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Recent advances in biomolecular analysis by ultraviolet
surface-enhanced resonance Raman spectroscopy:

A review
Martynas Talaikis"?, Ultraviolet surface-enhanced resonance Raman spectroscopy (UV-
SERRS) offers the ultrasensitive, reliable and selective analysis and sens-
Lina Mikolituinaité’, ing of biomolecules due to the combination of surface-enhancement and
. resonance enhancement of the Raman signal of studied molecules. In
Valdas Sablinskas', this Review, we provide the background of the technique and discuss

the challenges related to ultraviolet plasmonics as well as the ability to
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employ the non-plasmonic substrates. We also highlight the recent appli-
cations of UV-SERRS in analysis of biomolecules. Finally, the advantages
and future directions of the method are provided.
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INTRODUCTION

Surface-enhanced Raman spectra of pyridine
on the roughened silver electrode were first ob-
served by Fleischmann, Hendra and McQuillan
in 1974 [ﬁ]. They used Raman spectroscopy aim-
ing to understand the electrochemical interface at
the molecular level. Soon after that, the anoma-
lous enhancement of Raman scattering (new
phenomena) was recognised by Jeanmaire and

* Corresponding author. Email: gediminas.niaura@ftmc.lt

Van Duyne [], and Albrecht and Creighton [E].
Based on numerous efforts of physical chemists
and chemical physicists, it was understood that
the discovery is based on the enhancement of Ra-
man scattering of molecules close to or in direct
contact with a nanostructured plasmonic metal
surface [H]. Currently, the scientific community in
general agrees that two main mechanisms, elec-
tromagnetic and chemical enhancements, con-
tribute to the SERS process. The electromagnetic
(EM) enhancement results from the amplifica-
tion of electric field near the nanoparticle surface
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due to the excitation of localised surface plasmon
resonance (LSPR) by the incident laser light [E].
Excitation of LSPR takes place when the light fre-
quency coincides with the oscillation frequency
of the electrons (plasmon resonance frequency) in
the nanostructure. Plasmon resonance frequency
depends on the shape, dimensions and material of
the nanoparticle as well as on the dielectric en-
vironment [E, ﬁ]. The important parameter used
to describe the discovered effect is the SERS en-
hancement factor (EF), denoted as the magnitude
of increase in the Raman cross section for a mol-
ecule adsorbed or located near the nanostruc-
tured SERS-active surface [E, E]. The EF depends
very strongly on the amplification of the local
electromagnetic field (E); it scales approximately
by the electric field in the fourth power - E* [E].
In addition, for the EM mechanism, the arrange-
ment of plasmonic nanoparticles is important. Be-
cause of a strong electromagnetic coupling, the EF
increases considerably as the distance between
the plasmonic nanoparticles decreases. For exam-
ple, EF increases from 10° to 10° as the distance
between the gold nanospheres decreases from 10
to 2 nm [E, 1.

The chemical SERS enhancement mechanism
results in an increase of polarisability of the ad-
sorption complex [, ]. Three contributions
can be associated with this phenomenon: (i) static
chemical interactions, (ii) charge-transfer reso-
nance (CT), and (iii) molecular resonance Raman
scattering (RRS) ]. Static chemical interaction
with the substrate can increase the polarisabil-
ity of the adsorbed molecule due to the struc-
tural changes and as a consequence - intensity
of Raman scattering. However, in this case en-
hancement is relatively small, just about 10-100
times [, B]. The CT mechanism results from
the photoinduced charge-transfer (tunnelling of
electrons) from molecule-to-metal or metal-to-
molecule during the SERS measurements [@, ].
The CT phenomenon is a resonance process and
strongly depends on the laser light energy, mole-
cule energy levels, and the Fermi level of electrons
in the substrate. This mechanism is valid for mole-
cules adsorbed on metal or semiconductor surfac-
es []. The Raman scattering enhancement
results from the resonance between the electronic
transition metal(semiconductor)-molecule and
the energy of the excited laser radiation. The SERS

enhancement factor through the CT mechanism
can reach 2-4 orders of magnitude [@]. Finally,
the RRS contribution to SERS arises because of
resonance between the electronic transition in
the molecule at the interface and the photon of
laser excitation; in this case, the combined pro-
cess is named as surface-enhanced resonance Ra-
man scattering (SERRS). The contribution from
the RRS effect can be very high, reaching 4-6
orders of magnitude []. Indeed, many surface
spectroscopic studies with adsorbed dye mol-
ecules and biomolecules in the visible spectra
region, including single-molecule studies, were
characterised with an extremely high sensitivity
because of the operation of SERRS [§, , ].

While the chemical mechanism at certain con-
ditions can provide a relatively high EF, it depends
strongly on the structure of the molecule and is
not a universal one. On the other hand, the EM
mechanism is more general and depends mostly
on the structure and material of the plasmonic
substrate. The overall SERS enhancement mech-
anism originates from the combination of EM
and chemical mechanisms. Scientific community
agrees that the EM mechanism provides the ma-
jority of SERS enhancement [E, , @, @].

SERS is able to provide detailed informa-
tion on the structure, interactions and bonding
of adsorbed molecules with a high sensitivity
and selectivity [H, H, , @, ]. Being one
of the vibrational spectroscopy, the method pro-
vides the possibility for ultrasensitive detection
and the analysis of molecules based on the finger-
print spectral pattern without the application of
fluorescent probes. SERS and SERRS are widely
employed in fundamental studies of the electric
double layer [], catalysis [, @], adsorp-
tion [], the structure and function of self-as-
sembled monolayers [@, @], as well as for sensing
applications in the analysis of biomolecules [
], pesticides [@, ], explosives [@, @], bio-
medical compounds [], environmental pol-
lutants [, ], and other compounds. However,
a poor reproducibility, repeatability, and the inter-
ference of impurities prevent SERS applications in
the analysis of ‘real world’ compounds and espe-
cially in biomedical laboratories and clinical stud-
ies [@, @]. One of the possibilities toward solv-
ing this problem is the development of ultraviolet
surface-enhanced resonance Raman spectroscopy
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(UV-SERRS) [@, @]. Many important organic
molecules, including biomolecules, have electron-
ic transitions in the UV spectral region. Excita-
tion in the UV spectral region provides the pos-
sibility for the coupling of surface enhancement
with the resonance Raman enhancement. Thus,
UV-SERRS holds promise for the ultrasensitive
detection of target biomolecules, with a low inter-
ference from various adsorbed impurities. In this
review, we provide an overview of the fundamen-
tal aspects of UV-SERRS, including the mecha-
nisms of resonance and chemical enhancement,
and summarise recent progress in the develop-
ment of UV-active substrates. Particular attention
is given to applications in biomolecular detection
and to the challenges that still limit the broader
use of the method.

BACKGROUND OF UV-SERRS

UV-SERRS, which combines surface enhancement
and molecular resonance enhancement mecha-
nisms, provides the possibility for the ultrasensi-
tive detection of certain biomolecules and organic
molecules without interference from impurities.
This method requires the excitation of Raman
scattering in the wavelength range typically from
190 to 400 nm (UV range). The spectral region be-
low 300 nm is named the deep ultraviolet (DUV
range) [@, @]. In the case of DUV excitation of
Raman spectra at wavelengths lower than 260 nm,
the fluorescence background considerably de-
creases [@]. This is an additional advantage of
UV-SERRS spectroscopy. It should be noted that
the Raman cross section of molecules in general
increases in the UV spectral region because of v*
scattering law. Many biomolecules, including aro-
matic amino acids, nucleotide bases, drugs, neu-
rotransmitters, and other organic compounds,
absorb light in the UV spectral region [p1l]. Ex-
citation of Raman spectra within the electronic
transition results in the increase of Raman scat-
tering by 4-6 orders of magnitude due to the RRS
effect. Even if the laser radiation does not exactly
coincide with the electronic transition but is close
to it, the preresonance amplification of the Raman
signal occurs, which can reach several orders of
magnitude. For example, in the case of the ade-
nine molecule in an aqueous solution, the main
electronic transition takes place at 260 nm; how-

ever, the preresonance enhancement at 325 nm
excitation wavelength results in the selective en-
hancement of Raman bands for 2 to 16 times [].
The important challenge in SERS spectroscopy
in the UV spectral region is the lack of efficient
plasmonic material in this region. The traditional
plasmonic materials such as silver, gold and cop-
per are not efficient for SERS enhancement in
the UV spectral region because of large damping
due to the interband transitions [@]. Therefore,
other plasmonic materials must be considered.
The first UV-SERS spectra were recorded for ad-
sorbed pyridine and SCN- anion on roughened
rhodium (Rh) and ruthenium (Ru) metal surfac-
es [@]. Further development in ultraviolet plas-
monics revealed the suitability of many alternative
materials including Al, Ga, In, Sn, T1, Pb, Bi, Pd,
and other metals [[10, ]. An alternative approach
in UV-SERRS is the application of semiconduct-
ing materials, which provide an efficient chemical
enhancement of Raman scattering [@].

ULTRAVIOLET PLASMONICS

LSPR properties of the metal depend on its di-
electric function, which is frequency-dependent
and composed from real (¢(w)) and imaginary
(e, (w)) parts. Two important parameters charac-
terise LSPR, i.e. plasmon resonance frequency and
quality factor [é]. Metal exhibiting high-quality
LSPR and a consequently large electromagnetic
enhancement must possess large negative & (w)
and small ¢ (w) (low damping) values. Thus,
the LSPR quality factor can be defined by the ra-

tio [pq]:

£, (0)
O =——" (1)
gim(o‘))
More accurate expression shows that in

the small nanoparticles approximation, the quality
factor (Q,) depends only on the dielectric function
at resonance frequency [@, @]:

. 95,(@)
do

o | ?

Higher Q, factor results in a stronger enhance-
ment of the local electromagnetic field near the na-
noparticle. Figure [ compares the wavelength
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Fig. 1. Wavelength dependence of (a) real and (b) imaginary parts of dielectric function and quality factors (c) Q, and (d) Q, of Na, Mg, Al, K, Cu,

Ag, In and Au metals. Reprinted from Ref. [66]

dependence of real and imaginary parts as well as
quality factors of various metals. High negative €
values and very small ¢, values in the visible spec-
tral region result in the superior plasmonic per-
formance of Ag metal. Silver possesses the highest
quality factors Q and Q, in a broad visible spectral
region in agreement with experimental SERS data.
The other widely employed materials in SERS are
Au and Cu. These coinage metals also show rather
high Q, values, although at wavelengths higher
than 500 nm. However, ¢, rapidly increases for
all three coinage metals in the UV spectral region
making them unusable for EM enhancement in
this spectral region. The perspective plasmonic
structures for this spectral region are Al and Mg;
indium also shows a tendency to decrease the €,
value in the UV spectral region.

The quality factors discussed above predict
the wavelength range of LSPR for certain materi-
als at a small nanoparticles approximation (elec-
trostatic limit) [@]. This approximation is valid for
nanoparticles considerably smaller compared with
the wavelength of the light (the size of nanoparticles
is below ~50 nm). Under this condition, the plas-
mon resonance frequency is related to the nature
of the material, but does not depend on the size or
shape of nanoparticles. However, for nanoparticles
sized above ~50 nm, the properties of LSPR can be

tuned by changing the size and shape of nanopar-
b7

ticle prepared from the same material [@, .
Remarkable progress was made in nanoscience and
nanotechnology for the synthesis of the nanopar-
ticles with various sizes and shapes [@]. Figure @
shows how the size and shape of nanoparticles
can control the plasmonic properties of different
metals in a wide wavelength region [@]. Based
on the analysis of 500 gold nanoparticles with
a different size and shape, it was discovered that
the so-called plasmon length (the length of the na-
noparticle at which the plasma oscillations take
place) but not the shape of the nanoparticle con-
trols the dipolar plasmon frequency and width of
the spectral bands [@]. Suitability of In, Mg and Al
nanoparticles in UV plasmonics is clearly visible.
In addition, silver nanoparticles of various shapes
demonstrate the possibility for use in the UV spec-
tral range down to ~340 nm. While a high chemical
reactivity of Al complicates the synthesis of nano-
particles and the formation of UV-SERS substrates,
numerous studies revealed the potential of this ma-
terial for UV plasmonic applications [@, ].
Presence of an oxide layer considerably deteriorate
the plasmonic properties of aluminum (Fig. E) [@].
Magnesium is another very chemically active, but
promising material for UV-SERS [@] .Synthesis pro-
tocols of magnesium nanoparticles with controlled
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Fig. 2. Size and shape controlled plasmonic spectral range of Ag, Au, Cu, Al, Mg and In nanoparticles over the UV-Vis-NIR spectrum. Intrinsically
low plasmonic performance ranges due to interband transitions are indicated by white colours. The dashed lines indicate a potential extension of

the plasmon resonance in the NIR range. Reprinted from Ref. [68]

dimensions and stability were published [].
Recent development of a nanoporous Al-Mg alloy
film by selective dissolution of Mg from Mg-rich
alloy provides the possibility for the construction
of plasmonic substrate with lower oxidation level
and better UV-SERS performance compared with
Al structures [@]. Analysis of the dielectric func-
tion of indium in the wavelength region from 100
to 400 nm revealed the possibility for high-quality
plasmon resonances in the UV spectral region for
this metal because of ¢_lower than -2 and ¢, even
smaller than that of aluminum, thus, predicting
sufficiently high Q, [@, @]. In particular, excel-
lent plasmonic properties for In were predicted
for the deep-UV spectral region in comparison
with other metals [@]. Important advantage of
In as a plasmonic material is its stability in water

and compatibility with biophysical and biochemi-
cal studies [@]. Recently, Zhang et al. numerically
predicted that the construction of a heterogenous
dimer of Au and In nanospheres results in the im-
provement of plasmonic properties compared with
monomer counterparts [02)]. Other important met-
als for UV plasmonics include rhodium [3
93-97], ruthenium [@, ], palladium [@, 0§
platinum [P4, @], cobalt [ ,@], gallium [,
thallium [3], tin [p3] and bismuth [p3).

NON-PLASMONIC UV-SERRS SUBSTRATES

Various non-plasmonic substrates, including or-
ganic semiconductors, metal-organic frameworks
(MOFs), copper telluride nanoparticles and 2D ma-
terials (transition metal dichalcogenides, graphene,
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Fig. 3. Aluminum dielectric response. (a) Metal oxide-dependent scattering spectra of 100 nm nanodisks. Dotted lines are the experimen-
tal dark-field spectra, and solid lines show the calculated spectra assuming a 3 nm pure surface oxide on Si0.. (b) Experimentally observed
dielectric functions (ellipsometry). (c) Bruggemen dielectric functions. Reprinted from Ref. [85]

and titanium carbide or nitride (MXenes)) have been
recently employed in SERS studies [@, @, @ @
@]. The chemical enhancement is the main Raman
scattering enhancement mechanism for these mate-
rials. Possibility for the formation of semiconductor
materials with tunable band gaps provides the pos-
sibility for the development of substrates with an en-
hanced charge transfer contribution in UV-SERRS
applications [@, @, ]. The main advantages of
these materials are (i) a high uniformity, (ii) an ex-
cellent reproducibility and (iii) an ultra-flat surface
structure [[103].

BIOMOLECULAR APPLICATIONS
OF UV-SERRS

While the majority of UV-SERS studies were de-
voted to the development of effective UV plas-

monic substrates, several prominent applications of
the technique for the analysis of biomolecules have
been published [@, , é, ]. Dubey and
co-workers have demonstrated the possibility for
reliable detection of single-base mutation in oligo-
nucleotides by DUV-SERRS technique [[105]. They
employed the epitaxial Al nanohole array as a plas-
monic substrate and a 266-nm deep-UV laser for
the excitation of Raman scattering. The substrate
was constructed to match the LSPR frequency with
the excitation wavelength based on finite difference
time domain analysis (100 nm diameter nanoholes
with 200 nm periodicity). DUV reflectance spec-
tra of the plasmonic substrate showed a clear re-
flectance minimum at 266 nm. High-quality DUV-
SERRS spectra of five nucleotides (A, T, C, G and
U) were observed with EF up to 10°. Such high EF
allowed for the detection of DUV-SERRS spectra
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of oligonucleotides (12-mer single-stranded DNA,
(ss-DNA)). Characteristic bands of different bases
were clearly detected at 1339 cm™ (A), 1664 cm™
(T), 672 cm™ (C) and 1487 cm™ (G) (Fig. @a). In
addition, the single base mutation of oligonucleo-
tides (replacement of one C base to A) was clearly
visible in the spectrum of mutated 12-mer ss-DNA

by a sharp 1339 cm™ spectral signature (Fig. @b).
Importantly, the introduction of more mutations of
A bases revealed the linear dependence of the in-
tensity of 1339 cm™ band with the number of mu-
tations (Fig. Hc, d). The presented data demon-
strate the power of the DUV-SERRS technique for
the quantitative analysis of DNA mutations.
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Fig. 4. (a) DUV-SERRS spectra of 12-mer single strand-DNA oligonucleotides on the Al nanohole array and quartz (black curve).
(b) Comparison of DUV-SERRS spectra of initial and single base mutated oligonucleotides (CCCCCCCCCCCC and ACCCCCCCCCCOQ).
(c) DUV-SERRS spectra of differently mutated 12-mer single-strand DNA oligonucleotides. (d) Dependence of the DUV-SERRS
intensity of A-base band at 1339 cm™ on the number of A bases in the 12-mer single-strand DNA oligonucleotide. Reprinted

from Ref. [105]
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The DUV-SERRS potency for the analysis of
melamine was demonstrated by Kémmer and col-
leagues [@]. Various metal nanoparticles, includ-
ing Pt, Pd, Au and Ag, as well as Au-Ag core-shell
structures were investigated. The importance of
various potassium salts for the activation of colloids
was analysed. The relevance of adjusting the nano-
particle size for the detection of melamine by using
DUV-SERRS was confirmed.

The power of UV-SERRS spectroelectrochem-
istry for the analysis of adsorbed adenine on a co-
balt electrode was shown recently by Remeikiene
and co-workers []. The electrodeposition ap-
proach was used for the development of cobalt
electrode nanostructures suitable for UV plas-
monics. Potential-dependent in-situ UV-SERRS
spectra of adsorbed adenine were recorded in
a wide potential region by using a 325 nm exci-
tation wavelength. Based on the isotopic sub-
stitution effect (H,0/D,0), changes in solution
pH, concentration and potential, the structure of
the adsorbed molecule were elucidated. The pre-
dominant role of the electromagnetic enhance-
ment mechanism in the case of UV-SERRS from
the cobalt electrode was suggested. This work evi-
denced the perspectives of the cobalt electrode for
biomolecular UV-SERRS analysis.

Copper emerged as an effective material for
the UV-SERRS analysis of biomolecules [@].
The multiwavelength (229-325 nm) UV-SERRS
study of various biomolecules (adenine, guanine
and riboflavin) was performed on a Cu nanopar-
ticle-based surface prepared by a wet-chemical
method. The main enhancement mechanism was
suggested to be chemical enhancement.

The viability of aluminum film-over-nanosphere
as a plasmonic substrate for the DUV-SERRS anal-
ysis of biomolecules was demonstrated by Van
Duyne group [@]. The EF was found to be high, in
the order 10*°. In combination with the resonance
enhancement of adsorbed biomolecules, the Ra-
man scattering enhancement can reach values
higher than 10°. Such UV plasmonic substrates can
be used for wide biomolecular UV-SERRS applica-
tions.

SUMMARY AND FUTURE DIRECTIONS

UV-SERRS technique suggests a reliable, selec-
tive and ultra-sensitive detection and analysis of

biomolecules. The method can be extended for
the sensing of biological markers of various dis-
eases in biomedical and clinical studies. The main
advantages of UV-SERRS include (i) the enhance-
ment of Raman scattering efliciency according to
v* law, (ii) the RRS or preresonance Raman scat-
tering for molecules with electronic transitions in
the UV spectral region, (iii) the selective enhance-
ment of chromophore bands, and (iv) the reduction
in fluorescence background for excitation below
260 nm. Unlike many other analytical techniques,
UV-SERRS is a label-free method, provides molec-
ular fingerprint specificity with ultra-high sensitiv-
ity and does not require sequential procedures for
the detection of certain biomarkers. The method
can be applied for the in-situ and operando study
of bioprocesses in a natural environment [].
However, the poor reproducibility, signal repeat-
ability and long-term stability of the substrates pre-
vent the transition of the UV-SERRS method from
scientific laboratories to the biomedical sites and
clinics. The further development of this technique
is related to the construction of reliable and easy to
prepare UV plasmonic substrates (including semi-
conductor and 2D materials) and progress in UV-
Raman instrumentation (lasers, CCD detectors and
optics). The machine learning techniques could be
used more widely to increase the recognition of bio-
molecules in mixtures and reduce the background.
The possible degradation of the sample under in-
vestigation due to the UV-laser used for excitation
is one of the most important concerns in the UV-
SERRS field [, ]. The reduction of laser pow-
er and illumination time can be helpful in this re-
spect. In addition, moving the sample or laser beam
at the surface, as well as the selection of appropriate
sample environment, could be explored to reduce
the sample damaging [[1 12]. We believe that further
multidisciplinary efforts of scientists from fields of
physical chemistry, synthetic chemistry, and nano-
materials engineering will open widely the benefits
of UV-SERRS for biomedical analysis.
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BIOMOLEKULINIU ANALIZIU PAZANGA
TAIKANT ULTRAVIOLETINE PAVIRSIAUS
SUSTIPRINTA RAMANO SPEKTROSKOPIJA:
PASTARUJU METU APZVALGA

Santrauka

Ultravioletiné pavirsiaus sustiprinta rezonansiné Rama-
no spektroskopija (UV-SERRS), jungianti rezonansinj,
pavir$iaus plazmoninj ir cheminj stiprinimg, tampa
perspektyviu metodu biomolekuliy tyrimams. Sis meto-
das gali bati taikomas biologiniy Zymeny, susijusiy su
jvairiomis ligomis, nustatymui biomedicininiuose ir kli-
nikiniuose tyrimuose, taip pat nukleoruigsciy, baltymuy,
aminoragsciy ir kity biologiskai bei mediciniskai svar-
biy junginiy tyrimams. Pagrindiniai $io metodo priva-
lumai yra Ramano sklaidos stiprinimas pagal v* désnj,
rezonansiné arba prerezonansiné Ramano sklaida mo-
lekuléms, kuriy elektroniniai Suoliai patenka j UV sritj,
selektyvus chromoforiniy centry virpesiniy juosty su-
stipréjimas bei sumazéjes fluorescencijos fonas, kai za-
dinancios spinduliuotés bangos ilgis yra trumpesnis nei
260 nm. Tolesné $ios metodikos plétra siejama su pati-
kimy ir paprastai paruosiamy UV plazmoniniy padék-
ly karimu, ypa¢ naudojant aliuminj, indj, magnj, rodj,
paladj, kobalta ar jy lydinius, taip pat puslaidininkines
medziagas. Didele reik§me turi ir UV Ramano aparati-
ros (lazeriy, CCD detektoriy ir optikos) vystymasis. Vis
délto esminiu i$sukiu islieka meginiy degradacija, kai jie
Zadinami UV lazeriu, o $i problema tebéra svarbi kliutis
tolimesnei UV-SERRS metodikos plétrai.



