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ABSTRACT: 5-Hydroxy-L-tryptophan (5-HTP) is a biologically
relevant metabolite and a promising optical probe. However, its
vibrational properties have remained poorly characterized. In this
work, we present a comprehensive normal Raman and surface-
enhanced Raman scattering (SERS) study of 5-HTP by combining
experimental results with molecular dynamics (MD) simulations
and density functional theory (DFT) calculations. The DFT
calculation accurately reproduced the normal Raman spectrum of
5-HTP, which confirmed the zwitterionic nature of the molecule in
the solid state. We also report here, for the first time, the SERS
spectrum of 5-HTP using silver nanoparticles. The SERS spectrum
revealed significant differences in the relative band intensities
compared to the normal Raman spectrum, which is related to the
adsorption and orientation of the molecule at the metal surface. MD simulations considering neutral and charged silver surfaces
showed that 5-HTP does not adopt a unique configuration but interacts primarily through the carboxylate group and often with the
indole ring tilted or parallel to the surface. DFT calculations of 5-HTP adsorbed on silver clusters of ten atoms further support these
findings and allow us to describe the role of both chemical and electromagnetic effects in the intensity enhancement. This work
reported the Raman fingerprint of 5-HTP and its SERS enhancement mechanisms, offering new possibilities for future application of
this molecule as a Raman probe in biochemical sensing and protein structure studies.

■ INTRODUCTION
5-Hydroxy-L-tryptophan (5-HTP) is an intermediate in the
biosynthesis of the neurotransmitter serotonin (5-HT) formed
from the amino acid tryptophan (Trp) via hydroxylation (I)
and subsequent decarboxylation (II)1−4 (Figure 1). The 5-
HTP structure is analogous to that of Trp except for the
addition of a hydroxyl group to the indole ring. By modulating
the serotonin levels in the brain, 5-HTP plays a central role in
regulating depression, sleep cycles, and stress.2,5 5-HTP also
has a significant potential to treat depression,6−8 migraines,
Alzheimer’s disease, and Parkinson’s disease.5,9 However, the
excessive use of this metabolite can lead to harmful
consequences, such as serotonin syndrome, characterized by
altered mental conditions and neuromuscular abnormalities. In
severe cases, it can cause hyperthermia, multiorgan failures,
and cardiac symptoms.10

Apart from its biological and medical relevance, 5-HTP has
also been used as an extrinsic optical probe of proteins,4,11 due
to its distinct absorption and fluorescence properties compared
to Trp.12 For example, the absorption spectrum of 5-HTP is
red-shifted in comparison to that of Trp. Therefore, a single
Trp in a multi-Trp protein can be mutated by 5-HTP, and

using excitation at 310−320 nm, it is possible to photoexcite 5-
HTP without contribution from other aromatic amino acids.13

Thus, it is possible to selectively probe a specific site in the
protein using this approach to obtain information about
solvation, structure, and dynamics. For example, Ross et al.11

inserted 5-HTP in the bacteriophage λcI repressor, a protein
that contains three Trp residues. Similarly, Steward et al.12

studied the site-specific incorporation of 5-HTP as a
fluorescent probe of a Trp-rich enzyme, β-Galactosidase.
Thus, the use of 5-HTP is especially valuable in the study of
proteins containing multiple tryptophan residues, as selective
incorporation of 5-HTP allows for simplified spectral
interpretation and the investigation of site-specific structure
and dynamics of proteins.
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Despite these advantages, the use of 5-HTP has been largely
limited to fluorescence-based methodologies, and its potential
as a Raman active probe has not been explored. Raman
spectroscopy offers a complementary approach to fluorescence,
providing vibrational fingerprints of molecular structures and
enabling the investigation of protein conformations and
dynamics at the molecular level without the need for extrinsic
labels.14,15 Particularly, ultraviolet resonance Raman spectros-
copy has been used to probe solvation, tertiary contacts, and
secondary structure of proteins.16−18 The Raman signal of Trp
and other aromatic amino acids is enhanced by excitation in
the 210−230 nm region.19 Similar to the absorption and
fluorescence counterparts, the interpretation of the Raman
spectrum of a protein with multiple Trps and aromatic amino
acids can be a challenge, as all these residues contribute to the
total signal. To solve this, a common approach is to leave a
single Trp in the protein by mutating the others with
phenylalanine (Phe). For example, in the work of Milań-
Garceś et al. of barstar, a protein that contains three Trp
residues was mutated into a single Trp-containing form in
which a CH−π interaction between the aromatic rings of
Trp53 and Phe56 was detected.20 In another work of Sanchez
et al.,21 the outer membrane protein OmpA had its native Trp
residues mutated by Phe in different locations in the protein,
enabling it to probe site-specific molecular interactions and
protein folding mechanisms.21

Over the past two decades, there has been increasing interest
in the application of the nano plasmonic variant of Raman
spectroscopy, known as surface-enhanced Raman scattering
(SERS). SERS enables the study of biological molecules at very
low concentrations due to its ability to obtain a significant
enhancement in the Raman signal, sufficient for reaching the
single-molecule regime.22−24 SERS has been widely applied to
probe biomolecules such as proteins, nucleic acids, amino
acids, and neurotransmitters, including Trp and 5-HT.25−30 In
this context, numerous studies have focused on the use of
SERS to monitor metabolic alterations, and particular attention
has been given to detecting Trp31−33 and 5-HT.34−36 These
two molecules have been widely characterized by conventional
Raman spectroscopy and, more specifically, through SERS.
Surprisingly, in the case of 5-HTP, despite its biological
relevance and unique optical and chemical properties, it has
not been well studied by using Raman techniques.

To our knowledge, the only Raman study of 5-HTP was
recently published,37 reporting the normal Raman spectrum in
solid state and its calculated spectrum, which failed to
reproduce the experimental results. Therefore, the aim of the
present work was to provide a detailed characterization of both
the normal Raman and SERS spectra of 5-HTP. The
enhancement of the Raman intensities in SERS arises from
different mechanisms,38 including the electromagnetic effect
and chemical effect.39 The contribution of each effect to the

signal enhancement can vary considerably depending on the
nanoparticle size and morphology, the molecular identity,
excitation wavelength, and other local environment factors.40

As a result, the accurate prediction and assignments of SERS
intensities remain a challenge. To address this, the combined
use of molecular dynamics (MD) simulations41,42 and density
functional theory (DFT)43 calculations can provide valuable
insights into the molecular conformations and vibrational
assignments of 5-HTP relevant to understanding its interaction
with SERS substrates. A comprehensive vibrational analysis
and SERS response of 5-HTP can provide valuable insights for
understanding, for example, its structural changes, solvation,
and interactions in biological environments.44,45 This is
particularly essential in protein studies, where selective
incorporation of 5-HTP can yield unique spectral markers,
and in studies of serotonin-related pathways.46

■ METHODS
Experimental Section. Materials. Silver nitrate (AgNO3)

(≥98% purity), sodium citrate, and sodium nitrate (NaNO3)
were obtained from Merck. Ultrapure water obtained with a
Millipore Synergy purification system was employed in the
preparation of silver nanoparticles (AgNPs) and all sample
solutions.

Synthesis of Nanoparticles. The silver nanoparticles used
in this study were synthesized following the Lee−Meisel
method,47 which involves the chemical reduction of silver
nitrate by sodium citrate in aqueous solution. For the SERS
measurements, the colloidal nanoparticles were centrifuged for
10 min at 6000 rpm to remove the excess of citrate. The
supernatant was discarded, and the nanoparticle was
redispersed in water maintaining the initial nanoparticle
concentration.

Raman Spectroscopy Experiments. The normal Raman
spectrum of solid-state 5-HTP was recorded using a Bruker
FRS100/s FT-Raman spectrometer with a 1064 nm excitation
wavelength, 512 scans, and a laser power of 75 mW. The SERS
measurements were carried out in a RENISHAW InVia
confocal Raman microscope and were acquired in triplicate
with 5 accumulations and 10 s with an excitation wavelength of
785 nm and laser power of 1% (20 mW). For each SERS
measurement, a total volume of 200 μL was prepared by
sequentially mixing 50 μL of 5-HTP solution with 50 μL of
200 mM NaNO3, followed by the addition of 100 μL of silver
colloids. The spectra were subject to baseline correction, and
the band positions in the Raman spectra were determined
through spectral deconvolution using Lorentzian functions.
Computational Details. MD Simulations. The MD

simulations were performed following a modified protocol
proposed by Roccatano et al.48 The two models consist of
silver surfaces in both neutral and charged states. The latter
was constructed by assigning a positive charge to ten atoms

Figure 1. Molecular structures of (a) Trp, (b) 5-HTP, and (c) 5-HT.
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uniformly distributed across the surface. The silver surface was
positioned at the bottom of the simulation box, and the 5-HTP
molecules were initially randomly distributed.48 The systems
were solvated with water molecules. Only the water and 5-
HTP molecules were allowed to diffuse freely, while the atoms
of the silver surface were restrained at fixed positions. The
simulations were performed using the GROMACS 202241

Software. The CHARMM36 force field parameter set49,50 was
used for 5-HTP, and the metal atoms and the TIP3P model51

were used to describe the water molecules. The systems were
subject to energy minimization using 10,000 steps of the
steepest descent algorithm, followed by 250 ps of equilibration
in the NVT ensemble, employing the Berendsen thermostat52

at 300 K with a coupling constant (tcoupl) of 0.1 ps. The
production step was carried out in the NPT ensemble for 200
ns. During this step, the temperature was maintained at 300 K
using the Nose−Hoover thermostat53 with a tcoupl of 1.0 ps,
and the pressure was maintained at 1 bar using the Parrinello−
Rahman barostat.54 Semi-isotropic pressure coupling was
applied using an isothermal compressibility of 4.6 × 10−5

bar−1 and a coupling constant of 1 ps. For all simulations, a
cutoff of 1.4 nm was used for short-range nonbonded
interactions, while the Particle Mesh Ewald method55 was
employed to compute long-range electrostatic interactions. All
bond lengths within the molecules were constrained using the
LINCS algorithm.56 The most representative configurations in
which 5-HTP was adsorbed on the silver nanoparticle surface
(i.e., the most frequent during the simulation) were selected
for quantum mechanics (QM) calculations. To simplify the
QM calculations, only a cluster of ten metal atoms near the 5-
HTP molecule was explicitly included, while the rest of the
silver nanoparticle surface was omitted. The planar silver atom
cluster was selected to represent the local environment of the
silver nanoparticle surface, which allowed us to describe the
interactions of the carboxylate, amino, and indole ring groups
of 5-HTP with Ag atoms. Previous studies have shown that
small silver clusters reproduce the charge-transfer and
vibrational properties of surface-active sites with good accuracy
while maintaining computational efficiency.31,57,58 Similar
planar clusters have been successfully applied in SERS studies
of amino acids and aromatic molecules such as tryptophan.31,58

The MD simulations images were obtained using PyMol
software.59

DFT Calculations. All DFT calculations were performed
using the Gaussian 09 Software.60 The geometries of 5-HTP in
its isolated form and adsorbed on the silver cluster, were
optimized using the M06-2X functional61 in combination with
a mixed basis set: 6-311++G(d,p) for nonmetallic elements
and LANL2DZ for silver atoms.57,62,63 Solvent effects on the
geometries were included using the default polarizable
continuum model (PCM)64 at the same level of theory. The
functional M06-2X has been demonstrated to be a very
accurate model for noncovalent interactions and organo-
metallics.61 The vibrational Raman frequencies and activities of
all of the optimized structures were calculated at the same level
of theory. The assignments of the normal vibrational modes
obtained from the DFT calculations were performed by
comparing the calculated and experimental spectra, consider-
ing both the positions and relative intensities of the bands. The
normal mode description was obtained from the output of the
Vibrational Energy Distribution Analysis (VEDA) program,65

complemented by inspection of the atomic motions with the
software Chemcraft.66 The figures containing the optimized
molecular structures were obtained by using software Chem-
craft.66

■ RESULTS AND DISCUSSION
In this study, we performed geometry optimization and normal
mode calculations of 5-HTP in its zwitterionic form67,68 using
DFT methods. The optimized molecular geometry with the
atom numbering is shown in Figure 2, and the atomic
coordinates are provided in Table S1. The optimized geometry
was found to have a planar π-conjugated core and to exhibit an
intramolecular hydrogen bond between oxygen O9 and
hydrogen H28, in good agreement with the geometries
previously obtained using DFT and crystallographic data.68

Figure 3 shows the comparison between the calculated and
the experimental normal Raman spectrum of solid-state 5-
HTP. Although a theoretical spectrum for 5-HTP has been
previously reported, it showed limited agreement with
experimental data.37 In contrast, the calculated spectrum
obtained in this work demonstrates excellent agreement with

Figure 2. Optimized molecular structure of 5-HTP with atom numbering and bond distances in angstroms (Å) obtained from DFT calculation at
the M06-2X/6-311++G(d,p) level and implicit solvation.
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the experimental band positions and relative intensities.
Notably, below 1000 cm−1, the computed vibrational
frequencies match very well with the experimental bands,
while, for higher calculated frequencies, a scaling factor of 0.97
was applied to improve the correlation and to enable more
accurate spectral assignment.69

A detailed list of both experimental and calculated (scaled
and unscaled) band positions, along with the tentative
vibrational assignments, is present in Table 1. Selected
calculated normal modes corresponding to strong and
moderate intensity bands are illustrated in Figure 4 (see
Table S2 for all the normal modes). The excellent agreement
between the relative intensity of the experimental data with the
calculated spectrum, indicates that in the solid state, 5-HTP is
in a zwitterionic form, as observed in previous studies.68

Additionally, the overall spectral profile of 5-HTP more closely
resembles that of 5-HT than Trp.35 This is attributable to the
presence of the hydroxyl group at the C11 position of the
benzene ring, a structural similarity shared by 5-HTP and 5-
HT.

The dominant bands in the solid-state normal Raman
spectrum of 5-HTP appear at 1346, 1427, and 1553 cm−1,
which have contributions mainly from the in-plane ring
vibrations. The 1346 cm−1 band results from a combination
of in-plane indole ring C−C stretch, C−H bend, and N−H
bend coupled to C20−H25, H21−C16−H22 bend along with
the bending vibration of the amino group. The 1427 cm−1

band is assigned to a combination of in-plane C3−N14 stretch,
C7−N14−C9 bend, C7−N14−H15 bend, and C10−C4−H6
bend. The intense band at 1553 cm−1 is predominantly
assigned to the C7−C9 stretching of the pyrrole ring, with
minor contribution from C16−C9 stretch, C3−C10 stretch,
and C10−C4−H6 bend. Similar intense bands are observed in
the spectra of Trp and 5-HT, with the corresponding band in
the latter slightly shifted to 1546 cm−1.33−35 The small shift
relative to Trp is expected due to the localized nature of the
C7−C9 vibration, which may be minimally affected by the
hydroxyl substitution at the benzene ring.

In Trp, the Raman band near 1550 cm−1 has been used as a
conformational marker in proteins due to its correlation with
the absolute value of the dihedral angle C9 = C7 − C(α) −

C(β).70 While this correlation has not been established for 5-
HTP, the optimized structure (Figure 1) exhibits a dihedral
angle of 109°, consistent with the values reported for Trp.33,70

This suggests a similar conformational structure and the
potential application of this band as a marker for probing the 5-
HTP structure.

In the normal Raman spectrum, medium-intensity bands are
also observed at 496/501, 764, 929/935, 1236, and 1312 cm−1,
involving a combination of in-plane indole ring and main chain
vibrations. The 496/501 cm−1 band is assigned to indole ring
bend, C1−C2 stretch, and H21−C16−H22 bend. The 764/
773 cm−1 band is associated with C3−C10−C4 bend, C7−
N14−C3 bend, and C2−C1−C11 bend in the indole ring,
C4−C11 stretch, H22−C26−H20 bend, and vibrational
bending in the carboxylate and the α-carbon (C20) groups.
The 929/935 cm−1 peaks involve C20−C16 stretch and
bending vibrations of the β-carbon and amino groups. The
peak at 1236 cm−1 corresponds to bending movements in the
α-carbon group and indole. The band at 1312 cm−1 is assigned
primarily to C11−O13−H5 bend, H19−N17−H28 bend,
H22−C16−C9−C7 torsion, and H25−C20−C24−C23 tor-
sion.

Additionally, several out-of-plane indole ring modes are also
identified at 436, 457, 461, 749, 834, and 861 cm−1. The bands
at 436 and 749 cm−1 have the contribution of O13−C1−C4−
C11 torsion and N14−C10−C2−C3 out-of-plane, respec-
tively. The bands at 457 and 461 cm−1 involve H15−N14−
C3−C10 out-of-plane, whereas the peak at 834 cm−1 is
assigned to H8−C7−C9−C16 out-of-plane and H12−C1−
C2−C9 out-of-plane. The peak at 861 cm−1 combines C9−
C7−H8 out-of-plane and H12−C1−C2−C9 torsion.

To the best of our knowledge, the SERS spectrum of 5-HTP
has not been previously reported. Figure 5 shows the SERS
spectra of 5-HTP obtained at various concentrations by using
silver nanoparticles. In comparison with the normal Raman
spectrum, the SERS spectra are broader, with noticeable
differences in the relative band intensities. The spectral
deconvolution for the 100 μM SERS spectrum is shown in
Figure S1, and the band positions are also summarized in
Table 1. No major shifts in band positions are observed
between the SERS and normal Raman spectra, except for a few
bands, such as the 1553 cm−1 band blueshifting to 1569 cm−1

in SERS. However, significant changes in the relative intensity
are observed.

The most prominent SERS bands occur at 487, 1246, 1328,
and 1640 cm−1, while medium-intensity bands are observed at
466, 518, 821, 841, 1234, 1288, 1343, 1455, and 1569 cm−1.
Additionally, other medium-intensity bands are also observed
in the 1000−1100 cm−1 region, which were absent or very
weak in the normal Raman spectrum. Several weak and very
weak bands in SERS also occur at 407, 593, 1122, and 1429
cm−1. Bands in the 700−780 cm−1 region, which are
moderately intense in the normal Raman spectrum, are weak
or absent in SERS. Similarly, the band at 929/935 cm−1 in the
normal Raman spectrum becomes weaker in SERS. Interest-
ingly, the most intense band in the normal Raman spectrum at
1427 cm−1 is weak in the SERS spectrum, whereas the band at
1553 cm−1 exhibits medium intensity and upshifts to 1569
cm−1.

The SERS spectrum depends on the molecule adsorption
geometry and the conformation on the nanoparticle surface.
The decrease in the relative intensity of the in-plane ring bands
at 1429 and 1569 cm−1, along with the enhancement of several

Figure 3. (a) Calculated Raman spectrum of the optimized structure
of 5-HTP using a scaling factor of 0.97 and (b) experimental normal
FT-Raman spectrum of solid-state 5-HTP recorded with 1064 nm
excitation wavelength.
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Table 1. Band Position of the Experimental Normal Raman of Solid 5-HTP and SERS Spectrum (100 μM), Together with the
Calculated Frequencies (with and without Scaling Factor), Raman Activity, and Normal Mode Assignmentsa

exp. freq.
(cm−1) NR

exp. freq.
(cm−1) SERS

calc. freq.
(cm−1)

scaled calc.
freq. (cm−1)

Raman activity
(Å4/amu) assignments

206 223.1 216.5 2.2 δC16H21H22, τH18N17C20C16, τH18N17C20C16, δC24C20N17
234 225.8 219.0 0.8 τH18N17C20C16, τH28N17C20C16
266 282.2 273.7 1.6 γC11O13H5, τH5O13C11C1

317.3 307.8 1.5 γC11O13H5, τC3C10C4C11, γN14C10C2C3, τC9C7N14C3, γC2C1H12,
δN17C20C16

329 327.3 317.5 2.0 δC24O23O26, δC24C20N17, τH19N17C20C16
357 376.0 364.7 1.1 δC3N14H15, δC9C7H8, δ 13C11C4, τC2C1C11C4
387 385.9 374.3 1.4 δC11O13H5, δC16H21H22, δN17H18H19, δN17C20C16
407 408 417.1 404.6 4.0 γC9C7H8, γC2C1H12, γC11O13H5, δN17C20C16, δH21C16H22,

τH15N14C3C10
436 442 435.7 422.7 3.0 τH27C10C4C11, τC3C10C4C11, τC2C1C11C4, τC7N14C3C10,

γO13C1C4C11
457 466 454.7 441.1 7.0 δC3C10C4, γH15N14C3C10
461 466 460.0 446.2 7.5 γH15N14C3C10
496/ 487 503.0 487.9 10.1 δH21C16H22, δC11C4O13, νC2C1, δC2C1C11, δN14C3 C2, δC16C9C7
501
518/ 518 535.7 519.6 2.2 δH21C16H22, νN17C20, δO26C24O23, δO23C24C20
535
593 594 595.3 577.5 8.3 δH22C16H21, γC9C7H8, νC3C10, δN14C3C2, δO13C11C4
601/ 614 612.9 594.5 0.9 τH6C4C11C1, τC9C7N14C3, τC3C10C4C11, τO13C1C4C11
609
645 655.0 635.3 5.4 τC9C7N14C3, γO13C1C4C11, γC16C7C2C9
662 665 689.1 668.4 7.4 δC10C4C11, δC7N14C3, δN17C20C24, νC16C9, δO26C24O23,

δO23C24C20
707/ 709.6 688.3 9.8 γN14C7H8, γC11C1H12, γC3C10H27, γC11C4H6, δC20C16C9,

γO26C20O23C24721
749 760.3 737.5 1.8 δH22C16H21, τC1C11C4C10, τC3C10C4C11, τC2C1C11C4,

γN14C10C2C3
764 774.4 751.2 31.1 δC3C10C4, δC2C1C11, δH22C16H21, νC11C4, δC7N14C3,

γO26C20O23C24
773 805.1 780.9 24.6 γC9C7H8, γH27C10C27H6, δH22C16H21, δH18N17H28, δO26C24O23,

δC1C11C4, γO26C20O23C24
806 798 816.5 792.0 7.6 γH6C4C11C1, γH27C10C4C11
826 821 845.8 820.4 20.7 δH22C16H21, νN17C20, τH8C7C9C16
826 821 850.3 824.8 20.3 δC3N14C7, δC1C11C4, γH8C7C9C16
834 841 872.5 846.3 17.6 δH22C16H21, δH18N17H19, νN17C20, γH12C1C2C9, γH8C7C9C16
861 858 879.9 853.6 8.0 γC9C7H8, δH18N17H19, γH12C1C2C9

906.1 878.9 6.1 δH22C16H21, νC24C20, δO26C24O23, τH19N17C20C16
929/ 918 950.1 921.6 35.8 δH22C16H21, νC20C16, τH28N17C20C16
935
943 957.0 928.3 2.9 τH6C4C11C1, τH27C10C4C11
957 952 964.9 936.0 26.9 δC4C10H27, δH22C16H21, δH18N17H19, νC1C11, νC11C4, δC7N14C3
/970
1026 1017 1060.8 1028.9 22.7 δC2C1H12, δC10C4H6, δC7N14H15, δH22C16H21, νN17C20
1047 1042 1065.7 1033.7 5.8 δC2C1H12, δC4C10H27, δC7N14H15, τH19N17C20C16
1059 1070 1097.1 1064.2 12.8 δC2C1H12, δC10C4H6, δH21C16C9, τH18N17C20C16
1094 1094 1114.5 1081.0 2.3 δC10C4H6, νN14C7, δH15N14C7, δH8C7C9
1122 1122 1136.9 1102.8 17.3 νC20C16, δH25C20C24, τH19N17C20C16, τH28N17C20C16
1131 1156.8 1122.1 13.9 δN14C7H8, νC10C4, δH6C4C10, δH27C10C4
1179 1176 1198.6 1162.6 16.0 δC3C10H27, νC1C11, δH5O13C11, δH12C1C2
1199 1191 1235.1 1198.1 21.0 δC11C4H6, δC11C1H12, δC3N14H15, δC9C7H8, δH22C16H21, νC20C16,

δH18N17H19, νO13C11, δH5O13C11
1216 1248.7 1211.2 41.2 νO13C11, δC3C10H27, δN14C7H8, νC16C20, δH18N17H19, δH12C1C2,

δH25C20C24
1229 1263.4 1225.5 4.4 δC4C10H27, νN14C7, τH22C16C9C7
1236 1234 1273.1 1234.9 50.8 δC2C1H12, δC11O13H5, δC4C10H27, δH18N17H28, δH15N14C7,

δH8C7C9, δH25C20C24
1260 1246 1295.1 1256.2 51.3 νC11O13, δH19N17H28, δH27C10C4, δH21C16C9, τH22C16C9C7
1297 1288 1336.4 1296.3 66.6 δC11C1H12, δH22C16H21, δ 19N17H28, νN14C7, νN14C3, νO13C11
1312 1328 1359.4 1318.6 25.3 δC11O13H5, δH19N17H28, τH22C16C9C7, τH25C20C24O23

1370.6 1329.5 21.1 δC10C4H6, δC11C1H12, δC9C7H8, δH22C16H21, δH19N17H18,
δH5O13C11, τH25C20C24O23
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ring out-of-plane modes suggests that the indole ring may
adopt a tilted orientation relative to the silver surface.34,58,71

The intense band at 1640 cm−1 in SERS, absent in the normal
Raman spectrum, corresponds to a low Raman activity mode at
1660.7 cm−1 in the DFT calculation involving carboxylate
stretching and amino vibrations. From previous studies of Trp,
Phe, and other amino acids,16,25,34,72,73 enhancement is
indicative that 5-HTP may strongly interact with the surface,
likely through the carboxylate coordination to silver
atoms.27,71,73,74 The presence of bands at 518/535 cm−1 in
SERS associated with carboxylate vibrations supports this
interpretation.

Other enhanced SERS bands correspond to complex
vibrational modes involving both the ring and the main
chain. Given the interplay of the chemical and electromagnetic
enhancement mechanisms that influence the relative intensity
of 5-HTP, we further investigate the adsorption behavior by
carrying out a combination of MD simulations and DFT
calculations.74,75 MD simulations were performed by using
both neutral and charged silver layers. Figure 6 shows the
initial randomly distributed and final configurations after 200
ns, showing a direct interaction between several 5-HTP
molecules and the metal surfaces. Small aggregates of 5-HTP
molecules are also observed, influenced by intermolecular
interactions including hydrogen bonding. Representative

Table 1. continued

exp. freq.
(cm−1) NR

exp. freq.
(cm−1) SERS

calc. freq.
(cm−1)

scaled calc.
freq. (cm−1)

Raman activity
(Å4/amu) assignments

1346 1343 1386.3 1344.7 213.8 δC9C7H8, δC3N14H15, δH22C16H21, νC20C16, νC2C1, δH6C4C10
1352 1393.7 1351.9 58.8 δC11O13H5, δN14C7H8, νC10C4, τH21C16C9C7, τH25C20C24O23
1392 1417.1 1374.6 8.6 δH18N17H28, νO26C24, νO23C24, τH25C20C24O23
1404 1450.1 1406.6 30.2 νO26C24, δH18N17H28, δH19N17H18, δH28N17H19
1427 1429 1467.7 1423.7 282.2 δC10C4H6, νN14C3, δC9C7N14, δH15N14C7
1445 1455 1477.1 1432.8 12.3 δH22C16H21
1469 1455 1497.7 1452.8 29.0 δC10C4H6, δC3N14H15, νC7N14, δH12C1C2, δH27C10C4
1488 1502 1555.5 1508.9 13.8 δC11C4H6, δC11O13H5, δC3N14H15, δN14C7H8, νC1C11, νC2C1,

δN14C3C2
1529

1553 1569 1611.2 1562.8 254.5 δC10C4H6, νC10C3, νC9C7, νC16C9
1622.5 1573.8 8.8 δH18N17H28, δH19N17H18, δH28N17H19

1591 1597 1652.6 1603.0 61.2 δC11O13H5, δC3N14C7, νC7C9, νC2C1, νC11C4, δC3C10C4
1664.0 1614.1 13.2 δH18N17H28, δH19N17H18, δH28N17H19, τH19N17C20C16

1624 1630 1706.8 1655.6 42.1 νC1C2, δC11O13H5, νC10C4, δC11C4H6, δC7N14H15, νC1C11, νC10C4,
νC3C10, νC2C1

1640 1712.1 1660.7 8.3 δC24C20H25, δH18N17H28, νO26C24, νO23C24
aFor the description of the vibrational modes, the atom numbering in Figure 2 was used with the following abbreviations: stretching (ν), bending
(δ), torsion (τ), and out-of-plane bending (γ).

Figure 4. Selected 14 normal modes of 5-HTP with their respective DFT-calculated (scaled with factor 0.97) and experimental frequencies. The
arrows indicate atomic displacements.
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surface-bound conformations of some 5-HTP molecules at the
neutral and charged metal layers are shown in Figure 7. In both
cases, 5-HTP does not adopt a single preferential orientation.
On the neutral surface, the aromatic ring is generally oriented
nearly parallel to the surface, with minimal direct contact
between the amino/carboxylate groups and the metal surface.
However, in some cases, the ring is perpendicular or tilted, and
the amino and carboxylate groups approach or directly interact
with the surface. In one case, 5-HTP interacts directly with the
surface through the ring in a tilted configuration. On the
charged silver surface, the 5-HTP molecules preferentially
interact with the carboxylate group, and the indole ring
typically adopts a tilted or parallel geometry. A few molecules
adopt a geometry directly interacting through the ring, and

others are also adsorbed with similar configurations to those
observed in the neutral layer. The variability in adsorption
conformations revealed by MD simulations may explain the
spectral broadening observed in the SERS spectra and supports
the interpretation that 5-HTP predominantly adsorbs with its
indole ring tilted or parallel, and the carboxylate group acts as
the main anchoring moiety. This computational result also
explains the presence of very few pure indole ring in-plane
vibrational bands in the SERS spectrum and the enhancement
of vibrational modes with a significant carbonyl stretching
character.

The analysis of the MD results provides valuable
information about the molecular orientations. In the case of
5-HTP, the orientation of the indole ring adsorbed on the
silver surface could greatly affect the SERS signal. Figure 8
shows the angles of the vectors defined by the indole ring
atoms C9−C4 of 5-HTP molecules relative to the normal of
the silver surface.

As can be seen, on the neutral silver surface, the indole rings
form an average angle of approximately 90° with respect to
that of the normal, indicating that the indole ring is nearly
parallel to the surface. However, for the charged surface, in
addition to the parallel configurations, new possible adsorption
geometries are also observed with angles of 40−60° and 120−
140°, indicating the occurrence of tilted conformations for
some 5-HTP molecules. In Figure 9, the analysis of the
dihedral angle (C7−C9−C16−C20) reflects the main chain
conformations relative to the indole moiety of 5-HTP in
proximity to the silver surface. In the neutral layer, the dihedral
angle distributions of the nearest 5-HTP molecules oscillate
between approximately −110° and −60° and 60° to 120°. In
the charged layer, the angles vary from −130° to −90° and 60°
to 120°. For the more distant molecules, the probabilities tend
to converge to ∼100°, consistent with the angle shown in
Figure 2 for the normal Raman spectrum.

Figure 5. SERS spectra of 5-HTP at different concentrations at pH7
(a) 1 mM; (b) 500 μM; (c) 100 μM; (d) 50 μM; (e) 10 μM, and (f)
1 μM. The spectra were obtained with silver nanoparticles prepared
by the Lee−Meisel method and recorded with 785 nm excitation
wavelength. Sodium nitrate was used as an aggregating agent.

Figure 6. Snapshots of the (a) initial and last configurations of the 200 ns MD simulations obtained with a (b) neutral layer and (c) charged layer.
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These results highlight the influence of the silver surface
charge on the adsorption geometry of 5-HTP and its impact on
the observed SERS spectra. The predominance of parallel
orientations on the neutral surface suggests interactions
between the indole π-system and the metallic surface. In
contrast, the broader range of tilt angles observed for the
charged surface indicates that electrostatic interactions
between the metal atoms and the carboxylate and amino
groups of 5-HTP can lead to additional adsorption geometries.
These MD simulation results provide a structural basis for
understanding the intensity enhancement observed in SERS.
At the neutral silver surface, the predominance of parallel

indole orientations favors the enhancement of out-of-plane
ring vibrations, in agreement with the bands observed in the
SERS spectra. In contrast, the charged surface promotes
additional tilted configurations, allowing for the enhancement
of both in-plane and out-of-plane vibrational modes. This
explains the relative intensity differences observed in the
normal Raman and SERS spectra.

To elucidate the origins of the spectral enhancement in the
SERS spectra, we performed DFT calculations by explicitly
including only ten silver atoms in the vicinity of the 5-HTP
molecule, whereas the remaining silver atoms of the surface
were omitted. For that, four representative configurations

Figure 7. Snapshot from the last configuration of the 200 ns MD simulations showing the main configurations of 5-HTP molecules on the (a)
neutral and (b) charged surfaces.

Figure 8. Angle histograms of the vector formed by the C9−C4 bond of 5-HTP with respect to the normal vector of the surface on the (a) neutral
layer and (b) charged layer silver surfaces. The color bar indicates the molecular proximity to the surface, starting from red (nearest) to green
(farthest). The axis perpendicular to the page corresponds to the same proximity scale used in the color bar.

Figure 9. Histograms with the values of the C7−C9−C16−C20 dihedral angle of 5-HTP molecules on the (a) neutral layer and (b) charged layer
silver surfaces. The color bar indicates the molecular proximity to the surface, starting from red (nearest) to green (farthest). The axis perpendicular
to the page corresponds to the same proximity scale used in the color bar.
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obtained from the MD simulations, sampling distinct
interaction modes of 5-HTP with the surface, were selected
as the initial geometries for DFT calculations. Configurations 1
and 2, referred to here as Models 1 and 2, correspond to
conformations commonly observed in the neutral layer. In
contrast, Models 3 and 4 were derived from configurations
representative of the charged layer (total system charge of +1),
where stronger electrostatic interactions are present.

The optimized structures of the four models are shown in
Figure 10 with the atomic coordinates listed in Tables S3 and

S6 and their electronic energies included in Table S7. As can
be seen, in Models 1 and 3, the indole ring of 5-HTP is tilted
with respect to the silver surface, while in Models 2 and 4, it
lies nearly parallel to the surface.

Figure 11 shows the comparison between the experimental
SERS spectrum at 100 μM and the calculated Raman spectra
of the four structural models (Tables S8−S11).

As shown, several discrepancies exist between the predicted
Raman intensities and the experimental SERS signal, which is
expected given that the theoretical calculation primarily
accounts for the chemical effect contribution but not for the
electromagnetic enhancement. The latter is strongly dependent
on the molecular adsorption geometry of the metallic surface.
Models 2, 3, and 4 predict a high Raman active normal mode
near 1640 cm−1, involving carboxylate stretching coupled with
amino group vibrations. This band is absent in the normal
Raman spectrum of solid 5-HTP and shows a low calculated
intensity in the absence of metal atoms. This suggests that its
enhancement arises from the direct interaction between 5-
HTP and the silver atoms. In these models, the molecule is
coordinated to the silver atoms via the oxygen atoms of the
carboxylate group. Interestingly, unlike Model 1, Models 2 and
3 reproduce well the experimental relative intensity ratio
between the 1640 and 1569 cm−1 bands. Furthermore, these
models also predict strong bands at 510 cm−1 (Model 1), 498
cm−1 (Model 2), 542 cm−1 (Model 3), and 491 cm−1 (Model
4), respectively, which correlate with the experimental SERS

band at 518 cm−1. These modes involve vibrational
contributions from the main chain and the carboxylate
group, including H21−C16−H22 bend and the O23−C24−
O26 bend. Based on these results, it can be inferred that under
the used experimental physicochemical conditions, 5-HTP
exhibits a strong interaction with silver atoms through the
COO− group, suggesting the prevalence of monodentate or
bidentate coordination geometries. This result aligns with
previous SERS studies of Trp, where the carboxylate group has
been identified as the binding site to the silver sur-
face.31,58,69−72 For instance, Aliaga et al.58 reported the SERS
spectrum of zwitterionic Trp adsorbed on silver nanoparticles
at neutral pH, suggesting that the molecule interacts primarily
through the carboxylate group, while the amino group remains
in proximity to the metal surface. Similarly, the SERS analysis
by Chuang et al.71 and Maiti et al.31 also indicates that this
amino acid preferentially interacts with the silver surface via
both the carboxylate and amino groups.

Several bands, mainly associated with hydrogen out-of-plane
vibrational modes of the aromatic ring, are observed at 798,
841, and 858 cm−1 in the SERS spectrum. Similarly, the SERS
bands observed at 442 and 466 cm−1 correspond to CH and
NH out-of-plane deformations in the ring. Models 2 and 3 also
predict intense Raman bands in the 800−900 cm−1 region. The
enhancement of these out-of-plane modes suggests that the
aromatic ring does not adopt a perpendicular orientation
relative to the silver surface but rather a tilted or parallel
configuration. This interpretation is consistent with the
structural configurations proposed by Models 2 and 3. The
observed enhancement also implies a significant interaction
between the aromatic ring and the metal surface. This result is
supported by the work of Aliaga et al.,58 which used MD
simulations to investigate the SERS spectrum of Trp, and
concluded that the indole ring lies parallel or, at minimum,
tilted relative to the Ag surface.

Similar SERS behavior has been reported for Trp, where π−
electron−metal interactions and metal coordination signifi-
cantly influence the observed spectral enhancements.35,76,77

The interpretation that 5-HTP may adopt a tilted adsorption
geometry is in agreement with the observation that the ring in-
plane vibration band at 1429 cm−1, which is the most intense
in the normal Raman spectrum, exhibits a marked decrease in
intensity in the SERS spectrum. Previous SERS studies of 5-
HT have also shown that depending on the physicochemical
conditions the aromatic ring can interact directly with the
metal surface in either a parallel or tilted orientation.34,35

All models predict weak Raman bands in the 1000−1100
cm−1 spectral region. Therefore, the SERS enhancement
observed in this region is likely dominated by the electro-
magnetic contribution. Notably, the three bands at 1017, 1042,
and 1070 cm−1 arise from vibrational modes involving the
main chain with significant contributions from the amino
group. Considering the interaction via coordination of the
COO− group, even though the amino group does not directly
coordinate with the metal, its special proximity to the surface
may facilitate the enhancement of these vibrational modes. For
example, in Models 1, 2, 3, and 4, the nitrogen atom of the
amino group lies approximately 3.69, 5.06, 5.08, and 4.42 Å,
respectively, from the nearest silver atom. Thus, considering
that the most substantial enhancement typically occurs for
atomic groups placed within ∼1 nm of the surface, the
observed intensity of these amino group Raman bands is
consistent with this spatial arrangement.14,15 Therefore, results

Figure 10. Optimized structures of 5-HTP−Ag clusters from DFT
calculations at the M06-2X/6-311++G(d,p)/LANL2DZ level of
theory: (a) Model 1 (b) Model 2, (c) Model 3, and (d) Model 4.
Models 1 and 2 correspond to neutral silver surfaces. Models 3 and 4
correspond to charged silver surfaces.
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indicate that the amino group resides close to the metallic
surface and may play a key role in the adsorption behavior of 5-
HTP. This interpretation is also supported by the findings of
Aliaga et al.,58 Chuang et al.,71 and Maiti et al.31 for Trp, which
proposed that the main chain, including the amino group, is
placed near the silver surface.

All of the computational models also failed to predict intense
Raman bands experimentally observed at 487 and 1234/1246
cm−1. On the other hand, only Model 3 predicts a band of
medium intensity near 1327 cm−1. Thus, it is more likely that
the enhancement of these bands arises primarily from the
electromagnetic contribution to the SERS effect. The intense
Raman band at 487 cm−1 is assigned to in-plane ring
deformation, coupled with the bending vibrations of H21−
C16−H22. The band at 1234 cm−1 is predominantly a ring in-
plane vibration with minor contribution from the H25−C20−
C24 bend. The 1246 cm−1 band also involves ring in-plane
vibration, with additional contributions from the bending of
the amino and H21−C16−C9 atomic groups. In the normal
Raman spectrum, the band at 1236 cm−1 is more intense than
that at 1260 cm−1 (1246 cm−1 in the SERS spectrum).
However, in SERS the situation is reversed with the band at
1246 cm−1 becoming one of the most intense characteristics in

the spectrum. Similar interpretations can be proposed for the
bands at 1328 and 1343 cm−1. In the normal Raman spectrum,
the 1346 cm−1 band appears to be slightly more intense than
that at 1328 cm−1. The band observed at 1328 cm−1

corresponds to a ring in-plane vibrational mode with some
contribution from backbone vibrations. However, the band at
1328 cm−1 also exhibits coupling with the amino group,
whereas the peak at 1343 cm−1 does not. This distinction may
account for the difference in the relative intensities observed
between the normal and SERS spectra, considering that the
amino group may be positioned close to the metal surface.
Nevertheless, a definite explanation for the selective enhance-
ment of these bands remains uncertain. If the molecule adopts
a perpendicular or tilted orientation relative to the surface,
then enhancement of these vibrational modes would be
expected. Since these modes also involve contributions from
the main chain, the proximity of these atomic groups to the
surface would further facilitate their SERS enhancement.

The small variations in the SERS intensities observed at
concentrations above 1 μM suggest that surface adsorption
sites on the Ag nanoparticles become saturated, leading to a
nearly constant distribution of the adsorption geometries. At 1
μM, the SERS spectrum exhibits interference from the citrate

Figure 11. Comparison between the experimental SERS spectrum of 5-HTP at 100 μM concentration (solid line) and DFT-calculated (frequency-
scaled by 0.97) Raman spectra of (a) Model 1, (b) Model 2, (c) Model 3, and (d) Model 4.
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molecules used as capping agents, preventing accurate
interpretation of the 5-HTP vibrational bands (see Figure
S2). Nevertheless, some differences in the relative intensities of
the 5-HTP SERS bands above 1500 cm−1 are observed in
comparison to higher concentrations, possibly indicating subtle
adjustments in adsorption geometry. For example, the relative
intensities of the bands at 1569 and 1640 cm−1 differ, with
respect to those at higher concentrations. Still, the presence of
the carbonyl stretching band demonstrates that, even at this
concentration, the carboxylate group remains involved in the
coordination to the silver surface. The relative intensity profile
in this spectral region matches closely with the calculated
spectrum from Model 1, further supporting the conclusion that
the adsorption occurs through the carboxylate group.

The band observed at 1553 cm−1 in the normal Raman
spectrum exhibits a blue shift to 1569 cm−1 in SERS.
Considering previous Raman studies of Trp, this shift may
be attributed to differences in the dihedral torsional angle
between the 5-HTP molecule in the solid state and when
adsorbed on the silver surface. Such spectral behavior can be
explained by the tilted adsorption geometry and configuration
adopted on the surface due to the influence of interactions
involving the aromatic ring and carboxylate groups with the
silver surface. For example, the DFT-optimized geometries of
Models 2, 3, and 4, exhibit dihedral angles of −9.93°, −88.27°,
and 6.86°, respectively, which are different from the optimized
geometry of 5-HTP without metal coordination. Coordination
through the carboxylate group, along with π-interaction
between the indole ring and the surface, may affect this
dihedral angle, which can result in the observed blueshift of the
band.

Interestingly, a SERS investigation of 5-HT by Manciu et
al.35 using silver as the SERS substrate suggested the potential
formation of a planar adsorption geometry relative to the silver
surface, whereas Song et al.34 proposed a tilted orientation of
the indole ring with respect to the surface. Analogous
interpretations have been reported for Trp: for example,
Aliaga et al.58 proposed a configuration in which the pyrrole
moiety adopts a tilted (nearly parallel) orientation relative to
the surface, while Maiti et al.31 suggested a nearly
perpendicular configuration. These findings highlight the
possibility of multiple adsorption modes for these molecules.
Since 5-HTP shares structural characteristics with both 5-HT
and Trp, the coexistence of different adsorption conformations
suggested for 5-HTP with the aromatic ring oriented either
parallel or tilted with respect to the silver surface seems to be
plausible.

■ CONCLUSIONS
In this work, we have characterized the normal Raman and
SERS spectra of 5-HTP using a combined approach with
classical MD simulations and DFT calculations. The DFT-
calculated spectrum is in excellent agreement with the
experimental normal Raman data and confirms that 5-HTP
exists in its zwitterionic form in the solid state. On the other
hand, the SERS spectra revealed significant changes in band
intensities and frequencies in comparison with the normal
Raman spectrum of the solid. It is particularly the emergence
of strong bands associated with the carboxylate and amino
groups, suggesting the direct interaction of these moieties with
the silver surface. The MD simulation results indicated that 5-
HTP does not adopt a single conformation on the nanoparticle
surface but mainly binds through the carboxylate group with

the ring in tilted or parallel orientations. These main
configurations were further validated through DFT calculations
on small clusters of silver atoms. The calculation in different
models demonstrates that incorporating carboxylate-metal
coordination and ring-surface interactions best reproduces
the experimental SERS data. Overall, the obtained results
elucidate the orientation and interaction mechanisms of 5-
HTP at the silver nanoparticle interfaces and highlight its
potential applications as a site-specific Raman probe in protein
and 5-HT metabolism sensing, offering a complementary tool
to fluorescence for probing biomolecular environments.
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