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ABSTRACT: This mini-review presents recent trends in the field of surface-
enhanced spectroscopies, which are increasingly gaining ground for biomolecule
detection. The paper discusses the role of electromagnetic and chemical bonding
mechanisms for an explanation of Raman scattering and fluorescence enhance-
ment. The charge transfer (CT) effect, which is involved in the chemical
mechanism, plays an important role in changing the polarizability and is decisive
in enhancing certain Raman scattering bands and fluorescence emission. The CT
effect is determined by the band structure and the energy of the excitation
radiation by which photoelectrons and holes with different energies are
generated. Here we analyze the changes in the band structure of silver by
adding p-block metals as well as the possibility to control CT and to enhance
specific Raman bands through their engineering.

1. INTRODUCTION
Human beings are 60% water. This is a statement that every one
of us has heard. Water keeps us in shape, both literally and
figuratively speaking. It supports the functioning of all other 40%
of the human molecular structure, including proteins, fats,
carbohydrates, hydroxyapatite, and nucleic acids.1

Apart from our personal molecules, our bodies interact,
internally and externally, with other organisms, such as bacteria,
fungi, and viruses, by creating a healthy symbiosis, called human
microbiome, that ensures our well-being.1

The microbes are independent living organisms that can be
seen through a microscope. They all possess their own nucleic
acid fragments (DNA or RNA).1 When the population levels of
microbes in the human body are increased, they are often
referred to as pathogens, causing discomfort and diseases.

Bacterial cells and virus particles generally consist of nucleic
acids, lipids, and proteins, as the part of proteins is above 50% of
the whole composition. On the other hand, almost every cell in
our bodies possesses proteins, and they play a major role in the
biochemical processes for prevention of infection and fighting
infections.1

Since the proteins are formed by transcription of DNA to
RNA, and its translation through ribosomes and binding of
amino acids in a desired sequence,1 it can be said that the fight in
our bodies is between the genetic codes of the pathogens and of
our human cells, and the main fighters are their amino acids.

Hundreds of amino acids exist in nature, but 22 are the most
important of them, which are involved in protein production.
They are known as α-amino acids. All of them are basically made
of carbon, oxygen, and nitrogen and commonly consist of four

main parts: amino group, carboxyl group, hydrogen atom, and
R-group, also called side chain, that carry the main data of the
specific amino acid.

The change of the pH influences the properties of the amino
acids by mainly causing ionization of their amino and carboxyl
groups,2 as well as their overall solubility ability.3

The amino acids, as well as their corresponding peptides and
proteins, tend to form coordination complexes with heavy and
transitional metals.4 In general, in basic medium the amino acids
bond mainly through their carboxylate group, and in acidic
medium, through their amino group, while the processes in the
more complicated cases, such as peptides and proteins, evolve
intrinsic chemical reactions, a variety of cases and binding
mostly through the side chains, due to the already occupied
amino and carboxylate groups.5

This ability of the amino acids to bindmetallic ions is essential
for living organisms.6 On one hand, it can neutralize and thus
reduce the concentration of unwanted electrolytes through
chelation, and on the other, by the same way it can reduce the
effective concentration of undesired microbes.6a,b

When we are ill, regardless of whether it is due to an external
factor, such as amicrobe, for example, or an internal dysfunction,

Received: February 15, 2025
Revised: April 7, 2025
Accepted: April 28, 2025
Published: May 7, 2025

Mini-Reviewhttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

19243
https://doi.org/10.1021/acsomega.5c01439

ACS Omega 2025, 10, 19243−19255

This article is licensed under CC-BY-NC-ND 4.0This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosen+Todorov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Temenuga+Hristova-Vasileva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.5c01439&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01439?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01439?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01439?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01439?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01439?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/19?ref=pdf
https://pubs.acs.org/toc/acsodf/10/19?ref=pdf
https://pubs.acs.org/toc/acsodf/10/19?ref=pdf
https://pubs.acs.org/toc/acsodf/10/19?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.5c01439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


before any treatment one has to find out what causes this
discomfort. Therefore, there are methods for determination and
evaluation of the types and levels of biochemical objects and
micro-organisms in our bodies. Since all living organisms possess
amino acids, their interaction with transitional and heavy metals
gives an essential advantage in diagnostics as well, due to the
signal enhancing properties of the metallic particles.7

In the next section, we will present a brief overview of the
modern Surface enhanced spectroscopies, playing an increas-
ingly important role in the field of molecular diagnostics, as well
as the main principles and mechanisms influencing the Raman
scattering and Fluorescent emission surface enhancement and
their importance in achieving enhancement of specific markers
in the spectra in order to develop various diagnostic methods.

We focused on the role of the electronic structure of the
substrate in energy transfer, which determines the enhancement
of different bands in surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence (SEF) spectra.With this aim,
we review the changes in the electronic structure of intermetallic
compounds and present an analysis of the influence of substrates
made of silver and p-block elements (Cd, In, Sn, and Sb) on the
SERS and fluorescence spectra of L-tryptophan.

2. SURFACE ENHANCED SPECTROSCOPIES IN
BIOMOLECULE DETECTION

Biomolecule detection for analytical, medical, biochemical, and
pharmaceutical purposes requires rapid identification of various
chemical compounds and the chemical reactions in which they
participate. This is why the methods allowing direct
identification of chemical compounds and processes occurring
in living organisms, such as Raman spectroscopy, Fourier
transform infrared (FTIR) spectroscopy, and fluorescence
spectroscopy, have found wide application.8 The effect of
Raman enhancement of pyridine adsorbed on metal electrodes,
first observed more than 50 years ago, makes it possible to
significantly increase the sensitivity of these spectroscopic
techniques and to develop a new field, laying the foundation for
the so-called enhanced spectroscopies, which nowadays include
surface-enhanced Raman scattering (SERS), surface-enhanced
fluorescence (SEF), surface-enhanced infrared absorption
(SEIRA), surface-enhanced hyper Raman scattering (SEHRS)-
and surface-enhanced Ramanoptical activity (SEROA).9

The increased sensitivity in comparison to the classical
methods and the ability of these techniques, under special
conditions, to register and analyze single molecules, have made
them indispensable, especially in the field of Molecular
diagnostics, for analysis of biological markers in the genome
and proteome during identification of diseases at the molecular
level.10 A review of the application of SERS in modern
techniques for Molecular diagnostics such as Specific High-
Sensitivity Enzymatic Reporter UnLOCKing (SHERLOCK)
and DNA Endonuclease-Targeted CRISPR Trans Reporter
(DETECTR), as well as the perspective of SERS in gene-editing
tool SERS-based CRISPR/Cas (SERS-CRISPR) was made by
the authors of ref 10a.

A number of publications report an existing correlation
between the reduction in the concentration of specific amino
acids, in particular tryptophan and tyrosine, glycine, phenyl-
alanine, histidine and a combination of proline, glycine and
hydroxyproline (collagen),11 which makes them potential
biomarkers and allows the development of procedures for the
detection and diagnosis of some disease at earlier stages. L-
Tyrosine and L-tryptophan play an important role in a number of

biochemical processes related to mental disorders, such as
depression, neurotransmitters in the case of neurological
diseases (epilepsy), or neurodegenerative disease (Alzheimer’s
and Parkinson’s diseases), proteins for diagnostics of cancer,
DNA analysis.8a

Furthermore, the positions and intensities of the Raman peaks
of these amino acids strongly depend on the nature of the
environment in proteins. Based on this behavior, various
procedures using SERS have been developed that track the
intensity of certain Raman bands to pinpoint the potential
emergence of a specific disease or provide evidence of
infection,11d biomarkers for cancer detection,11d,11 and virus
detection.11e

The absorption bands of biological substances, such as nucleic
acids and amino acids, are found in the UV region.12

Fluorescence spectroscopy is also an important method in the
study of biological objects. Although it does not provide direct
information about the chemical composition, the fluorescent
emission of tryptophan and tyrosine excited by UV radiation is
highly sensitive to microenvironment variations, a problem that
has been intensively studied since the 1960s.12a Their emission
strongly depends on local structure and dynamics.12d

3. BASE FACTORS FOR SIGNAL ENHANCEMENT
3.1. Localized Surface Plasmons and Hot-Spots in

Surface Enhanced Raman Spectroscopy (SERS). The
molecular vibrations observed only in Raman spectra are related
to the change in the polarizability of the analyzed molecule. In
the case of SERS, two major types of interaction of the molecule
with the nanostructure can change its polarizability and cause
enhancement of the Raman signal: electromagnetic enhance-
ment, in which large local fields are created by electromagnetic
resonances occurring near the metal surface, and chemical or
charge-transfer effect, in which the molecular polarizability is
affected by the interaction between the studiedmolecule and the
metal surface.13

Two factors are of great importance in order to boost the
signal and to achieve reproducibility in SERS: the instrument
conditions and the substrate.13a The laser beam drives the
localized surface plasmons into resonance or excites the
localized surface plasmon resonance (LSPR). An important
condition for achieving an effective electromagnetic amplifica-
tion in SERS is tuning the frequencies of the LSPR and laser
radiation. Thus, amplification occurs in both the laser excitation
radiation and scattered radiation of the nanostructures.

The complex permittivity, ε, determines the plasmonic
response of metal nanostructures and the reaction of a substance
when it interacts with an external electromagnetic field,14 and is
a function of the electronic structure and the transitions in the
material. In the case of metals, ε can be considered as the sum of
the contributions of free electrons and the contribution from
interband transitions.14a−c Of essential importance for the
efficiency of LSPR excitation is the real part of the complex
permittivity to be negative, while the optical loss related to its
imaginary part is minimal. This rule determines that different
materials and structures can be effective in a certain spectral
region. Work is being done in two directions for this: one is to
find plasmonic materials with optimal complex permittivity from
the point of view of realizing LSPR, and the other is to model
nanostructures to obtain maximum localization of electrons.

It is well-known that the noble metals gold and silver are most
effective for LSPR excitation in the visible spectral region. The
use of alloys of noble metals (Ag, Au and Cu)14b allows further
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tuning of the LSPR excitation efficiency, while the p-block
metals (Al, In)14d and their alloys with noble metals allow tuning
of the LSPR in the short-wavelength part of the visible
region,14a,e or in the UV spectral region.14a,c

The most widely used nanostructures for SERS are spherical
silver and gold colloids.15 The possibility to design LSPR using
different geometric shapes evokes growing interest in litho-
graphic methods and self-organization processes for preparation
of nanostructures.16 Preparation procedures and optical
characterization for plasmonic nano- rods,15 triangles16a and
iso-Y nanoparticles16c have been reported. It should be
mentioned that many materials with amplifying properties,
based on compounds and composites including oxides, rare
earth elements, 2D materials (graphene, graphene oxide, 2D
transition metal dichalcogenides, MXene) etc., which give
promising results were developed recently.17

The distance between the analyzed molecule and the metal
nanostructure is of particular interest. Under the influence of an
external field, the metal nanoparticles are polarized and can be
considered as electric dipoles if they are smaller than 40−60 nm
in size, while at larger NP sizes higher multipole moments
(quadrupoles and octopoles) start to contribute.14f Each particle
senses the influence of the induced dipoles of the surrounding
particles if they are close enough. When the electric field vector
is parallel to the line connecting the centers of two particles, then
an extreme field enhancement can occur in a small spatial region
between NPs.15,18

A number of works, devoted to modeling of the electric field
between two charged spheres and their dipole polarizability,
show that the maximal enhancement of electric filed is obtained
when the distance between the particles is less than 10 nm,14d

and this effect decreases sharply at larger distances.
The molecule distance, orientation, and affinity toward the

metal surface also determine the SERS signal. Surface selection
rules are reported, according to which the most intense bands in
SERS spectra are those given by vibrations inducing polarization
of the adsorbate electron cloud perpendicularly to the metal
surface.12b

Although the electromagnetic theory provides a reasonable
explanation for the origin of the enhancement in Raman
scattering, it fails to clarify the variety of magnitudes of the
enhancements among different vibrational modes. Thus, a
chemical mechanism explaining the Raman scattering enhance-
ment has been proposed, where the charge transfer between the
substrate and molecules is believed to alter the electron density
distribution of molecules, resulting in greater polarizability.15,18

This mechanism strongly influences the fluorescence emission,
and we will discuss it in the following sections.
3.2. Fluorescence Quenching in Surface-Enhanced

Fluorescence (SEF). As in SERS, in SEF the way the molecule
is attached to the metal particle is also of great importance for
energy transfer. Fluorescence emission occurs when the
photoexcited electrons radiatively relax to the ground states.
However, there are a number of processes in which electrons in
these excited states can relax nonradiatively. These are
collectively known as “fluorescence quenching”. Fluorescence
quenching is due to processes like electron transfer, energy
transfer and complex formation:19

• In the case of metal nanoparticles, significant fluorescence
quenching occurs when the emission spectrum overlaps
with the plasmon absorption band of the nanostructures.
Then an excited electron from the organic molecule

(donor) can pass into the conduction band of the metal
(acceptor) and relax to the Fermi level of the metal
nanoparticle (Figure 1a).

• The polarization of the external electromagnetic field and
the orientation of the molecule also have an impact on the
fluorescence quenching effect. Since the electric field of
metal nanoparticles and organic molecules has a dipole
character, the destructive combining of the dipole
moment of the molecule and the induced dipole moment
of the metal nanoparticle causes reduction of the
fluorescence signal (Figure 1b).

• The formation of a chemical bond can significantly
change the donor’s and acceptor’s electronic structure
and, respectively, the absorption and emission bands.
Strong coupling prevails over the energy engaged in the
heating process unless the molecule is extremely close to
the metal surface. Therefore, in most cases of SEF
analyses, for achievement of signal amplification, a
dielectric separation layer (spacer) is used to provide a
distance between the fluorophore and the metal nano-
particle.11b

Research studies19b,c on the distance between the fluorophore
and the nanostructure show that the emission intensity
undergoes a quenching effect only when the distance between
the nanoparticles of the dimer is very small, which means that
the strong coupling prevails over the heating energy.
Furthermore, the surrounding environment can affect fluo-
rescence quenching because of the presence of various factors
including volatile organic compounds (VOCs). This is why the
phenomenon finds application in the design of sensors that are
sensitive to small changes in the environment and possess
sensitivity in the range of nanomoles per liter (nM/L).20

Considering the distance between the light-sensitive mole-
cules (chromophores) and metal-nanostructures, two mecha-
nisms for energy transfer may be important: Förster resonance
energy transfer (FRET) and nanometal surface energy transfer
(NSET).

FRET takes place when the metal particle and organic
molecule are located close to each other at distances less than
10−20 nm. A donor chromophore, initially in its electronically
excited state, may transfer energy to an acceptor chromophore
through nonradiative dipole−dipole coupling.

Figure 1. Possible electronic processes leading to fluorescence
quenching. Relaxation of an excited electron from the LUMO orbitals
to the Fermi level (a) and influence of the orientation of the dipole
moments p⃗NP and p⃗molecules of metal nanoparticle and molecule,
respectively, in case of direct interaction of an organic molecule and a
metal nanoparticle (b).
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The energy transfer between the nanostructure and the
molecule at larger distances, in the range of 40 to 100 nm, have
been investigated in.19c The authors concluded that in this case
NSET is observed, which is a nonradiative dipole-surface dipole
energy transfer process occurring from an excited state of a
donor fluorophore to a proximal surface of an acceptor
nanoparticle surface.

In the next section, we will discuss how the chemical
composition and electronic structure of the nanostructure
material play a significant role in both electromagnetic
amplification and charge transfer.

4. ELECTRONIC STRUCTURE OF PLASMONIC
MATERIALS AND CHARGE TRANSFER

As previously mentioned, the main and most widely used and
studied enhancing materials are the noble metals and the alloys
formed between them.14b,21 The conduction band of the metals
(Cu, Ag, Au) from group 11 of the Periodic table of elements
consists of hybridized s and p electronic states and a d band with
a significantly higher density of states, and d-to-sp interband
electronic transitions occur at ∼2.1 eV (∼590 nm) for Cu, ∼2.4
eV (∼516 nm) for Au and ∼3.8 eV (∼ 320 nm) for Ag.14b

It can be expected that the electron transfer and formation of
chemical interactions in the cases of SERS and SEF are
determined by the energy spectrum of free electrons and holes
generated through interband transitions. The application of
different current carriers generated as a result of intraband and
interband transitions in nanostructures of gold and Au−Cu
alloys in the field of photocatalysis has recently been discussed in
a number of works.22 According to the authors of 22a when light
whose photons have an energy lower than that required for
interband transitions interacts with free s electrons in metal
nanostructures hot photoelectrons occupying energy states
above the Fermi level are generated. The interband transitions
result in highly energetic holes in the d band far below the Fermi

level and excited electrons in the sp band near the Fermi level.
The formed hole of high energy can interact with oxidants.
Research investigations14b of the variation of the plasmon
frequency in Ag−Au, Ag−Cu, Au−Cu alloys demonstrate that
the energy of the d-to-sp transitions can be tuned in ranges
limited by the energies for interband transitions of the metals
involved in the alloy.

Earlier, we presented an extensive overview of the properties
and qualities of metals from the p block of the Periodic table of
elements and their alloys with noble metals as plasmonic
materials.14c The advantage of using the most simplified
substrates, as is the case with single- and double-component
metallic layers, is their simple and cheap preparation and the
possibility of easily tuning the desired operating frequency. The
possibility of preparation of 2D structures from p block metals
(Bi, Ga, In, Sn and Pb) makes them prospective materials for
SERS, sensing, bioimaging and photothermal therapy.23 The use
of intermetallic alloys and compounds of different p-block
elements and noble metals (silver or gold) allows further
expansion of the interval in which the energy required for d-to-sp
interband transitions can be varied. In this case, due to the larger
number of valence electrons on the p-block, the Fermi energy
increases, and accordingly, the energy for interband transitions
from the d level of silver (or gold) increases. It should be kept in
mind that the d level of p-blockmetals lies significantly below the
Fermi energy and higher photon energies of 10−25 eV are
required for intraband transitions.24

The contribution to intraband transitions in the spectral
interval 1−4 eV can be expected from their s and p electrons.24a

The analysis of the valence band by X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT)
calculations,24b,e as well as the spectrum of complex permittivity
determined by spectral ellipsometry,24f show a shift of the d level
further below the Fermi level and an increase in the energy
required for interband transitions. The DFT calculations predict

Figure 2. Band structure in the E(k⃗) space of intermetallic compounds of silver and p-block metals. The 4d electronic state of silver is marked in green,
and the energy gap separating it from the Fermi level is indicated in light purple. Fermi energy, EF, is set to 0.
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that the most significant changes are observed in alloys of the
Ag−Cd and Ag−Sn systems.24e In Figure 2 the band structure
and the density of states (DOS) from DFT calculations are
presented, as well as the electronic density of states in the
valence bands of Ag3In, AgCd and Ag3Sb, experimentally
determined through XPS. A description of the DFT calculations
is given in the third point of the Supporting Information (Suppl.
3). It can be seen that the addition of p-block metals leads to an
increase in the energy gap between the Fermi level and the 4d
electronic state of silver due to an increase in the number of free
electrons, which in turn increases the Fermi energy, EF. The
most significant shifts of the 4d level of silver are observed in the
case of AgCd and Ag3Sn, while the smallest changes appear in
the case of Ag3Sb. From the electron density of states (DOS)
presented in Figure 3, we can determine the upper limit of the 4d

level of silver, i.e., the minimum energy required for transitions
to the Fermi level, as follows: 2.15 eV in the case of Ag, 4.15 eV
for AgCd, 3.27 eV for Ag3In, 3.74 eV for Ag3Sn, and 2.22 eV for
Ag3Sb.

According to published results, the interband transitions in
alloys of Ag with p-block metals occur in the range of 2−4

eV,14a,c,24f,25 while the plasma frequency (the so-called epsilon
zero point) is shifted into theUV spectral region in the range of 5
− 8 eV, which allows excitation of LSPR in the ultraviolet
spectral region.25,25c,d

A schematic diagram of the processes of the excitation of
charged carriers, including the formation of hot electrons and
holes, is presented in Figure 4a. In the case of tryptophan, the
Fermi energy of silver (−5.49 eV26) is close to the theoretically
determined energy of the HOMO of tryptophan (∼4. 77 eV27).
In Figure 4b, a case of heterotransition and possible electron
transitions between the electronic states of silver and tryptophan
is considered. The formation of and their interaction with
cations and anions in the case of photocatalysis has recently been
discussed.22 According to the authors, hot electrons can
transition to the LUMO levels of the amino acid. There are
two processes for the formation of hot holes, except through the
described process of interband transitions, hot holes can be
generated by LSPR. According to18b the hot holes can accelerate
the oxidation process of metals and in the case of amino acids
they support the reaction of the metal nanoparticle with the
carboxylate COO− group.

The use of intermetallic alloys makes it possible to obtain
plasmon resonances and interband transitions occurring in well-
separated spectral windows, to selectively determine the
interaction of molecules, and, accordingly, to control the
intraband and interband hot carriers, which can be selectively
excited by choosing the appropriate excitation wavelengths.

5. SERS ANALYSIS
In recent years, there has been growing interest in studying the
possibility of engineering the electronic structure and providing
active sites for molecular adsorption of the materials from which
nanostructures are made.28 Using nanostructures of different
metals or alloys for SERS can affect the enhancement of certain
bands in the Raman spectra of amino acids. In the case of
electron transfer, by using different supports it is possible to
observe different enhancement, which complicates the compar-
ison of SERS spectra and can be easily controlled by choosing
the wavelength of the exciting laser radiation.17c Research in the
field of SERS analysis of amino acids is still in its early stages.28 In
the case of tryptophan, data are found where different spherical

Figure 3. Electronic density of states (DOS) of intermetallic
compounds of silver and p-block metals, determined by (a) density
functional theory (DFT) calculation and (b) X-ray photoelectron
spectroscopy (XPS).

Figure 4. Schematic diagrams of electron states and transitions in a metal particle for reaction with the functional groups of amino acid (a); and
electron transitions in the case of a metal-tryptophan complex (b).
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nanoparticles of silver and gold in colloids are used,11d,28b,c as
well as reports using copper,9b indium,16b and Au−Pd alloys.28a

As it was stated in the introduction, amino acids possess
carboxylate COO− and amino NH3

+ groups as ligands and they
act as zwitterions; i.e., depending on the pH of the surrounding
medium one or both of these groups can be ionized.2

The common opinion is that the amino acids interact with the
free electrons on the surface of nanostructures of noble metals
through the amino group NH3

+. It has been shown in the case of
silver and L-tryptophan at pH = 2 that, in addition to the
interaction with NH2, an enhancement of the COO− peaks is
also observed in the SERS spectra.28b In the case of the
remaining metals analyzed in this paper, Cd, In, Sn, and Sb, the
formation of coordination compounds is discussed,29 in which
they bind simultaneously with NH3

+ and COO− groups.
In order to investigate the influence of the electronic structure

of the material from which the nanostructures are made, we
performed a series of SERS and SEF tests with aqueous solutions
of L-tryptophan. Thin films with a thickness of ∼50 nm of silver,
cadmium, and p-block metals (In, Sn and Sb) were used as
substrates as well as thin polycrystalline coatings of the following
intermetallic compounds AgCd, Ag3In, Ag3Sn and Ag3Sb. The
deposition methods for preparation of the intermetallic

compound coatings have been described in our previous
works, and more detailed information can be found in
Supporting Information 1. Regarding the phase composition
and the results of the X-ray diffraction of the coatings,
information is given in Supporting Information 2.

Initially, we performed an analysis of the influence of the pH
of L-tryptophan aqueous solutions at pH= 2 and pH= 7, in order
to trace the Raman spectra when the amino group (pH 2) and
carboxylate group (pH 7) were ionized. The results are given in
Supporting Information 4. The solution with pH = 2 was chosen
because of the increased possibility for chemical reaction
between the p-block metals and L-tryptophan due to the ionized
NH3

+ amino group (Supporting Information 4, Figure S7).
Several bands are observed in all spectra. A very intense band

in the frequency range 1550−1680 cm−1 with a maximum falling
in the region 1620−1630 cm−1, as well as two intense peaks at
lower frequencies in the range 1200−1400 cm−1, are seen; the
first is located in the frequency range 1280−1310 cm−1, and the
maximum of the second is in the region 1360−1400 cm−1. They
all depend on the composition of the substrate, belong to the
Raman scattering of the amino and carboxylate groups, and will
be discussed in detail below. The spectra also show a series of
peaks due to vibrations in the indole and pyrrole rings: 1121,

Figure 5. SERS spectra of L-tryptophan when thin films of (a) silver and different p-block metals (b) Cd, (c) In, (d) Sn, and (e) Sb are used as
enhancing substrates.
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1213, 1254, and 1344 cm−1, corresponding to H-scissoring of
pyrrole, H-scissoring of benzene, pyrrole-stretching, H-rocking
of benzene, and C−H-bending, respectively.28b

Below we will examine in more detail the behavior of the
Raman scattering of NH2/NH3

+ and COOH/COO− groups in
the SERS spectra of L-tryptophan using substrates of silver and p-
block metals, as well as some of their intermetallic compounds.
5.1. NH2 Group. First, we will consider the interaction of the

used enhancing metallic coatings with the amino group of L-
tryptophan. The SERS spectrum of L-tryptophan in an aqueous
solution with pH = 2, when silver nanoparticles were used, has
been extensively reviewed in ref 28b. The authors observed
Raman scattering bands at 930, 1054, 1144, and 1583 cm−1

belonging to the vibrations of the NH2 group. Since the peak at
1583 cm−1 overlaps with that of the asymmetric stretching
vibrations of the COO− group located between 1550 and 1680
cm−1 and is expressed as a shoulder of this peak with strong
Raman scattering (Figure 5a), while the band at 930 cm−1

coincides with the stretching modes of the COO− group,28b we
will consider the vibrations of NH2 in the frequency range of
1000−1200 cm−1. When a silver layer is used as a substrate,
peaks at 1054 and 1144 cm−1 are seen in the SERS spectra,
which are due to the rocking vibration of the NH2 group.28b

In the case when cadmium is used as a SERS substrate, weakly
intensive peaks are observed in the region 1000−1200 cm−1.
Information on the influence of cadmium on the vibrational
modes of the NH2 group can be found in the case of Cd−
glycine29a and Cd(L-Threonine) complexes.4 The authors of ref
4 observed peaks at 1110 and 1157 cm−1 in the SERS spectra,
which according to them can be attributed to rocking and
scissoring vibrationmodes of the amino group. In addition, it has
been theoretically and experimentally determined that the Cd−
N stretching frequencies in the Cd(L-Threonine) metal-based
complex are located at 668 cm−1 and 657 cm−1. Accordingly, the
weak peaks at 661 cm−1, 1110 cm−1 and 1157 cm−1 in the SERS
spectra of L-tryptophan can be attributed to the Cd−N
stretching, rocking and scissoring vibration modes of the
amino group (Figure 5b).

Peaks with significantly higher intensity are observed in the
region 1000−1200 cm−1 when the p-block elements − In, Sn
and Sb are used (Figure 5c-e). Indium preferentially forms
coordination compounds with amides.19c,21 The peaks at 1054
and 1112 cm−1 in the SERS spectra of L-tryptophan, obtained
using thin films of indium as enhancing substrate, can be
attributed to the rocking and wading vibration modes of the
NH2 group, respectively.16b The scissoring vibration mode of
the NH2 group is observed as a shoulder of an intense Raman

Figure 6. SERS spectra of L-tryptophan when thin films of different intermetallic compounds of silver with p-blockmetals used as enhancing substrates:
(a) AgCd; (b) Ag3In; (c) Ag3Sn; (d) Ag3Sb.
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scattering band located between 1560 and 1670 cm−1, attributed
to the asymmetric stretching vibrations of the COO− group. In
the case of SERS with tin and antimony supports, peaks at 1096
and 1091 cm−1 are seen (Figure 5d,e), which correspond to the
frequencies of the NH2 rocking vibrations observed in the
interaction of the amino group of glycine with Sn and Sb atoms
in metal−organic complexes.29d,e

Therefore, we can assume the presence of two ways of
interaction of the NH2 group with the metals studied in this
work. In the case of silver and indium, coordination compounds
are formed28b,29c,30 and the observed vibrational modes in SERS
spectra in the frequency range 1000−1200 cm−1 of the NH2
group in these two metals are close. In the second case, the case
of Cd, Sn and Sb, metal−organic complexes are formed,
according to the literature data on their interaction with other
amino acids,29a,d,e and the frequencies of the vibrational modes
depend on the coordination number of the metal ion.

In the SERS spectra of L-tryptophan when intermetallic
compounds are used (Figure 6), an enhancement of the NH2
rocking vibration peaks at 1140 cm−1 in the case of AgCd
substrate, 1057 cm−1 for Ag3In and 1098 cm−1 for Ag3Sn and
Ag3Sb, is again observed. These frequencies are close to those
observed in the SERS spectra of p-block metals presented in
Figure 5. This suggests that the interaction mainly occurs with
the p-block metal involved in the intermetallic compound.
5.2. COO− Group. In the case of L-tryptophan on silver

(Figure 5a), prominently enhanced stretching vibration modes
of the COO− group are observed at 1620, 1388 and 930 cm−1,
similar to the results published in ref 28b.

When using cadmium substrates (Figure 5b), a clear
enhancement only of the asymmetric stretching mode of the
COO− group with a maximum at ∼1622 cm−1 is observed, while
no significant enhancement of the symmetric mode of the
COO− group as well as the peaks due to Raman scattering from
the other groups in the L-tryptophan molecule is seen. A weak
peak is visible at 1374 cm−1 in the Raman spectra, which
probably belongs to the symmetric stretching vibration of the
COO− group. The greater electronegativity of the cadmium and
indium atoms, compared to that of silver,31 suggests that they
attract the carboxylate group more strongly, as a result of which
an elongation of the C−O− bond and a decrease in the vibration
frequency are expected. Accordingly, the peaks at 1374 cm−1 in
the SERS spectra of L-tryptophan on cadmium and indium
substrates are due to symmetric vibrations of the C−O− bond.

When thin films of tin and antimony are used as SERS
substrates (Figure 5d,e), an additional shift is observed due to
the higher atomic weight, so we can assume that the Raman
scattering bands at 1364−1366 cm−1 are caused by interaction
of these metals with the carboxylate group.

When substrates of the intermetallic compounds AgCd,
Ag3In, Ag3Sn and Ag3Sb are used (Figure 6), where the energy of
the interband transitions from the 4d level is different, it is seen
that the composition does not strongly affect the position of the
peak of the asymmetric vibrations of the COO− group. More
significant changes in the SERS spectra are observed in the
symmetric stretching vibration of the COO− group located in
the frequency range of 1360−1400 cm−1.

Similar to the Cd substrates used, in the SERS spectra with
AgCd substrates, a significant enhancement of the peak due to
the asymmetric stretching vibration mode is observed. Similar to
the Raman spectra of the Cd- Glutathione complex,29b we can
assume that the peak at 1382 cm−1 corresponds to the
symmetric stretching vibration of the COO− group. Since the

cadmium atoms have a higher electronegativity compared to
that of silver, they therefore attract the COO− group more
strongly. For this reason, it can be assumed that L-tryptophan
interacts with the cadmium atoms of the AgCd compound,
which is the reason for the significant enhancement.

As can be seen from the band structure, in the case of Cd and
Sn compounds (Figure 2) a higher photon energy is required to
excite a hot hole from the d electron state of silver. In the case of
SERS discussed here, an argon laser was used, whose excitation
radiation photon energy of 2.54 eV (488 nm) is significantly
lower, so the L-tryptophan interacts with holes formed as a result
of intraband transitions of s and p electrons. In the SERS spectra
of L-tryptophan, when the Ag3In and Ag3Sn substrates are used
in the measurements (Figure 6a, b), a shift of the symmetric
stretching vibration of the COO− group to ∼1376 and 1360
cm−1 is observed, while in the spectrum of tryptophan on a thin
Ag3Sb film substrate (Figure 6d), the peak is again observed at a
frequency of 1382 cm−1. We can assume that the interaction
with the COO− group in this case is similar to that of silver. The
calculated band structure of the Ag3Sb intermetallic compound
(Figure 2d) shows that the d level of silver is significantly lower
than that of the silver compounds with cadmium and tin and also
the electronegativity of antimony atoms is 1.9 and coincides in
value with that of silver. So, we cannot expect significant
differences in comparison with silver in the way of interaction of
Ag3Sb structures with amino acids.
5.3. CH2 Group.A strong Raman scattering band is observed

in the frequency range 1250−1340 cm−1 of the SERS spectra,
which is weaker only in the case of SERS when cadmium or
AgCd substrates are used. It is noteworthy that the maximum
shifts from 1306 cm−1 in the case of silver toward the lower
frequencies (1285−1297 cm−1) in the case of p-block metals
and the studied intermetallic compounds. According to,29b the
peak at 1306 cm−1 is due to a wagging vibrationmode in the CH2
group in the case of SERS of an aqueous solution of L-
tryptophan. In,16b a peak at 1278 cm−1 is observed, which the
authors attribute to the CH2 group. The theoretical calculations
and experimental results in28b show that a bending mode is
observed at 1278 cm−1, which is in a plane perpendicular to the
wagging vibration of the CH2 group. So this shift can be due to a
change in the enhancement of these two modes. As discussed in
section 3.1, the intense bands in SERS spectra are those given by
vibrations inducing polarization of the adsorbate electron cloud
perpendicular to the metal surface, which suggests a certain
orientation of the L-tryptophan molecule. Since the interaction
of the NH2 and COO− groups of L-tryptophan is stronger with
the p-electrons, the orientation of the p-orbitals determines the
arrangement of the molecules on the metal surface.

When tracing the influence of the concentration, a decrease in
the intensity enhancement of the Raman peaks is observed when
the concentration of L-tryptophan in the aqueous solution
decreases from 10−1 wt % to 10−4−10−6 wt %, depending on the
enhancing material used. At concentrations lower than 10−6 wt
%, an increase in the intensity is observed. We can assume that in
the concentration range of 10−1 − 10−4 wt % the number of
molecules in the solution is large and several layers of L-
tryptophan molecules are formed on the metal grains. Under
concentrations of 10−4 − 10−6 wt % L-tryptophan, it can be
assumed that the number of analyzed molecules is already small
enough, so that the coverage of the metal grains can be
considered as a single layer. A comparison of the enhancement at
the same concentration of 10−8 wt %. is shown in Figure 7.

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.5c01439
ACS Omega 2025, 10, 19243−19255

19250

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


6. SEF OF L-TRYPTOPHAN
The study of typtophan fluorescence wavelength is an important
tool in bioanalysis, which provides information about changes in
the structure of organic compounds.12b We conducted a series of
tests on the emission of L-tryptophan using a 254 nm line of a Hg
lamp for excitation. The photon energy of 4.88 eV is chosen to
be greater than the energy of interband transitions (see Figures 2
and 3). The author of ref 2 states that the fluorescence emission
of L-tryptophan appears in the range of 310−420 nm, as its
maximum depends on the pH of the solution: 347 nm for acidic
media; 353 nm for neutral, and 360 nm for basic solutions. The
emission spectra measured by us are presented in Figure 8. It can
be seen that when solutions with pH= 2were used (Figure 8a), a
low intensity of the emission band is observed even at the
highest concentration used in the present work (0.1 wt % L-
tryptophan in H2O), which is probably due to the quenching
effect observed in solutions of tryptophan at low pH.2,32

Enhancement of the L-tryptophan emission is observed in the
case of pH = 7. Figure 8b and c shows the emission spectra in the
case of a concentration of 10−2 wt % L-tryptophan in H2O. It can
be seen in Figure 8b that the least enhancement is observed in
the case of silver, while the measured emission intensity using
thin films of Cd and Sn is almost 2 times greater, and the
fluorescence emission signal measured using a clean glass
substrate is below the sensitivity of the instrument used. It can be
assumed that the interband transitions from the d level play a
role in the lower fluorescence intensity of L-tryptophan in the
case of a silver substrate, while in the case of the other metals
only the valence s and p electrons are involved. Significant
enhancement of the fluorescence signal was observed when
substrates of intermetallic compounds AgCd and Ag3In were
used (Figure 8c). At this concentration of tryptophan (10−2 wt
%) in the aqueous solution, the maximum of the emission line is
at 353 nm. This wavelength coincides with the position of the
maximum observed in the case of an aqueous solution of
tryptophan in a pH neutral medium; i.e., both the amino and the
carboxylate groups are ionized. Therefore, although enhance-
ment is observed, we can assume that we still have a contribution
from noninteracting L-tryptophan molecules in the entire
volume of the solution. We can assume that two mechanisms
play a role in the enhancement. In the case of intermetallic
compounds, the d level of silver is located significantly deeper
below the Fermi level compared to pure silver. Hot holes are
formed during interband transitions, which have higher energy

and therefore higher mobility and therefore lose their energy
faster due to electron−hole and phonon interactions.

Another factor that can contribute to the enhancement of the
emission is the participation of LSPR. It has been shown that
AgCd and Ag3In nanostructures24f,a have a maximum LSPR
excitation efficiency in the spectral region 3.5−5 eV, while Ag3Sn
and Ag3Sb have a maximum LSPR excitation at photon energies
less than 3.5 eV.25c,d

A decrease in the intensity of the emission band with
decreasing the concentration was observed, as in the case of 10−4

wt % L-tryptophan in H2O (Figure 8d, e) a very weak
fluorescence signal was registered when Ag substrate was used
(Figure 8d). The greatest enhancement is seen when a AgCd
substrate is used. A shift of the maximum position toward the
longer wavelengths occurs in all spectra, which is typical for the
fluorescence emission of L-tryptophan upon interaction with
metals. In the case of AgCd and Ag3In substrates, signal
enhancement was observed even at concentrations lower than
10−4 wt % L-tryptophan in H2O, and it is noticeable that the red
shift of the maximum position continues.

7. CONCLUSIONS AND FUTURE OUTLOOK
The possibility of using p-block metals and their intermetallic
compounds in surface-enhanced spectroscopic techniques is
considered in this work. The interaction between the substrate
and the analyte is of great importance for these techniques. The
usage of intermetallic alloys allows variation of the interband
transition energy, as in this way the catalytic activity of the
nanostructures is determined and the places of molecular
absorption are defined. These studies are still in their early
stages, focusing mainly on Ag−Au, Au−Pd, and Au−Cu alloys
and nanoparticles. Since silver is highly reactive to the
environment, the addition of a p-block element can significantly
improve the chemical stability of the plasmonic nanostructures.

The alloys and intermetallic compounds of silver and p-block
metals allow variation of the interband transition energy and
their engineering in a very wide spectral region. By choosing a p-
block element and its concentration in the bimetallic alloys, the
energy of interband transitions can be further tuned in a
relatively larger energy range covering the short-wavelength part
of the visible spectral region and the ultraviolet region up to 4
eV.

This range can be extended by using alloys and intermetallic
p-block compounds with other noble metals such as gold,
platinum and copper. Since the interband transitions in gold are
observed at smaller photon energy in comparison with those of
silver, their alloys are suitable for tuning the excitation frequency
of gold nanostructures in the visible spectral region.

The interaction between the substrate and the analyzed object
can be controlled by tuning the energy of interband transitions
and, respectively, the energies of photoexcited electrons and
holes as well as the photon energy of the exciting laser
irradiation. By this way, an amplification for certain bands in
SERS can be achieved. This effect is also used in a number of
other molecular diagnostic techniques to indicate the ratio of the
intensities of certain bands.

The role of interband transitions in the case of the interaction
of amino and carboxylate groups of tryptophan with the SERS
substrate is discussed in the present work, but it can be
applicable for all amino acids and various compounds containing
other functional groups, such as Anthranilic acid (containing
NH2 and OH− groups), Psilocybin (with NH and PO4

−

functional groups).

Figure 7. Comparison of SERS spectra of L-tryptophan water solutions
at a concentration of 10−8 wt % on different enhancing substrates.
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A good understanding and control of the interaction between
the SERS substrate and a specific functional group will allow in
some cases the use of substrates without a previously applied
capture agent for specific biodiagnostic purposes.

The realization of selective capture of certain groups will allow
us not only to find applications in Surface enhanced spectros-
copies for diagnostics but also to control the choice of capturing
agents on the SERS substrate. By this way, a better selectivity of
the SERS substrate will be achieved.

A simple setup is used in the experiments presented in this
paper, which shows possibilities for modeling and production of

a cheaper equipment with application in biodiagnostics, which
will be significantly smaller, even with portable dimensions, and
thus suitable for smaller medical laboratories. By having an
appropriate database for the investigated biological objects, the
medical staff could be able to perform initial analysis quickly at
the place, even without having profound knowledge of SERS
technology.

Besides the perspectives of p-block elements for diagnostics
without interaction with the human body presented here,
despite their common toxicity, they could also be used for active
medical purposes, as carrier agents for interventions that use

Figure 8. Emission spectra of tryptophan (Trp.) with different concentrations in H2O when different p-block metals substrates are used: (a) 0.1 wt %
Trp. (pH = 2); (b) 10−2 wt %Trp. (pH = 7); (d) 10−4 wt %Trp. (pH = 7). Emission of tryptophan when intermetallic compounds of silver and p-block
metals are used: (c) 10−2 wt % Trp. (pH = 7); (e) 10−4 wt % Trp. (pH = 7); (f) emission spectra of Trp. at concentrations 10−6 and 10−8 wt % on Ag3In
and AgCd substrates.
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optical sources, drug delivery, etc., due to their inertization
through chelation with the biological molecules. This
perspective requires further investigations involving specialists
in medicine and biology and the development of methods and
strategies for preparing chemically stable nanosized objects from
p-block metals and their compounds that can be safely
introduced into humans.
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