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The functionalization of gold nanoclusters (AuNCs) with peptides offers a promising strategy for tuning their
electronic and optical properties, making them suitable for applications in bioimaging, sensing, and
photodynamic therapy. However, the influence of peptide structure, charge state, and length on ligand-to-
metal charge transfer (LMCT) and electronic transitions is not yet fully comprehended. In this study, we
employ density functional theory (DFT) calculations to systematically investigate the role of linear and cyclic
peptides in modulating the optical and electronic properties of AuNCs. In addition, interfragment charge
transfer (IFCT) analysis is performed to quantify the charge redistribution between the peptide ligands and
the AUNC core. Our findings reveal that zwitterionic peptides exhibit the most significant LMCT, leading to
red-shifted absorption peaks and enhanced charge delocalization, while canonical and cyclic peptides
display more localized electronic states with reduced charge transfer. Moreover, longer peptide chains,
particularly in zwitterionic forms, facilitate increased electronic coupling with the AuNC core, amplifying
their optical response. Despite variations in the peptide structure, the AUNC core remains structurally stable,
ensuring consistent ligand—core electronic interactions. The IFCT results further confirm that peptide length
and structural forms strongly influence charge transfer dynamics, with tetrapeptides exhibiting greater
charge redistribution compared to tripeptides. These insights provide a fundamental foundation for the
rational design of peptide-functionalized AuNCs with tailored optical and electronic properties. The ability to
fine-tune the peptide structure to optimize charge transfer makes these nanoclusters highly promising for
biomedical applications, including fluorescence imaging, targeted drug delivery, and molecular sensing. This
study advances our understanding of the interactions between peptides and AuNCs and provides the basis
for future experimental validation and application-driven modifications.
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through surface ligand modifications, a key factor in opti-
mizing their performance in biomedical applications.

The physicochemical properties and reactivity of AuNCs are
highly sensitive to their ligand environment. Various ligand-

1 Introduction

Gold nanoclusters (AuNCs) have emerged as a unique class of
nanomaterials due to their exceptional quantum size effects,

which impart distinct optical and electronic properties, making
them highly promising for bioimaging, sensing, and thera-
peutic applications." Unlike larger gold nanoparticles,>® AuNCs,
typically smaller than 2 nm, lack surface plasmon resonance
but exhibit tunable fluorescence, high biocompatibility, and
excellent stability in physiological environments, making them
particularly advantageous for biomedical applications.” In
addition, their physicochemical properties, such as efficient
renal clearance and extended blood circulation, further
enhance their suitability for drug delivery and therapeutic
interventions. The fluorescence of AuNCs can be fine-tuned
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exchange strategies have been explored to alter the structural
and optical properties of AuNCs.*® Among thiolate-protected
AuNCs, such as Au,(SR),, ligand-dependent structural trans-
formations have been observed, directly influencing their elec-
tronic properties.'® The nature of thiolate ligands plays a crucial
role in determining the stability and optical characteristics of
AuNCs."** A well-known example is Au;(SP)g, which consists
of a tetrahedral Au, core stabilized by two trimeric Au; motifs,
forming a core-shell-like structure.**** This structural organi-
zation dictates that the optical and electronic transitions of
AuNCs arise from interactions between the AuNC core and the
ligand shell. Peptide-functionalized AuNCs, particularly those
stabilized with cysteine (Cys), have attracted interest due to
their biocompatibility, tunability, and ability to enhance fluo-
rescence intensity when functionalized with amino acids such
as methionine (M), tyrosine (Y) and leucine (L).**"
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The functionalization of AuNCs with peptides provides an
opportunity to modulate their electronic and optical properties
through charge transfer interactions between peptide ligands
and the AuNC core.*® Peptide-based ligands introduce electron-
rich functional groups (e.g., thiol, carboxyl, and amine groups),
which influence the ligand-to-metal charge transfer (LMCT) and
alter the fluorescence behavior of AuNCs. Despite advances in
peptide-functionalized AuNCs, challenges remain, including
low quantum yield and susceptibility to enzymatic degradation,
which limit their practical application in bioimaging and
sensing." > While linear peptides offer greater flexibility, they
often suffer from low stability and bioavailability. In contrast,
cyclic peptides exhibit greater resistance to enzymatic degra-
dation, enhanced affinity for molecular targets, and greater
structural rigidity, making them attractive for nanoparticle
functionalization.”**® Despite these advantages, a direct
comparative investigation of linear vs. cyclic peptides in AuNC
functionalization remains limited, necessitating further explo-
ration of their impact on AuNC properties.

In this study, we employ time-dependent density functional
theory (TD-DFT) calculations to investigate how peptide charge
states, sequence variations, and structural forms (linear vs. cyclic)
influence the electronic and optical properties of peptide-
functionalized AuNCs. A small thiolate-coordinated Au;(SR)s
cluster (Fig. 1) is used as a representative system to reduce
computational complexity. The study systematically examines (i)
the effect of different amino acid sequences (CMM, CYY, CLL, CFF,
CWW, CAA, and CKK), (ii) the influence of peptide charge states
(zwitterionic vs. canonical) and (iii) comparisons between linear
and cyclic peptides with identical sequences. The optical absorp-
tion spectra are calculated using TD-DFT, while interfragment
charge transfer (IFCT) analysis is employed to evaluate the charge
transfer dynamics between peptide ligands and the AuNC core.
The results provide new insights into the structure-function rela-
tionships of peptide-functionalized AuNCs, guiding the rational
design of NCs with customized optical and electronic properties.

2 Computational methodology
2.1 Structure and optimization

The AuNC model investigated in this study consists of ten gold
atoms and adopts a structural morphology consistent with the
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highly stable Au,(SR)g cluster, as reported by Liu et al.** This
model comprises a tetrahedral Au, core, stabilized by two
trimeric Au; staple motifs -[SR-Au-SR-Au-SR-Au-SR]-. To
construct peptide-modified AuNCs, cysteine residues were used
as anchoring sites via their thiol (-SH) functional groups,
enabling covalent attachment to the AuNC surface. A total of
seven Au;(SR)s (R = peptide) systems were modeled with the
following peptide sequences: CAA, CLL, CFF, CYY, CKK, CMM,
and CWW, with CYY serving as a reference system. Their
structures are as illustrated in Fig. 2. Additionally, cyclic peptide
analogs ¢(CAA), ¢(CLL), ¢(CFF), ¢(CYY), ¢(CKK), ¢(CMM), and
¢(CWW) were included to assess the impact of peptide topology
on the electronic and optical properties. These specific peptide
sequences were chosen due to their availability in experimental
studies, allowing a direct comparison between computational
predictions and measured optical properties.”” Furthermore,
the study of a single ligand modification on the AuNC surface
serves as a representative model to understand the broader
impact of peptide functionalization on the electronic and
optical properties of AuNC clusters. Previous studies®” have
demonstrated that ligand-induced modifications primarily
influence the surface electronic structure and charge distribu-
tion of AuNCs, which in turn dictate their optical absorption
characteristics. Therefore, the findings of this work can be
extrapolated to more complex systems with multiple ligand
modifications. To further examine the influence of the length of
the peptide, the extended peptide sequences CAAA, CLLL, CFFF,
CYYY, CKKK, CMMM, and CWWW, along with their cyclic
counterparts c¢(CAAA), c¢(CLLL), c(CFFF), c(CYYY), c(CKKK),
¢(CMMM), and ¢(CWWW), were incorporated into the study.
The Au,o(SR)s model represents the smallest thiolate-
protected AuNC allowing systematic modification with diverse
ligands while maintaining computational efficiency. Structural
optimizations were performed using DFT with the Coulomb
attenuated hybrid Becke three-parameter Lee-Yang-Parr (CAM-
B3LYP) functional,® which is suited for describing long-range
interactions critical for accurately modeling charge transfer and
electronic transitions in ligand-protected metal clusters. CAM-
B3LYP was chosen for its ability to accurately describe charge
transfer excitations and maintain consistency in ground- and
excited-state calculations. Its suitability has been demonstrated in
peptide-gold systems.”” Given the small size and rigidity of

Au, (SH),-Cysteine

Fig.1 Schematic representation of the structural composition of the Au;o(SH)g nanocluster. The tetrahedral Auy, core is stabilized by two trimeric
Ausz motifs, forming a compact and stable gold framework. A cysteine ligand introduces a thiol (-SH) functional group, which coordinates to the
gold surface, leading to the formation of a cysteine-functionalized AuUNC. Atomic species are color-coded for clarity: gold (Au, yellow), sulfur (S,
orange), carbon (C, cyan), nitrogen (N, blue), oxygen (O, red), and hydrogen (H, white).
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Fig.2 Chemical structures and amino acid sequences of the zwitterionic forms of seven different linear and cyclic peptides: CAA, CLL, CFF, CYY,

CKK, CMM, and CWW for linear peptides, and c(CAA), c(CLL), c(CFF),

Auy,(SR)g nanoclusters, especially when using scalar relativistic
ECPs such as LANL2DZ, the influence of the functional on core
geometry is minimal. Although CAM-B3LYP lacks explicit
dispersion correction, its use is justified for compact AuNC
systems where the core structure is stabilized by strong Au-S and
Au-Au interactions. Previous studies have shown that dispersion
effects minimally impact geometry or charge transfer in similar
gold-ligand nanoclusters with short covalently anchored
ligands.***' Thus, the trends observed in this work are expected to
remain reliable without DFT-D3 correction. A mixed basis set
approach was adopted to balance computational cost and accu-
racy, applying the 6-31G(d) basis set* for C, H, O, S and N atoms
to adequately describe valence electron interactions while
ensuring reliable geometry optimization. For Au atoms, the set of
LANL2DZ effective core potential basis set®® was employed to
account for relativistic effects, which are essential to accurately
capture the electronic structure of heavy elements. Geometry
optimizations were performed without symmetry constraints to
ensure unbiased determination of equilibrium structures, allow-
ing a more realistic representation of ligand-induced distortions.

2.2 Time-dependent density functional theory calculations

The excited-state properties of peptide-functionalized AuNCs
were investigated using TD-DFT within the vertical excitation

© 2025 The Author(s). Published by the Royal Society of Chemistry

c(CYY), c(CKK),

c(CMM), and c(CWW) for their cyclic counterparts.

approximation, as implemented by Gaussian16.** To maintain
consistency with the ground state calculations, the functional
CAM-B3LYP*® was used, which provides reliable predictions of
charge transfer excitations. The 6-31G(d) basis set was used for
non-metal atoms, while the LANL2DZ basis set was applied to
Au atoms. Spin-orbit coupling (SOC) was not included due to
the use of scalar-relativistic ECPs; however, prior studies have
shown that SOC induces only minor spectral shifts and does not
significantly affect the overall optical trends.*® To accurately
capture electronic transitions associated with peptide moieties
in the 200-300 nm region,*® a total of 100 excited states (Rseates =
100) were included in TD-DFT calculations. To isolate the
intrinsic effects of the peptide structure and charge state, all
calculations were performed in vacuum. Although solvent
environments can shift absolute excitation energies, previous
studies have shown that key trends in LMCT and charge transfer
remain consistent, supporting the validity of vacuum phase
modeling for comparative analysis®***° The predicted UV-vis
absorption spectra were generated by convoluting transition
energies and oscillator strengths with a Gaussian broadening
factor of 0.15 eV to simulate experimental spectral line shapes.
The molar absorption coefficient (¢) was plotted as a function of
the excitation wavelength (1) in nanometers, following a stan-
dard approach using Gaussian distributions.” To further

Nanoscale Adv., 2025, 7, 4367-4380 | 4369
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analyze the electronic structure, molecular orbitals were visu-
alized using Multiwfn (version 3.8)* and Visual Molecular
Dynamics (VMD) (version 1.9.3).*

2.3 Interfragment charge transfer analysis

To quantify electronic charge redistribution between the Au
core and the peptide ligands, IFCT analysis was performed
using Multiwfn (version 3.8).**** This method allows the elec-
tronic system to be decomposed into distinct fragments,
providing information on LMCT and metal-to-ligand charge
transfer (MLCT) contributions. For IFCT calculations, the
nanocluster was divided into two fragments: (i) the tetrahedral
Au, core, serving as the primary electron acceptor, and (ii) the
thiolate-protected peptide ligands, acting as electron donors.
The transition densities obtained from the TD-DFT calculations
were used as input to determine fragment-based Mulliken and
Loéwdin population charges for each electronic excitation. The
extent of charge transfer was quantified by integrating the
transition density matrix between the acceptor (Au core) and
donor (peptide-functionalized ligand shell) fragments.

To gain deeper insights into charge delocalization effects, we
generated difference density plots of key excited states using
Multiwfn and visualized them in VMD (version 1.9.3).*> This
analysis allowed us to assess the impact of the charge state,
sequence, and topology of the peptide on electronic interactions
within the AuNC system. The results provide a detailed under-
standing of how peptide modifications influence charge trans-
fer mechanisms, shedding light on the structure-property
relationships of peptide-functionalized AuNCs.

3 Results and discussion
3.1 Structural validation of gold nanocluster

Validating the structural stability of small thiolate protected
AuNCs, such as Au,(SR)s, is crucial to ensuring the reliability of
computational models and their agreement with experimental
data. DFT has been widely applied to predict the structures of
various AuNCs, often yielding results that align closely with
experimental findings from X-ray diffraction and UV-vis
spectroscopy.***® However, despite extensive theoretical inves-
tigations, Au,o(SH)s remains less explored due to the limited
availability of experimental data. To address this, we performed
DFT calculations to validate the structure of Au,o(SH)s, using
hydrogen (-H) as a model ligand replacement. The optimized
geometry consists of a tetrahedral Au, core stabilized by two
staple motifs (2 x [SR-Au-SR-Au-SR-Au-SR]), consistent with
previous structural analyzes of thiolate-protected AuNCs.** To
further evaluate the computational model, we analyzed the
electronic structure and simulated UV-vis spectra, as illustrated
in Fig. 3.

The computed UV-vis spectrum of Au,z(SH)s (Fig. 3(a))
exhibits two dominant absorption peaks at 359.3 and 516.0 nm,
with oscillator strengths of 0.19 and 0.12, respectively. Since
direct experimental data for Au;o(SH)g is not available, we
compared our results with experimental spectra of structurally
similar Au;, nanoclusters protected by different ligands, such
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Fig. 3 (a) UV-vis absorption spectrum of the Au;o(SH)g nanocluster,

with oscillator strengths (f) indicated by green vertical lines. (b) Kohn—
Sham energy diagram of Au;o(SH)g, highlighting two dominant tran-
sitions (vertical arrows). The density of states (DOS) is color-coded to
represent contributions from different atomic orbitals: total DOS
(grey), Au(6s + 6p) (red), Au(5d) (orange), S(3p) (green), and H (cyan).

as Auyo(TBBT),, (ref. 47) and [Auyo(**“™*Bimy)sBr;|Br.*
Experimental data indicate that Au;o(TBBT);, exhibits an
absorption peak at 355 nm, while [Auo(M**“"*Bimy)¢Br;]Br
shows peaks at 366 nm and 474 nm, with a shoulder at 505 nm.
This study isolates the influence of peptide structure, length,
and charge state using a vacuum-phase framework, enabling
consistent comparison of LMCT and optical transitions. While
minor spectral deviations may arise from omitting solvent
effects,?” the preserved relative trends indicate that the peptide-
induced electronic modulation is accurately captured. The
discrepancy between our simulated and experimental UV-vis
spectra highlights the strong influence of ligands on the
optical transitions of AuNCs. While Au,4(SH)s shows a peak at
359 nm, experimental clusters exhibit redshifted features due to
ligand-induced orbital hybridization, charge redistribution, and
enhanced LMCT. Ligands such as TBBT and NHCs stabilize low-
energy transitions, leading to spectral shifts consistent with
previous studies. These results demonstrate that ligand-core
interactions play a critical role in modulating the optical
properties of gold nanoclusters. Despite slight shifts as a result
of ligand differences, our computed absorption peaks are in
close agreement with these experimental trends. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consistency suggests that the computational model accurately
captures the core structure and optical behavior of Au;, nano-
clusters, reinforcing its validity for studying ligand-modified
systems.*®

To further investigate the electronic structure of Au,o(SH)s,
we analyzed Kohn-Sham (KS) energy level diagrams and density
of states (DOS) (Fig. 3(b)). The two primary absorption peaks
correspond to distinct electronic transitions. The peak at
359 nm originates from transitions involving HOMO—-3 and
HOMO-1 to LUMO, with a transition energy of 5.8 eV, while
HOMO-2 has a relatively low contribution, as shown in the
electronic transitions in Table S1 in ESIL.{ This transition mainly
involves electron transfer from the Au(5d) orbitals (orange
region in the DOS plot) to Au(6s + 6p) orbitals (red region). The
second absorption peak at 516 nm corresponds to the transition
from HOMO to LUMO, defining the HOMO-LUMO gap (Eyp) of
4.7 eV. The KS orbitals indicate that HOMO, HOMO—1, and
HOMO-3 are predominantly localized around the gold core
and staple motifs, while LUMO is more delocalized across the
entire Au core. These findings validate the computational
model for predicting the optical properties of thiolate-protected
AuNCs, providing a fundamental reference for ligand-induced
spectral tuning. Given the strong influence of ligand modifica-
tions on charge distribution and absorption properties, we
expanded our investigation to include peptide-functionalized
Au,, nanoclusters to examine how variations in peptide
sequence and topology influence their electronic and optical
properties.

3.2 Optical properties of peptides-functionalized AuNC

The optical properties of AuNCs are highly sensitive to surface
functionalization, particularly when modified by peptides.
Understanding the impact of linear and cyclic peptides on these
properties is essential to tailor AuNCs for bioimaging applica-
tions. Peptide-functionalized AuNCs exhibit distinct optical
behaviors due to differences in peptide structure, sequence, and
bonding interactions with the Au core. In this section, we
investigate the effects of linear and cyclic tripeptide ligands on
the optical properties of AuNCs, focusing on structural stability
and implications for optical absorption.

Ligand-induced structural distortions play a crucial role in
modulating the optical properties of AuNC.>” To assess the
impact of peptide functionalization, we examine the key bond
lengths between the gold core (Aucore), gold surface atoms
(AuUghen), and the sulfur (S) ligands. Fig. 4(a) provides a sche-
matic representation of the Au,o(SH);g nanocluster, highlighting
these critical bonds. The computed structure closely aligns with
the experimental data, yielding a cluster diameter of approxi-
mately 1.25 nm, consistent with previous reports."”” Thiol
binding sites, labeled configuration 1 (Conf. 1) and configura-
tion 2 (Conf. 2), as depicted in Fig. S1, represent possible
anchor positions for peptide ligands. Unless otherwise speci-
fied, all subsequent results correspond to configuration 1.
Fig. 4(b) presents a quantitative comparison of key bond
lengths, including Aucore=AUcore, AUcore=S, and AUghe—S inter-
actions for Au,o(SH)s functionalized with various linear and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic representation of the Auig(SH)g nanocluster,

highlighting key bond interactions classified into three types: Aucore—
AUcore, AUcore—S, and Aughey—S. Hydrogen atoms are omitted for clarity.
Sulfur atoms labeled 1 and 2 represent anchoring sites for thiol bonds,
corresponding to configurations 1 and 2. (b) Bond length comparison
of linear (red symbols) and cyclic (black symbols) peptide-function-
alized Au1p(SH); nanoclusters for 14 different peptides: CAA, CLL, CFF,
CYY, CKK, CMM, CWW, and their cyclic counterparts c(CAA), c(CLL),
c(CFF), c(CYY), c(CKK), c(CMM), and c(CWW).

Table 1 Average bond lengths (nm) of Aujo(SH); nanoclusters func-
tionalized with different peptides

Average bond length (nm)

Peptides AUcore=AUcore AUcore=S Aughen-S
CAA 2.80 2.48 2.38
CLL 2.81 2.49 2.40
CFF 2.82 2.50 2.41
CYY 2.82 2.49 2.40
CKK 2.84 2.50 2.42
CMM 2.80 2.48 2.39
CWW 2.81 2.48 2.40
c(CAa) 2.79 2.47 2.39
¢(CLL) 2.79 2.47 2.39
¢(CFF) 2.80 2.47 2.39
¢(CYY) 2.69 2.27 2.40
¢(CKK) 2.79 2.47 2.39
c(CMM) 2.83 2.49 2.42
c(CWW) 2.80 2.47 2.39
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cyclic tripeptides. These values, summarized in Table 1, provide
insight into the relationship between structural modifications
and electronic behavior.

Among functionalized systems, Au,;(SH),c(CYY) exhibits
significantly shorter Aucore=AUcore and Aucore—S bond lengths
compared to its linear counterpart. This suggests enhanced
structural compactness and stronger metallic bonding within
the core, which is expected to influence electronic transitions
and absorption properties. In contrast, configuration 2
(Fig. s2t) shows a less pronounced difference between linear
and cyclic peptides, indicating that peptide-induced modifica-
tions are configuration dependent. The optimized structures
shown in Fig. S31 further confirm that Au,,(SH),c(CYY) main-
tains a tetrahedral Ty symmetry for Aucee, reinforcing the
tightly packed nature of the cyclic peptides. These results
indicate that due to their rigid and compact structures, cyclic
peptides may significantly influence the electronic and optical
characteristics of ligand-stabilized nanoclusters.

The UV-vis absorption spectra of peptide-functionalized
AuNCs are presented in Fig. 5, with additional simulated
spectra for other systems provided in Fig. S4.7 This comparison
highlights the influence of the conformation of the peptide
(linear vs. cyclic) and protonation states (zwitterionic vs.
canonical), which are known to vary depending on environ-
mental conditions.” These spectral variations provide key
insights into how structural modifications impact electronic
transitions and optical behavior. As illustrated in Fig. 5(a), the
absorption spectra reveal distinct differences between AuNCs
functionalized with linear and cyclic CYY peptides. Linear

—
()
-

Linear CYY

—— Cyclic CYY
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300 400 500 600 700 300 400 500 600 700
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Fig. 5 Simulated UV-vis absorption spectra of Aujo(SH);-peptide
nanoclusters functionalized with different peptides. (a) Comparison of
linear CYY, cyclic CYY, and linear canonical CYY peptide-functional-
ized Aujp(SH); nanoclusters. (b) Spectra of Auig(SH); functionalized
with linear tripeptides: CAA, CLL, CFF, CYY, CKK, CMM, and CWW. (c)
Spectra of Aujg(SH); functionalized with cyclic tripeptides: c(CAA),
c(CLL), c(CFF), c(CYY), c(CKK), c(CMM), and c(CWW). (d) Comparison of
Au;o(SH); functionalized with linear canonical tripeptides: canonical
CAA, CLL, CFF, CKK, CMM, and CWW.
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peptides, both in the zwitterionic and canonical forms, exhibit
sharper absorption peaks at 350 and 550 nm. In contrast, cyclic
peptides induce a broader and slightly red-shifted absorption
band around 400 nm, with a shoulder peak appearing near
650 nm. This redshift correlates with the shorter bond lengths
observed in cyclic peptides, which enhance electronic coupling
between the gold core and the ligands, lowering the energy of
the electronic transitions and shifting absorption to longer
wavelengths. The increased delocalization of electronic states in
cyclic peptides, resulting from their constrained structure,
probably contributes to the observed broadening of spectral
features. The spectral shift observed in Fig. 5(a) for tyrosine-
functionalized AuNCs may stem from the aromatic group's -
conjugation, which can enhance charge delocalization and
potentially affect LMCT efficiency. Prior studies have shown
that aromatic ligands promote electronic interactions, often
resulting in redshifted absorption.’**> To assess this, we
analyzed the correlation between Aromatic Fluctuation Index
(FLU), IFCT, and absorption peaks for aromatic (Phe, Tyr, Trp)
and non-aromatic peptides (Fig. S5t). Results show weak
correlations overall. For aromatics, FLU-absorption and FLU-
IFCT correlations were —0.12 and —0.09, respectively. For non-
aromatics, FLU-absorption (0.22) and FLU-IFCT (—0.27) indi-
cate slight trends. These results suggest that aromaticity alone
does not strongly govern LMCT or optical behavior, and other
structural and electronic factors likely dominate.

Fig. 5(b) further explores sequence-dependent effects on
absorption spectra, comparing AuNC functionalized with
different tripeptide ligands (CAA, CLL, CFF, CYY, CKK, CMM
and CWW). Although all peptide sequences exhibit a primary
absorption band near 350 nm, subtle shifts are observed,
particularly in the second peak near 550 nm, which undergoes
a noticeable red-shift compared to the Au,o(SH)s reference
system. This shift is most evident in cyclic peptides (except
¢(CYY)) and linear canonical peptides, as illustrated in Fig. 5(c)
and (d), respectively. These findings suggest that while the
sequence and structure of the peptides (linear vs. cyclic)
contribute to minor variations in the optical response, they do
not drastically alter the fundamental electronic transitions of
Auy(SH)s. Instead, the primary spectral modifications arise
from differences in peptide conformation, electronic coupling,
and ligand-induced structural rearrangements.

3.3 Influence of peptide charge states

In biological environments, the charge state of peptides is
primarily governed by the surrounding pH as protonation and
deprotonation processes occur in both terminal and side-chain
functional groups. These variations lead to different peptide
forms, including zwitterionic, canonical, and neutral states,
each of which can significantly impact the structural and elec-
tronic properties of peptide-functionalized AuNCs. Given the
increasing use of AuNCs in biological applications, including
imaging, sensing, and therapeutic delivery, a detailed under-
standing of how peptide charge states influence the electronic
structure and optical properties is essential for optimizing their
performance. In particular, key electronic interactions between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the peptide ligands and the AuNC core are expected to vary
depending on the charge state of the peptide. To investigate
these effects, we examine the frontier molecular orbitals
(FMOs), the HOMO-LUMO gaps, and the charge transfer
dynamics of peptide-functionalized AuNCs across different
charge states.

Fig. 6 demonstrates the effect of various charge states,
including zwitterionic, canonical, or neutral, of a CYY peptide
on the electronic structure of AuNC, influenced by these
different charge forms of the peptide. Other peptide systems are
depicted in Fig. S6-S12.7 FMO analysis reveals that zwitterionic
peptides exhibit a narrower HOMO-LUMO gap, facilitating
enhanced charge delocalization and LMCT due to their intrinsic
dipole moments.”® In contrast, canonical and neutral peptides
display wider HOMO-LUMO gaps, indicating a more localized
electronic structure with reduced charge transfer. This effect is
further supported by UV-vis spectroscopy, which shows red-
shifted absorption peaks for zwitterionic peptides, suggesting
stronger metal-ligand interactions, whereas canonical and
neutral peptides maintain higher energy transitions due to
weaker electronic coupling.®* Additional studies using X-ray
photoelectron spectroscopy (XPS) and cyclic voltammetry (CV)
further support these observations. XPS measurements indicate
shifts in binding energy, consistent with enhanced electron
density redistribution in zwitterionic peptides, while CV anal-
ysis reveals increased electrochemical activity, reinforcing the
observed charge transfer trends.*® The observed trends align
with charge transfer and electrostatic stabilization mecha-
nisms, where zwitterionic peptides generate strong dipole
moments that enhance electron density distribution across the
ligand and AuNC core, leading to lower excitation energies and
red-shifted optical transitions.*® These findings are consistent
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Table 2 Most intense electronic transitions of six different peptide-
functionalized Au;o(SH); nanocluster structures, including CYY in its
zwitterionic and canonical forms (configurations 1 and 2) and cyclic
c(CYY) (configurations 1 and 2), calculated in vacuum. Only transitions
corresponding to the main absorption peaks are listed

Peptide A (nm) f Transitions (CI%)
Zwitterionic 352.9 0.21 H-12 — L (57.3%)
cYY H-11 — L (17.0%)
(Conf. 1) H-10 — L (11.5%)
547.4 0.10 H-6 — L (94.9%)
Zwitterionic 354.2 0.25 H-12 — L (36.6%)
(046 H-10 — L (35.1%)
(Conf. 2) 548.3 0.12 H-6 — L (94.9%)
Canonical 344.5 0.01 H-7 — L (53.1%)
cYy H-2 — L (20.0%)
(Conf. 1) 545.9 0.10 H — L (96.7%)
Canonical 350.5 0.14 H-7 — L (41.2%)
CYYy
(Conf. 2) 536.6 0.15 H — L (96.5%)
¢(CYY) 399.6 0.08 H—1 — L+2 (43.6%)
(Conf. 1) H-6 — L (14.5%)
H-8 — L (12.0%)
687.0 0.04 H — L+6 (74.8%)
H — L+7 (16.4%)
c(CYY) 354.3 0.22 H—6 — L+2 (45.9%)
(Conf. 2) H-4 — L (21.9%)
553.6 0.12 H — L (96.7%)

Configuration 1
Au,,(SH),CYY (Canonical)

with ligand-induced electronic structure modification theory,
which predicts that ligands with intrinsic charge separation
exhibit stronger electronic hybridization with metal surfaces,
thereby modulating the optical and electronic properties of
AuNCs.”
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Fig.6 FMOs and HOMO-LUMO energy gaps of Au;o(SH);CYY in its zwitterionic, canonical, and cyclic (c(CYY)) peptide forms. The FMOs of the
HOMO and LUMO are shown for configurations 1 and 2, along with the corresponding HOMO-LUMO gaps. Blue and red isosurfaces represent
the positive and negative regions of the orbitals, respectively (isosurface density threshold: 0.03 a.u.). The calculated energy gaps are indicated
for each configuration. Atom color coding: sulfur (orange), gold (yellow), carbon (cyan), nitrogen (blue), oxygen (red), and hydrogen (white).
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Table 2 presents a more detailed comparison of the elec-
tronic transition characteristics of peptide-functionalized
AuNCs, focusing on the impact of zwitterionic, canonical, and
neutral charge states on HOMO-LUMO gaps, oscillator
strengths, and dominant electronic transitions. Additional
details on electronic transition characteristics for other
peptides are provided in Tables S2-S8.1 The data confirm that
zwitterionic peptides exhibit lower HOMO-LUMO gaps, leading
to stronger LMCT and greater charge delocalization. This is
particularly evident in the transition assignments, where zwit-
terionic peptides display highly mixed electronic states with
greater transition densities, facilitating efficient excited-state
charge redistribution. In contrast, canonical and neutral
peptides, with their more localized electronic structures, exhibit
higher-energy transitions and lower oscillator strengths, sug-
gesting weaker electronic coupling between the ligand and Au
core. Notably, transition analysis also reveals differences in the
nature of electronic excitations, discussed in the following
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section. These findings suggest that zwitterionic ligands
contribute to a broader absorption spectrum with enhanced
optical activity, whereas canonical and neutral ligands result in
sharper, blue-shifted transitions due to their more constrained
electronic environments.

Fig. 7 provides deeper insight into the electronic transitions
of peptide-functionalized AuNCs, represented by Kohn-Sham
(KS) orbital energy diagrams and FMOs. The transitions
between key orbitals, denoted by vertical arrows, illustrate the
nature of electronic excitations across different peptide charge
states. In the case of zwitterionic CYY peptides (Fig. 7(a)), the
dominant transitions occur from HOMO—12, HOMO—11, and
HOMO-10 to LUMO, corresponding to d — sp interband
transitions, which contribute to the absorption peak at 353 nm.
Furthermore, a significant HOMO—6 — LUMO transition (sp
— sp intraband transition) gives rise to the absorption peak at
547 nm, aligning with the data in Table 2. These transitions
indicate stronger electronic coupling between the peptide and
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G(“vo
. | ad [} 4
2 e PO e vog 269 ,O"' <
o-¢ VO‘ OOOC s Ty it
o€ '
‘4, 4.
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Fig. 7 Electronic structure and FMOs of Au;(SH);-CYY (configuration 1) nanoclusters with different peptide conformations: (a) linear (zwit-
terionic form) CYY, (b) canonical CYY, and (c) cyclic c(CYY). The energy levels of KS orbitals are shown with corresponding energy values (eV), and
vertical arrows indicate electronic transitions responsible for the observed absorption peaks. The relative contributions of different atomic
orbitals are represented by color-coded lines: red (Au 6s + 6p), blue (Au 5d), green (S 3p), and black (other contributions). Molecular orbitals
(MOs) are illustrated with atom-specific color coding: sulfur (purple), gold (yellow), carbon (cyan), nitrogen (blue), oxygen (red), and hydrogen
(white). Blue and red isosurfaces represent the positive and negative regions of the orbitals, with an isosurface density threshold of 0.03 a.u.
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the AuNC core in the zwitterionic state, leading to greater
charge delocalization and lower excitation energy requirements.

A comparison with canonical CYY peptides (Fig. 7(b)) reveals
subtle shifts in absorption characteristics. Here, electronic
transitions at 345 and 545 nm arise primarily from HOMO—-7
and HOMO-2 to LUMO, as well as HOMO to LUMO transitions,
suggesting that, while charge transfer remains significant, it is
less pronounced than in the zwitterionic state. The effect of
peptide cyclization is even more pronounced in cyclic CYY
peptides, where transitions shift toward longer wavelengths
(Fig. 7(c)). Primary excitations involve HOMO—6 and HOMO—8
(d band) to LUMO, as well as HOMO—1 to LUMO+2 (sp — sp
intraband transition), with additional transitions from HOMO
to LUMO+6 and LUMO+7, resulting in absorption peaks at
400 nm and 647 nm, respectively. The observed red-shift in
absorption for cyclic peptides suggests that structural rigidity
stabilizes molecular orbitals, lowering excitation energies, and
extending the absorption range. This highlights the critical role
of the peptide conformation in modulating the electronic and
optical properties of AuNCs.

The orbital diagrams of KS in Fig. 7 further illustrate the
relative contributions of the atomic orbitals to the FMOs,
highlighting that the gold atoms (orbitals 6s + 6p and 5d
dominate the FMOs in all peptide charge states, consistent with
Fig. S13-S39).f However, the peptide moiety significantly
contributes to both HOMO and LUMO, reinforcing the critical
role of peptide functionalization in modifying the electronic
structure of the nanocluster. This orbital hybridization between
the peptide and the AuNC core introduces new electronic states,
which influence the optical absorption and charge-transfer
mechanisms. In summary, zwitterionic peptides enhance

View Article Online
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charge transfer and electronic delocalization, whereas cyclic
peptides provide structural stability and maintain consistent
molecular orbital configurations. Canonical peptides exhibit
intermediate behavior that balances flexibility and stability.

3.4 Peptide length-dependent optical properties

The length and conformation of the peptide ligands play
a crucial role in modulating the electronic and optical proper-
ties of AuNC functionalized with peptides by influencing the
charge distribution, electronic transitions, and ligand-core
interactions.*® Structural variations in the peptide ligands can
introduce ligand-induced distortions, modify the electronic
environment of the gold core, and alter fundamental optical
properties such as HOMO-LUMO energy gaps and absorption
spectra. These modifications are particularly relevant in
peptide-functionalized AuNCs, where changes in peptide length
impact the metal-ligand hybridization strength, ultimately
determining excited-state behavior and charge-transfer
dynamics. Fig. 8 provides a detailed analysis of these effects,
illustrating how the structure of the peptide affects the length of
the bonds, the HOMO-LUMO gaps, and the shifts of the
absorption peak. The data highlight how the flexibility of the
ligand, charge localization, and electronic excitation energy
influence the peptide-driven tuning of AuNC properties.

Fig. 8(a) presents the variations in the HOMO-LUMO gap
and the positions of absorption peaks of AuNCs functionalized
with different peptides, focusing on the 500-650 nm spectral
region, which is particularly sensitive to subtle structural
changes in the cluster geometry.*** Among the different
peptide structures, cyclic peptides ¢(CYY) and ¢(CYYY) exhibit
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Fig. 8

(a) Correlation between the HOMO-LUMO gap and absorption peak position for Au;o(SH),-peptide nanoclusters functionalized with

various peptides, including linear, canonical, and cyclic configurations. The HOMO-LUMO gap (black circles, left y-axis) and absorption peak
positions (blue squares, right y-axis) are plotted for each peptide, with different peptide sequences and topologies represented by distinct
symbols along the x-axis. (band c) Comparison of average bond lengths in AUNCs for configuration 1 and configuration 2, respectively, showing
AUcore—AUcores AUcore—S, and Aushe—S bond distances for different linear (zwitterionic), canonical, and cyclic peptides.
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the most pronounced red shifts in their absorption peaks, with
maxima at 687 nm and 573 nm, respectively. This substantial
shift suggests that enhanced electronic delocalization and
increased orbital overlap within the ligand play a significant
role in modifying the optical properties. Despite this red shift,
the HOMO-LUMO gap remains relatively unchanged, indi-
cating that the absorption peak shift is primarily driven by
stronger electronic interactions and charge delocalization
rather than a direct reduction in the energy difference between
the HOMO and LUMO. In contrast, linear peptide configura-
tions exhibit lower HOMO-LUMO gaps, with values around
2.6 eV, while the lowest observed gap (~1.8 eV) corresponds to
longer peptide chains. The influence of peptide length on
charge transfer was further examined through linear regression
analysis (Tables S9-S101). A strong inverse correlation was
observed between peptide length and HOMO-LUMO gap,
indicating that longer peptides promote charge delocalization
and enhance electronic coupling with the Au core. Notably,
peptides containing alanine, leucine, methionine, and tyrosine
showed the highest correlations (R*> = 0.98-0.99), while tryp-
tophan shows a weaker correlation (R* = 0.64), implying addi-
tional structural influences. Furthermore, solvent-accessible
surface area (SASA) showed no significant correlation with the
HOMO-LUMO gap (R*> = 0.08, p = 0.15), highlighting that
electronic coupling is primarily governed by direct ligand-metal
interactions. This trend suggests that elongated peptide chains
facilitate charge redistribution, thereby promoting greater
electronic coupling between the ligand and the gold core. These
findings align with previous studies demonstrating that ligand-
induced distortions can significantly alter electronic density
and optical properties by modulating the metal-ligand hybrid-
ization strength.” Furthermore, the correlation analysis, as
shown in the heatmap in Fig. S40,T reveals that configuration 1
exhibits stronger charge transfer-absorption coupling, while
configuration 2 depends more on electronic structure varia-
tions, emphasizing the impact of peptide conformation on
charge delocalization and optical behavior in AuNCs.

Fig. 8(b) and (c) further investigate the structural impact of
peptide ligands on the Au;o(SH),-peptide nanocluster by
analyzing key bond lengths, including Aucore—AUcore; AUcore=S,
and Augpey—S interactions. The results indicate that the average
bond lengths remain relatively stable in the configurations of
linear, canonical, and cyclic peptides, suggesting that variations
in the conformation of the peptide do not induce significant
structural distortions in the Au;o(SR)s core. This high structural
stability implies that, despite differences in the peptide struc-
ture, the overall geometric integrity of the nanocluster is
preserved. The minor bond length variations observed reinforce
the rigidity of the Au-S bonding framework, which helps
maintain a stable core-shell configuration regardless of the
ligand flexibility. The consistent stability of the core aligns with
the absorption spectra trends in Fig. 8(a), where no drastic
changes in optical properties are observed in different peptide
conformations.”® This suggests that the interactions between
the core and the ligand play a more dominant role in the defi-
nition of the optical response than minor geometric variations
in the structure of the peptide. Although electronic interactions
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between peptides and the nanocluster affect charge delocal-
ization and electronic transitions, the fundamental electronic
structure of the Au core remains unaltered.*

3.5 Mechanistic insights into charge transfer

The charge transfer dynamics between the AuNC core and
peptide ligands play a crucial role in determining their elec-
tronic and optical properties. Increased LMCT generally corre-
lates with a decrease in the HOMO-LUMO gap, a trend
commonly observed in metal-ligand charge transfer systems.*
However, a key finding from our study reveals that a reduced
HOMO-LUMO gap does not always lead to red-shifted optical
absorption, indicating that additional structural and orbital
factors play a crucial role in governing spectral shifts. As shown
in Fig. 9, IFCT analysis provides a systematic approach to
segment the nanocluster into distinct fragments, including the
Au core, shell motifs and individual amino acid residues. This
method allows for a detailed evaluation of the charge movement
between these regions during electronic transitions, offering
insight into both the directionality and magnitude of electron
transfer. In zwitterionic forms of tripeptides and tetrapeptides,
charge transfer occurs predominantly between the Au core and
the ligands, with variations in magnitude depending on the
peptide structure. Notably, tetrapeptides exhibit slightly
enhanced charge transfer compared to tripeptides, reflecting
their increased ligand contributions to electronic transitions
and greater electronic delocalization.

A more detailed examination of charge localization reveals
that peptide length and structure strongly influence charge
transfer patterns in peptide-functionalized AuNCs. In tripep-
tides, charge transfer is highly localized, predominantly origi-
nating from the terminal residue to the Au core. This is evident
in zwitterionic CYY, where a significant electron transfer of
0.55689¢™ occurs from Fragment 5 to Fragment 1. In contrast,
tetrapeptides display a more distributed charge transfer, which
involves contributions from additional residues. For example,
in zwitterionic CYYY, a charge transfer of 0.5475e” from Frag-
ment 6 to the Au core highlights the enhanced electronic
delocalization facilitated by the extended peptide chain. The
directional nature of charge transfer, which occurs predomi-
nantly toward the Au core and shell motifs, further underscores
the role of gold atoms as efficient electron acceptors, stabilizing
LMCT. These findings emphasize the critical influence of the
peptide structure and length in modulating charge redistribu-
tion, providing a fundamental framework for designing
peptide-functionalized AuNCs with tunable electronic and
optical properties.

Table 3 presents the net transferred electrons in AuNCs
functionalized with peptides, highlighting variations in LMCT
between different peptide conformations. Among CYY systems,
the zwitterionic form exhibits the highest LMCT, with a signifi-
cant charge transfer of 0.55689¢™ from fragment 5 to fragment
1, indicating a strong electronic coupling between the peptide
ligand and the Au core. This suggests that the terminal residue
plays a dominant role in mediating charge redistribution,
probably due to its high electron density and polar functional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Charge transfer analysis during electron excitation in the zwitterionic forms of (a) Auyo(SH),-tripeptide and (b) Au;(SH),-tetrapeptide,
investigated using interfragment charge transfer. Arrows indicate the direction of charge transfer between molecular fragments. Fragment colors
are coded as follows: (1) AUcore (red), (2) Aughey motifs (orange), (3) cysteine (green), and (4)—-(6) other amino acid residues (cyan, blue, and purple,
respectively).

Table 3 Computed net electron transfer between fragments from the ground state (Sp) to the first excited state (S;) of Au;o(SH),CYY, analyzed
using interfragment charge transfer. Arrows indicate the direction of electron transfer, with negative values corresponding to metal-to-ligand
charge transfer

CYY (zwitterionic) CYY (canonical) c(CYY)

LMCT Conf. 1 Conf. 2 Conf. 1 Conf. 2 Conf. 1 Conf. 2

Fragment, — Fragment, 0.00000 0.00003 0.07783 0.12513 0.00001 0.11805
Fragment; — Fragment; 0.00012 0.00010 0.05205 —0.00463 —0.00024 —0.00077
Fragment, — Fragment, 0.00908 0.00867 0.00000 —0.00049 —0.00051 0.00022
Fragments; — Fragment; 0.55689 0.54267 —0.00028 —0.00007 0.01599 0.00017
Fragment; — Fragment, 0.00009 0.00008 0.03262 —0.01039 —0.00069 —0.00791
Fragment, — Fragment, 0.00680 0.00657 —0.00007 —0.00071 —0.00061 0.00009
Fragment; — Fragment, 0.41747 0.41136 —0.00031 —0.00008 0.01607 0.00011
Fragment, — Fragment; 0.00015 0.00046 —0.00005 —0.00001 —0.01469 0.00001
Fragment; — Fragment; 0.00891 0.02881 —0.00009 0.00000 0.51663 0.00001
Fragments; — Fragment, 0.00037 0.00105 0.00000 0.00000 0.11260 0.00000
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Table 4 Computed net electron transfer between amino acid resi-
dues and the AuNC core in peptide-functionalized AuNCs, analyzed
using interfragment charge transfer from the ground state (Sp) to the
first excited state (S;). The analysis highlights ligand-to-metal charge
transfer (LMCT) contributions, demonstrating how different amino
acid residues influence charge redistribution. Arrows indicate the
electron transfer direction. Results are presented for two peptide-
modified AuNC configurations

So = Sy

Peptide LMCT Conf. 1 Conf. 2

CAA Fragment; — 0.53757 0.53553
Fragment,
Fragment; — 0.42999 0.38751
Fragment,

CLL Fragment; — 0.54346 0.56909
Fragment,
Fragment; — 0.42777 0.38197
Fragment,

CFF Fragment; — 0.55952 0.54425
Fragment,
Fragment; — 0.41256 0.40372
Fragment,

CYy Fragment; — 0.55689 0.54267
Fragment,
Fragment; — 0.41747 0.41136
Fragment,

CKK Fragment; — 0.56618 0.53734
Fragment,
Fragment; — 0.40041 0.39957
Fragment,

CMM Fragment; — 0.54695 0.54941
Fragment,
Fragment; — 0.42618 0.39847
Fragment,

CWwW Fragment; — 0.54464 0.01116
Fragment,
Fragment; — 0.42311 0.00699
Fragment,

CAAA Fragments — 0.54869 0.53491
Fragment,
Fragment, — 0.43308 0.42303
Fragment,

CLLL Fragment, — 0.54062 0.54397
Fragment,
Fragment, — 0.42721 0.40784
Fragment,

CFFF Fragment, — 0.54125 0.55116
Fragment,
Fragment, — 0.43210 0.41603
Fragment,

CYYY Fragment, — 0.54750 0.54208
Fragment,
Fragment, — 0.42227 0.4065
Fragment,

CKKK Fragment, — 0.55428 0.53021
Fragment,
Fragment, — 0.40537 0.40942
Fragment,

CMMM Fragment, — 0.54598 0.53686
Fragment,
Fragment, — 0.41413 0.40378
Fragment,
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Table 4 (Contd.)
So = 51
Peptide LMCT Conf. 1 Conf. 2
CWWW Fragment, — 0.55116 0.45885
Fragment,
Fragment, — 0.41603 0.36242
Fragment,

groups, such as thiols, which enhance charge donation to the
Au core. In contrast, canonical and cyclic CYY configurations
exhibit considerably lower LMCT values, with charge transfer as
low as —0.00028¢ ", indicating weaker electronic interactions
between the ligands and the AuNC core. This trend aligns with
the greater electronic rigidity of canonical and cyclic peptides,
where localized electronic states limit charge delocalization.
The observed differences in charge-transfer behavior suggest
that zwitterionic peptides exhibit superior electronic commu-
nication with the Au core, making them more effective in
modulating optical and electronic properties.

Based on the trends observed in Table 3, Table 4 extends the
charge transfer analysis to tetrapeptides, revealing a strong
correlation between peptide length and LMCT efficiency. The
data demonstrate that longer peptide chains facilitate greater
charge transfer, particularly in zwitterionic forms, due to
increased orbital overlap and electronic delocalization. For
example, CYYY exhibits a high LMCT value of 0.5475e~ (Frag-
ment 6 — Fragment 1), indicating that the additional amino
acid residue enhances the transfer of charge to the Au core. The
presence of multiple electron-donating functional groups in
tetrapeptides contributes to their enhanced ability to stabilize
electronic excitations, reinforcing the role of peptide structure
in modulating charge dynamics. Furthermore, the structural
stability of the AuNC core, as indicated by the bond length data
from previous sections, ensures consistent electronic interac-
tions regardless of peptide length or conformation. This
stability supports the observed LMCT trends, as minor struc-
tural distortions do not significantly impact charge delocaliza-
tion mechanisms. These findings further confirm that
zwitterionic tetrapeptides facilitate enhanced charge transfer
compared to shorter peptides.

Conclusions

This study provides a comprehensive analysis of how the
structure, charge state, and length of the peptide influence the
electronic and optical properties of AuNCs. Our findings
underscore the crucial role of LMCT in modulating the optical
response of peptide-functionalized AuNCs. Specifically, zwit-
terionic peptides exhibit enhanced LMCT, resulting in red-
shifted absorption peaks and greater electronic delocalization,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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whereas canonical and cyclic peptides display more localized
electronic structures with reduced charge transfer efficiency.
The analysis of frontier molecular orbitals (FMOs) and HOMO-
LUMO gaps further confirms that peptide charge states signif-
icantly impact charge transfer dynamics, ultimately affecting
the optoelectronic behavior of AuNCs. Furthermore, this study
reveals that the length and conformation of the peptide play
a critical role in charge-transfer efficiency. Longer peptides,
particularly in their zwitterionic forms, exhibit greater LMCT
due to increased orbital overlap and electronic delocalization,
thereby enhancing their optical response and electronic
coupling with the Au core. These characteristics make them
promising candidates for applications in bioimaging, photo-
dynamic therapy, and molecular sensing. Despite these charge-
transfer variations, the structural stability of the AuNC core
remains largely unaffected across different peptide configura-
tions, ensuring consistent electronic interactions between the
ligands and the nanocluster core. The insights from this study
contribute to the rational design of peptide-functionalized
AuNCs with tunable electronic and optical properties. By
systematically exploring how peptide charge states, lengths, and
conformations modulate charge transfer and electronic inter-
actions, these findings provide a fundamental framework for
engineering peptide-stabilized nanoclusters. These insights
guide the rational design of peptide-functionalized AuNCs and
underscore the need for future experimental studies to validate
ligand effects for precise optical and electronic tuning.
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