from the same
spectrum. The calculation results are shown in ESI #7, Fig. S11,†
which report the variation in the peak area corresponding to the
tting peak with the number of scans. The results show that the
ratio of the tted peak areas increases as the number of scans
increases. When combined with the Rh NPs coverage
percentage presented in Table 1, we can observe how higher
concentrations of Rh NPs seem to promote greater oxidation
effects, as evidenced by the steeper slopes observed at around
1075 cm−1

tted peak, which is indicative of enhanced oxidative
interactions within the sample matrix, as reected in the altered
SERS peak area ratios within the 1000–1100 cm−1 range. It is
interesting to note that this oxidation process seems to be not
accompanied by the oxidation of carbon species on the samples'
surface. In fact, even aer multiple laser scans, we did not
observe any increasing peak intensity around 1600 cm−1, where
the main carbon oxide vibration is expected.48,49

UV-SERS experiments using adenine as a probe molecule
have been reported in several papers.5,6,15,22,30,46 On the contrary,
measurements on proteins were not so extensively dis-
cussed.33,50 Here we test our substrate also as a platform for UV-
SERS using BSA, a protein whose SERS spectroscopy has been
previously reported.51–53

We rst tested the bulk BSA on silica chip, and the corre-
sponding result is reported in ESI #9, Fig. S12.† Then we
measured the Al–Rh NPs substrates using 15.1 mM BSA
concentration in water solution and we performed multiple
scans over the same area to evaluate the effect of successive UV
exposures.

Fig. 4 reports the spectrum obtained aer a single scan
from the different samples and illustrates the relative changes
in the intensity ratios of the peak between 1050 and
1070 cm−1 and 1500 and 1700 cm−1 in the UV-SERS spectra of
BSA across four consecutive scans on different substrates (a–
c). As can be seen, with respect to adenine, in this case only
few peaks can be detected. In particular, the relatively broad
peaks at around 1606, 1360 and at 1064 cm−1 can be associ-
ated with the vibration of BSA in agreement with previous
reports.33,34,50,51
5216 | Nanoscale Adv., 2025, 7, 5212–5220
Notably, here the excitation laser at 325 nm is not in reso-
nance with the molecule, therefore we were able to detect only
a small number of vibrations with respect to other reports where
the resonant Raman was obtained using higher frequencies for
the laser excitation.50 In this case, it is not easy to assign the
peak position to clear molecular vibrations. In particular, the
peak at 1600 cm−1 could be assigned to the presence of carbon
oxide species on the substrate surface, even if we did not
observe an increasing intensity for successive scans and we did
not observe this carbon vibration in the multiple Raman
experiments performed with adenine.

Sample a (black line in Fig. 4(A)), which does not contain Rh
NPs, exhibits the strongest BSA Raman enhanced signal and
a broad peak around 1360 cm−1. The relative peak intensity in
the range between 1050 and 1070 cm−1 and 1500 and 1700 cm−1

of BSA UV-SERS spectra evaluated across three scan intervals
(labeled ‘relative changes’ as x-axis) for three samples was re-
ported in Fig. 4(B) and (C), respectively. Taking the Rh NPs
coverage percentage in Table 1 into account, we can conclude
that Rh NPs exert some concentration-dependent effects on the
vibrational dynamics of the system. Specically, the 1600 cm−1

peak in Fig. 4(C) exhibits a signicant initial enhancement in
samples with the Rh NPs content, especially in sample c, where
the intensity ratio reaches 52.55% aer the rst scan. Subse-
quently, the intensity ratio decreases and slightly rebounds in
the following scans, reecting rapid structural changes and
subsequent reaction dynamics catalysed by Rh NPs. In contrast,
the 1060 cm−1 peak in Fig. 4(B) continuously decreases in the
Rh NP-free sample a, whereas in samples with Rh NPs, it shows
a complex trend. Initially, the intensity ratio may increase due
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-SERS spectra of (A) 50 mM BSA and (B) 2 mM L-tyrosine UV-
SERS on samples a, b, and c after storage for 2.5 months.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 5
:2

7:
44

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to the formation of specic structures or oxidation products,
followed by a decrease caused by excessive oxidation or struc-
tural disruption. These results indicate that the coverage of Rh
NPs signicantly inuences the structural changes of BSA,
thereby affecting the intensity ratios of peaks in the UV-SERS
spectra. This emphasizes the crucial role of Rh NPs in regu-
lating protein structure and SERS signals. To ensure that each
scan covered the identical region, the scanning paths alternated
between x [−10, 10] y [−10, 10] and x [10, −10] y [10, −10]. As
shown in Fig. 4(D), the heatmap within the range of 1500 to
1700 cm−1 remains consistent across all four scans, conrming
that the same area was repeatedly scanned.

We also conducted experiments to test 50 mMBSA on the same
samples a, b, and c aer storing them for 2.5months to check the
time stability of our substrates, and the result is reported in
Fig. 5(A). To complement our UV-SERS measurements of BSA, we
also examined the SERS spectra of L-tyrosine using the same
samples a, b, and c, following the approach of the literature,33

which highlighted the signicant role of tyrosine residues in the
UVRR spectra of BSA, while we only tested the UV-SERS spectra of
2 mM L-tyrosine dissolved in Milli-Q ultrapure water, and the
result is presented in Fig. 5(B). By comparing the UV-SERS spectra
of BSA and L-tyrosine in Fig. 5(A) and (B), we found that the
spectra of these two substances are very similar. This also indi-
cates that the signicant role of tyrosine residues in the UVRR
spectra of BSA, as highlighted in the literature, is also applicable
to not-resonant UV-SERS.
Conclusions

In this work, we investigated, in detail, the performances, in
terms of photostability effects, of a UV-plasmonic platform
based on rough Al decorated with different concentrations of
Rh NPs. While the combination of a porous Al lm with Rh NPs
has already been proved for applications in UV-SERS,30 the
analyses reported herein provide a better understanding of the
behaviour of this particular plasmonic platform. In particular,
using a suitable functionalization strategy to bring the probe
molecules all over the sample, we veried that Rh NPs can
facilitate the enhancement of the SERS signal. Not less inter-
esting, we explored the effect of Rh NPs in the photostability
under successive UV exposure discussing both oxidation
effects and degradation effects in adenine and BSA. In
© 2025 The Author(s). Published by the Royal Society of Chemistry
particular, we discussed the potential role of hot carriers in the
oxidation effect. As previously reported by Su et al.,32 adenine
can be modied to azupurine by charges generated in the
plasmonic hot spots, due to the excitation of the plasmonic
structures at energies close to the frequencies of localized
surface plasmon resonance (LSPR). In our experiments with Al
and Rh, it is known that the LSPR of Rh NPs falls in the UV
spectral range (195–255 nm),41 and hence, it is above 4.5 eV. In
the case of aluminium, the 3s23p1 electronic states are located
below the Fermi level, separated by small energy gaps of 0.5 eV
and ∼1.6 eV, thus falling in the infrared region.54 The 2p Al
electronic state is located signicantly below the Fermi level.
In the case of rhodium, electron transitions from the 4d elec-
tronic state can be expected.55 If we consider the whole system,
that is contributions from both Rh and Al, the effect of hot
electron generation is connected to the excitation of free
electrons above the Fermi level (intraband transitions) or
LSPR, and hot holes are present in the case of interband
transitions. Nevertheless, they are signicantly less mobile
than electrons.56,57 Therefore, a small number of hot holes in
the bulk of the nanostructures reach the surface of the nano-
particles, but can still play a role in the oxidation of the
molecules.

Overall, the results reported herein contribute to a better
understanding of the UV-SERS phenomenon and can be
extended to more efficient congurations such as nanoparticles
on a mirror,58–60 where the Rh NPs can be rst functionalized
with the probemolecules (for example DNA) and then deposited
on an Al lm.

Experimental
Sample preparation

Alfa Aesar 99.99% Al foil sheets were cut into squares of
approximately 1 × 1 cm2, with a thickness of 1.5 mm. The side
not subjected to galvanic displacement was marked with
a mechanical engraver.

Aer cutting, each sample was rst washed with acetone and
then with deionized water in an ultrasound bath (5 min) to
remove any contaminants and dried. Subsequently, the sample
was subjected to chemical etching in 5 M H2SO4 at 80 °C (5
min). Aer the chemical treatment, the square foils were treated
with ultrasonics in water for an additional 5 minutes, dried only
on the backside (where the marking is present), and deactivated
with tape for anodization (3 M 8992). The GD processes were
carried out using solutions prepared with deionized water (Elga-
Veolia Purelab Pulse System, 18 MU cm) and high-purity
reagents: NaCl (99.5%, Merck), Na3RhCl6$12H2O (Alfa Aesar),
and HCl (37%, Merck). To enhance the reproducibility –

considering the slow equilibration of Rh chlorocomplex speci-
ation61,62 – the solutions were aged for 48 hours at 60 °C.

The solution, acidied to pH 2 with HCl, was kept at 25 °C
and purged with nitrogen for 20 minutes prior to sample
immersion.

Aer the galvanic exchange, the foils were washed in water,
dried under a mild N2 ow, and stored under vacuum pending
morphological characterization (SEM).
Nanoscale Adv., 2025, 7, 5212–5220 | 5217
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Sample morphological characterization

Scanning electron microscopic (SEM) images were acquired
using a Zeiss SIGMAmicroscope equipped with a eld emission
gun, operating under high vacuum at an accelerating voltage of
20 kV.

Image analysis performed using the open-source soware
ImageJ allowed for the estimation of the surface area fraction of
Rh NPs covering the Al substrates.

Materials

Adenine (99%) and L-Tyrosine (99%) were purchased from J&K-
Sci. BSA was purchased from Solarbio Life Science. NAD+ (98%)
was purchased from Shanghai Shaoyuan Co. Ltd. ATP (97%)
and adenosine were purchased form Adamas-beta. All solutions
were prepared using Milli-Q ultrapure water as the solvent.

Photostability tests with adenine

The substrates were dropped with 2 mL 0.5 mM adenine using
a micropipette and tested aer naturally drying at room
temperature. For each mapping measurement, a small area of
around 2 × 2 mm2 (total 16 points for each scan) was used. The
tests were performed in six consecutive scans for 0.5 mM
adenine across the same small area with 10 s exposure time and
one accumulation for each point. The same laser and acquisi-
tion parameters were maintaining the same for three samples.
The raw spectra were baseline-corrected and smoothed using
LabSpec6 (HORIBA measurement soware) before processing
averaged spectra and peak deconvolution analysis using Origin.

Photostability tests with BSA

Samples a, b, and c were dropped with 2 mL 15.1 mM adenine
using a micropipette and subjected to tests aer naturally
drying at room temperature. For each mapping measurement,
a total area of 20 × 20 mm2 (total 16 points) with a step size of
6.667 mm was used. The tests were conducted in four consecu-
tive scans across the same area with 10 s exposure time and one
accumulation for each point. The same laser and acquisition
parameters were maintaining the same for three samples. The
raw spectra were baseline-corrected and smoothed using Lab-
Spec6 (HORIBA measurement soware) before processing
averaged spectra and peak intensity analysis.

Raman spectroscopy

SERS measurements were conducted using a HORIBA LabRAM
HR Evolution Raman spectrometer (Horiba Jobin Yvon, Kyoto,
Japan) with a 40× UV objective and a 50× long-focal-length
objective (NA = 0.75). The UV-SERS spectra of adenine, BSA
and L-Tyrosine were recorded using a 325 nm laser at 10%
power attenuation, 500-hole value and 1800 gr mm−1 grating
with 10 s exposure time, and one accumulation. Thanks to the
higher intensity of this laser with respect to the source at
266 nm used in our previous experiments, it has been possible
to reduce the integration time in the spectra acquisition,
thereby obtaining a more precise dynamics in the
photodegradation.
5218 | Nanoscale Adv., 2025, 7, 5212–5220
The visible Raman spectra of bulk BSA were recorded using
a 633 nm laser at 10% power, a 532 nm laser at 1% power and
a 785 nm laser at 10% power with 600 gr mm−1 grating, 10 s
exposure time, and one accumulation. For mapping measure-
ments, the tests were conducted in six consecutive scans (small
area total = 16 points for each scan) for 0.5 mM adenine and
four consecutive scans (20 × 20 mm2, total 16 points, 6.667 mm
step size) for 15.1 mM BSA across the same area. The same laser
and acquisition parameters were maintained for each
measurement scan. For measuring 50 mM BSA, 2 mM L-tyrosine
and several derivations of adenine on samples stored for 2.5
months, it is necessary to increase the acquisition time to 180
seconds with a single accumulation and 10% laser power. The
spectra shown in Fig. 5 were obtained by averaging three
randomly collected spectra without smoothing lter and base-
line, and the abrupt changes at around 2000 cm−1 were due to
rating alteration.
COMSOL multiphysics modelling

The electromagnetic eld congurations produced by the Rh
NPs on Al substrate was simulated using the wave optics
module in COMSOL. Plane-wave excitation at 325 nm wave-
length was used to obtain near-eld distribution around Rh NPs
of different sizes in partial-dome congurations (see ESI for
detail†).
Data availability

Data for this article, including SEM micrographs and Raman
spectroscopy data, are available at Zenodo at https://doi.org/
10.5281/zenodo.15436848.
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