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ABSTRACT: Despite numerous investigations devoted to the control of peptide and protein
self-assemblies using nanostructured materials, the molecular details of the peptide-material
interaction sites remain still under debate. Here, we suggest a solution by using jointly the
middle- and low wavenumber regions of surface-enhanced Raman spectra. To achieve our
goal, adequately prepared gold and silver colloids, of which the nanofabrication was
controlled by means of zeta potential and extinction spectra were used to enhance the Raman
signal arising from a natural fibrillogenic peptide hormone, somatostatin-14, at very low
(10°-t0-10®* M) concentrations. Transmission electron microscopy has revealed that the
interacting partners are involved in a mutual aggregation process. In fact, while the presence
of plasmonic colloids facilitates the aggregation of the peptide, leading to the formation of the
so-called “corona” around nanoparticles, we could observe the appearance of relatively large
size peptide-nanoparticle agglomerates in solution. However, the comparison between the
data obtained from gold and silver nanoparticles is consistent with the fact that the nature of
metal surface, as well as its ionic coverage, considerably affects the peptide binding and
subsequent aggregation process. Furthermore, this work led us to conclude that the adsorption
of somatostatin-14 on silver nanoparticles is rendered possible through an ionic pair
interaction, whereas its anchoring on gold nanoparticles occurs by a direct binding, in which

the metal atom and the nitrogen of the unique peptide tryptophan residue are involved.



INTRODUCTION

Primarily elaborated for their remarkable physicochemical features, nanoparticles (NPs) have
rapidly been identified for their possible applications in the field of biology and medicine."
NPs are basically appreciated for their large surface/volume ratio, offering them the
possibility to be employed either for accelerating or for inhibiting certain biological processes.
In this framework, a series of reports have highlighted the use of selected NPs for controlling
protein self-assemblies taking part in human amyloid disorders.”® To mention a few
characteristic examples, we can emphasize the application of (i) organic NPs of
NIPAM/BAM copolymer for accelerating the aggregation of human [B2-microglobulin
protein,” (ii) inorganic NPs, such as those elaborated either from CdTe for preventing the
ﬁbrillation,8 or from uniform maghemite y-Fe,O; NPs for accelerating/inhibiting the
fibrillation® of amyloid B (AB) peptides involved in Alzheimer’s disease, (iii) metallic gold
NPs which have shown a large spectrum of action including the inhibition of the aggregation
of short size AP peptides,'’ the acceleration of fibrillation of cysteine-free peptides,'" and
finally the retardation of insulin fibrillogenesis process."?

Taking into account the large enhancement of the electromagnetic radiation induced by the
so-called plasmon resonance effect, we focus here on gold and silver NPs and their particular
use in surface enhanced Raman spectroscopy (SERS). This spectroscopic technique is widely
used for its ability to detect very low traces of organic molecules in solution, when they are
adsorbed on the surface of plasmonic NPs."*'* SERS can also be used as a tool for probing
the binding sites of the adsorbed molecules by means of the vibrational markers arising from
the molecular groups located in the vicinity, or at the surface of NPs. Herein, SERS data, as
well as those from other techniques, were collected from a natural cyclic tetradecapeptide,
somatostatin-14 (SST-14) (Scheme 1) adsorbed on Ag or Au NPs. We should briefly recall

numerous investigations devoted to the description of the biological and medical importance



of SST-14 (and its synthetic analogues), regarding its key role in the inhibition of the release
of growth hormone (GH), thyroid-stimulating hormone (TSH), insulin and glucagon.>"’
However, the choice of SST-14 in the present work was also related to its physicochemical
and structural dynamics in aqueous media. (i) Close to physiological pH, this peptide presents
a cationic character thanks to the three positive charges borne by the ammonium (NH;")
groups located either at its N* position or on the side chain head groups of its Lys* and Lys’
residues. This feature might obviously facilitate the binding of this peptide to plasmonic NPs
covered by negatively charged ions. (ii) Mainly induced by the polar/apolar balance of its
amino acid residues, the large size loop of SST-14 was shown to be unstructured at sub-

millimolar concentrations,ls’19

revealing a progressive structuring trend upon increasing
concentration over the millimolar range. Especially, in the 20-to-60 mM range SST-14 was
shown to form high order self-assemblies, referred to as nanofibrils, spherulites and

2021 Hence, SST-14 can be considered as a simple and attractive example for

nanofibers.
analyzing its possible aggregation around plasmonic NPs. Previously, the formation and time
evolution of protein aggregates, referred to as “protein corona”, around organic22 and

metallic® nanoparticles, were described. Hereafter, we use the term “corona” for referring to

the aggregates formed by SST-14 around plasmonic NPs.

EXPERIMENTAL METHODS

SST-14 Samples. Lyophilized powder of SST-14 was purchased from Sigma-Aldrich.
All samples were prepared at room temperature using purified MilliQ water. Successive
dilutions of the initial stock solutions of SST-14 prepared at 102 M (for classical Raman

spectroscopy), allowed us to reach required concentrations for other experiments.



Silver Nanoparticles. 300 pL of a sodium hydroxide solution (1 M) was added to 90 mL
of a 6x10” M hydroxylamine hydrochloride solution. Then 10 mL from a 1.11x107 silver
nitrate aqueous solution were added dropwise to the mixture under vigorous stirring. A brown
silver colloid was obtained with a final pH 5.5. Ag NPs were aged 24 hours. The final NPs

displayed an average diameter of 35 nm.

Gold Nanoparticles. 50 mL of HAu Cls 2% (by weight) was heated to boiling before
addition of a variable volume (V) of Najs-citrate 1% (by weight).** Au NPs with approximate
diameters ranging between 15 and 150 nm (15, 50, 100 and 150 nm) were prepared by using
the following citrate solution volumes: V=1.00, 0.50, 0.20 and 0.15 mL. Finally, they were

aged two weeks before use.

Zeta Potential Values of NPs. Electrophoretic mobility measurements were performed as

- : 25,26
described previously.”

The experiments were done at 25 °C on a NanoZS instrument
(Malvern Instrument Ltd, Malvern, UK) in DTS1060 cuvettes. The quality of the
instrumentation was checked using the standard DTS1230. Intensity was always kept below 5
mA, irrespectively of the applied voltages (from 30 to 100 V), as the conductivities of the
various NP samples were all below 0.5 mS.cm™, due to the low ionic strength of the buffers.
The quality criteria to keep a measurement were based on: (i) the zeta quality factor (signal-
to-noise ratio of the frequency shift); (i) the mean count rate that should not change
throughout the duration of the data acquisition; (iii) the quality of the phase plot (radian
amplitude and frequency) and the Fourier-transformed of the phase plot. The acceptable

electrophoretic mobility measurements were averaged and the standard deviation was

computed. As described previously,?® the electrophoretic mobility i was converted to Zeta

3n, K1,

——  ——, where th
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potential { according to the Hiickel-Onsager-Henry equation,: (=



electrophoretic mobility is expressed in m>.V"'.s™ (or pm.cm.V'.s™), the zeta potential in V,

the buffer viscosity in kg.m™.s™ (or in cP), the permitivity of free space e, (8,854 10"
C*J"'.m™") and the medium dielectric constant £,=78.54 at 25°C. Consequently, the above

21.57
equation can be simplified for the experiments performed at 25°C as: ng(Tnsl;e’ in
p

which the Henry’s function is given by: F(xR )=1+ with R, representing

1+eA[l-log(KRp)] ?

the particle radius, and k the inverse screening length (Debye length in nm™) defined as:

2N, ¢e’l
K= W/W , where I (in mol.L™) is the ionic strength. The inverse screening length

can also be simplified at 25°C as: k= 3.27+/1. The Zeta potential as a function of the particle
distance, ¢(x), was estimated using the Debye Hiickel ionic atmosphere: ¢(x) = ¢(0)e™, with
x representing the distance from the surface, considering that the zeta potential corresponds to
the electric potential ¢(0) at 0.2 nm from the particle surface, a reasonable assumption

proposed by McLaughlin.

Transmission Electron Microscopy. TEM images were taken at room temperature using
a JEOL JEM-2010 with an acceleration voltage of 200 kV. The samples were prepared by
depositing 10 pL of the suspension containing NPs or SST-14/NPs complexes on carbon

coated Cu grids (ref. G400-Cu).

Extinction Spectra. UV-Vis absorption spectra of colloids were recorded from 400 nm to
800 nm, on a Shimadzu 3600 spectrometer by using quartz cells, 1 cm optical path. Samples

were diluted 30% in MilliQ water (volume/volume).



Surface-Enhanced Raman Spectra. Data were collected on a Renishaw Raman InVia
spectrometer equipped with an electrically cooled CCD camera. Samples were excited by
means of the 632.8 nm and the 785 nm lines provided by He-Ne and diode lasers with an
output power of 25 and 18 mW at the sample, and a 1200 grooves/nm holographic grating.
The spectral resolution was 2 cm™, with a total acquisition of 10 seconds for each SERS

spectrum.

Classical Raman Spectra. Classical Raman spectra were collected by exciting with the
488 nm line of an Ar laser (Spectra Physics), 50 uL of solution placed in a suprasil quartz
cell (5 mm path length). The exciting power at the sample was ~250 mW. The scattered light,
collected at 90° with respect to the incident beam, was analyzed on a Jobin-Yvon T64000
spectrograph in a single mode configuration, equipped with a 1200 grooves/mm holographic
grating and a holographic notch filter. A liquid nitrogen cooled CCD detection system
(Spectrum One, Jobin-Yvon) was used to collect Raman data. The effective spectral slit width

was set to 5 cm™.

RESULTS AND DISCUSSION

Main Characteristics of Plasmonic Nanoparticles. The cyclic structure of SST-14 is
maintained by a disulfide (S-S) linkage between its Cys® and Cys'* residues (Scheme 1). To
preserve the structural integrity of this peptide, a special attention was paid to avoid the
breakdown of this S-S bond, particularly on Ag NPs, by following the procedure described
recently.?* To establish our nanofabrication protocol, the main parameters to be adjusted were

(1) the metal nature and reduction protocol, (ii) the adequate size of Ag and Au NPs for SERS



experiments. Here, the SERS sensitivity was maximized by tuning the excitation wavelength
over the plasmon resonance band, which depends on the size of elaborated NPs.

The zeta potential values, deduced from electrophoretic mobility measurements (see
Material and Methods for details) in the solutions containing the adequate NPs, confirm their
negatively charged coverage (Figure 1). The corresponding value estimated at the surface of

Ag NPs (~-45 mV) (Figure 1B) is about twofold lower than that corresponding to Au NPs

(~-21 mV) (Figure 1A). After the Stern layer, at the Debye length (1/x)<4 nm, corresponding

to the sliding plane of the interfacial double layer, the zeta potential value increases to -15 and
-8 mV in Ag and Au, respectively. This indicates that both types of colloids can exhibit on
their hydrodynamic surfaces significant attractive electrostatic interaction with a positively
charged molecule such as SST-14. Then, in the diffuse Gouy-Chapman layer, both types of
NPs show a rapid zeta potential increase, vanishing at a distance of ~15 nm from their

surface.

Nanoparticles in the Presence of SST-14. TEM images have revealed large size
aggregates formed by SST-14 adsorption on plasmonic NPs (Figure 2). The charge screening
of the NPs caused by the presence of the peptide should be mainly responsible for the
formation of these large agglomerates. However, a net difference can be observed between the
two types of aggregates. In fact, monodisperse and large size Au NPs (diameter between 90
and 100 nm) (Figure 2A) and polydisperse Ag NPs (diameter between 10 and 50 nm) join
together for forming the corresponding agglomerates (Figure 2B & 2D). Reciprocally, the
adsorption of the peptide chains leads to the formation of the so-called corona around
plasmonic NPs. While, a quite homogeneous peptide layer, with a depth of ~8 nm, is formed

around Au NPs (Figure 2C), a variable one, of which the thickness can increase up to ~20 nm,



is found around Ag NPs (Figure 2E). This effect corroborates naturally the non-identical zeta

potential values measured at the surface of Au and Ag NPs (Figure 1).

Plasmon Resonance of Nanoparticles Activated by SST-14 Adsorption. In a general
manner, the position of the plasmon resonance band depends on the size of NPs, as well as on
the type of aggregating agents (AgNO3, NaCl, etc).?’ Here, no aggregating agent was added in
order to activate Ag and Au colloids. In other words, SST-14 was capable of inducing alone
the aggregation of plasmonic NPs. The optimal SERS sensitivity was achieved by using large
size Au NPs, consistent with a plasmon resonance redshift from 545 to 780 nm observed upon
increasing peptide concentration (Figure 3A). Correspondingly, the adsorption of SST-14 on
polydisperse Ag NPs prepared by means of hydroxylamine, leads to a plasmon resonance
redshift from 405 to 630 nm (Figure 3B). It should be remarked that no SERS signal could be
obtained on Ag colloids in the presence of citrate ions used as reductor, presumably because
of the competition between the citrate ion binding and the peptide chain adsorption to Ag

surface.

Search of Optimal Conditions for Recording SERS Spectra. The position of the
plasmon resonance bands displayed in Figure 3, justify the choice of the excitation
wavelengths 632.8 and 785 nm for recording the SERS spectra on Ag and Au colloids,
respectively. Figure S1 (Supplementary Information) shows two typical SERS spectra
obtained in the whole spectral region (4000-400 cm™) from SST-14 adsorbed on Ag and Au
colloids. To show the representative range of peptide concentration giving rise to good quality
signal-to-noise ratio, we have displayed the intensity ratio between the strongest Phe marker
mode (at 1003 cm™) and the characteristic water bending mode (at 3400 cm™) as a function of

concentration in Figure S2 (Supplementary Information). It is worth mentioning that the shape



of the corresponding curves allows getting insight into peptide-peptide and peptide-metal
interactions, thus revealing the differences between the adsorption mechanisms corresponding
to different colloid types.?** While a Langmuir curve suggesting the prevalence of the
peptide interaction with Au surface fits the observed data (Figure S1-A, Supporting
information), a sigmoidal behavior proving the existence of strong SST-14 intermolecular

interactions is deduced from Ag colloids (Figure S1-B, Supporting Information).

Fingerprints of Interaction Sites Observed in Middle Wavenumber Region. The SERS
spectra recorded at 10° M on Au NPs and at 5x10” M on Ag NPs are displayed in Figure 4 in
the middle spectral region (1800-300 cm™), as compared to the classical Raman spectrum
recorded in the bulk at a ~10* times higher concentration. It should be reminded that due to
their conjugated m-electron systems, aromatic residues provide the major part of strong
Raman markers in classical'®'” and SERS spectra.

As we have already mentioned, precaution was made to preserve the integrity of the
disulfide linkage by the use of adequately prepared Ag NPs. Our nanofabrication had proved
its adequacy in the case of cystine (a simple model compound formed by joining two cystines
through a S-S bridge).** Disulfide integrity can be proved by the presence of a Raman band
around 500 cm™ resulting from the S-S bond stretching motion.*' It should be also
emphasized that in aqueous solution the contribution of the other modes (such as those arising
from the low wavenumber bending vibrations of aromatic residues) to the Raman intensity
around 500 cm™, is negligible.*! In the present work, the presence of the band at 498 cm’
confirms that the disulfide bridge is maintained on Ag NPs (Figure 4 middle). However, the
weak relative intensity of this marker indicates that the S-S bond is placed quite far from the

metal surface. Furthermore, except the changes observed in the Trp® residue characteristic

10



mode at 1551 cm™, as well as in the aliphatic groups at 1458-1438 cm™', the SERS spectrum
on Ag NPs provides globally a similar shape as that observed in the bulk (Figure 4 bottom).
On the contrary, the binding of SST-14 to Au NPs is followed by drastic changes in the
wavenumbers and relative intensities of the Trp® Raman markers (shown by red arrows in
Figure 4 top). These changes are consistent with a close contact of the Trp® residue with Au
colloids. It should be noted that whatever the type of metallic NPs, the six characteristic Phe
markers (located at ~1606, 1586, 1207, 1031, 1003 and 622 cm™),*? remain unchanged. In
other words, any close contact of the Phe residues with Au NPs can be expected based on

SERS data.

Fingerprints of Interaction Sites Observed in Low Wavenumber Region. The low
wavenumber spectral region, i.e. below 300 cm™, provides complementary information on the
binding mechanism of the peptide to plasmonic NPs. This region displays the bond stretching
vibrations in which the metal atom is directly involved.

Figure 5A clearly shows that nude Au NPs does not present any Raman band below 300
cm’', whereas the peptide adsorption on these particles makes appear a characteristic band
peaking at 253 cm™, previously assigned to Au-N stretching vibration.*® Putting together this
observation and the SERS data in the middle wavenumber region (Figure 4 top, see preceding
section for details), we conclude that the Trp® residue is involved in a direct interaction with
Au NPs through its unique (N¢) atom, as suggested in Figure 6A. Other evidences, brought
about by the middle wavenumber region (Figure 4 top), confirm this particular interaction.
For instance (i) the drastic enhancement of the Raman band at 1112 cm™, ascribed to the
angular bending motions located around the N, atom of the Trp indole ring,34 (i1) the change
in the characteristic Trp Raman doublet (observed at 1362-1342 cm™ in the bulk, Figure 4

bottom), joining together for forming a single band at 1352 cm™ (Figure 4 top); (iii) the

11



wavenumber downshifts 880—873 cm™ and 760—752 cm™ occurring in two other Trp bands
in going from the bulk (Figure 4 bottom) to Au NPs (Figure 4 top).

In contrast, Figure 5B reveals a completely different situation for the binding to Ag NPs.
Thanks to the presence of CI ions around silver colloids (see Material and Methods for
details), a Raman band is observed at 245 cm™, previously ascribed to Ag-Cl bond stretching

35,36
mode.

In the presence of SST-14, a lower wavenumber component at ~220 nm appears,
consistent with the perturbations occurring at the surface of Ag NPs by the presence of SST-
14. Evidently, this interaction should be preferably of electrostatic character, i.e. with one of

the three cationic (NH3") sites of the peptide. Figure 6B shows side by side three schemes

suggesting possible binding of the peptide through an ionic pair interaction of Ag-Cl"...NH;"

type.

Toward a primary description of peptide corona around plasmonic NPs. The question
raised here is to see whether the adsorption models suggested for individual peptides (Figure
6), can be compatible with the formation of their aggregation around metallic NPs. For this,
we can consider the aggregation models suggested for SST-14 in the bulk, based on the recent
spectroscopic and imaging observations in highly concentrated solutions (20-to-60 mM).2%*!
Following this models, the first stage of the SST-14 self-assembly is a nonofibril, obtained by
a side-by-side arrangement of individual peptides, stabilized by the lateral amino acid
interactions. This nanofibril can bind from one side (Trp8 residues) to an Au NP, while its
other side (N' ammonium groups) can establish favorable interactions with an Ag NP.
Hence, such a fibril can be a good model for the formation of the first peptide layer appearing
upon aggregation around a plasmonic colloid. However, estimating by ~2 nm the largest

dimension of an individual SST-14 (i.e. from its N'' to the top of its loop), and considering

the thickness of the peptide aggregates (TEM images, Figure 2), it can be easily understood
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that more than one peptide layer should be present in a given corona. Again, as suggested
recently,”™*' higher order SST-14 aggregates can appear in the bulk through the auto-
association of the above mentioned nanofabrils, either stabilized by m-interactions between
their top Trp® residues, or through the H-bonds formed between their N'' residues. One or the
other of these two suggested types of nanofibril associations might provide an acceptable
description of the peptide corona observed around plasmonic colloids. Further experiments
based on high resolution electron microscopy images would be necessary to confirm the

above mentioned models.

CONCLUSIONS

In a recent investigation, the joint use of the middle wavenumber SERS spectra and
molecular dynamics for analyzing protein-drug interactions, was emphasized.”” Here, we
pointed out the advantages of using jointly the middle- and low wavenumber regions for
probing the interaction sites of a cationic peptide on plasmonic NPs. In this framework, the
usefulness of the data obtained from electrophoretic mobility, extinction spectra and
transmission electron microscopy, allowing determination of the charge and size of NPs, as
well as the main characteristics of their complexes with SST-14, has also been highlighted.

Undoubtedly, the high affinity of SST-14 to bind to Au and Ag NPs is mainly responsible
for achieving a very good signal/noise ratio in the SERS spectra recorded at very low peptide
concentration. However, the differences encountered between the binding mechanisms of this
peptide to the two types of plasmonic NPs are consistent with the fact that the metal nature
and its ionic coverage affect the peptide binding and its subsequent aggregation process. In
this work, we have also taken benefit from the presence of the corona formed by the peptide

aggregation around NPs, as well as from the large size peptide/NP aggregates, in order to
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enhance the SERS intensity.”® As a consequence, a cationic peptide such as SST-14, can play
the role of activator in the adsorption/aggregation feedback process.

This work opens the discussion on the establishment of systematic protocols allowing
controlling the coordination and binding sites of peptides and proteins on plasmonic colloids.
Further investigations would confirm the applicability of the presently elaborated NPs to other
cationic peptides, while other nanofabrication protocols should be suggested for facilitating

the adsorption of negatively charged or neutral peptide chains.
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Scheme 1. Amino acid composition and numbering of somatostatin-14. The cyclic structure
of the peptide is maintained by a disulfide (S-S) linkage between its Cys® and Cys'* residues

(shown by an extended solid line).
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Figure 1. Variation of the Zeta potential as a function of the distance from the surface of plasmonic

nanoparticles. (A) and (B) refers to gold and silver colloids, respectively. Zeta potential values and

distances are expressed in mV and nm, respectively.
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Figure 2. Transmission electron microscopy images of plasmonic nanoparticles. (A) A nude gold
nanoparticle. (B) An agglomerate of gold nanoparticles formed in the presence of somatostatin-14, as
presented with two different contrasts. (C) Zoom on a gold nanoparticle surrounded by a peptide layer.
(D) An agglomerate of silver nanoparticles formed in the presence of somatostatin-14. (E) Zoom on

silver nanoparticles surrounded by a peptide layer.
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Figure 3. Extinction spectra of plasmonic nanoparticles. Data obtained from the solutions containing
gold (A) and silver (B) nanoparticles at different concentrations of somatostatin-14. Color codes

corresponding to different concentrations are indicated in frame (B).
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Figure 4. Middle wavenumber (1800-350 cm™) region of Raman spectra. Bottom, classical Raman
spectrum of SST-14 recorded in the bulk (107 M). Middle, SERS spectrum of somatostatin-14 (5x107
M) adsorbed on silver nanoparticles. Top, SERS spectrum of somatostatin-14 (10° M) adsorbed on

gold nanoparticles. Trp markers perturbed by the peptide adsorption on gold nanoparticles are shown

by red arrows.
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Figure 5. Low wavenumber spectral region of the surface-enhanced Raman spectra. (A) Spectra taken
from the solutions containing gold nanoparticles in the absence (bottom) and in the presence (top) of
SST-14. (B) Spectra taken from the solutions containing silver nanoparticles either in the absence

(bottom) and in the presence (top) of somatostatin-14. Band decomposition is shown in blue colour

broken line.
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Figure 6. Suggested adsorption schemes of somatostatin-14 on plasmonic nanoparticles. (A)
Adsorption via a direct interaction of the Trp® residue with a gold nanoparticle. (B) Three possible

adsorption schemes for binding on a silver nanoparticle.
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