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erface effect in the chirality
transfer from L- and D-glutathione to gold, silver
and copper nanoparticles†

Juan Carlos López-Olivos, a Andrés Álvarez-Garćıa, a Georgina Garza Ramos,b

Lázaro Huerta,c Paola Molina,d Alejandro Heredia-Barbero, d Ignacio L. Garzón ae

and Penélope Rodŕıguez-Zamora *a

Glutathione (GSH) plays a pivotal role in numerous physiological and metabolic processes, including the

defense of cells against free radicals and metal toxicity. This tripeptide has been combined with several

metal nanoparticles to form a metal–organic interface with unique properties. Here, we implement

a one-step, high-yield synthesis method to produce ultrasmall gold, silver, and copper nanoparticles in

the intermediate size regime between size-selected nanoclusters and plasmonic nanoparticles to be

functionalized with L- and D-glutathione, and study the chirality transfer evidenced by the emergent

optical activity observed for each case. The distinctive interactions that take place at the metal–ligand

interface for each metal are primarily accountable for establishing the properties of this system. In its

protonated state, glutathione anchors only by its thiol group to the surface of gold and copper

nanoparticles, whilst for silver nanoparticles an additional binding site through the nitrogen atom of the

amide group was indicated by XPS data, albeit with a relatively low proportion. This may contribute to

the higher anisotropy factor observed in silver–glutathione nanoparticles. Such slight variations in

adsorption configuration generate different chiroptical activity, which has been analyzed per energy

region using time-dependent DFT calculations, revealing that metal-to-ligand transitions dominate most

of the spectra while ligand-to-ligand are also present in the higher energy regime. Moreover, FTIR and

CD data together suggest that those dissimilarities also propitiate particular peptide self-assemblies

through intermolecular GSH interactions for each metal, which result in supramolecular structures with

properties of beta-sheet arrays. This study offers a parallel examination of the chirality of glutathione-

functionalized coinage metals, allowing to establish decisive differences that can be tailored to benefit

developments in chiral biomedicine and other diverse applications.
1 Introduction

The functionalization of nanoparticles can be achieved through
the addition of a chemical species to their surface, which can
impart new optical, electronic, magnetic, and catalytic proper-
ties; promote self-organization; control their size; and make the
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nanoparticles compatible for a desired application, particularly
in the context of biomedical developments.1–6 Ultrasmall
nanoparticles (NPs) of gold, silver and copper can be func-
tionalized using crosslinkers with thiol groups capable of
reacting with the metal and producing a covalent bond.7–11

These bifunctional linkers have at the other end functional
groups to use as binding ligands.12–16

Glutathione (GSH) is a naturally occurring tripeptide (g-Glu-
Cys-Gly) and serves as an important example of a nanoparticle
capping ligand.5,9,15,17–19 GSH bears intrinsic metal-chelating
properties due to the presence of a thiol group in its molec-
ular structure, which allows the formation of high-affinity
metal–ligand clusters.20 This tripeptide is abundant in the
cytoplasm and has a multitude of physiological functions, such
as redox buffering, detoxication, and antioxidant activity,21,22

properties that are maintained when this molecule is conju-
gated withmetal NPs.5,23–26 Presumably, the special properties of
the GSH-functionalized NPs stem at least partially from the
multiple possibilities available for intermolecular hydrogen
© 2025 The Author(s). Published by the Royal Society of Chemistry
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bonding in GSH, allowing for the formation of varying molec-
ular self-assemblies propitiated by the metal–ligand
interactions.12,27,28

Among all the research and applications in current devel-
opment of the multiple physiological functions of metal nano-
particles functionalized with glutathione, there is one special
property that has just started to be explored in the biomedical
area: their chirality.29–31

In general, chiral inorganic nanomaterials with biomedical
applications have become a popular research eld during the
last decades, ranging from ultrasensitive detection and imaging
to therapeutic purposes.1,32–36 Recently it has been demon-
strated that nanoparticle chirality can inuence the immune
response.35,36 By synthesizing gold nanoparticles in the presence
of circularly polarized light and a thiolate dipeptide (cysteine–
phenylalanine),34 Xu et al. achieved enantiospecic activation of
immune cells, making them functional as adjuvants for vacci-
nation against the H9N2 inuenza virus.

In particular, the chirality and other properties of gluta-
thione, such as its anti-oxidative function, have been combined
with metal nanoparticles to incide into neurodegenerative
diseases such as Parkinson and Alzheimer.36–39 The uptake of
GSH-functionalized NPs by cancer cells also makes them an
efficient drug-delivery agent.15,30 These examples exhibit the
relevance of achieving a profound understanding of the synergy
emergent from conjugating metal nanoparticles with gluta-
thione, specically in terms of their chirality.

Such understanding started more than 20 years ago, when
chiroptical activity was detected for glutathione-functionalized
gold nanoclusters,40,41 showing discrete electronic transitions
between quantized levels, each associated with a delocalized
orbital of the conduction band41–43 resulting in a strong optical
activity. Since then, many works have focused attention on
metal nanoclusters and nanoparticles conjugated with gluta-
thione, given the varied properties that exhibit which are totally
absent in the bulk.44–48

Throughout many studies, the unveiling of the mechanisms
concerning the adsorption conguration of this ligand on
different metal nanoparticles and the origin of the chirality of
these hybrid nanosystems has been of particular
relevance.8,12,38,43,49–52 Similarly to other thiol-functionalized
metal nanoparticles, the ligand–metal interface plays a crucial
role in the chiral properties of nanoparticles functionalized by
GSH.7,42,53–57

Chiral ligand-induced effects on the electronic structure and
chiroptical properties of ultrasmall GSH-functionalized metal
NPs (especially gold) had long been studied from different
angles given the difficulties that the inherent exibility of this
molecular ligand represent.58–60 Those characteristics have been
partly the cause for not having an atomic structural determi-
nation of metal-GSH (Met-GSH) nanoclusters47,49,61 in contrast
with a considerable number of thiol-functionalized metal
nanoclusters that have been determined to the date.43,62,63

However, precise chemical formulas of several sizes [Aun(SG)m]
of Au-GSH nanoclusters have been unambiguously identied
based on high-resolution mass spectroscopy experiments from
2005 to 2007, and chiro-optically characterized,6,41,44,45,48,64,65
© 2025 The Author(s). Published by the Royal Society of Chemistry
from which signicant experimental3,17,46,66–68 and theoret-
ical50,69 progress has been made in determining how the metal–
ligand interface and ligand dynamics are important for the
structural and electronic properties of the clusters. As the size of
the gold core is reduced to below 2 nm, the attachment of thi-
olates to these ultra-small clusters has a marked effect on their
geometric structures and electronic properties. This observa-
tion indicates that the formation of Au–S bonds plays a signi-
cant role in determining the structures and characteristics of
the binary system.70

Extending this analysis to other metal nanoparticles such as
silver and copper, it has also been demonstrated that the nature
of the metal denes the chirality of the whole Met-ligand
system.71 Gold, silver and copper, also known as the coinage
metals, are the members of the group 11 in the periodic table
given their shared electron conguration patterns, principally
in the outermost shells, resulting in trends in chemical
behavior. Despite these similarities, when conjugated with
thiolate ligands, each metal exhibits unique adsorption
conguration structures, owing to the differences in metal–
sulfur bonding.72 Some theoretical comparisons of the three
metals have been reported in terms of the nature of their bond
with thiolate molecules. For example, Kacprzak et al.73 ascer-
tained the Cu–S bond as the strongest and most polar among
the three metals, and Au–S bond as the most covalent. More
recent studies74 conrm gold as the king of stable ligand–metal
complexes and clusters but places copper in a closed second
place, highlighting the interesting charge-transfer properties of
Cu–S; and depict Ag–S as a balanced intermediate between gold
and copper for holding the structural integrity and molecular
composition of metal–thiolate systems.

The metal–thiolate binding will also determine what func-
tional groups are available to interact with adjacent molecules
and therefore which supra-assemblies are feasible given the re-
arrangement of the hydrogen-bonding network within the
adsorbed layer.12,66,75,76

Depending on the synthesis method implemented, it is
possible to observe different manifestations of chirality transfer
between glutathione and metal NPs,77,78 varying from the
extensively studied thiol-functionalized nanoclusters44,47,48 to
other structures such as ultrasmall catenane clusters65,79 and
large oligomeric Au(I)–thiolate complexes.80,81

In the present work we usedmicrowave assisted hydrolysis to
synthesize ultrasmall gold, silver and copper nanoparticles (#2
nm) in order to functionalize them with L-GSH (g-L-glutamyl-L-
cysteinyl-glycine) and its optical isomer, D-GSH (N-g-D-glutamyl-
D-cysteinyl-glycine).24 It is our understanding that this is the rst
systematic comparison of gold, silver and copper nanoparticles
in the intermediate size range between metal nanoclusters
(dozens of atoms) and larger plasmonic NPs (>2 nm) function-
alized with both glutathione enantiomers. The observed optical
and chiroptical behaviour are contrasted with small GSH-
protected clusters on one hand,3,41,44,45,47,82 and previously re-
ported results from nanoparticles of the same size also
produced by microwave assisted hydrolysis, functionalized with
cysteine71 on the other.
Nanoscale Adv., 2025, 7, 2648–2662 | 2649
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Both enantiomeric Met-LGSH and Met-DGSH nanoparticles
of each metal were characterized by transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), UV-Vis spec-
troscopy and circular dichroism spectroscopy (CD). In all three
cases it was found a chirality transfer from the molecular ligand
to the Met-GSH conjugate, evidenced by mirror CD spectra
which showed a distinctive spectrum for each metal. A time-
dependent density functional theory analysis was also per-
formed on Met-GSH motifs to portray the electronic transitions
responsible for the emergence of their chiroptical absorption.

This one-step green synthesis method is considerably easier
and faster compared to previously reported laborious tech-
niques for the synthesis of atomically precise thiol-protected
nanoclusters, and therefore a competitive and effective route
for the high yield of chiral metal–ligand nanoparticles required
by biomedical applications that may not demand accuracy in
the number of atoms.

2 Methodology
2.1 Experimental details

Synthesis of metal nanoparticles. Tetrachloroauric acid
(HAuCl4$3H2O, #99.9%), silver nitrate (AgNO3, 99.5%), and
hydrated copper nitrate (Cu(NO3)2$3H2O, 99.5%) were
purchased from Sigma-Aldrich and used without further puri-
cation. Gold (Au NP), silver (Ag NP) and copper nanoparticles
(Cu NP) were synthesized by microwave-assisted hydrolysis
according to a previously reported method with some modi-
cations.83,84 To prepare bare Au, Ag and Cu NP, the respective
metal precursors were dissolved in deionized water to obtain
5 mM of HAuCl4, AgNO3 and Cu(NO3)2, respectively. Each
solution is then irradiated at 1000 W for 10 s using a commer-
cial microwave system and let to cool at room temperature.

Preparation of glutathione functionalized metal nano-
particles. L-Glutathione was purchased from Sigma-Aldrich,
while D-glutathione was obtained from GL Biochem
(Shanghai) Ltd. In order to prepare glutathione-functionalized
gold, silver and copper nanoparticles (Au-GSH, Ag-GSH and
Cu-GSH respectively), in each case, the peptide was directly
dissolved in solutions of Au, Ag, and Cu nanoparticles to ach-
ieve a concentration of 25 mM. The nanoparticles were precip-
itated by adding ethanol, effectively removing excess thiol and
other by-products.

Samples characterization. Transmission electron micros-
copy (TEM) images were acquired using a JEOL ARM200F Cs-
aberration-corrected electron microscope operating at 80 kV.
The imaging was performed through scanning transmission
electron microscopy (STEM) with high-angle annular dark eld
(HAADF) detection.

X-ray photoelectron spectroscopy analyses were carried out
in an ultra-high vacuum (UHV) system scanning XPS micro-
probe PHI 5000 VersaProbe II, with an Al Ka X-ray source (hn =
1486.6 eV) monochromatic with 200 mm beam diameter, and
a Multi-Channel Detector (MCD) analyzer. The samples surface
was etched for 5 min with 1 kV Ar+ at 0.11 mA mm−2. The XPS
spectra were obtained at 45° to the normal surface with
2650 | Nanoscale Adv., 2025, 7, 2648–2662
Constant Analyzing Energy (CAE) E0 = 117.40 and 11.75 eV
survey surface and high-resolution narrow scan. The peak
positions were referenced to the background Ag 3d5/2 photo-
peak at 368.20 eV, with an FWHM of 0.65 eV, and C 1s hydro-
carbon groups at 285.00 eV, Au 4f7/2 at 84.00 eV central peak
core level position. The XPS spectrum was tted with the
program Multipack® PHI Soware85 and Spectral Data
Processor, SDP v 4.1.86

FT-IR spectra were recorded using a Bruker VERTEX 70 FT-IR
spectrometer over a range of 600–4000 cm−1, with a resolution
of 2 cm−1 and phase accumulation of 32 or 64 scans. All spectra
were collected using liquid samples. UV-Vis absorption spectra
were measured with a Thermo Scientic UV-Vis Evolution 201
spectrophotometer. Electronic circular dichroism (CD) spectra
were obtained using a Chirascan spectropolarimeter (Applied
Photophysics, Leatherhead, Surrey, UK) equipped with a Peltier-
type cell holder. All UV-Vis absorption and CD spectra were
collected using a quartz cuvette with a 1 cm path length.
2.2 Computational details

The staple motif was employed as a model for the interface of
GSH-protected nanoparticles.43 This model comprises two
metal atoms, which represent the nanoparticles, and an addi-
tional metal atom that serves to bridge two glutathione mole-
cules.71 Au-GSH, Ag-GSH, and Cu-GSH motifs were optimized
using the Orca 5.0.3 code at the density functional theory (DFT)
level.87,88 All relaxations were performed employing the hybrid
PBE0 exchange–correlation functional with a restricted Kohn–
Sham formalism.89,90 Glutathione (GSH) atoms were treated
with the TZVP basis set,91 while the metal atoms were treated
using the Zero Order Regular Approximation (ZORA) to account
for scalar relativistic effects.92,93 The solvent effect (water) was
taken into account by the conductor-like polarizable continuum
model (CPCM) in an innite dielectric and with a Gaussian
charge scheme.94 Time-dependent density functional theory
(TD-DFT) calculations of the oscillator and rotatory strengths
were performed considering the rst 300 excitation states.
Natural transition orbitals (NTOs) were calculated to analyze the
excited states. NTOs diagonalize the transition density matrix
(TDM) similarly to how natural orbitals serve as the eigen-
functions of the density matrix. They represent a unitary
transformation of the canonical orbitals, thereby creating a set
of electron–hole orbitals. This transformation offers a valuable
means of qualitative analysis of electronic excitations.95,96
3 Results and discussion
3.1 Experimental results

Bare metal nanoparticles (Fig. S1†) were synthesized by micro-
wave assisted hydrolysis, which allows for accelerated reduction
reaction,83,84 yielding a narrow size distribution without further
purication.

Differently from other gold–glutathione NPs synthesis
methodologies reported previously,18,41,44,45,80,97,98 which start
with conjugation of HAuCl4 with glutathione, generating olig-
omeric Au(I)–thiolate complexes or glutathione–Au(I) polymers,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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that subsequently are reduced by NaBH4 and size selected by
electrophoresis, microwave assisted hydrolysis promotes
formation of a dominant population of ultrasmall metal
nanoparticles that are subsequently functionalized by gluta-
thione which acts both as a reducing agent and a ligand that
stops further nucleation.20,80,81,99 The process results in Met(0)
Met(I)–thiolate nanoparticles (Met = Au, Ag, Cu) with size
distribution centered at 2 nm for silver and copper nano-
particles and at a slightly smaller diameter for gold nano-
particles, that can be clearly differentiated in STEM
topographies (Fig. 1), and conrmed by FTIR spectroscopy, X-
ray photoelectron spectroscopy and absorption spectropho-
tometry, as detailed below.

3.1.1 FTIR. Fig. 2 shows FTIR spectra of free L-GSH (Fig. 2a)
and D-GSH (Fig. 2e) as well as Au, Ag and Cu NPs functionalized
by L-GSH (Fig. 2b–d) and D-GSH (Fig. 2f–h). Adsorption of
glutathione through its thiol group to the surface of the metal
nanoparticles was conrmed by the absence of the S–H vibra-
tion band 2520 cm−1 in the FTIR spectrum of each Met-GSH
NPs case (Fig. 2b–d and f–h).

FTIR spectra of L-GSH and D-GSH present slight variations
between each other due to their crystalline polymorphism
(whilst L-GSH is alpha, D-GSH is beta) as a consequence of their
different synthesis routes (Fig. S2†). These crystalline poly-
morphs exhibit signicant differences in their solubility in
water,100,101 which slightly inuences their FTIR spectra when
measured in aqueous solutions.
Fig. 1 Transmission electronic microscopy images of glutathione-
functionalized metal nanoparticles Au-GSH (a); Ag-GSH (b); and Cu-
GSH (c). Inset of a typical individual nanoparticle in each case. Size
distributions for each corresponding case (d, e and f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
The ionic state of glutathione is determined by pH, conse-
quently dening its anchoring sites on themetal surface, as well
as the inter and intramolecular interactions, which are all
interrelated factors involved in the interface conguration of
the Met-GSH nanoparticles (intramolecular interactions dictate
the molecular shape66 and therefore the steric conditions of
adsorption). In turn, all the mentioned factors, determine the
molecular assembly propitiated by the presence of the metal
nanoparticles which might involve a rearrangement of the
hydrogen-bonding network formed on the surface of the metal
nanoparticles.28,66

As expected from the acidic pH of our Met-GSH samples
(#2.6 in all cases), which favors the cationic form of gluta-
thione, the C–O–H bending mode is observed at 1130 cm−1 for
Au-GSH; 1135 cm−1 for Ag-GSH; and at 1130 cm−1 for Cu-GSH
for the le enantiomer (1130 cm−1 in all three cases for the
right enantiomer), with higher intensity for all three metals
compared to the free ligand spectrum.66 Another feature is the
band at 1394 cm−1 for Au-GSH; 1415 cm−1 for Ag-GSH; and
1389 cm−1 for Cu-GSH for both enantiomers, which is associ-
ated with the C–O–H stretching of the protonated GSH.102 Such
cationic conditions result in protonation of glutathione
carboxyl terminals (with pKa values of 2.4 ± 0.2 for COOH of glu
and 3.6 ± 0.2 for COOH of gly28,103–105), inhibiting complexation
with the metal surfaces of the nanoparticles.

Under these conditions, and taking into account that the
isoelectric point of NH3

+ is around 9.5, the most plausible
scenario for the three metal nanoparticles is not having the
carboxyl or amino functional groups as anchor sites in addition
to the thiol group.27,28,66,104,105 Thus, considering a preferred
monodentate binding adsorption conguration of glutathione
to the nanoparticle surface, the possibility of double hydrogen
bonding between the glutamate of one glutathione with the
glycine of another adjacent glutathione cannot be ruled out,
which has been reported for pH # 4.27,28

A region that has been previously analyzed with this respect
corresponds to the amide I and II bands between 1500 and
1700 cm−1. ATR-IR detailed studies66 mention that weak signals
were observed for the amide I region when, under acidic pH, the
interaction of glutathione with Au NPs was given only through
the thiol group. More recent studies,81 have also analyzed this
region (normally used to investigate protein secondary
structure106–108) of free glutathione compared with glutathione
as protective ligand of gold and silver nanoparticles, suggesting
that this tripeptide tends to form beta-sheet-like structures
when interacting with silver but not with gold nanoparticles,
supporting their conclusion on a proposed double anchoring
(through the thiol and carboxyl groups) of glutathione on Ag
NPs and single on Au NPs. Within this region (Fig. 2i), our FTIR
spectrum for free GSH shows bands at 1538 and 1589 cm−1

(amide II N–H bending and C–N stretching vibrations) and
1655 cm−1 (amide I C]O stretching). Au-GSH and Cu-GSH
display a similar tendency throughout the region, whereas Ag-
GSH exhibits a considerably diminished C–N str band, indi-
cating a possible interaction between the peptidic nitrogen
atom and the silver surface. On the other hand, transition at
1636, 1635 and 1641 cm−1 for Au-GSH, Ag-GSH and Cu-GSH
Nanoscale Adv., 2025, 7, 2648–2662 | 2651
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Fig. 2 Fourier transform IR spectroscopy of: (a) L-GSH, (b) Au-LGSH, (c) Ag-LGSH, (d) Cu-LGSH, (e) D-GSH, (f) Au-DGSH, (g) Ag-DGSH, (h) Cu-
DGSH, and (i) the amide I and II region (1500 to 1700 cm−1) for all Met-LGSH and L-GSH. The GSH S–H band can be observed in (a) and (e) at
2520 cm−1, this band vanishes when glutathione is adsorbed on the surface of the metal nanoparticles (b–d and f–h).
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respectively, is a characteristic feature of beta-sheet struc-
ture,12,81,108 suggesting that the formation of an intermolecular
array of glutathione enclosing the NPs might take place for all
three metals. This result also suggests that the metal–ligand
interface happening between gold and copper nanoparticles
with glutathione is similar, particularly concerning the number
of anchoring sites, and it does not drastically differ from the
metal–ligand interaction in the case of silver nanoparticles.

Single or double anchoring would have repercussions on the
molecular footprint and therefore on the number of ligands
that can be adsorbed for same-size nanoparticles of different
metals (NP–ligand ratio). If glutathione adsorbed by single
binding (through S) on Au NPs and by double binding (through
S and a second anchoring site) on Ag NPs, it could be antici-
pated that there would be more ligands on the surface of the
former, given the steric restrictions imposed by a double
anchoring. Recent studies109 have approximated by different
methods (inductively coupled plasma mass spectrometry ICP-
MS, nuclear magnetic resonance NMR, elemental analysis
(AAS and combustion analysis) EA and energy-dispersive X-ray
spectroscopy EXD) the stoichiometry of glutathione function-
alized gold and silver nanoparticles with an average diameter of
2 nm as well as the corresponding footprint for each case.
According to this study, which is in agreement with earlier data
on ultrasmall gold and silver nanoparticles,10,110 the number of
glutathione molecules adsorbed on the surface of gold and
silver NPs uctuates, depending on the technique, around the
same value, and the molecular footprint also does not differ
greatly from one metal to the other.

3.1.2 XPS. Our samples were subjected to X-ray photoelec-
tron spectroscopy to further investigate the metal–ligand
interface in GSH-functionalized metal NPs synthesized by
microwave-assisted hydrolysis.

Photoemission spectra of glutathione and Met-GSH NPs
were obtained by X-ray photoelectron spectroscopy (XPS) in
2652 | Nanoscale Adv., 2025, 7, 2648–2662
order to elucidate the metal–organic interaction and quantify
the known functional groups. C 1s, S 2p, N 1s, O 1s, Au 4f, Ag 3d,
and Cu 2p core levels were analyzed by high-resolution spectra
as shown in Fig. 3 and S3.† From comparison of C 1s (Fig. S3a†)
and S 2p (Fig. 3b) orbitals corresponding to GSH with those
corresponding to Met-GSH NPs, it is possible to identify the
CH2–SH and metal–S bonds, indicating that all three metal NPs
coordinate with GSH by its thiol group, and that the tripeptide
preserves its properties upon adsorption (of imperative impor-
tance for many biomedical applications17,25,111) with CH2–S
having the same BE of 286.55 eV in all samples.

The Au-GSH NPs spectrum showed elemental Au(0) and
Au(I)–S with Au 4f7/2 and 4f5/2 peaks binding energies of 84.7
and 88.6 eV corresponding to a convolution of Au(0) species and
a strong coordination of Au(I) with the ligand sulfur atoms
(Fig. 3e). The blue-shied position of Au(4f7/2) from Au(0)
(Fig. 3e) and red-shied from the Au(I)–thiolate compound
(Fig. S4†), indicates the presence of two components originating
from the inner (Au(0)) and surface (Au(I)) atoms of the gold
NPs.44,80 Glutathione S 2p3/2 peak at 163.77 eV (Fig. 3b) is
a convolution of two curves corresponding to S–C for the free
ligand, whereas for Au-GSH sample the S 2p3/2 BE is redshied
to 163.52 eV due to a convolution with Au–S core level at
162.30 eV. Note that a chemical shi in S 2p of 0.25 eV occurs
when C–S bonds turn to the C–S–Met bonds in the presence of
metal NPs.112–114 The integral area ratio of Au–S bonds to total
sulfur species is ca. 0.77, indicating that 77.3% of S present in
the sample was coordinated with the Au atoms.30 An electronic
rearrangement throughout the system is given by charge
transfer from the gold atoms of the NPs to GSH, where the
sulfur atom, which is polar, accepts the charge but releases
a hydrogen ion, producing an Au–S ionic bond; consistent with
previous results.44

In the case of Ag-GSH NPs, the Ag 3d5/2 XPS spectrum
showed a peak at 368.48 eV, very close to the energy for Ag(0), at
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 High-resolution core level XPS deconvolution spectra of free GSH and GSH-functionalizedmetal nanoparticles. N 1s (a), (c), (f) and (i); S 2p
(b), (d), (g) and (j); Au 4f (e); Ag 3d (h); and Cu 2p (k). At the top of (e), (h) and (k) simple orbitals of reference metals are shown. The deconvolution
spectra show contributions of direct bonds of neighboring atoms. The S 2p andmetal atomorbitals contain two oxidation states, as it can be seen
in each doublet (spin–orbit).
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368.30 eV, but slightly blue shied due to Ag–S binding
(Fig. 3h). Deconvolution of the S 2p3/2 peak in this case shows
a much stronger contribution of Ag–S bonds compared to Au-
GSH NPs, redshiing and generating a second peak at
162.15 eV (Fig. 3g). The integral area ratio of Ag–S bonds to
sulfur species translates to 86% of the S atoms being coordi-
nated with the Ag atoms, suggesting that glutathione actually
has a stronger preference for binding to Ag NPs compared to Au
NPs.

Finally, for Cu-GSH NPs, the binding energy for Cu2p3/2 is
933.6 eV, also blue-shied from Cu(0) at 933.28 eV, and
resulting from a convolution with Cu–S binding (Fig. 3i). Cu–S
in S2p3/2 is at 162.35 eV (Fig. 3j) with a contribution from the
sulfur species of 68.7%, being the lowest of the three metallic
nanoparticles. The S2p peak shows the lowest chemical shi
(1.42 eV) with respect to the binding energy of free glutathione,
compared to Au–S, which is shied 1.47 eV and Ag–S with
a chemical shi of 1.62 eV, this is consistent with the electro-
negativity of the NPs elements (1.90 for Cu, 1.93 for Ag and 2.54
for Au).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Regarding the discussion on anchoring sites, O 1s does not
show peaks or possible contribution to convolution corre-
sponding to Met-COO for any of the metals (Fig. 3b, d, f and h).
On the other hand, for N 1s orbitals, Ag-GSH reveals a slightly
different behavior compared to free GSH, Au-GSH and Cu-GSH
(Fig. 3a, c, f and i), displaying a third contribution to the N 1s
spectrum (of only 7.6%) with a peak at 401.65 eV, corresponding
to a Ag–N bond. This result is consistent with the deconvolution
of the Ag 3d5/2 spectrum (Fig. 3h), which shows a small peak at
369.2 eV associated with the Ag–N bond.

The above described ndings suggest that, in general neither
the carboxyl group nor the amino group function as second
anchoring sites activated during synthesis via microwave
assisted hydrolysis at acidic pH. This result differs with respect
to cysteine-functionalized gold nanoparticles also synthesized
by microwave assisted hydrolysis, for which one of the oxygens
of the cysteine carboxyl group serves as second binding site.115

Sterical hindrance seems to be the main reason for this
important difference in metal–ligand interface structure: whilst
cysteine's amino and carboxyl groups can both be in proximity
to the metal surface for this size of metal nanoparticles, under
Nanoscale Adv., 2025, 7, 2648–2662 | 2653
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this conditions glutathione appears to preference a Y-shape
which averts the functional groups from the vicinity of the
nanoparticle surface.

However, in the case of silver nanoparticles a bidentate
adsorption conguration of glutathione involving a nitrogen
atom from the peptidic amide group might happen for a minor
proportion of the Ag-GSH species.

This second anchoring for Ag-GSH would not interfere with
the interpretation of an adsorbed Y-shaped GSHmolecule (most
probable structural conguration found for glutathione at
acidic pH66), in which the carboxyl and amino groups are
distanced from the vicinity of the thiol group, inhibiting
deprotonation of these functional groups by interaction with
the metal surface, but the amide group remains closer to the
metal surface, even in a dense packing of mostly single
anchored molecules.

3.1.3 Optical absorption. For core diameters of 2 nm and
below, the surface/core metal atoms ratio signicantly favors
the surface atoms that belong to the core-ligand interface,
thereby maximizing the effect that the ligand exerts on the
geometric properties and electronic structure of the conjugated
system, including metal–thiolate charge transfer.44,116–119 This is
reected in the optical and chiroptical properties of the thiolate-
functionalized metal nanoparticles under investigation, which
will be analyzed through their respective UV-Vis absorption and
circular dichroism spectra below.

The UV-Vis spectra shown in Fig. 4 correspond to L- (in blue)
and D- (in red) glutathione-functionalized gold, silver and
copper nanoparticles, namely Au-LGSH, Au-DGSH, Ag-LGSH, Ag-
DGSH, Cu-LGSH and Cu-DGSH. The absorption spectra for each
nanoparticle functionalized by either enantiomer of glutathione
are similar, as expected, since absorption spectroscopy is not
sensitive to chirality. Any slight variations in the spectra are
primarily due to differences in the synthesis of each enantiomer
of glutathione, resulting in different polymorphs with different
solubilities for each enantiomer, as mentioned above.

Met-GSH NPs exhibit absorption bands between 230 and
400 nm for all three metals. Specically, Au-GSH shows bands at
240, 275, 310 and 350 nm (5.16, 4.5, 3.99 and 3.54 eV); Ag-GSH
has bands at 279 nm and 360 nm (4.44 and 3.44 eV); and Cu-
Fig. 4 Normalized absorption spectra of left (blue) and right (red) enanti
(b); and Cu-D/LGSH (c).

2654 | Nanoscale Adv., 2025, 7, 2648–2662
GSH displays bands at 240 and 300 nm (5.16 and 4.13 eV).
Consistent with previous results20,41,44,45,47,80 there is no evidence
of a strong surface plasmon resonance for this size of thiol-
functionalized metal nanoparticles, responding to an interme-
diate regime between metallic and molecular behavior. This
observation also aligns with the understanding that capping
agents like glutathione act as modiers of the electronic struc-
ture of nanoparticles, affecting their surface plasmon resonance
by altering the oscillation frequency of the conduction band
electrons at the surface.109 Notably, absorption bands at 500 nm
and above—typically associated with conventional thiolate-
functionalized Au nanoclusters (NCs) containing more than
15 gold atoms44,80,120–122—were not detected for any of the
metals. A possible hypothesis for this difference is that, oppo-
site to the so-called gold thiolate-monolayer protected clusters
(MPCs),54 our conjugated system does not present a metal core
completely isolated by a monolayer of adsorbates, but instead
a partial coverage of GSH ligands in a non-closed core–shell
fashion. In this scenario intermolecular interactions might be
in competition with metal–ligand interactions, favouring the
formation of supramolecular assemblies. However, our results
also resemble previously reported Au(0)@Au(I) thiolate NCs
with a metal : ligand ratio close to 1 : 1 demonstrated by ESI and
TGA analysis,80 which can be another complementary explana-
tion for the lower energy limit of the obtained optical spectra.

In the case of Au-GSH (Fig. 4a), bands at higher energies (240
and 275 nm) are associated with the inter-band transitions from
the Au–S bonding or Au 5d orbitals to the unoccupied Au 6s/6p
orbitals, whereas bands at 310 and 350 nm have been assigned
to the intra-band transitions from the high-lying occupied Au 6s
orbitals to the low-lying unoccupied Au 6s/6p orbitals, this
according to the optical spectra criterion, established by
systematic theoretical studies, of localizing intraband transi-
tions below 4 eV and interband transitions above this energy.44

The steplike behavior of the Au-GSH absorption spectrum in
the energy region between 5.2 and 3.5 eV is evident, demon-
strating discreteness of optical features that resemble previous
results for size-separated Au-GSH nanoclusters obtained by
PAGE electrophoresis44,45 and by direct synthesis6,48,65
omers of GSH-functionalized nanoparticles Au-D/LGSH (a); Ag-D/LGSH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Circular dichroism spectra of left (blue) and right (red) gluta-
thione (a) and cysteine (b). Structural formula along with 3D repre-
sentation of L-GSH (c) and L-Cys (d). Marked with asterisk two
stereogenic centers in glutathione, as opposed to only one in cysteine.
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determined as Au10(SG)10, Au11(SG)11, Au12(SG)12 and Au15(SG)13
by electrospray ionization (ESI) mass spectrometry.

Based on this comparison, we can conclude that although
microwave-assisted hydrolysis does not produce mono-
dispersed thiol-functionalized gold nanoclusters (as evidenced
by the broadness of the transition bands53), it effectively enables
the direct and large-scale production of ultrasmall Au–thiolate
nanoparticles with a narrow size distribution, all without the
use of an extra reducing agent.

It is also important to note that our sample exhibits
absorption between 300–400 nm, which safely rules out the
possibility of solely being in the presence of an Au(I)–thiolate
polymer, as its lowest absorption appears below 300 nm.41,44

However, we cannot exclude the presence of other cyclic struc-
tures, corresponding to Au10−12(SG)10−12 that intercalate gold
and sulfur atoms in a 1 : 1 ratio which have shown similar
absorption spectra.65,67

The absorption spectra of silver (Ag) and copper (Cu), were
also examined. The absorption spectrum for Ag-GSH NPs,
shown in Fig. 4b, is the only one out of the three Met-GSH NPs
that closely resembles that of cysteine-functionalized nano-
particles (Ag-Cys NPs in this case) synthesized under similar
conditions. Both spectra exhibit bands at 278 nm and 359 nm.71

Finally, Cu-GSH (Fig. 4c) shows a dened band at 300 nm and
a weaker band at 240 nm, in agreement with previous results
reported for similar synthesis methods in which glutathione is
used not only as a capping agent but also as a reducing
agent.9,123–125

In all cases, the optical onset is displaced from 5.2 eV cor-
responding to glutathione, to lower energies, indicating a larger
optical gap as a result of the hybridization of the electronic
orbitals of nanoparticle and molecular modier. This behavior
is also observed in the optical activity of each GSH-
functionalized different metal nanoparticle as described below.

3.1.4 Chiroptical absorption. Le and right enantiomers of
glutathione show mirror circular dichroism signals below
260 nm (Fig. 5a). It is worth noting that the CD signals of
glutathione enantiomers are inverted respect to cysteine
(Fig. 5b), i.e. in the case of cysteine the le enantiomer has
positive signal and the right enantiomer negative mirror signal,
in contrast to glutathione which presents a negative signal for
its le enantiomer and positive for the right one. Cysteine only
has one chiral center at the alpha carbon (Fig. 5d), whereas
glutathione, a tripeptide constituted by three amino acids, has
two chiral centers, one corresponding to the alpha carbon of
cysteine, the middle amino acid, and the other corresponding
to the alpha carbon of glutamic acid (the third amino acid,
glycine, is achiral) (Fig. 5c).

Fig. 6 shows the circular dichroism spectra corresponding to
L- (in blue) and D- (in red) glutathione-functionalized gold, silver
and copper nanoparticles. All three metals exhibit distinct
optical activity in the wavelength range of 250 to 450 nm. In the
case of gold, we again disregard the Au-GSH polymer, which has
been reported to be inactive beyond 300 nm. The strong optical
activity results in high anisotropy factors (rarely exceeding 4 ×

10−3 for systems with ligand-induced chirality126,127), particu-
larly for the case of Ag-GSH, which reaches 5 × 10−3 (Fig. S5†).
© 2025 The Author(s). Published by the Royal Society of Chemistry
This activity includes features that correspond to the mixing of
the chiral ligand's orbitals with those of the metal nano-
particle.60 The CD spectra differ unambiguously from the
spectra corresponding to the ligand pre-adsorption, indicating
a metal electronic structure that reacts to the chiral environ-
ment imposed by themolecular adsorbates, displaying different
results determined by the nature of the metal and the molecular
chain of the ligand. The opposite sign and mirror optical
activity displayed in the metal-based electronic transitions for
each one of the hybrid complexes, depending on the corre-
sponding le or right adsorbed glutathione enantiomer,
demonstrates that all of them have well-dened stereo-struc-
tures.128 Spectral chiroptical features are evident for all three
metals, displaying positive and negative Cotton effects for right
and le enantiomers. These features exhibit nearly perfect
mirror symmetry between the enantiomers, with slight varia-
tions in intensity likely attributable to differences in synthesis
methods that result in slightly different crystalline structures
for each enantiomer. In all three cases, these effects are domi-
nated by interband transitions, which will be discussed in detail
below.

Au-DGSH CD spectrum (Fig. 6a in blue) shows a negative
band at 220 nm as the contribution from the adsorbate groups
in the deep ultraviolet region, which is delimited to E$ 5 eV for
glutathione (Fig. 5a). It is worth noting that free D-GSH exhibits
a positive CD band at that precise wavelength (Fig. 5a), which
inverts to negative upon conjugation with Au NPs, opposite to
what is observed in cysteine-functionalized Au NPs, where the
sign of free cysteine bands is preserved for Au-Cys NPs in that
energy region (both positive for the le enantiomer)71 (Fig. S3a
and d†). From 5 eV to lower energies it is possible to observe
intercalated positive and negative bands at 231, 250, 300, 348
and 383 nm (5.36 eV, 4.95 eV, 4.13 eV, 3.56 eV, 3.23 eV respec-
tively). This CD spectrum also resembles previous results of
Nanoscale Adv., 2025, 7, 2648–2662 | 2655
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Fig. 6 Circular dichroism spectra of left (blue) and right (red) enantiomers of GSH-functionalized nanoparticles Au-D/LGSH (a); Ag-D/LGSH (b);
and Cu-D/LGSH (c) nanoparticles. The dashed spectra represent the mirror image of the opposite enantiomer completed a posteriori for
segments at energies near 6 eV with low signal-to-noise ratio.
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ultrasmall glutathione-functionalized Au clusters for higher
energies, matching the chiroptical features between 6 eV and
3 eV, but lacking such behavior towards lower energies.3,4,41,47,129

The Au-GSH CD spectrum also aligns with recent ndings for
Au10(SG)10, which has been identied as a catenane nanocluster
made up of two interconnected Au5(SG)5 rings with a cen-
trosymmetry-broken structure. This structure exhibits an
enhanced second harmonic response, suggesting that the
presence of chiral Au-GSH ultrasmall complexes cannot be
ruled out.65

Under the light of such similarities and contrasting with our
TEM images, it can be said that by microwave assisted hydro-
lysis it is possible to produce a size distribution that includes
2 nm metal nanoparticles functionalized by glutathione (easily
identiable by electron microscopy), whose interface dominates
the absorption prole observed in our measurements, and
a fraction of ultrasmall glutathione–Au clusters, with cyclic
gold–thiol structures, and no core–shell structure,58,65,79,130

which have a distinctive electronic and optical behavior apart
from the Au(I)–thiolate polymeric complexes.

There is not an exhaustive body of results regarding
glutathione-functionalized silver nanoparticles; however, we
can compare our circular dichroism (CD) spectrum with
previous ndings.12,24,78,131 In all cases, the reported bands
appear at wavelengths between 200 and 400 nm, which are
similar to those we identied. Our results include a high-
intensity negative band at 225 nm (this band is out of scale in
Fig. 6b), a positive doublet at 250 and 274 nm, a negative band
at 295 nm, and a broad positive band with a shoulder at 330 and
352 nm (5.51 eV, 4.95 eV, 4.52 eV, 4.20 eV, 3.75 eV, 3.52 eV
respectively).

Ag-GSH shows signicant similarity to Ag-Cys71 (Fig. S3b and
e†), in alignment with their respective absorption spectra (see
Fig. 4), although there is an important difference: the spectral
features of the le enantiomer of cysteine-functionalized silver
nanoparticles closely resemble those of the right enantiomer of
glutathione-functionalized silver nanoparticles in terms of
wavelength, intensity, and even shape, and vice versa.

In order to explain such behavior we should bear in mind
that the chiroptical properties of our systems are strongly
2656 | Nanoscale Adv., 2025, 7, 2648–2662
dependent on the stereochemistry of the surface ligands. In this
way, the sign of a Cotton effect is mainly dictated by the abso-
lute conguration of the nearest stereogenic center to the cor-
responding absorption band.132 Now, while cysteine is an amino
acid with one chiral center (one stereogenic carbon), gluta-
thione is a tripeptide with two chiral amino acids, cysteine and
glutamic acid (the third amino acid, glycine, is achiral), there-
fore having four possible stereoisomers (LL, LD, DL and DD)
and consequently two chiral centers (Fig. 5b). Considering the
above, the observed inversion of optical activity for the silver
nanoparticles with these two le ligands can be attributed to
the L-glutathione stereoisomer (g-L-glutamyl-L-cysteinyl-glycine)
having a global stereogenic conguration opposite to L-
cysteine.78

It is worth mentioning that Ag-GSH NPs presented the
highest anisotropy factor (5 × 10−3) among the three different
metal NPs (Fig. S5†), which is possibly related to the second
anchoring site through the nitrogen atom from the amide group
as evidenced by XPS in a small proportion. This hypothesis is
based on previous ndings that point to a stronger optical
activity resulting from bidentate adsorption congurations.128

With regard to copper, Cu-GSH NPs have been extensively
studied but not in terms of their chirality. In fact, it is our
understanding that the chiroptical results here reported are
without precedent, showing a CD spectrum for Cu-GSH NPs
with intercalated positive and negative bands at 216, 232, 255,
285, 305 and 335 nm (5.74 eV, 5.34 eV, 4.86 eV, 4.35 eV, 4.06 eV,
3.70 eV respectively) for the le enantiomer. A recent work133

reports the CD spectra of L/D-GSH stabilized Cu NCs with
diameter around 2.8 nm, but showing signal only between 300
and 400 nm, range in which their spectra are in agreement with
our results.

The observed bands are in strong similarity with previous CD
results of cysteine-functionalized copper NPs (Cu-Cys NPs)
synthesized with the same methodology71 (Fig. S6c and f†),
suggesting that in the case of copper, the molecular chain of the
ligand exerts the minimum inuence on the overall chiroptical
activity among the three metals. The same correlation can be
carried out with the CD spectra of cysteine capped copper
nanoclusters (D/L-Cys)2Cu4I4 with iodine acting as an electron
© 2025 The Author(s). Published by the Royal Society of Chemistry
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donating center,134 a small system that was used to demonstrate
that the chirality of the clusters highly depends on the direction
of ligand arrangement around the CuI core.

Even though all Cu-GSH bands are bounded by the same
limits as Au-GSH and Ag-GSH, among the three metal nano-
particles, Cu-GSH showed the onset with minimum energy at
2.6 eV, compared with Ag-GSH onset at 2.75 eV and Au-GSH
onset at 2.9 eV.

Circular dichroism has been used to differentiate between
structural conformation of GSH on Au and Ag NPs,81 focusing
on the region between 190 nm and 250 nm. This wavelength
range was analyzed based on the consideration that CD spectra
always display a positive band between 195 and 210 nm and
a negative band between 215 and 230 nm for beta-sheet struc-
tures.135Ourmeasurements show slight differences between Au-
GSH and Ag-GSH in the 200–230 nm spectral region: while Au-
GSH only shows one inection point at 223 nm, with positive
and then negative CD signal, Ag-GSH displays two inections at
205 nm and 215 nm, going from negative to positive and then
negative ellipticity again. On the other hand, Cu-GSH only
displays one inection point but at 210 nm, with a positive band
occupying most of the analyzed range. Realizing a similar
comparative analysis, and contrasting with our FTIR results, it
can be suggested that a glutathione supramolecular structure,
possibly built by hydrogen bonding between carboxylate and
amine groups as it has been proposed before,27,28,66 could be
facilitated by all three metal nanoparticles, adopting similar
arrays for gold and silver NPs, and a different conguration for
copper NPs.

In general, it has been found that differences in the chi-
roptical properties of the three glutathione-functionalized
metal nanoparticles are dictated by the interaction mecha-
nisms happening at the metal–ligand interface; and differences
observed with respect to metal nanoparticles functionalized
with cysteine are determined by the stereochemistry of the
surface ligands.11 To gain further insight into these mecha-
nisms, we performed time-dependent DFT calculations using
an interface model for a single element of the aforementioned
interface in the chiral system.
Fig. 7 Interface motif model of Au-GSH (front and side views are
displayed). Color codes: Au = orange, S = yellow, C = gray, O = red, N
= blue, and H = white.
3.2 Theoretical calculations

As discussed previously, the CD signals observed within the 200
to 400 nm wavelength range indicate that the spectra predom-
inantly reect interface chiroptical activity.43 The monomeric
SR-Au-SR staple motif has been proposed as a prototype of the
interface in ligand-functionalized metal clusters.136,137 This
structural unit has been observed using scanning tunneling
microscopy and X-ray single-crystal techniques for self-
assembled monolayers on gold nanoparticles.138,139 When
ligand coverage is low, staples can be arranged in a cis–trans
pattern on the nanoparticle surface.137 Jiang et al. performed
DFT calculations on the thiolate-protected Au38 cluster and
found that the staple motif is the most stable structure.140

Additionally, this model was employed to elucidate the chi-
roptical activity of cysteine-protected metal nanoparticles,
wherein the predominant transitions were identied as ligand-
© 2025 The Author(s). Published by the Royal Society of Chemistry
to-metal charge transfer (LMCT).71 The staple motif was
employed as a model for the glutathione-protected metal
nanoparticle interface (Fig. 7). Based on previous reports on the
Au-GSH structure, several conformations of the ligand were
explored.50 The structural analysis of the optimized models
shows that modifying the metal in the monomeric staple model
leads to minor changes in structure, mainly inuencing sulfur–
metal distances and non-covalent interactions of the ligand
chain (Fig. S7†).

Time-dependent density functional theory (TD-DFT) calcu-
lations were conducted to provide further insights into the CD
spectra of the Au-GSH, Ag-GSH, and Cu-GSH systems. The
calculated CD and UV-Vis absorption spectra were divided into
four color regions, namely yellow, cyan, magenta, and green
(Fig. 8). The regions were colored in accordance with the sign
changes of the rotatory strength. In certain instances, the
maximum intensity observed in the absorption spectrum is
indicative of a change in sign in the CD spectrum. This
phenomenon can be observed, for example, in the absorption
band at 310 nm in the spectrum of the Ag-GSH model. The
position and amplitude of the Cotton effect are unique char-
acteristics of each chiral system, resulting from the presence of
chromophores that exhibit n / p* and p / p* transi-
tions.141,142 In consequence, the CD spectra of the Au-GSH, Ag-
GSH, and Cu-GSH systems evince notable similarities, given
that the chromophore groups are identical. However, the effect
of the metal is represented as a shi to lower wavelengths in
both the green and magenta regions, where the Cu-GSH system
exhibits a shi of approximately 50 nm compared to the Au-GSH
system. The results for Au and Ag are more analogous to those
for Cu, given that these metals possess comparable atomic
radii.139 Finally, a comparison of the theoretical and experi-
mental CD spectra of Au-GSH, Ag-GSH, and Cu-GSH shows
a satisfactory level of agreement between them (Fig. S8†).

The electron transitions exhibiting the highest rotatory
strength were selected. The transition density T(r) reveals the
region of the electron–hole coherence of an excitation.95 A
comparative analysis of the T(r) isosurface maps for the Au-
GSH, Ag-GSH, and Cu-GSH models reveals similarities
(Fig. S9–S11 in the ESI†). The green, magenta, and cyan regions,
which span the wavelength range from 260 to 400 nm, are
indicative of a T(r) distribution in themetal and sulfur atoms. In
Nanoscale Adv., 2025, 7, 2648–2662 | 2657
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Fig. 8 Effect of metal on the UV-Vis absorption (top panel) and circular dichroism (CD) spectra (bottom panel) for interface motifs. (a) Au-GSH,
(b) Ag-GSH, (c) Cu-GSH. The spectra are divided into four distinct zones, each identified with a different color, which correspond to the CD
signals.
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contrast, the yellow region (210 to 260 nm) demonstrates amore
diverse contribution of the structure, with T(r) distributed at the
metal atoms and the chromophore groups of cysteine and
glycine.

Furthermore, an analysis of natural transition orbitals
(NTOs) was conducted for the most signicant excitations of the
Au-GSH interface model (Fig. 9). NTOs are typically more
convenient than canonical Kohn–Sham orbitals, especially
when many amplitudes are involved in a transition.95 In the
green region, the two transitions with the highest rotatory
strength (3.43 and 3.80 eV) consist of a donor orbital (hole)
situated in the Au–S staple and an acceptor orbital (electron)
Fig. 9 Natural transition orbitals (NTOs) for electron transitions with
amplitudes (in percentage) and energies (in eV) are displayed, withmatchi
represented in blue and pink with an isovalue of 0.05 a.u.

2658 | Nanoscale Adv., 2025, 7, 2648–2662
primarily located in the metal atoms. In the magenta region
(3.95 and 4.00 eV), the hole isosurface is a p-type orbital of the
glycine carboxylate and peptide bond, while the electron iso-
surface distribution is on Au atoms. These transitions can be
described as ligand-to-metal charge transfer (LMCT). In the
cyan region (4.50 and 4.62 eV), the hole orbital demonstrates
a p-type contribution from the carboxylate groups of glycine
and glutamate, while the electron orbital is associated with the
Au–S interface. This behavior can also be described as a LMCT
process. In the yellow region, electron transitions involving Au–
S atoms are still observed at 5.24 eV. At higher energies, the
ligand-to-ligand charge transfer (LLCT) process with a p-type
the highest rotatory strength of the Au-GSH interface model. The
ng colors and arrows to the CD signals in Fig. 8. The phases of NTOs are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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character is observed. A similar pattern is noted in the electron
transitions of the Ag-GSH and Cu-GSH systems (Fig. S12 and
S13†).

Overall, the staple motif provides a prole of the CD spec-
trum similar to the experiment. This model is responsible for
the CD signals between 260 and 400 nm. The effect of the metal
on the CD spectrum is a shi to lower wavelengths in the
electronic transitions, especially when comparing the Au-GSH
and Cu-GSH systems. The color-coded CD spectrum shows
that LMCT excited states are primarily contributed by the Au
and S atoms. In the magenta and cyan regions (260–325 nm),
there are contributions from LMCT transitions where the ligand
orbitals are p-type (from carboxylate groups and peptide bond).
Finally, ligand-to-ligand charge transfer (more precisely p/p*

transitions) occur at about 210 nm in the spectrum.

4 Conclusions

Here, gold, silver, and copper nanoparticles were synthesized by
a green and facile method and functionalized with le and right
glutathione enantiomers (L-GSH and D-GSH, respectively) to
explore the mechanisms of chirality transfer observed by the
emergent optical activity in the three cases. The three different
bare metal nanoparticles, originally achiral, exhibited circular
dichroism signal upon ligand conjugation, with peaks at
wavelengths above 230 nm (maximum wavelength for free
glutathione), displaying mirror spectra for each Met-GSH
enantiomer, and below 400 nm, in contrast to the so-called
gold thiolate-monolayer protected clusters (MPCs). The energy
range that shows signal (2.6–6 eV) indicates that the observed
chiroptical activity is reigned in all three cases by the metal–
ligand interface. This hypothesis was supported by TD-DFT
calculations using as model an interface motif which deliv-
ered spectra in qualitative agreement with the experimental
results. Additionally, it was determined that the majority of
transitions observed in the CD spectrum involve metal and S
atoms through LMCT excited states. Some transitions involving
the ligand comprise groups with p electrons, including
carboxylate and peptide bonds.

In a comparison of the optical and chiroptical properties
observed for Met-GSH NPs with well-studied MPCs, we found
that our GSH-functionalized NPs bare resemblance in optical
absorption and circular dichroism ellipticity to well-dened
closed shell structures in the UV energy regime but consis-
tently differ for lower energies, lacking optical activity below
2.6 eV. This behaviour seems to be distinctive of the size regime
in which our nanoparticles are found, an intermediate between
GSH-protected nanoclusters and larger, plasmonic nano-
particles, and might be a consequence of a partial coverage of
the metal core by the molecular adsorbates related to a variation
from the conventional metal : ligand ratios.

In contrast to previously reported nanoparticles of the same
size functionalized with cysteine,71 Met-GSH NPs showed vari-
ations originating from the two adjacent amino acids that
constitute the tripeptide, demonstrating that for this size
regime, differences in the molecular chain of thiolate ligands
result in differences in chiroptical behavior (particularly
© 2025 The Author(s). Published by the Royal Society of Chemistry
inversion of optical activity for silver NPs), contrary to what has
been observed for clusters protected by thiolate monolayers.
Variations among Met-GSH CD spectra are attributed to the
subtle differences in adsorption conguration of the ligand in
the three different metal surfaces, evidenced by XPS and FTIR
spectra: Ag-GSH NPs showed a low-proportion second
anchoring site through the nitrogen atom of the amide group,
which is located in proximity to the thiol group (rst anchoring
point for all three Met-GSH NPs) and therefore does not inter-
fere with densely packing of Y-shaped glutathione molecules on
the silver surface. Such bidentate anchoring, although in
a small proportion, could be partially the reason behind the
higher anisotropy factor displayed by Ag-GSH NPs.

Copper nanoparticles presented a similar response to func-
tionalization with GSH than Au NPs, conrming recent ndings
that copper competes with gold in stability for metal–thiolated
interactions.

Metal–ligand interactions also determine the supramolec-
ular hydrogen bonding assembly, which in turn denes the
overall chiroptical response of each conjugated system. The
exact structure of such a network was not concluded and it is
material for future work, although FTIR and CD results
combined suggests that a beta-sheet kind of array cannot be
discarded.

The optical properties of coinage metal nanoparticles in
interaction with their environment makes them appealing for
chirality-related sensing applications.8 On the other hand,
glutathione is a chiral tripeptide with multiple physiological
functions. Combined, Met-GSH NPs present synergistic prop-
erties that merit detailed exploration. Attainment of a fully
understanding of glutathione-metal nanoparticles diverse
conjugated systems paves the way for tailoring their chiroptical
properties as well as other structural properties that are
intrinsically related with their chirality, and in this manner to
achieve better performance in applications such as chiral
biomedicine.
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