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The immune checkpoint programmed death ligand 1 (PD-L1) protein is expressed by tumor cells and it
suppresses the killer activity of CD8% T-lymphocyte cells binding to the programmed death 1 (PD-1)
protein of these immune cells. Binding to either PD-L1 or PD1 is used for avoiding the inactivation of
CD8* T-lymphocyte cells. We report, for the first time, Au plasmonic nanostructures with surface-
enhanced Raman scattering (SERS) properties (SERS nanostructures) and functionalized with an engin-
eered peptide (CLPO02: Trp-His-Arg-Ser-Tyr-Tyr-Thr-Trp-Asn-Leu-Asn-Thr), which targets PD-L1.
Molecular dynamics calculations are used to describe the interaction of the targeting peptide with PD-L1
in the region where the interaction with PD-1 occurs, showing also the poor targeting activity of a
peptide with the same amino acids, but a scrambled sequence. The results are confirmed experimentally
since a very good targeting activity is observed against the MDA-MB-231 breast adenocarcinoma cancer
cell line, which overexpresses PD-L1. A good activity is observed, in particular, for SERS nanostructures
where the CLP002-engineered peptide is linked to the nanostructure surface with a short charged amino
acid sequence and a long PEG chain. The results show that the functionalized SERS nanostructures show
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1. Introduction

Immunotherapy approaches include advanced strategies for
activating immune responses against tumors. Immune actions
are complex cascades of processes, which start with the reco-
gnition of tumor-associated antigens (TAAs) overexpressed on
tumor cells." TAAs are present in the tumor environment and
are taken by dendritic cells (DCs) for their recognition by CD4"
helper T-lymphocyte cells (T},). Activated Ty, release cytokines,
such as tumor necrosis factor-a, interleukin-12 and interferon-
Y, induce the suppression of tumor growth and increase the
presentation of TAAs on the tumor cell surface. This process
favors the activation of CD8" T-lymphocyte cells for the reco-
gnition of TAAs on the tumor cells, which follows the trigger-
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very good targeting of the immune checkpoint PD-L1.

ing of the programmed death of tumor cells. T}, also interact
with B cells and induce the differentiation of memory
B-lymphocyte cells that produce specific antibodies for TAAs
for long-term surveillance.

However, different mechanisms can also be activated by the
tumor for suppressing the immune response. Among them,
some derive from surface proteins called immune checkpoints
that can inactivate CD8" T-cells. The programmed death
ligand 1 (PD-L1, CD274 or B7-H1) is a checkpoint expressed by
tumor cells because it can link to the programmed death 1
(PD-1, CD279) expressed by the CD8" T-cells, suppressing their
activity.>* This is one of the important processes which inacti-
vate the immune response against a tumor. Therefore, a strat-
egy for preserving the immune response activity of CD8"
T-cells is to avoid the interaction between PD-1 and PD-L1.
This is usually obtained with monoclonal antibodies (mAbs),
which bind to PD-1 or PD-L1 and therefore avoid their inter-
action. However, the administration of efficacious concen-
trations of these mABs is usually associated with adverse
related events, such as diarrhea, colitis or more serious effects
like diabetes, which cause discontinuation of the treatment.*

Using nanostructures is a valid approach to solve these pro-
blems because they are platforms that can be engineered to
give theragnostic responses, namely diagnostic and thera-
peutic responses, exploiting only one type of nanostructure.””

This journal is © The Royal Society of Chemistry 2024
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Surface-enhanced Raman scattering (SERS) nanostructures
are plasmonic nanostructures with strong SERS signals
derived from the presence of the so-called hot spots, in which
molecules show an enhancement of the Raman signals of
about one billion or more with respect to normal signals.®
These types of nanostructures were not previously considered
for targeting PD-L1/PD-1.>”” The narrowness of SERS signals,
which are vibrational in nature, with respect to the fluo-
rescence ones, and their huge intensities, comparable with
those of fluorescence, make these nanostructures useful in a
novel efficacious approach for imaging and diagnosis.’

Au nanostructures are among the most used plasmonic
nanostructures because of their inertness in a biological
environment. They can also be used for a therapeutic approach
like photothermal therapy (PTT), since they are strong absor-
bers in the near-IR spectral region and can easily induce,
when irradiated, an increase of the local temperature, at the
level of a single cell, by as much as ten degrees, triggering cell
death processes.'® Nanostructures constructed with Au nano-
particles are easily functionalized with thiols, exploiting the
formation of stable sulfur-gold bonds. Using laser-ablated
nanoparticles, which can be produced without any stabilizing
ligands to obtain stable colloidal solutions,'" the functionali-
zation is quickly completed and there are no problems of tox-
icity derived from the ligands.

Here SERS nanostructures will be functionalized with an
engineered peptide to target the immune checkpoint PD-L1.
These types of nanostructures were not previously
synthesized.”” We will verify the activity of the nanostructures
with in vitro tests using MDA-MB-231 breast adenocarcinoma
epithelial cells, which overexpress PD-L1. The results will be
rationalized with molecular dynamics calculations'® of the
interaction of the peptide with the region of PD-L1 which
binds to PD-1.

In principle, peptides present some drawbacks which,
however, can be solved by using nanostructures. Peptides do
not bind to antigens as strongly as antibodies. However, since
the number of peptides on a nanoparticle is of the order of
several thousand, the avidity of such structures rivals that of
antibodies."® Another problem with peptides, which are small
parts of proteins, is that they can be easily degraded by
enzymes in a biological environment. We have shown that
when they are clustered on the nanoparticles, they are not
degraded by enzymes that are unable to interact properly with
them.'* Therefore, the targeting activity of peptide-functiona-
lized nanostructures is preserved for a long time also in the
presence of degrading enzymes.*

Peptides have important properties such as the absence of
immunogenicity, a critical aspect of antibodies, and lower
manufacturing costs with well standardized and reproducible
procedures.

The results show that the SERS nanostructures
functionalized with engineered peptides are an important tool
for targeting specific antigens on the cell surface and are
therefore very useful as a platform for immunotherapeutic
approaches.

This journal is © The Royal Society of Chemistry 2024
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2. Results and discussion

2.1. Design and synthesis of the engineered peptides for
PD-L1 targeting

Peptides have advantages over both small molecules and anti-
bodies. In addition to their low toxicity and high fidelity of syn-
thesis, their sizes allow them to bind more easily to a relatively
flat surface of the protein-protein interface and cover a much
wider portion of the interacting area, which translates into
more potent and selective inhibition.

Among the peptide and peptidomimetic inhibitors target-
ing PD-L1 with high affinity,">'® we selected the dodecapep-
tide CLP002 (Table 1) identified by bacterial surface display
methods.'” This peptide exhibits high affinity and specificity
to the human PD-L1 protein. It was also shown to block the
CD80/PD-L1 interaction and inhibit tumor growth, increasing
the survival of CT26 tumor-bearing mice.”

As a targeting unit, CLP002 exhibits several advantages over
other peptide inhibitors of PD-L1 such as the unbranched
structure and the lack of unnatural amino acids or internal
cysteine residues, which could be involved in binding the gold
nanoparticles used as nanostructure scaffolds (see below).
Adding an extra cysteine to the N- (L1 in Table 1) or C- (L2 in
Table 1) terminal end of the peptide sequence allows control
of the orientation of the peptide on the gold nanostructures,
which can affect the targeting efficiency.'® Ligands L1 and L2
were also designed with a short oligoethylene linker between
the CPL002 sequence and the last cysteine residue to enhance
the mobility of the targeting peptide bound to the
nanoparticles.

The shielding effect of polymers like polyethylene glycol
(PEG) on the nanoparticles is well known and has been
exploited to reduce non-specific interactions in complex bio-
logical media, providing better pharmacokinetic profiles.'®
Moreover, we have recently shown that the targeting peptide
linked to PEG on the nanoparticles is protected against proteo-
Iytic enzymes and does not undergo rapid degradation
common to natural peptides.'* Therefore, to obtain biocompa-
tible nanoparticles, CLP002 was also linked to a thiolated
PEG3000 chain (L3 in Table 1) through a cationic pentapeptide
spacer (KKKGG) that fosters the exposition of the targeting
peptide on the nanoparticle surface.’” To assess the specificity
of the CLP002 sequence in PD-L1 recognition, a ligand (L4 in

Table 1 Sequences of the synthesized peptides and ligands

Peptide/ligand Sequence”

CLP002 Trp-His-Arg-Ser-Tyr-Tyr-Thr-Trp-Asn-Leu-Asn-Thr
sCLP002 Thr-Arg-Trp-Ser-His-Tyr-Asn-Thr-Leu-Trp-Tyr-Asn
L1 Ac-Cys-(020¢),-CLP002-NH,

L2 Ac-CLP002-(020c),-Cys-NH,

L3 HS-PEG-Lys;-Gly,-CLP002-NH,

L4 HS-PEG-Lys;-Gly,-sCLP002-NH,

“Standard abbreviation for natural amino acids; Ac: acetyl group;
020c: -NH(CH,CH,0),CH,-CO-.

Nanoscale, 2024, 16, 5206-5214 | 5207
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Table 1) similar to L3 but with a scrambled sequence of the
targeting peptide (SCLP002 in Table 1) was also prepared.

All ligands were synthesized by the solid phase peptide syn-
thesis method. Their characterization by analytical high per-
formance liquid chromatography and mass spectrometry
(HPLC-MS) is reported in the ESL.{

2.2. Construction of the SERS nanostructures and their
functionalization

The SERS nanostructures used in the present work are plasmo-
nic nanostructures of aggregated gold nanoparticles syn-
thesized by laser ablation in solution.

Nanoparticles were obtained by the ablation of bulk gold
under a micromolar water solution of NaCl using 8 ns laser
pulses at 1064 nm, the fundamental frequency of a Nd:YAG
laser."’ As previously shown, ablation using a focused beam
with a fluence of 2 ] em™> allows easy synthesis in a solution
(LASIS) of spherical nanoparticles with an average dimension
of 20 nm and a negative surface charge due to the partial oxi-
dation of surface gold atoms.' The colloidal solution is very
stable without the presence of stabilizing molecules due to the
Coulomb interaction. The functionalization of these nano-
particles is very easy because without the presence of a stabiliz-
ing coating, it is a direct process that does not need the
exchange of stabilizing molecules with those of interest.

The SERS effect produces a huge enhancement of the
vibrational Raman signal of molecules in proximity to the
surface of metallic nanoparticles due to the excitation of their
localized plasmon resonance.”® One can calculate the
enhancement, which is very large, in particular, near the
contact space between the aggregated nanoparticles (hot
spots) where enhancement factors also of one billion are
found.® Aggregation of the nanoparticles can be obtained with
a Raman-active thiolated molecule, which remains trapped
within the hot spots and can be used as a SERS reporter. This
is called electromagnetic enhancement, the main effect for
SERS with respect to the chemical enhancement.”® Further
enhancement derives from the resonance with the electronic
transitions of the SERS reporter. That is why a tiny quantity of
a thiol derivative of Texas Red (TR-SH) was used as a SERS
reporter.

The functionalization of the nanostructures is easy because
the surface of the nanoparticles is clean. In the first step, we
functionalized the nanoparticles obtained by LASiS with a very
small amount of TR-SH (see the Experimental section) to
induce aggregation and produce the SERS nanostructures. In
the second step, the nanostructures were functionalized with
the engineered peptides exploiting their thiol function for
binding to the gold surface.

We evaluated the average number of peptides per nano-
particle from the difference of the UV absorption spectra at
280 nm of the incubation solution of the ligands and that of
the supernatant solution recovered after the functionalization
and centrifugation of the nanostructures. We estimated that,
on average, several thousand engineered peptides functiona-
lized the nanoparticles: 6500 peptides/nanoparticles for

5208 | Nanoscale, 2024, 16, 5206-5214
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L1@SERS-NS, 5700 for L2@SERS-NS, 12 500 for L3@SERS-NS
and 2600 for L4A@SERS-NS, where Ln@SERS-NS indicates the
SERS nanostructure functionalized with the Ln peptide (see
Table 1).

Fig. 1 shows, as an example, the UV-vis-NIR spectra of the
Au nanoparticle starting solution and that of the final solution
for L3@SERS-NS. This spectrum is representative of all the
other Ln@SERS-NS samples because all these spectra are
dominated by the extinction spectra of the similar aggregation
of Au nanoparticles.

One notes that the sharp extinction peak at 522 nm of the
nanoparticles of the ablated solution transforms into a
broader structure for the aggregated nanoparticles centered at
about 700 nm with a shoulder at about 530 nm and a fast
decreasing extinction toward 1200 nm. The sharp peak of the
nanoparticles of the ablated solution can be fitted with the cal-
culated spectrum of isolated nanoparticles with an average dia-
meter of 20 nm and this makes it possible to evaluate their
concentration, whereas the broader one can be fitted with that
of an ensemble of aggregated nanostructures with up to 10
nanoparticles.® For the SERS nanostructures, one can also
predict® a huge enhancement of the SERS signals up to 10°-
10'°. The nanoparticles usually aggregate into more or less
rounded nanostructures with the largest dimension of the
order of 100 nm.">"?

The SERS spectrum of L3@SERS-NS is presented in Fig. 2
as a representative of all Ln@SERS-NS spectra, which are
always dominated by the SERS spectrum of the SERS reporter,
TR-SH, characterized by two bands at 1505 and 1649 cm™*
originating from the normal mode of vibrations with impor-
tant contributions of C-N and C-C stretching vibrations,
respectively. These signals are used to identify the presence of
the nanostructures in the incubated cells, which appear when
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Fig. 1 UV-vis-NIR spectra of LASIiS nanoparticles (black line, normalized
at 522 nm) and L3@SERS-NS after the functionalization of SERS-NS with
the engineered peptide L3 (blue line, normalized in the gold interband
transition region with that of the LASIS nanoparticles). Inset: TEM image
of a SERS nanoaggregate.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SERS spectrum of L3@SERS-NS where the dominant features are
those of the SERS spectrum of TR-SH at 1505 and 1649 cm™.

the peptides have targeted the antigen on the cell surface and,
therefore, are not washed out in the washing steps of the
protocol.

2.3. Molecular dynamics calculations of the interaction of
the targeting peptide with PD-L1

Detailed information on the interaction of CLP002 with PD-L1
was obtained by molecular dynamics (MD) simulations. A
study of the interaction of the scrambled peptide (sCLP002)
with PD-L1 was also performed. In both cases, the starting
peptide structure was the most stable conformation obtained
by MD simulations of a single peptide in water solution. For
CLP002, the MD simulations showed the presence of a main
ensemble of calculated structures with 90% of all the obtained
conformations. The mean conformation (Fig. 3a) shows an
elongated shape stabilized by one intramolecular hydrogen
bond between Asn9 and Asnll and many n-m interactions
between the side chains Trp1, His2, and Tyr5, as well as
between Tyr6 and Trp8. In the case of the sCLP002 peptide,
only one ensemble (98% of total conformations) was obtained,
characterized by a hairpin-like structure stabilized by four
hydrogen bonds (Fig. 3b). Differences in the adopted second-
ary structure were confirmed from both the CD and FTIR

‘1“ His2

A

Trpl

Fig. 3 Stable conformers of CLP002 (a) and sCLP002 (b) in water.
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spectra (Fig. S3 in the ESI}). Scrambling the primary sequence
of peptides leads to interesting changes in the conformations
adopted by the peptide.

To perform the MD simulations of the PD-L1/peptide
system, the X-ray structure of PD-L1>' was used as the starting
conformation of the protein, whereas the conformation
reported in Fig. 3 was adopted for the peptides. For each
peptide, three replicas of 100 ns were performed; in all cases,
the starting distance between the peptide and the protein was
greater than 1.4 nm and non-bonded interaction cutoffs were
used.

The binding between PD-L1 and peptides was studied, in
particular, in the region of contact between PD-L1 and PD1, as
obtained from the X-ray structure present in the protein data
bank.*! The contact region shows both a hydrophobic part and
a hydrophilic part (Fig. S4 in the ESI{).

To estimate the binding of peptides to PD-L1, the solvent
accessible surface (SAS) of PD-L1 in the presence of the
peptide was calculated during the simulation time (Fig. 4a).

The SAS of the hydrophobic residues of the PD-L1 contact
region decreases strongly after 100 ns in the presence of
CLP002 (red line) but not in the presence of sCLP002 (blue
line), indicating that the former realizes a hydrophobic core
similar to that of the PD-L1/PD-1 adduct. This result strongly
suggests that CLP002 is more efficient than sCLP002 in pre-
venting the binding of PD-1 to PD-L1.

The interaction of the PD-L1/peptide adduct was also ana-
lyzed in terms of the persistence time of the contacts (distance
less than 5 A) between the protein and the peptide residues in
the last 10 ns of the simulations. As shown in Fig. 4b and c, all
residues in the contact region of PD-L1 interact with those of
CLP002 (Fig. 4b), whereas only some of them interact with
sCLP002 (Fig. 4c).

The picture of PD-L1 interacting with CLP002, shown in
red, after 100 ns is presented in Fig. 5 and shows that the
elongated form of CLP002 fits to the PD-L1 contact region,
giving the reason for the result reported in Fig. 4a.

The other two replicas of PD-L1/CLP002 (see Fig. S5, ESIt)
allowed results like those reported in Fig. 5 to be found,
demonstrating the good targeting of PD-L1 by CLP002.

These results predict that a strong targeting activity differ-
ence between L3@SERS-NS and L4@SERS-NS should be
observed.

2.4. Targeting of the PD-L1 immune checkpoint

MDA-MB-231 breast adenocarcinoma cancer cells express a
high level of PD-L1 and were used as a model for verifying the
targeting activity of the prepared SERS-NS. The cells were
treated in a well with different concentrations of Ln@SERS-NS
for 2 h. Subsequently, the cells were fixed and washed before
recording the SERS signals of single cells. The SERS signals
indicate the presence of the nanostructures and therefore that
a targeting activity occurred. The SERS signals were recorded
with a micro-Raman instrument (Renishaw InVia), which
allows recording the SERS signals of single cells. 100 or more
cells were considered for each experiment. An excitation at

Nanoscale, 2024, 16, 5206-5214 | 5209
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(a) Time evolution of the solvent accessible surface (SAS) of the hydrophobic residues of the PD-L1 contact region. The red and blue lines

refer to the SASs of CLP002 and sCLP002, respectively. (b, c) Persistence time (ns, z-axis) of the residues of the contact region between PD-L1 and
CLP002 (b) or sCLP002 (c). The peptide and PD-L1 residues are presented on the x-axis and y-axis, respectively.

Fig. 5 MD simulation frame at 100 ns showing the binding of PD-L1 to
CLP002. The spheres indicate the residues of PD-L1 that bind to PD-1.
The residues involved in the hydrophobic core of the PD-L1/PD-1
adduct are colored green.

633 nm with a He-Ne laser was used because the SERS spec-
trum of TR-SH is strong with such an excitation. All the
spectra were analyzed by finding the Pearson correlation coeffi-
cient for each spectrum using a reference SERS spectrum of
TR-SH. A plot of the intensity of the main peak of the SERS
spectrum at 1505 cm™" against the Pearson correlation coeffi-
cient (see Fig. 6) allowed a Pearson correlation coefficient
threshold of 0.8 to be chosen as an indication of an efficient
targeting.

The incubation solutions were obtained with decreasing
concentrations of Ln@SERS-NS and the percentage of cells
with a SERS spectrum above the threshold was determined.

We used the same procedure for all the Ln@SERS-NS
samples.

The results of all the incubation solutions with all the
Ln@SERS-NS samples are reported in Fig. 7.

It is clear that L3@SERS-NS has a good targeting activity
with respect to the other Ln@SERS-NS samples.

These results show different important characteristics of
the engineered peptides. Comparison of the curves for
L1@SERS-NS and L2@SERS-NS with that for L3@SERS-NS

5210 | Nanoscale, 2024, 16, 5206-5214
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Fig. 6 Intensity of the main peak of TR-SH at 1505 cm™ against the
Pearson correlation coefficient of the spectrum for all the spectra
recorded in single cells of MDA-MB-231 incubated with a solution of
L3@SERS-NS at a concentration of 100 pM.

shows the importance of the presence of the PEG chain and
the charged amino acid sequence made from three lysines and
two glycines (KKKGG). The peptides present in L1@SERS-NS
and L2@SERS-NS are equal, but in one case the peptide is
linked to the gold surface through the N-terminus and in the
other case through the C-terminus (see Table 1). This makes
part of the peptide more or less available for the interaction
with PD-L1. However, the poor targeting behaviors of both
L1@SERS-NS and L2@SERS-NS in Fig. 7 are similar. The very
good targeting result observed for L3@SERS-NS, in which the
peptide is the same, shows that the presence of the PEG chain
and the short charged amino acid sequence strongly enhances
the targeting activity of the nanostructure, reaching almost
90% of cell targeting.

The importance of the amino acid sequence of the peptide
can be seen by comparing the behaviors of L3@SERS-NS and
L4@SERS-NS. These two nanostructures have the same design
((SERS-NS)-PEG-KKKGG-peptide), but differ for the sequence
of amino acid of the peptide, which is randomized (scrambled)
in L4@SERS-NS. The low activity of LA@SERS-NS shows the
importance of an appropriate amino acid sequence of the tar-
geting peptide of L3@SERS-NS.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Activity of Ln@QSERS-NS for the targeting of MDA-MB-231 over-
expressing PD-L1. The % of the cell with a positive targeting, namely
with a Pearson correlation coefficient above the threshold of 0.8, is
plotted against the concentration of Ln@SERS-NS used for incubation
(LL@SERS-NS: red line, L2Z@QSERS-NS: blue line, L3@SERS-NS: black line,
and L4@SERS-NS: green line). Concentrations refer to the nanoparticles
present in the solutions. Error bars refer to the variability observed by
recording the SERS signals within single cells.

These results confirm the conclusions of MD calculations,
which predicted that the amino acid sequence of CLP002, and
not that of sCLP002, was appropriate for the targeting of
PD-L1.

The above results can be compared also with those of other
nanostructures used for targeting other antigens, like
EGFR'"'"?? and integrins."” In these examples, the presence
of the PEG chain and the charged sequence is always ben-
eficial for the targeting activity, showing that the sequence
(SERS-NS)-PEG-KKKGG-peptide is a general structure for
obtaining a good targeting activity using peptides as targeting
units.

3. Conclusions

Immune check points are important protein structures for
immune therapies. Among them, PD-L1, expressed by many
tumor cells, is a check point with important properties
because it deactivates the killer activity of CD8" T-lymphocyte
cells. Thus, PD-L1-targeting molecules allow its activity to be
blocked, preserving the T-cells’ killer function. The SERS nano-
structures functionalized with an engineered peptide are
shown to be good candidates to block PD-L1 activity.
Molecular dynamic calculations helped in understanding the
activity of the studied peptide in targeting the site of the inter-
action of PD-L1 with PD-1 and also showed the poor activity of
a scrambled version of the same peptide. Incubation with
MDA-MB-231 breast adenocarcinoma cancer cells, which
express a high level of PD-L1, allowed quantification of the tar-

This journal is © The Royal Society of Chemistry 2024
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geting activity of the functionalized SERS nanostructures
exploiting the SERS signals of the nanostructures. It is found
that the peptide modified with a short sequence of charged
amino acids and a long PEG chain linked to the SERS nano-
structures is a very good structure for blocking PD-L1.

The results also allow us to conclude, from the present and
previous studies,'>"*?* that structures obtained by sequen-
tially binding to SERS nanostructures a PEG chain, a charged
short peptide sequence and the active targeting peptide
((SERS-NS)-PEG-KKKGG-peptide) are good for exploiting the
peptide’s activity against tumor antigens.

4. Experimental section
4.1. Materials and Instrumentation

Unless differently specified, all chemicals were commercial
products and used without further purification.
9-Fluorenylmethoxycarbonyl (Fmoc) amino acids (Sigma-
Aldrich), Rink Amide AM LL resin (loading 0.35 mmol g7,
Novabiochem) and chemicals for the solid phase peptide syn-
thesis were provided by Merck KGaA. Rink Amide MBHA resin
(loading 0.52 mmol g™!) and Fmoc-8-amino-3,6-dioxaoctanoic
acid (Fmoc-O2oc-OH) were purchased from Iris Biotech
GmbH. S-Trityl-thioPEG N-hydroxysuccinimide ester (TrtS-
PEG-NHS, MW of around 3000 Da) was provided by Rapp
Polymer. Sulforhodamine 101-bis-cysteamide (TR-SH) was
used as a SERS reporter.>® Bovine serum albumin (BSA) was
purchased from Sigma-Aldrich.

Unless otherwise indicated, peptides and conjugates were
analysed using an Agilent 6100 Series single quadrupole LC/
MS system coupled on-line via a UV-vis detector (detection at
220 and 280 nm) to the electrospray ionization (ESI) source
and operating in positive mode. Samples were separated using
a Kinetex column (100 x 4.6 mm, 3.5 pm XB-C18) combining
mobile phases A (aqueous 0.1% trifluoroacetic acid (TFA)) and
B (0.1% TFA in acetonitrile) to form binary gradients. Semi-
preparative HPLC was performed using a Shimadzu series
LC-6A chromatographer equipped with two independent
pump units, a UV-vis detector and a Jupiter column (250 x
10 mm, 10 pm). Elutions were carried out with the same
mobile phases described above using binary gradients. Mass
spectral analysis of L3 and L4 was performed using a Xevo-G2S
Q-TOF instrument (Waters, Milford, MA, USA) operating in
positive mode with the ESI technique.

UV-vis spectra were recorded with a Cary5000 spectrometer
(Agilent) in 0.2 or 1 cm quartz cells. DLS and zeta-potential
measurements were performed with a Malvern Nano-ZS instru-
ment equipped with a 633 nm He-Ne Laser. SERS spectra were
recorded with a Renishaw inVia micro-Raman spectrometer
under excitation at 633 nm (0.8 mW) with a 20x objective for 1
s. SERS spectra of the colloidal solutions were recorded with a
10x objective for 10 s.

Fourier-transform infrared (FTIR) absorption spectra of the
peptide powders were recorded with a Thermo Fisher FTIR
is50 spectrometer (Thermo Fisher Scientific Co., Madison, WI,
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USA) in attenuated total reflection (ATR) mode using a
diamond single reflection cell. Each spectrum was obtained by
mediating over 64 scans with a resolution of 2 cm™. Circular
dichroism experiments were performed using a Jasco-1500 CD
spectrometer (Jasco, Tokyo Japan) using quartz cuvettes of
1 mm optical length in the far UV region (spectral range:
200-260 nm). Each spectrum was obtained by mediating over
4 scans. For both peptides, 100 uM water solution was used.

4.2. Synthesis of peptides and conjugates

Peptides were synthesized on an Advanced Chemtech 348 Q
peptide synthesizer starting from Rink amide MBHA resin
(0.05 mmol) or Rink amide AM resin (0.03 mmol). The side
chains of Fmoc-amino acids were protected by the tert-butyl
group (threonine and tyrosine), the tert-butyloxycarbonyl
group (tryptophan), the trityl group (asparagine, histidine and
cysteine) and the 2,2,4,6,7-pentamethyl-dihydroxybenzofuran-
5-sulfonyl group (arginine). Couplings were carried out in
DMTF for 45-60 min using an excess of the Fmoc-amino acid (4
eq.) and in the presence of N,N,N',N-tetramethyl-O-(1H-benzo-
triazol-1-yl )Juroniumhexafluorophosphate,
N-hydroxybenzotriazole and  N,N,N-ethyldiisopropylamine
(4:4:12 eq.). Fmoc deprotection was achieved with 20% piper-
idine in DMF (5 + 15 min). PEG conjugates (L3 and L4) were
prepared by reacting TrtS-PEG-NHS (0.012 mmol in 0.5 mL of
DMF) with the amino terminal group of the peptide
(0.003 mmol) still attached to the solid support. The mixture
was stirred for 24 h at RT; after that the solution containing
the unreacted PEG was filtered off and the resin was repeatedly
washed with DMF and DCM. Cleavage and deprotection were
carried out by treating the dry peptide resin with a
TFA : triisopropylsilane : H,O : 1,2-ethanedithiol (94:1:2.5:2.5
v/v/v/v) mixture for 90 min at room temperature. The resin was
filtered off, the filtrate was reduced to a small volume and the
crude peptide was precipitated by the addition of cold diethyl
ether. After purification by semi-preparative HPLC, the pep-
tides and the PEG conjugates were characterized as shown in
Table S1 and Fig. S1 and S2 of the ESL}

4.3. Synthesis of the functionalized SERS nanostructures

The synthesis of the gold nanoparticles was performed by
laser ablation of a pure gold target (99.9%) in a diluted solu-
tion of NaCl in water (10 uM) with 6 ns pulses and a 10 Hz rep-
etition rate using a Nd:YAG laser at 1064 nm with a fluence of
2 J em™>% The solution was stirred during the ablation. TEM
images show (in the inset in Fig. 1) that the nanoparticles have
a diameter of about 20 nm, as previously reported.”® The nano-
particles are negatively charged due to the oxidation of a small
portion of the gold surface that occurred in the plasma
environment of ablation.'® A negative {-potential of —30 mV is
usually measured and creates a very good stability of the col-
loidal solution.?®

Fitting the localized surface plasmon resonance at 522 nm
allows the nanoparticle concentration in the colloidal solution
to be obtained,® which is of the order of 2-5 nM.
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The SERS nanostructures were obtained by mixing 5 pL of a
35 pM solution of TR-SH in methanol with 2 mL of the col-
loidal solution of gold nanoparticles. One observes a change of
the color of the solution from red to dark violet caused by the
aggregation of the nanoparticles. Centrifugation at 3000 rcf
allowed the excess of the SERS reporter to be discarded.

The functionalization with the engineered peptides was per-
formed by mixing the solution of SERS-NS with a mM solution
of the peptides and stirring the solution for 1 hour at room
temperature. The presence of a thiol group on the engineered
peptide allowed it to be linked to the gold surface of the nano-
structures. Concentrations of the nanostructure solutions are
given with the nanoparticles present in the solutions, obtained
by comparing the extinction spectra in the interband spectral
transitions region at about 400 nm of the final solution used
for the incubations with the initial one whose concentration
was obtained by fitting the spectrum with BEM calculations.®
Centrifugation at 3000 rcf was used to discard the excess
peptide. The absorption difference of the peptide solution
before and after the functionalization of the nanostructures
was used to determine the number of peptides per nano-
particle. Dynamic light scattering allowed the evaluation of the
hydrodynamic nanostructure dimensions to be of the order of
160 nm and {-potentials of about —20 mV.

4.4. Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out using
the GROMACS v5.0.7 software package®® and the gromos53A6
force field>> parameters were used for the peptide, as already
successfully used for similar systems.'**?> A constant
pressure and temperature ensemble (NPT) was used for all
simulations and periodic boundary conditions were applied.
Following our protocol, there was a two-step energy minimiz-
ation. In the first step, only the solvent was energy minimized,
whereas in the second step the solute (peptide and protein)
was considered.

After equilibration for 150 ps at 300 K (time step of 0.5 fs),
production runs of 100 ns were performed with a time step of
2 fs. The particle mesh Ewald algorithm (PME)***” was used
for electrostatic interactions (cutoff = 1.4 nm).

Explicit simple point charge (SPC)*® water molecules were
used to solvate the simulation box and a chloride ion (in the
presence of the peptide only) or two sodium ions (for the
PD-L1/peptide system) were added to ensure electroneutrality.
A cutoff distance was used for the van der Waals interactions
(1.4 nm). In all the simulations, the velocity rescale scheme?’
was used to keep the temperature constant (or = 0.6 ps) and
the Berendsen algorithm®® was used under isotropic con-
ditions for pressure coupling (op = 1 ps).

For the peptide MD simulations, a cubic box of 6.3 x 6.3 x
6.3 nm® containing 8065 water molecules was used. For study-
ing the PD-L1/peptide complex, a cubic box of 7.3 x 7.3 x
7.3 nm® containing 12 054 water molecules was used.

The conformational clusters were calculated using the
Gromacs ‘cluster’ tool by applying a cutoff of 0.13 nm for the
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root mean square deviation, while the solvent accessible
surface (SAS) was obtained using the Gromacs ‘sasa’ tool.

The Visual Molecular Dynamics (VMD) program®' was used
for structure visualization.

4.5. Invitro targeting

MDA-MB-231 breast cancer cells expressing a high level of
PD-L1 were grown in T75 flasks until about 80% confluency.
The cells were detached with trypsin, washed with PBS and
about 10,000 cells were plated in 8 well-chamber slides. After
24 h, the cells were incubated with Ln@SERS-NS solutions, in
which the concentrations of nanoparticles were 0.05, 0.1, 0.25,
0.5 and 1 nM for 2 h at 37 °C. After 2 h, the cells were washed
twice with PBS, then immediately fixed with 2% paraformalde-
hyde for 1 h and dried.

SERS measurements were performed with a Renishaw inVia
micro-Raman spectrometer using a 20x objective and under
excitation at 633 nm with a He-Ne laser. Each spectrum was
collected for 10 s in a static configuration recording the spec-
tral region at around 1500 cm™" where the two main peaks of
the SERS reporter are present. A Matlab code was used for the
determination of the Pearson correlation coefficient of each
spectrum after subtraction of the spectral background.
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