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ABSTRACT: The development of theranostic tools for the early
detection and localization of tumors represents a major challenge
in oncology. Among emerging strategies, the targeting of
Programmed Death Ligand-1 (PD-L1), a key immune checkpoint
protein overexpressed in many tumor types, has gained significant
attention. In this work, we report design and development of thera-
nostic gold nanostructures functionalized with PD-L1-targeting
peptides (PTP, sPTP, and rPTP) whose sequences were identified
combining structural analysis of the PD-1/PD-L1 interaction inter-
face and molecular dynamics simulations. This is because the design
of functional nanostructures for protein targeting requires a precise
understanding of how molecular recognition is affected by ligand
 107
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nly by the selection of key residues involved in binding but also
by the evaluation of peptide assemblies to explicitly account for the collective effects governing target recognition. Indeed, beyond
conventional evaluation of protein/single-peptide interaction, peptide clusters and surface-anchored monolayers were investigated
to consider features like peptide assembly, organization, and reduced conformational freedom in the nanostructure/PD-L1 interaction.
Results indicate that peptide sequence and orientation critically determine monolayer organization and accessibility of the PD-L1
binding motif. The computational predictions were experimentally validated by synthesizing peptide-functionalized gold nanostruc-
tures and evaluating their targeting performance against MDA-MB-231 breast cancer cells over-expressing PD-L1, using the sur-
face-enhanced Raman scattering technique: NS functionalized with PTPs achieved the targeting of approximately 85% of
MDA-MB-231 cells at 100 pM nanostructure concentration, compared to 23% for those functionalized with rPTP, demonstrating a
nearly four-fold difference attributable exclusively to peptide orientation on the nanostructure surface. The specific system investigated
in this work establishes a computational framework for the rational design of peptide-functionalized nanostructures, providing insights
into the collective behavior of peptide monolayers and offering a smart methodology that, while demonstrated here for targeting
PD-L1, is in principle applicable to other protein targets.
KEYWORDS: peptide-functionalized nanoparticle, PD-L1, SERS, gold nanoparticle, nanostructures, molecular dynamic simulations
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■ INTRODUCTION robust and adaptable platform in a wide range of biomedical
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The rapid advancement of nanotechnology is reshaping the bio-
medical landscape, enabling innovative strategies for the diagno-
sis, treatment, and prevention of human diseases.1,2 Among the
nanomaterials developed for biomedical applications, gold
nanoparticles (AuNPs) have emerged as one of the most versa-
tile and extensively investigated systems. Their success arises
from their unique combination of physicochemical properties,
including a tunable optical response governed by localized sur-
face plasmon resonance (LSPR), high biocompatibility, chemi-
cal stability in biological environments, and readily engineered
surface chemistry. These features have established AuNPs as a
applications.3–5

In biomedicine, peptide- and antibody-functionalized AuNPs
have demonstrated great potential and broad applicability. They
have been indeed explored for example, as antimicrobial
https://doi.org/10.1021/acsabm.6c01076
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agents,6,7 as carriers for nucleic acid delivery, as contrast agents
for multimodal imaging, and as platforms for biosensing.8–10

In this context, cancer theranostic has emerged as one of the
most promising applications of AuNPs. Their small size and
surface properties enable passive accumulation at tumor sites
through the enhanced permeation and retention effect, while
active targeting can be achieved by functionalizing the nanopar-
ticle surface with ligands selective for tumor-associated molecu-
lar markers. From a diagnostic standpoint, the plasmonic
properties of AuNPs underpin surface-enhanced Raman scatter-
ing (SERS), in which intense electromagnetic field enhance-
ment at nanoscale hot spots amplifies the Raman signals of
reporter molecules by several orders of magnitude, allowing
sensitive and multiplexed detection of tumor cells with a spec-
tral specificity that fluorescence-based methods cannot
match.11,12 From a therapeutic point of view, the strong near-
infrared absorption of gold nanostructures can be exploited
for photothermal therapy, allowing localized heat generation
upon laser irradiation, which selectively destroys tumor cells
while minimizing damage to surrounding healthy tissues.13,14

The integration of these capabilities into a single nanoplatform
defines the theranostic paradigm that has made AuNPs one of
the most actively pursued systems in precision oncology.15,16

In this framework, the development of AuNP-based functional-
ized nanostructures (NSs) to target the immune checkpoint
proteins PD-1 or PD-L1 is a promising strategy in the field of
cancer immunotherapy.17–21 PD-1, an inhibitory receptor
expressed on activated T cells, interacts with its primary ligand,
PD-L1,22,23 which is frequently overexpressed on the surface of
many tumor cells, including non-small cell lung cancer, mela-
noma, triple-negative breast cancer, renal cell carcinoma, and
glioblastoma cells. The interaction between PD-1 and PD-L1
delivers an inhibitory signal to the T cell, leading to a state of
T cell exhaustion, making them ineffective in implementing a
robust antitumor response and allowing cancer cells to evade
immune surveillance and proliferate unchecked.24,25 To this
end, the structural and energetic determinants of the PD-1/
PD-L1 interaction have been extensively investigated through
computational approaches, including molecular dynamics
(MD) simulations, free-energy calculations, and structure-
based design strategies, providing detailed information on the
binding interface and key residues that govern complex stabil-
ity.26–29 Based on these studies, in our previous research, we
have developed NSs constituted by AuNPs functionalized with
chemisorbed peptides capable of targeting PD-L1. The compel-
ling need for the design of ad hoc nanostructures for the target-
ing of PD-1 or PD-L1 is justified by several considerations.
First, the use of monoclonal antibodies, even if it has led to fun-
damental advantages in cancer therapy, targeting PD-1 and PD-
L1 due to their high affinity, prolonged circulation time, and
proven therapeutic efficacy; nevertheless, it has some limita-
tions, such as high production costs, the potential for infusion
reactions, and the risk of generating antidrug antibodies, which
can decrease therapeutic efficacy or trigger an adverse immune
response.30–35 Valid emerging therapeutic alternatives in cancer
immunotherapy are represented by the use of tuned low-
molecular-weight inhibitors such as aptamers,36,37 small mole-
cules such as biaryl compounds,28,38,39 and peptides and pepti-
domimetic molecules.40–48 Their advantages reside in cost-
effective synthesis, chemical tunability, low immunogenicity,
and enhanced tissue penetrations, but at the same time, they
present some challenges and limitations toward clinical
7638
applicability. For example, aptamers are characterized by poor
cellular internalization and susceptibility to nuclease digestion,
which shorten the half-life and, in turn, efficacy. To reduce these
drawbacks, several strategies such chemical modifications36,49

and nanoparticle functionalization50 have been taken into
account. As for small molecules, such as BMS,28,51 their large
potential as inhibitors is limited by the difficulty of targeting
the flat active site of the protein responsible for PD-L1/PD-1
interaction. Targeting peptides40–47 have the advantage of mim-
icking native protein–protein interaction motifs, but they still
exhibit several intrinsic limitations:41–43,52,53 free peptides often
exhibit lower receptor affinity compared to antibodies and are
susceptible to proteolytic degradation, which can limit their
potential.54–57 Therefore, to overcome these drawbacks, nano-
particles (e.g., polymeric or metal nanoparticles, liposomes,
dendrimers) functionalized with peptides can be used.46,47,58

Functionalization of nanoparticles with peptides in the litera-
ture has been shown to serve a dual purpose: it enhances the
stability of the peptides, protects them from degradation, and
increases the local concentration of peptides, thus favoring sig-
nificantly cooperative binding and avidity while improving affin-
ity to the target receptor.59 Furthermore, as explained above,
the use of AuNPs has the further advantage of being exploited
as SERS-active nanostructures for rapid verification of tumor
cell targeting, as demonstrated in recent years.43,60–62

However, the building up of peptide-functionalized nanoparti-
cles requires an optimization rational strategy. More in detail,
for example, we previously developed gold nanostructures that
carry by chemisorption a peptide capable of interacting with
PD-L1. The peptide, called CLP002, identified by bacterial sur-
face display methods, exhibits high affinity for the target (Kd ≈
0.4 μM).63 Experimental studies carried out with gold nano-
structures functionalized with CLP002 or its scrambled
sequence have provided important information, highlighting
the critical role of the peptide sequence, the spacer design,
and the complex network of intermolecular interactions formed
after surface immobilization. MD simulations proved essential
in rationalizing these observations, revealing that peptide assem-
blies arising from interchain interactions significantly influence
both binding efficiency and system stability. In fact, chemical
anchoring of peptides on nanostructures enables precise control
over peptide exposure to the solvent, orientation, and local den-
sity; this means that the targeting efficiency of peptide-
functionalized gold nanostructures is not solely dictated by
the intrinsic affinity of the peptide sequence, but is strongly
influenced by its organization on the nanoparticle surface.60,62,64

These findings emphasize the complexity of designing effec-
tive peptide-based nanotherapeutics and highlight a key unmet
need: the development of predictive computational protocols
capable of guiding the design of peptides before experimental
validation, taking into account not only intrinsic affinity
between peptides and the target, but also the collective behavior
of peptides in their functional, surface-bound state. The pep-
tides designed in this work differ from CLP002 in both origin
and design strategy: while CLP002 was identified by bacterial
surface display and functionalized through a long poly(ethyle-
ne)glycol-based spacer with charged moieties to enhance the
affinity, the PTP and sPTP peptides were rationally engineered
de novo analyzing the PD-1/PD-L1 interaction interface and
were anchored through a short diethylene glycol spacer
(O2oc-Cys; see Table 1). This architectural simplification, com-
bined with the sequence-driven design, represents a conceptual
https://doi.org/10.1021/acsabm.6c01076
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Table 1. Peptides with Linkers and Relative Acronyms Used in the Functionalization of Nanostructures (NSs)

peptide sequencea NS acronyms

PTP Ac-His Leu-Tyr-Glu-Ile-Val-Gln-His-Ile-Gly-Asn-Leu-Arg-Trp-Thr-Ile-O2oc-Cys-NH2 PTP@NS
sPTP Ac-Ile-Gln-Ile-Arg-Glu-Gly-Ile-Leu-Tyr-Asn-Thr-His-Trp-Val-Leu-His-O2oc-Cys-NH2 sPTP@NS
rPTP Ac-Cys-Lys3-Gly2- His Leu-Tyr-Glu-Ile-Val-Gln-His-Ile-Gly-Asn-Leu-Arg-Trp-Thr-Ile-NH2 rPTP@NS

aStandard abbreviation for natural amino acids; Ac: acetyl group; O2oc: –NH(CH2CH2O)2CH2–CO–.
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advance of the present work in relation to previous CLP002-
based nanostructures.

Based on these considerations, in this work, we address this
challenge by designing and synthesizing gold nanostructures
functionalized with de novo engineered PD-L1 targeting pep-
tides with enhanced affinity and theranostic potential. Our
approach relies on a robust computational strategy: amino acid
residues of peptides were selected based on their involvement
in the PD-1/PD-L1 interaction interface, identified through
MD simulations performed starting from the X-ray structure
of the complex. Two peptide sequences were then designed:
His–Leu–Tyr–Glu–Ile–Val–Gln–His–Ile–Gly–Asn–Leu–Arg–
Trp–Thr–Ile and Ile–Gln–Ile–Arg–Glu–Gly–Ile–Leu–Tyr–
Asn–Thr–His–Trp–Val–Leu–His. Although the identification
of key residues involved in the PD-1/PD-L1 recognition has
been previously reported,44,45 the novelty of our approach lies
in the definition of a general protocol that enables the design
of the peptide a priori by linking sequence selection, spatial
organization, and expected interaction mode prior to experi-
mental validation.

To assess peptide affinity for PD-L1, for a first screening,
their interactions were first evaluated by MD simulations in
aqueous solution. Importantly, the proposed strategy accounts
for peptides chemisorbed on the nanoparticle surface, where
they experience similar orientations, high local density with
consequently reduced conformational freedom, and interchain
interactions: these features lead to crowding and partial shield-
ing of functional residues outward.

Based on these considerations, MD simulations were per-
formed on peptide clusters composed of three parallel peptides,
mimicking their arrangement on the nanoparticle surface and
avoiding unrealistic conformations. This approach enables the
evaluation of peptide–PD-L1 interactions under conditions that
closely resemble their operational configuration. In a second
step, MD simulations of PD-L1 interacting with peptide mono-
layers on gold surfaces were carried out, providing a more real-
istic representation of functionalized nanostructures. Finally,
the peptides were synthesized and chemisorbed on AuNPs
forming nanostructures (NSs), and the in vitro targeting of
PTP@NS, sPTP@NS, and rPTP@NS (see Table 1) against
MDA-MB-231 cells over-expressing PD-L1 was evaluated
through SERS, showing strong agreement between experimen-
tal data and computational predictions.

This work establishes a first important step toward an exper-
imentally validated rational design framework for peptide-
functionalized gold nanostructures, explicitly considering pep-
tide assembly, orientation, and surface organization and thus
circumventing the known limitations of the use of peptides as
PD-L1 targeting systems, a procedure generally not considered
in conventional ligand screening approaches. This design
reduces the trial-and-error components and accelerates the
development of theranostic platforms. Although the framework
is validated here on a single target system with three peptide
7639
variants, the underlying protocol is designed to be generalizable
across different peptide sequences and surface-accessible pro-
tein targets.
■ MATERIALS AND METHODS

Molecular Dynamics Simulations

General Protocol. All molecular dynamics (MD) simulations
were performed using the GROMACS 2024 software package.65 The
GROMOS53a6 force field was used, with additional parameters that
describe Au atoms. Parameters for the O2oc spacer were assigned by
analogy with chemically related moieties available within the force field.

Unless otherwise specified, the following simulation protocol was
applied to all systems investigated. The explicit solvent was modeled
using the simple point charge (SPC) water model, and periodic bound-
ary conditions (PBCs) were applied in all three spatial dimensions. All
simulations were performed at the constant pressure and temperature
ensemble (NPT). Energy minimization was first carried out using the
steepest descent algorithm until convergence. The systems were subse-
quently equilibrated for 100 ps at 300 K using a 0.5 fs time step.
Production runs were then conducted with a 2 fs time step. Long-
range electrostatic interactions were treated using the particle mesh
Ewald (PME) method with a real-space cut-off of 1.4 nm.66,67 The
same cut-off (1.4 nm) was applied for van der Waals interactions.
Temperature was controlled using the velocity-rescale thermostat (σT
= 0.6 ps), while pressure was maintained under isotropic conditions
using the C-rescale barostat (τP = 1 ps).68

The starting structures of PD-L1 and PD-1 were those of the crystal
structure of the complex present in the Protein Data Bank (pdb id:
3SBW).

To avoid biases due to the initial structure, all simulated peptides
(see Table 1) were set in the all-trans conformation.

The solvent-accessible surface area (SASA) was calculated using the
GROMACS tool sasa. Interaction energies were evaluated using the
GROMACS energy module. The number of contacts was determined
using a homemade code that counts pairs of atoms with a separation
of less than 0.5 nm. Structural visualization and trajectory inspection
were performed using VMD69 and UCSF Chimera.70

Molecular Dynamics Simulations in Solution. The attractive
region between PD-1 and its ligand was obtained by running two rep-
licas of 100 ns MD simulations of the PD-1/PD-L1 adduct, starting
from the X-ray structure, solvating the simulation box with water mol-
ecules, and adding ions to ensure neutrality and correct ionic strength
(see Table 2).

To analyze the peptide–PD-L1 interaction, a preliminary study was
carried out in solution. To mimic the proximity of PD-L1 to the mono-
layer, a cluster of three parallel peptides was used, in an initial all-trans
conformation, planarly arranged in close contact, with inter-peptide
separation comparable to that present in peptide aggregates in a fully
extended conformation.

At the beginning of all of the simulations, each peptide cluster was
placed at a minimum initial distance of 1 nm from the attractive region
of PD-L1 (Figure S1).

Each system was solvated with explicit water molecules (SPC), and
Na+ and Cl– ions were added (see Table 2) to ensure electroneutrality
and reproduce physiological ionic strength (I = 0.156 M).
https://doi.org/10.1021/acsabm.6c01076
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Table 2. Size of the Boxes, Number of Added H2O Molecules
and Ions in the MD Simulation

system box (nm3) water ions (Na+/Cl–)

PD-1/PD-L1 10 × 10 × 15 47,361 131/126
3 PTP/PD-L1 10 × 10 × 15 47,512 131/126
3 sPTP/PD-L1 10 × 10 × 15 47,523 131/126
3 rPTP/PD-L1 11 × 11 × 23 88,919 200/204

Table 3. Number of Peptides, Size of the Boxes, Number of
Added H2O Molecules and Ions in the MD Simulation

system box (nm3) peptides water ions (Na+/Cl–)

PTP@NS 10.57 × 10.23 × 20.32 78 62,126 195/190
sPTP@NS 10.55 × 10.21 × 20.30 90 60,675 195/190
rPTP@NS 10.29 × 10.19 × 23.00 73 68,402 115/335
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For each peptides/PD-L1 system, 20 independent simulations of
10 ns were performed using different initial velocity distributions.

Molecular Dynamics Simulations on the Gold Surface. As
already reported,43 the model gold surface was constructed by placing
Au atoms in a hexagonal close-packed lattice. The resulting monolayer
was energy-minimized and subsequently restrained using a harmonic
positional constraint (force constant = 10,000 kJ mol–1 nm–2) to pre-
serve surface integrity throughout the simulations.

Peptides were placed initially in all-trans conformation, with their
long axis aligned to the Z-direction (perpendicular to the gold surface)
assuming random positions in the XY-plane and with random rotations
around the Z-axis. The sulfur atom of the terminal cysteine was placed
close (0.294 nm) to the Au layer and restrained, only at the Z coordi-
nate, using a positional constraint (force constant = 10,000 kJ mol–1

nm–2) to mimic the S–Au bond and allow eventual translational
motion.

To prevent artificial relaxation or tilting of the extracellular PD-L1
domains on the peptide monolayer, an angular positional restraint
was introduced.43,62 This constraint was defined using four atoms
approximately aligned along the Z-direction and applied with a force
constant of 500 kJ mol–1 rad–2. This setup preserved the correct orien-
tation of PD-L1 relative to the surface and ensured physiologically sig-
nificant exposure of the interaction interface.

The monolayers were constructed by inserting the maximum num-
ber of peptide molecules compatible with the box dimension, as
detailed in Table 3.

For each monolayer system, two independent simulations of 100 ns
were performed. In simulations involving PD-L1, the monolayer sur-
face was conceptually divided into four quadrants (Figure S2), and
the protein was positioned centrally within each quadrant to sample
different local peptide environments and minimize positional bias.

The simulation parameters and composition of the systems are sum-
marized in Table 3.

Materials and Instrumentation. Unless otherwise specified, all
chemicals were purchased from commercial suppliers and used without
further purification. Fmoc-protected amino acids were obtained from
Merck (Merck KGaA, Inc., Darmstadt, Germany). Rink Amide AM
LL resin (0.35 mmol g–1 loading) and reagents for solid-phase peptide
synthesis were purchased from Merck (Merck KGaA Inc., Darmstadt,
Germany). Rink Amide MBHA resin (0.52 mmol g–1 loading) and
Fmoc-8-amino-3,6-dioxaoctanoic acid (Fmoc-O2oc-OH) were
acquired from Iris Biotech GmbH (Marktredwitz, Baviera, Germany).
Sulforhodamine 101-bis-cysteamide (TR-SH) was used as a SERS
reporter and is from Merck. Bovine serum albumin (BSA) was pur-
chased from Merck. Peptides and conjugates were analyzed by
LC/MS using a 6100 Series Single Quadrupole LC/MS system
(Agilent Technologies, Inc., Santa Clara, CA, USA), which is equipped
with an on-line UV–vis detector (220 and 280 nm) and operated in
positive electrospray ionization (ESI) mode. Separation was achieved
on a Kinetex column (100 × 4.6 mm, 3.5 μm) using a binary gradient
of mobile phase A (0.1% trifluoroacetic acid in water) and mobile
phase B (0.1% trifluoroacetic acid in acetonitrile). Semi-preparative
HPLC purification was performed on a Shimadzu LC-6A (Shimadzu
Corporation, Kyoto, Japan) system equipped with dual pumps, and
UV–vis spectra were recorded on a UV-vis-NIR spectrophotometer
(mod. Cary 5000, Agilent Technologies, Inc., Santa Clara, CA, USA)
using 0.2 or 1 cm quartz cuvettes. Dynamic light scattering (DLS)
and ζ-potential measurements were performed on a Malvern
7640
instrument (mod. Zetasizer Nano-ZS, Malvern Panalytical Ltd.,
Worcestershire, UK) equipped with a 633 nm He–Ne laser. Surface-
enhanced Raman scattering (SERS) spectra were acquired using a
micro-Raman spectrometer (mod. InVia, Renishaw plc., Wotton-
under-Edge, UK) with 633 nm excitation (0.8 mW). Measurements
were made with a 20× objective (1 s acquisition) or a 10× objective
(10 s acquisition) for colloidal solutions.

Synthesis of Peptides and Functionalized
Nanostructures. Peptides were synthesized by Fmoc-based solid-
phase peptide synthesis (SPPS) using an Advanced Chemtech 348 Ω
automated peptide synthesizer. Synthesis was performed on Rink
amide MBHA resin (0.05 mmol scale) or Rink amide AM resin
(0.03 mmol scale). The side-chain protecting groups were as follows:
tert-butyl (Thr, Tyr), tert-butyloxycarbonyl (Trp), trityl (Asn, His,
Cys), and 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl (Pbf)
for Arg. Coupling reactions were carried out in DMF for 45–60 min
using 4 equivalents of Fmoc-protected amino acids activated with
N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)-uronium hexafluoro-
phosphate (HBTU), N-hydroxybenzotriazole (HOBt), and N,N-diiso-
propylethylamine (DIPEA) in a 4:4:12 molar ratio. Fmoc deprotection
was performed using 20% piperidine in DMF (15 + 5 min cycles).
After cleavage of the resin and global deprotection using a
TFA/H2O/TIS/EDT cleavage cocktail (94:2.5:2.5:1, v/v/v/v), crude
peptides were precipitated with cold diethyl ether, collected by centri-
fugation, and purified by semi-preparative HPLC. Purity and identity
were confirmed by analytical HPLC and mass spectrometry
(Figures S3–S5).

Gold nanoparticles (NPs) were synthesized by laser ablation of a
99.9% pure gold target in 10 μM NaCl aqueous solution. Ablation
was performed using a Nd:YAG laser (mod. YG98110E, Quantel
Laser by Lumibird SA, Villejust, France) (1064 nm, 6 ns pulse dura-
tion, 10 Hz repetition rate) at a fluence of 2 J cm–2.71 Transmission
electron microscopy (TEM) analysis (using TEM JEOL F200 instru-
ment, JEOL Ltd, Tokyo, Japan) confirmed the formation of spherical
nanoparticles with an average diameter of approximately 20 nm. The
nanoparticles exhibited a negative ζ-potential (∼ –30 mV), attributed
to partial surface oxidation occurring during plasma formation in the
ablation process, ensuring good colloidal stability. The nanoparticle
concentration (2–5 nM) was determined by fitting the localized surface
plasmon resonance (LSPR) peak centered at 522 nm using boundary
element method (BEM) simulations.72 SERS nanostructures were pre-
pared by adding 5 μL of a 35 μM solution of sulforhodamine 101-bis-
cysteamide (TR-SH) in methanol to 2 mL of the colloidal NP solution.
Aggregation was visually confirmed by a color change from red to dark
violet. The excess reporter was removed by centrifugation (4000 rcf).
They were incubated, to obtain functionalized peptide nanostructures
(NSs), with a millimolar peptide solution for 20 min at room temper-
ature under stirring. Covalent anchoring of peptides to the gold surface
occurred via thiol–gold interactions mediated by the cysteine residue.
Excess peptide was removed by centrifugation (3000 rcf). The number
of peptides per nanoparticle was estimated by measuring the difference
in peptide absorbance before and after functionalization.
Nanostructure hydrodynamic diameter and ζ-potential were measured
by dynamic light scattering, yielding average diameters of ∼160 nm and
ζ-potentials of approximately –20 mV. The extinction spectrum of iso-
lated NPs displayed a sharp LSPR peak at 522 nm, consistent with
∼20 nm spherical particles. Upon aggregation during SERS-NS forma-
tion, this feature broadened and red-shifted toward ∼700 nm, with a
shoulder near 530 nm and decreased extinction beyond 1000 nm,
https://doi.org/10.1021/acsabm.6c01076
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consistent with plasmonic coupling in nanoparticle aggregates. The
spectral fitting indicated aggregates composed of up to ∼10 nanoparti-
cles per structure. Based on electromagnetic simulations, the expected
SERS enhancement factor ranged from 109 to 1010.72 SERS spectra
were dominated by reporter (TR-SH) signals, with characteristic bands
at 1505 and 1649 cm–1 corresponding to C–N and C–C stretching
modes, respectively. These bands were used as spectral markers to con-
firm nanostructure presence during cellular targeting experiments.
Peptide functionalization did not obscure the reporter signal, enabling
detection of nanostructures bound to cell-surface antigens after wash-
ing steps. A representative example of all NS spectra is reported in
Figure S6. The morphology and microstructure of the samples con-
firming the success of the functionalization process were obtained by
TEM analysis. The images were recorded with an accelerating voltage
of 200 kV. A carbon-supported copper grid, 400 mesh size, was used
for preparation of the sample. The results are reported in Figure S7.

In Vitro Targeting. MDA-MB-231 breast cancer cells, which
express a high level of PD-L1, grew in T75 flasks until approximately
80% confluency was reached. Cells were then removed with trypsin,
washed with PBS, and 10,000 cells were seeded in eight-chamber
slides. After a 24 hour incubation period, the cells were incubated with
varying concentrations of NS solutions for a period of 2 hours at 37°C.
After the treatment, the cells were washed twice with phosphate buffer
saline solution and immediately fixed with 2% paraformaldehyde for
one hour, after which they were air-dried.

SERS measurements were conducted using a micro-Raman spec-
trometer with a 20× objective and excitation at 633 nm using a He–
Ne laser. A spectrum was collected for each cell using 10 seconds of
laser irradiation (1 mW on the sample) in a static configuration.
Spectra were recorded at approximately 1500 cm–1, where the two
main peaks of the SERS reporter TR-SH are located. A MATLAB
(MATLAB R2022a, The MathWorks Inc., Natick, MA, USA) code
was used to determine Pearson’s correlation coefficient of each spec-
trum, after subtraction of the spectral background, compared to the
spectrum of the SERS reporter TR-SH. A Pearson correlation coeffi-
cient larger than 0.8 for the spectrum recorded from a cell was consid-
ered indicative of the presence of the NS and, therefore, of successful
targeting of the cell.

■ RESULTS AND DISCUSSION

Molecular Dynamics Calculations

Molecular Dynamics Simulation in the PD-1/PD-L1
Interaction. Extensive research has mapped the key interact-
ing residues, often referred to as ‘active spots’, responsible for
the stability and functional integrity of the PD-1/PD-L1 com-
plex. Furthermore, the importance of a central region called
‘hydrophobic core’ (made up of Tyr56, Met115, Ile116,
Ala121 and Tyr123) in mediating and strengthening this crucial
interaction has been firmly established.51 Our project uses this
knowledge to develop a peptide-based theranostic tool that
competes effectively with PD-1 to bind to PD-L1, allowing
rapid tumor recognition and restoration of T cell activity against
cancer cells.

As described earlier, the starting point is the determination
by MD simulation of the key amino acids of the active spots
of PD-L1 that are those mainly involved in the binding of
PD-1/PD-L1. MD simulation was performed to evaluate how
the interaction found by the crystallographic structure evolves
over time in solution, which is a more realistic starting point
for our study. It should be taken into account that in this inter-
action, instead of considering native PD-1, we considered a var-
iant PD-1 (m-PD-1) whose affinity for PD-L1 is 74000 times
higher than that of native.73–75 As shown in Figure 1, the
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m-PD-1 residues that most frequently contact the PD-L1 active
spots are His64, Val66, His68, Asp77, Thr78, Gly124, Ile126,
Ile132, Gln133, Ile134, Glu136, and Arg139. On this basis, we
designed two peptides: PTP and sPTP (Table 1), whose 16-
residue core reproduces this set of contact residues by residue
type; the explicit residue-to-residue correspondence between
the m-PD-1 contact residue and the peptide sequence is given
in Scheme S1. Because targeting PD-L1 is achieved by a peptide
monolayer and not by an isolated peptide, the design repro-
duces the chemical identity of the contact residues rather than
their exact spatial arrangement, and all except Asp77 are repre-
sented in the core sequence. The remaining positions were
selected to act as spacers and maximize the hydrophobic charac-
ter of the peptides, thereby favoring the interaction with the
hydrophobic active site of PD-L1; in particular, the Trp and
Tyr residues also enable UV–vis quantification of the peptides,
while the presence of a linker (NH(CH2CH2O)2CH2–CO–Cys
or Cys–Lys3–Gly2, see Table 1) allows the chemisorption on
the gold surface and therefore NS functionalization.
Molecular Dynamics Simulation of Peptides and PD-

L1 in Solution. The two proposed peptides PTP and sPTP
carry the PD-1 residues that are more responsible for the inter-
action with the active spots of PD-L1 (such as Leu, Glu, Ile, Gly,
Val Arg, His). As shown in Table 1, these peptides have the
same residues with different primary structures; this is to inves-
tigate the arrangement of the residues to optimize overlap with
the active spots of PD-L1. Furthermore, to investigate the role
of the primary structure in greater detail, a peptide with the
same primary sequence of PTP but carrying the Cys residue
to the N-terminal end (rPTP), which is able to link to the gold
surface in reverse orientation with respect to PTP, has been
studied.
In our systems, peptides are linked to a nanoparticle, and,

most likely, PD-L1 interacts with an assembly of peptides
arranged in a parallel way. To this end, as described above, it
is advisable, in a preliminary step, regarding MD simulation in
solution, to consider the interaction of PD-L1 with a peptide
cluster rather than with a peptide alone.
One key point in the design of nanoparticles that carry pep-

tides is the identification of the suitable linker to the surface. In
previous papers, we attached the peptides to the nanoparticles
by long poly(ethylene) chains and demonstrated the need to
add charged moieties to increase the affinity of the peptides.43,62

In this case, to evaluate the effect of the primary structure only,
we have decided to use short linkers: –NH(CH2CH2O)2CH2–
CO–Cys– for the C-terminal end and –Cys-Lys3-Gly2– for the
N-terminal end of the peptides (see Table 1).
First, we performed MD simulations of PD-L1 and a cluster

of three parallel peptides to mimic the arrangement of the pep-
tides on the surface. It represents an initial screening to evaluate
the performance of the proposed peptides. The rationale for
this choice is physically motivated by the fact that a single pep-
tide in solution retains full conformational freedom and
explores compact and folded structures that do not reflect the
constrained, extended conformations adopted upon surface
immobilization at high local density. As a result of the linkage
to AuNp, peptides are forced to assume the same orientation,
and the cluster configuration enforces interchain contacts and
reduces the amount of accessible conformational space, produc-
ing starting structures that more faithfully represent the opera-
tional state of the peptide on the nanostructure surface. In
https://doi.org/10.1021/acsabm.6c01076
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Figure 1. Bidimensional histogram of the residues in contact between the active region of PD-L1 and m-PD-1. The sidebar of the histogram provides
a quantitative evaluation of the frequency of contacts in the last 20 ns of the MD simulation. In red are the active spots of PD-L1, while in blue, the m-
PD-1 residues that are more in contact with PD-L1 are shown.
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this way, it is possible to evaluate, in a first attempt, at relatively
reduced time costs, the interaction of PD-L1 with a portion of a
monolayer-like system.

During simulations, we examined the energy interaction of
the peptide triplet with the PD-L1 active region. The data
obtained are reported in Figure 2, while snapshots of each trip-
let that interact with the PD-L1 domain are in Figure 3. The
reported energy values represent the averages over 20 indepen-
dent replicas per system; the spread across replicas was consis-
tent within each system, with standard deviations below 15% of
the mean values, confirming the robustness of the relative rank-
ing. As shown in Figure 2A, the interaction energy is approxi-
mately four times stronger for the PTP peptide cluster than
for sPTP, thus indicating that the PTP triplet is more able to
interact with the active spots of PD-L1. At the same time, the
interaction energy of the rPTP assembly with PD-L1 is very
small, suggesting that the peptide orientation (in the case of
the tool that deals with peptides linked to a surface) plays an
important role in the efficacy of NS. It is interesting to note
that, by comparing the data in Figure 2A,B, the main contribu-
tion to the interaction energy is due to the van der Waals one,
suggesting that the peptide interaction probably occurs primar-
ily with the PD-L1 residues of the so-called ‘hydrophobic core’
(see above)51 in the active region.

Indeed, in Figure 3, it is interesting to note that the second-
ary structures and the aggregation among peptides in the three
triplets are different, as well as the interaction with the active
spots of PD-L1. This finding indicates the strong interconnec-
tion among the peptide sequence, the aggregation of the pep-
tide triplet and its interaction with PD-L1.

To our knowledge, this is the first time this type of analysis
has been performed because normally34,46,53,76,77 the interaction
of PD-L1 with a single peptide is performed. In our case, the
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results obtained for the interaction between a single peptide
and PD-L1 in solution, reported in the Supporting
Information (Figure S8), show a reversed ranking with respect
to what is observed for the cluster: sPTP appears to interact
more favorably with the PD-L1 region containing the active
spots, while PTP shows a weaker interaction. This counterintu-
itive result highlights how the conformational ensemble sam-
pled by an isolated peptide in solution poorly represents the
functional state of the peptide on the nanostructure surface
and reinforces the need to adopt a cluster-based model for a
more physically meaningful prediction of target performance
when the peptides are chemisorbed to AuNPs. This approach
can be used as a first rapid screening tool for the evaluation of
the proposed peptide effectiveness, avoiding the need for more
time-consuming MD simulations of the peptide monolayer on
the surface.
Finally, it should be noted that these interaction energies rep-

resent only an estimated binding free energies; these values
would require methods such as MM-PBSA or umbrella sam-
pling, which, however, entail substantial computational cost
and demand significant resources in terms of simulation time
and hardware, limiting their applicability as routine screening
tools in early-stage design workflows. The framework proposed
here is intentionally conceived as a computationally accessible
yet physically meaningful approach, capable of ranking peptide
candidates and identifying dominant interaction modes prior
to experimental validation, without the overhead of exhaustive
free-energy calculations.
Molecular Dynamics Simulation of PD-L1 and

Peptides on the Surface. Simulations were performed on a
peptide monolayer on a gold surface. Because MD simulations
in solution do not adequately describe the systems under inves-
tigation (they do not take into account interactions between
https://doi.org/10.1021/acsabm.6c01076
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Figure 2. Interaction energies (Eint) of PD-L1 with the trimer PTP (blue), sPTP (red), and rPTP (green). (A) Electrostatic plus the vdW contri-
bution. (B) van der Waals contribution only.

Figure 3. Image of binding near the active spots of the PD-L1 (green) and (A) PTP, (B) sPTP, and (C) rPTP trimers (orange). In the peptide
cluster, C is cyan, O is red, N is blue, and S is yellow. PD-L1 is cyan. The images were obtained using VMD software.
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larger numbers of peptides), the first part of the project focused
on analyzing the peptide monolayers to identify any differences
in their structural arrangement.

Two 100 ns replicas were performed for each simulation. As
an example, snapshots of the last frame of one replica of each
simulation are presented in Figure 4.

As can be observed in Figure 4, all peptides display a procliv-
ity to aggregation on the gold surface, but with different fea-
tures. While, for example, PTP@NS shows a compact but not
flat peptide monolayer, sPTP@NS shows a very compact and
uniform peptide layer. At the same time, rPTP@NS shows an
inhomogeneous peptide monolayer. These could be explained
by considering that the three peptides assume different
7643
secondary structures and aggregates, similarly to what is
observed in solution (see above).
This different behavior has been confirmed by calculating the

solvent-accessible surface area (SASA) per peptide (Table 3)
and the number of contacts among the peptides. Results are
shown in Figure 5.
As illustrated in Figure 5A, the solvent-accessible surface area

(SASA) per peptide shows disparate patterns for the peptides.
Notably, a more pronounced reduction in SASA is evident for
the peptide monolayers in sPTP@NS and PTP@NS compared
to the rPTP@NS one. At the same time, the number of contacts
per peptide, shown in Figure 5B, indicates that the peptides in
sPTP@NS interact more strongly with each other than in
https://doi.org/10.1021/acsabm.6c01076
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Figure 4. Images of the last frame of simulation of (A) PTP@NS; (B) sPTP@NS; and (C) rPTP@NS.

Figure 5. (A) SASA and (B) number of contacts per peptide of PTP@NS (blue), sPTP@NS (red), and rPTP@NS (green). The data reported rep-
resent the average of two simulations.
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PTP@NS and rPTP@NS. These data indicate that sPTP pep-
tides form a homogeneous compact structure on the surface
having a greater propensity to aggregate on the surface. It is
interesting to note that in the case of rPTP@NS, SASA is
always the highest, and the number of contacts among peptides
is very low compared to that of sPTP@NS, indicating that this
peptide has a lower tendency to aggregate and there are void
spaces on the surface. This last result is in contrast with that
obtained with PTP@NS, in which the difference is in the orien-
tation of the peptide only. In the case of PTP@NS, we obtain a
much more homogeneous and compact monolayer, even if it is
less than that of sPTP@NS.

This result points out the key role not only of the peptide
primary sequence but also, importantly, of peptide orientation
with respect to the surface in ruling the overall surface morphol-
ogy and characteristics.

Subsequently, MD simulations were performed to evaluate
the interaction between the peptides on NS and PD-L1. To this
end, the simulated surface was ideally divided into four quad-
rants (Figure S1), and the protein was initially placed in the
center of each quadrant. This approach was selected to avoid
any potential bias associated with the initial positioning of
PD-L1 in the simulations.

As shown in Figure 6, in the case of sPTP@NS, there is a
minimal variation in the initial and final positions of PD-L1,
with this protein remaining within the same quadrant
7644
throughout the simulation and no preferential region was iden-
tified; this result may be indicative of a certain degree of non-
specificity in the interaction. On the contrary, in the case of
PTP@NS, the monolayer exhibited a different behavior. In
three of the four quadrants, PD-L1 was observed to migrate
to the same portion of the monolayer over the course of the
simulations, regardless of the initial starting point. This strongly
suggests the presence of a specific binding site and a significant
extent of interaction specificity. Interestingly, in the case of
rPTP@NS, regardless of the starting point, not only there is
no shift from the initial and final positions of PD-L1 (as for
sPTP@NS), but also, it is not able to insert into the monolayer
and instead interact with the monolayer with the lower part of
the binding region, similar to what is found in solution (see
Figure 3C). The very significant reduction in PD-L1 interaction
for rPTP@NS can be rationalized at the structural level by con-
sidering the accessibility of the key binding residues. In PTP,
the C-terminal O2oc-Cys linker anchors the peptide to the gold
surface with functional residues, particularly those that mimic
hydrophobic core contacts (Leu, Tyr, Ile, Val), projected
toward the solvent and available for PD-L1 engagement. In
rPTP, the N-terminal Cys attachment reverses this geometry:
the same residues are buried near the gold surface, while the
C-terminal end is solvent-exposed, but does not carry the func-
tionally relevant contacts. This orientation-dependent shielding
of the binding motif, captured quantitatively by the near-zero
https://doi.org/10.1021/acsabm.6c01076
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Figure 6. Side and top views of the first (red) and last (blue) frames of PD-L1 during MD simulation with (A) PTP@NS; (B) sPTP@NS; and
(C) rPTP@NS monolayers.
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interaction energy and contact map in Figures 7 and 8C, under-
scores that surface-anchoring geometry is as critical a design
parameter as the amino acid sequence itself.

The effectiveness of the interaction has been evaluated by
calculating the interaction energy in terms of electrostatic and
van der Waals contributions (see above) between the active
spots of PD-L1 and each monolayer. As shown in Figure 7A,
the results closely resemble those obtained in solution with pep-
tide assemblies. Also, in this case, this interaction is strongest in
the case of PTP@NS, more than one-half less for sPTP@NS,
while it is almost zero for rPTP@NS. Furthermore, as in this
case, the greater contribution of the interaction energy is due
to van der Waals (Figure 7B).

Evaluation of the number of contacts between peptides in
the NS and the active spots of PD-L1 confirms these findings.
Figure 7. Interaction energies (Eint) of PD-L1 with PTP@NS (blue), rPTP@
contribution. (B) van der Waals contribution only.
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As shown in Figure 8, in fact, the number of contacts between
the active spots of PD-L1 and PTP@NS is higher than the
other two samples, demonstrating a more extensive interac-
tion, which could lead to a better affinity for the target.
Furthermore, it can be observed that, in the case of
PTP@NS, interactions occur with specific residues known to
contribute to the formation of the hydrophobic core at the
active spots of PD-L1 (Tyr56, Met115, Ile116, Ala121, and
Tyr123).51 This finding further validates the successful engi-
neering of the peptide, indicating that the most significant
interactions, those that confer selectivity toward PD-L1, are
indeed these specific interactions.
This result highlights the importance of the sequence and

orientation in pointing out the targeting peptide linked to a sur-
face for protein recognition.
NS (green), and sPTP@NS (red). (A) Electrostatic plus van der Waals
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Figure 8. Number of contacts of PD-L1 active spots with the peptide monolayer in (A) PTP@NS; (B) sPTP@NS, and (C) rPTP@NS in the last
20 ns of MD simulations.
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Subsequently, these results will be compared with the corre-
sponding experimental data.

In Vitro Assay. Following the procedure reported in the
Materials and Methods section, the NSs were prepared and
their targeting activity was tested against MDA-MB-231 cells
over-expressing PD-L1 by means of SERS measurements. As
shown in Figure 9, the highest affinity for PD-L1 was observed
at an NS concentration of 100 pM for PTP@NS (approxi-
mately 85%), while the lowest (23%) was observed for
rPTP@NS.

The results of these experiments corroborate the hypothesis
postulated by the MD simulations and confirm the pivotal role
of the interactions between the PD-L1 active spots and the
monolayer, thus validating the MD simulation approach
employed. It should be noted that the SERS-based targeting
assay provides evaluation of cellular targeting efficiency, that
is, a quantitative assessment of nanostructure association with
PD-L1-expressing cells and should not be interpreted as a direct
measurement, to obtain binding affinity parameters such as Kd
or IC50. In this context, PTP@NS, sPTP@NS, and rPTP@NS
act as an internal control: the three systems share the same gold
nanostructure platform and the same SERS reporter and differ
only in peptide sequence and/or anchoring orientation, so the
markedly different targeting efficiencies observed support the
conclusion that peptide organization and orientation critically
affect PD-L1 recognition. In other words, the use of the scram-
bled sequence sPTP and the reverse-orientation peptide rPTP
as internal controls within the same experimental set provides
Figure 9. Activity of PTP@NS (blue), sPTP@NS (red), and
rPTP@NS(green) for the targeting of MDA-MB-231 over-expressing
PD-L1. The percentage of the cells with a positive target, namely, with
Pearson’s correlation coefficient above the 0.8 threshold, is plotted at a
100 pM concentration of NS incubation.
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a first level of selectivity evaluation. Indeed, this study illustrates
the need to consider both the structural characteristics of the
monolayer and its interactions with the target when developing
high-affinity peptides.
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■ CONCLUSIONS

Immune checkpoint inhibition, particularly targeting PD-L1, is
a key strategy in cancer immunotherapy. In this study, we devel-
oped and characterized gold nanostructures functionalized with
designed peptides targeting PD-L1, using a combined approach
of molecular dynamics simulations and experimental validation.
The amino acid composition of the peptides has been chosen
by individuating the PD-1 residues that interact with the active
spots of PD-L1. Sequences with identical composition but dif-
ferent orientations with respect to the gold surface along with
a scrambled sequence were used to isolate the effects of residue
arrangement and surface feature, thus allowing direct testing of
how sequence organization on the nanostructure influences
functional recognition. The simulations are designed to answer
a specific question: peptides, under conditions that reflect sur-
face immobilization and high local density, maintain accessibil-
ity and persistent contacts with active spots of PD-L1. By
explicitly analyzing the PD-L1/peptides contact regions, bind-
ing persistence, and shielding effects under crowding condi-
tions, the computational framework directly probes the
determinants of effective surface-mediated targeting.
Furthermore, our study underscores the importance of con-

sidering both the peptide sequence design and monolayer orga-
nization in the rational development of a PD-L1-targeting
peptide trimer. It integrates surface-based molecular modeling
to capture the complexity of multivalent and collective
interactions.
In conclusion, this work provides an experimentally validated

approach for the rational design of peptide-functionalized nano-
structures with enhanced immune checkpoint targeting capabil-
ities. By bridging computational modeling with experimental
validation, our approach paves the way for the development of
next-generation peptide-based nanotheranostic platforms, offer-
ing promising avenues for improved cancer treatment strategies.
It should be pointed out that this work provides a valid protocol
to perform rational advances in this field. However, in the exam-
ples considered, further experiments (proteolytic digestions,
peptide stability tests, affinity parameter measurements) should
be taken into account for a fully final experimental validation of
the engineered nanoparticle proposed, which is, however, out of
the scope of this work.
https://doi.org/10.1021/acsabm.6c01076
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