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1. Introduction

Understanding the interaction between out-ex-
pressed proteins in cancer cells and their extracellu-
lar matrix (ECM) represents a key process for im-
proving current cancer therapies and diagnoses.
ECM proteins such as fibronectin, vitronectin, and
laminin can be substituted by using a small synthetic

peptide named RGD (R: arginine (Arg); G: glycine
(Gly); D: aspartic acid (Asp)) [1]. This synthetic
peptide, in its cyclic conformation, exhibits higher
stability toward sterilization, heat treatment, pH-var-
iations, and storage [2]. Several clinical studies invol-
ving the use of cyclic (or cyclo) RGD (cRGD) for
imaging, chemotherapeutic strategies of drug deliv-
ery systems are underway [3, 4]. cRGD peptides can
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The cyclic RGD (cRGD) peptide ligands of cells have be-
come widely used for treating several cancers. We report
a highly sensitive analysis of c(RGDfC) using surface en-
hanced Raman spectroscopy (SERS) using single dimer
nanogap antennas in aqueous environment. Good agree-
ment between characteristic peaks of the SERS and the
Raman spectra of bulk c(RGDfC) with its peptide’s con-
stituents were observed. The exhibited blinking of the
SERS spectra and synchronization of intensity fluctua-
tions, suggest that the SERS spectra acquired from single
dimer nanogap antennas was dominated by the spectrum
of single to a few molecules. SERS spectra of c(RGDfC)
could be used to detect at the nanoscale, the cells’ trans-
membrane proteins binding to its ligand.

SERS of cyclic RGD on nanogap antenna.
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effectively trigger cell adhesion onto nanostructures
that address selective cell lines [5]. Of particular in-
terest, c(RGDfV) exhibited a tenfold stronger bind-
ing affinity toward αvβ3 integrin [6]. Figure 1(a) and
(b) show the natural structure of the linear RGD
and the c(RGDfC) peptides, respectively, where the
fourth amino acid is substituted by cysteine (Cys),
without loss of affinity [5]. Among all integrins, αvβ3
is likely the most strongly involved in the regulation
of angiogenesis; it is widely expressed on blood ves-
sels of human tumor biopsy samples but not on ves-
sels in normal tissues [3]. Integrins mediate adhesive
events during various cancer stages such as malig-
nant transformation, invasion, and metastasis [7].

Several spectroscopic methods have been used to
investigate the structure of RGD peptides [8]. Vibra-
tional spectroscopy and especially Raman-based
spectroscopy methods have recently achieved aston-
ishing results in describing cell biological processes
in both in-vitro [9] and in-vivo studies [10]. How-
ever, traditional Raman spectroscopy is limited by
the small amount of scattered photons, which are ea-
sily affected by fluorescence or by stronger Rayleigh
scattering. Surface enhanced Raman spectroscopy
(SERS) has shown an enhancement factor of ap-
proximately 108 compared to normal Raman cross
sections, thanks to the contributions of the electro-
magnetic (EM) and chemical (CE) enhancement fac-
tors [11]. The term “hot-spots” is commonly used to
describe the high intensity electromagnetic field ex-
cited at nanostructures surfaces [12]. They have been
reported to conventionally occur on rough metallic
surfaces and metallic nanoparticle aggregates; they
also occur in plasmonic nanogap antennas [13–15]
and in the metallic tip of cantilevers used in a techni-
que called tip-enhanced Raman spectroscopy
(TERS) [16].

A nanogap antenna enables nanoscale spatial re-
solution, leading to more precise spectral analysis
than conventional averaged surface enhanced spec-
tra. Dipole nanogap antennas allow fine-tuning of
the plasmon resonance condition used for SERS, as
was experimentally demonstrated by precisely con-
trolling geometrical parameters such as the gap di-
mension and the length of the arms [17]. The tun-
ability of the plasmon resonance constitutes a clear

advantage of the dipole nanogap antennas compared
to colloidal or randomly structured metal-island
films. With respect to TERS strategies, the possibi-
lity of acquiring signals from different spots almost
instantly arises as the most remarkable advantage of
the proposed approach. This technique could enable
monitoring the local protein binding through the de-
tection of SERS spectral modifications at a single
nanogap hot-spot.

The literature contains some reports of Raman
signals of linear, modified RGD tripeptides [18, 19]
being used to evaluate the adhesion and viability of
living cells on biofunctionalized surfaces. In most of
these reports, linear RGD peptide chains were used;
those that included the cRGD peptide were com-
bined with more complex components, which limits
the possibility for elucidating the Raman compo-
nents specifically related to the RGD molecule [20,
21]. Schultz’s group recently reported a novel ap-
proach involving the use of TERS to detect the
αvβ3 integrin on the top surface of fixed cells on the
basis of integrin’s bioaffinity with cRGD [22]. How-
ever, this approach cannot monitor the interaction
between the cRGD and the integrins involved in cell
adhesion to the surface, which is also difficult to as-
sess by diffraction-limited immunofluorescence mi-
croscopy. Furthermore these authors did not identify
or elucidate the origins of the Raman bands of RGD
peptide targeting the αvβ3 integrin.

To the best of our knowledge, the literature con-
tains no systematic experimental analysis of the Ra-
man spectroscopic bands of linear or cyclic RGDs.
This work reports for first time the SERS spectra, ac-
quired using a single dimer nanogap antenna, of this
important biomolecule in an aqueous environment.

A significant segment (�45%) of the cRGD par-
ticipates in the binding with αvβ3 integrin, causing a
distortion of the cRGD upon reaction, as demon-
strated in molecular simulation models [23]. Thus,
we believe that precise identification of the Raman
spectrum of cRGD could provide basic information
related to the dynamics and features of nanoscale li-
gand-receptor binding of the αvβ3 integrins and po-
tentially enable the detection of this reaction only
on the basis of the modification of the Raman spec-
tra of a short ligand peptide.

Figure 1 (a) Chemical structure of
the linear RGD tripeptide mole-
cule in its natural conformation (b)
the cyclic RGD peptide configura-
tion, c(RGDfC), used in this work.
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2. Experimental

Nanogap antenna fabrication: Gold nanogap anten-
nas were fabricated on glass substrates using lift-off
and electron-beam lithography, as described else-
where [17]. Different nanogap sizes (15–30 nm) and
arm’s lengths (40–80 nm) were designed, whereas the
width and thickness were kept constant at 40 nm.

Optical setup: A dark-field inverted microscope with
an oil–immersion objective (Plapon 60 × O,
NA = 1.45 TIRFM, Olympus) was used to illuminate
the antennas with a halogen lamp [15]. Nanogap an-
tennas were optically characterized in an aqueous
environment to determine the antennas’ optimum
enhancement for the Raman excitation wavelength.
A helium–neon laser at 632.8 nm was used to illumi-
nate the nanostructures, with a spot–size area of ap-
proximately 1 μm2.

Normal Raman spectrum of c(RGDfC): A cyclic
pentapeptide c(RGDfC) (Anaspec, US) containing
Cys was used for binding to the gold antennas. Dif-
ferent illumination powers and exposure times were
evaluated, as detailed in the Supporting Information.

SERS of c(RGDfC) on antennas: c(RGDfC) was im-
mobilized onto the gold surface by covalent bonding
via Cys. The samples were incubated in a 170 μM
aqueous solution at room temperature for 24 h. Sub-
sequently, the residual unbound c(RGDfC) was re-
moved from the samples by thorough rinsing with
pure water. The samples were placed on top of the
objective using a piezoelectric positioner for precise
location of individual antennas.

3. Results and discussion

Figure 2 shows the Raman spectra of the c(RGDfC)
in the spectral region between 400 cm–1 and
1800 cm–1,which is known as the “fingerprint region”
because it contains the principal bands used to iden-
tify structural characteristics of biomolecules [24].
The peak frequencies are determined using a Lor-
entzian peak–fitting function. Table 1 contains the
Raman band assignments for the powder c(RGDfC)
based on the spectra of the constituent elements of
the peptide backbone (i.e. Asp [25, 26], Arg [27],
Gly [27, 28]); and those of the other two side–chain
components (i.e Cys [29, 30] and phenylalanine
(Phe) [27, 29]). Although the fourth amino acids of
the peptide chain do not affect the binding of the
αvβ3 integrin, these additional elements (i.e Phe and
Cys) are responsible for prominent peaks in the Ra-
man spectra of biomolecules.

As indicated in Figure 2, the Raman spectrum
contains characteristic bands caused by vibrations of
polypeptide structures (amide bond, 1447 cm–1),

peaks related to the amino acids involved in the in-
tegrin binding, and significant peaks originating from
the presence of the aromatic amino acid d-Phe (620,
1004, 1210, and 1610 cm–1), in agreement with the
results of previous studies on polypeptides analyzed
by Raman spectroscopy [31]. A Raman band at
520 cm–1 related to a disulfide bridge (S–S) is ob-
served; this band corresponds to the solvated struc-
ture of the molecule, consistent with the results of
previous Raman studies on proteins containing S–S
bonds [24]. A Raman band classified as very strong
(1443 cm–1) matches the band previously reported
for two of the amino acids, Arg and Gly, and that

Figure 2 Experimental normal Raman spectrum of
c(RGDfC) in the solid powder state, as collected with 1 s
exposure. The main components of the Raman bands are
assigned on the basis of the Raman bands of the individual
constituents (Table 1).

Table 1 Experimental normal Raman vibrational spec-
tra of the cyclic RGD peptide c(RGDfC).

Raman [cm–1] Relative Intensity* Assignment

519 m Cysteine (S–S str.)
620 s Phenylalanine
725 m Aspartic (C–O str.)
832 br Cysteine
892 w Glycine
933 m C–C str.
1005 vs Phenylalanine
1035 ms Arginine
1084 m Aspartic (C–C str.)
1207 ms Phenylalanine
1280 m Amide III
1317 m Glycine, CH2
1342 w CH2 defor.
1443 vs Arginine, glycine, CH2
1586 mw Phenylalanine
1610 m Phenylalanine
1680 s Amide I, glycine

* s, strong; m, medium; w, weak; v, very; br, broad; sh,
shoulder; str, stretch; vib, vibration; defor, deformation.
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reported for more complex protein structures, where
it was assigned to the scissoring of the CH2 bond
[32]. Furthermore, no signals associated with possi-
ble optically-induced damages of the peptide are ob-
served during the experiment.

SERS of c(RGDfC) on nanogap antennas: SERS
spectra from nanogap antennas can provide informa-
tion about the molecule’s conditions on the basis of
the highly confined field in the nanogap that defined
a potential hot-spot for the Raman modes of the
c(RGDfC). Figure 3(a) shows the Rayleigh scatter-
ing spectrum of a nanogap antenna embedded in an
aqueous environment. The spectral region of field
enhancement matches the frequency of laser excita-
tion and Raman-scattered light.

The inset in Figure 3(a) shows the scanning elec-
tron microscopy (SEM) image of a single gold nano-
gap antenna. The change on the refractive index due

to the binding of the c(RGDfC) peptide on the gold
surface led to a red-shift of about 2 nm of the plas-
monic resonance. No further changes on plasmon
conditions were evident after the SERS experiments
on the nanogap antenna, as reported in other experi-
ments [33]. Selective enhancement of SERS modes
could be achieved by modifying the refractive index
of the surrounding media [34].

Figure 3(b) shows the SERS spectrum of the
c(RGDfC) on the nanogap antenna characterized by
multiple Raman bands. This spectrum represents the
average of five consecutive spectra with 1 s expo-
sure. For comparison, Figure 3(c) shows the normal
Raman spectrum of bulk c(RGDfC) after smoothing
and fitting of the spectrum shown in Figure 2 using a
Lorentzian function. Notably, several peaks are ob-
served in both the normal Raman and the SERS
spectrum, confirming the reliability of nanoantennas
as a SERS substrate for relatively complex biological
molecules. Several dominant Raman bands in the
normal spectrum and SERS spectrum of Phe match
(i.e., those at �1002 cm–1, �1215 cm–1, �1597 cm–1),
with only slight variations, as indicated by the aster-
isks in both spectra in Figures 3(b) and (c).

Among the bands assigned to Phe, the one at
1595 cm–1 exhibits the strongest intensity enhance-
ment. The differences in enhancement between
bands of the same molecule have been explained
through density functional theory (DFT) calcula-
tions; in particular, the orientation of the phenyl ring
with respect to the metal surface was observed to
cause dramatic changes in the enhanced vibrational
modes [35]. We hypothesize that the phenyl ring of
the c(RGDfC) peptide is oriented perpendicular to
the gold surface, as sketched in Figures 4, facing the
nanogap and thereby enhancing the quadrant
stretching in-plane vibrational mode of the phenyl
ring at 1600 cm–1 [36, 37]. This orientation agrees
with a previous representation of a similar cyclic
RGD polypeptide (RGDfE) found on the Protein
Data Bank (PDB, 1FUL) [38] and with another re-
port of a wide set of peptide combinations investi-
gated on silver SERS surfaces [28].

Figure 3 (a) Scattering spectrum of a nanogap antenna in
an aqueous environment; the inset shows the SEM image
for an antenna with an arm length of 60 nm and gap of
15 nm (scale bar: 10 nm). (b) Average of five-consecutive
SERS spectrum of c(RGDfC) with 1 s exposures. (c) Ex-
perimental normal Raman spectrum. Asterisks denote the
phenyl-ring peaks that match on both the Raman and
SERS spectra.

Figure 4 Proposed orientation of the Phe residue of the
c(RGDfC) in the nanogap region with respect to the elec-
tromagnetic field (Ey) excited on the antenna.
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The higher-frequency vibrations exhibit the most
significant differences between the normal and SERS
spectra. An enhanced SERS peak at 1402 cm–1, pre-
sumably from Cys, has been previously associated
with the asymmetric stretching vibration of COO−

group [30]. The prominent enhancement of the car-
boxylate band has been also related to the interaction
of COO− with the metal surface through the π-system
of this group [30, 39].

A broad peak with low to medium intensity was
also noticeably enhanced in the range from 1736–
1764 cm–1 in the SERS spectra (Figure 3b).
Although this band is not commonly discussed for
peptides, it can be assigned as a C=O stretch (1735–
1760 cm–1) [36, 40]. It should be mentioned that
complete coincidence between the normal Raman
and the SERS spectra is not expected for this kind
of single structure measurement because the ob-
served large enhancement is partially attributed to
chemical enhancement. This implies that the mole-
cule-metal interaction affect, the vibrational modes
and, therefore the Raman spectral features [41], as
discussed below for the case of amide I/ II.

Amide II enhancement vs Amide I silence: Remark-
ably, we observed a substantial enhancement of the
amide II band (1544 cm–1) [24, 42], which is related
to coupled vibrational modes of the peptide bonds.
The contrasting increase in the signal intensity for
the amide II (N–H bending coupled with C–N
stretching) bands with respect to normal Raman
spectra has also been reported in TERS and SERS
studies [39, 41] and can be interpreted as evidence
that c(RGDfC) was not denatured by thermal-in-
duced damages. However, in previous studies of
RGD peptides using SERS or TERS, the amide II
band was not clearly identified [18, 19, 21, 22].

Conversely, the amide I band which appeared as
a high-intensity peak at �1680 cm–1 in the normal
Raman spectrum of bulk c(RGDfC), was not ob-
served in the SERS spectrum. This phenomenon of
drastic suppression of the amide I band has been re-
ferred as the “silence” of amide I [43]. Recently, in
an study covering TERS and SERS, researchers ap-
proached this effect using different lengths of pep-
tides [44]. They concluded that the silence of the
amide I SERS band is sensitive to separations of
about 1 nm and occurs when the peptide bond is lo-
cated at a “bulky distance” from the metal surface.

In our results, we observed an intriguing en-
hancement of the amide II band associated also
with a peptide-bond mode. Thus, in the case of
c(RGDfC), we consider that a different vibrational
mode of the peptide-bond was enhanced as a result
of the molecule’s structure modification caused by
the interaction with the metal surface. Another pos-
sibility is related to the surface selection rules [45]
that could determine the orientation of the cyclic

segment of the peptide with respect to the EM field
excited in the antenna. In particular, this explanation
is supported by previous reports [46, 47] wherein the
peptide orientation was deduced on the basis of the
amide I/amide II dichroic ratio and indicated a per-
pendicular orientation of the transition moment of
these two amide vibrational modes [46]. In summary,
these hypotheses imply that the silencing of the
amide I band can occur even in cases where the pep-
tide bond is within the range of the charge-transfer
(CT) enhancement of the metal surface, although
this issue requires further experimental and theoreti-
cal investigations.

On the basis of the MM2 classical model of force
fields representation [48], we hypothesize that the
self-assembly orientation of the c(RGDfC) may pre-
dispose the backbone of this cyclic peptide to be or-
iented parallel to the gold surface of the nanogap a
fact supported by the wide range of empirical appli-
cations using cRGD for targeting the αvβ3 integrin.
Collectively, these evidences suggests that after bind-
ing to the gold surface, the RGD sequence remains
exposed and is thus well oriented to bind the integ-
rin, which possesses a highly specific binding loca-
tion (i.e., between the α and β segments), as sug-
gested in the series of papers by Xiong et al. [23, 49].

Temporal intermittency of SERS spectra (blinking):
Figure 5(a) shows a waterfall plot with a second-
based timescale for the c(RGDfC) spectra on a gold
nanogap antenna. High-intensity fluctuations or in-
termittency of the signal are evident for the se-
quence shown. The drastic intensity fluctuations,
known as “blinking”, which results in the on/off
switching in the Raman spectra are characteristic of
the SERS and TERS when a single molecule (or a
small number of molecules) is located at the probing
regions under an extremely high electromagnetic
field at the nanostructured surface [50–52]. The
blinking effect of single-molecule SERS (SM-SERS)
is thought to be related to (i) photoinduced ioniza-
tion of the adsorbed molecule, (ii) reversible activa-
tion and quenching of the chemical enhancement,
and (iii) thermally induced slow diffusion or des-
orption of the molecule from the metal surface [12,
50, 53]. The intensity modulation of practically all of
the bands confirms the complex temporal variation
of the SERS mechanism.

Figure 5(b) shows the overall spectrum (Sum-
SERS) of the c(RGDfC) for the region marked with
a brace and labelled IV in Figure 5(a). This spec-
trum corresponds to the average of the SERS indivi-
dual spectra from 40 s to 44 s, constituting the
“bright” state of the molecule. A single spectral line
collected at 41 s, as obtained, is represented in Fig-
ure 5(b) as III with a graphical offset on the vertical
axis. A third trace (II), obtained at 35 s and corre-
sponding to the “dark” state of the molecule, and a
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fourth trace (I) obtained at 21 s, which represents a
low-intensity spectrum corresponding to a transient
region at approximately 20 s, are included in Fig-
ure 5(b) for reference.

Relative fluctuation of peak position and intensity:
In Figure 6(a), although a certain correspondence
between sequential spectral lines in the Raman
bands is evident, closer observation reveals a sub-
stantial fluctuation in both the frequency and inten-
sity of the Raman peaks.

The relative fluctuations, on a 1 s time scale, occur
on a time scale faster than the aforementioned blink-
ing effect. Figure 6(a) shows a 10 s sequence, to-
gether with the average spectrum (SumSERS, scaled
by 2.5). The principal Raman bands (A–H) are indi-
cated in a sequence of 10 representative spectra. The
fluctuations do not uniformly modify the SERS spec-
tra, suggesting that their origin is not related to fluc-
tuations in the experimental conditions, but intrinsi-
cally related to the plasmonic enhancement, the
changes in the vibrational mode of the molecule, or
the CE by the interaction with the gold surface.

Figure 6(b) shows the temporal fluctuations of
the peak frequencies determined after Lorentzian
fitting of each spectrum of the spectra collected be-
tween 40 s and 50 s. Spectral lines at 45 s and 48 s
were excluded in this figure since bands E and F
were not identified and therefore their relative spec-
tral variation could not be estimated. No clear corre-
lation is apparent between the frequency peak fluc-
tuation (Δω) and the spectrum number. The peaks
corresponding to Phe (B, C and G in Figure 6(b))
exhibit smaller fluctuation of 8 cm–1 to 13 cm–1,
whereas the remainder peaks of the c(RGDfC) gen-
erally exhibit larger fluctuations, for instance band
H (ΔωH = 28.7 cm–1).

Figure 5 (a) Time evolution map of the SERS intensity over
50 spectra. Each line corresponds to an intensity plot of 1 s.
The intensity is represented by the color scale; the vertical
axis represents the spectrum number, whereas the horizontal
axis shows the Raman frequency. (b) Representative spec-
trum of the low-intensity state (I) at 21 s (magenta), dark state
(II) at 35 s (blue), the bright state (III) at 41 s (green), and the
average of five consecutive spectra from 40 s to 44 s, Sum-
SERS (IV) (red).

Figure 6 Fluctuation of the SERS spectrum of c(RGDfC). (a) Sequence of ten consecutive spectra collected from a nanogap
antenna in 1 s time increments and the corresponding average of the signals (SumSERS); three distinctive bands of Phe (B,
C, G) are marked with yellow background; a band named A and marked with a green background has not been previously
assigned to RGD peptide. (b) Temporal fluctuation of the peak positions of the Raman bands (A–H). The value of the
corresponding peak in the SumSERS spectrum for the complete segment is indicated with a red mark (×).
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By contrast, some synchronization of the inten-
sity fluctuation between some Raman bands is evi-
dent. Figure 7 summarizes two cases where both cor-
related and anti-correlated dependences are ob-
served. For instance, the intensities of the Raman
bands assigned to Phe (B = 1000 cm–1, C = 1215 cm–1,
G = 1593 cm–1) change in unison in almost all spectral
lines. Quantitative evaluation of the correlation be-
tween pairs of Raman peaks intensity can be assessed
through the Pearson correlation coefficient [35]. From
Figure 7, the absolute correlation coefficient between
the Raman bands C andG (Phe) is +0.93, whereas that
between A and G is –0.62, confirming a strong syn-
chronization (correlation and anti-correlation) in the
intensity fluctuation of these Ramanmodes.

The finding of the synchronized fluctuations to-
gether with the blinking behavior discussed above
endorses that the SERS spectrum of the single nano-
gap antenna is dominated by a single molecule(s).
Because the EM field enhancement was kept con-
stant, there is a consensus that the intensity fluctua-
tions are caused by modification of the CE though
the charge transfer (CT) with the metal–ligand inter-
action [54]. In order to achieve single (or few)
molecule sensitivity, the effective Raman scattering
cross-section σ SERS

Raman eff should be comparable with
that of the fluorescence (10–17 cm2). It is defined as
σ SERS

Raman eff = σ Raman �GEM �GCE, where GEM and
GCE are the electromagnetic and chemical enhance-
ments, respectively, and σRaman is the normal Raman
scattering cross-section of the bulk molecule. En-
hancement factor of at least 1010 are required to ob-
tain a single molecule sensitivity. Based on our cal-

culations using surface integral equations (SIE),
GEM is expected to be �106, which is in agreement
with previous estimates [12, 55]. The GEM can be in-
creased by one to two orders of magnitude when na-
nofabrication effects due to shape variations [56]
and granularity of gold nanorods [57] are taken into
account. Thus, for c(RGDfC) adsorbed in the nano-
gap of the antenna, a GCE of �103 can be attributed
to the chemical mechanism. A previous report of
SERS using single bowtie antenna exhibited a GCE
of �107 in order to achieve SM-SERS spectrum [14].

More precise estimation of the GCE using known
values of σRaman of the R6G molecule and rigorous
determination of the conversion factor of the optical
system has been achieved by Yoshida et al. [58].
However, for the c(RGDfC) used in this work,
σRaman has not yet been determined and, therefore,
the value of GCE can only be estimated.

This study is not focused on determining the exact
segment of the c(RGDfC) directly enrolled in the CE.
However, the SERS analysis suggests a strong interac-
tion of the aromatic ring of the phenyl residue with the
gold surface, supported by a remarkable enhancement
of the band assigned to the symmetric ring vibrational
mode ν8a (Band G 1595 cm–1) considered as indica-
tion of an essential role of the CE in the SERS spectra
[59, 60]. The mechanism associated with this interac-
tion is explained by the two-state model [61], in parti-
cular by the π-back-bonding that enables the Metal-
to-Ligand-Charge-Transfer (MLCT) from the highest
occupied molecular orbital (HOMO) of the gold
atoms to the lowest unoccupied molecular orbital
(LUMO) of the molecule.

Interestingly, we found the anti-correlation of the
Band G with the band A can be attributed to the
change of orientation (and probably to the loss of
the interaction with the metal surface) of the phenyl
ring. Thus, leading to the correlated decrease of the
symmetric in-plane modes corresponding to the
bands B, C and G whereas favor the out-of-plane
mode of the band A (540 cm–1) that exhibit a lower
Raman scattering intensity.

Perspective biological applications of protein
binding detection could be affected by the blinking
observed in our experiments, which limits the ability
to monitor highly dynamics temporal changes of the
Raman spectra. However, when a reaction with in-
tegrin occur, a remarkable modification of the
Raman spectra is expected, as reported in previous
works [22, 23], enabling its detection due to the high
sensitivity of the dimer nanogap antenna.

On the other hand, although we observed consis-
tent spectra in a number of functionalized nanogap
antennas, we found significant variations in fre-
quency/intensity fluctuations. Variations in gap size
in antennas with small gaps, caused by imperfections
due to nanofabrication issues [15], induce critical
variations in the plasmonic resonance position,

Figure 7 Synchronization of intensity band fluctuations:
two intensity-correlated bands from Phe (C = 1215 cm–1,
G = 1595 cm–1); and a Raman band showing an anti-corre-
lated synchronization (A = 540 cm–1) with bands C and G.
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which leads to altered GEM for a Raman mode of
molecules situated in different antennas. Further im-
provements have to be achieved in order to imple-
ment this method into a robust biological applica-
tion. Nevertheless, this work demonstrates an
original approach for fundamental studies of pro-
tein-ligand interactions, while circumventing the
problems of large number of Raman bands of com-
plex molecules and the fluctuations, which have
been reported to be major limitations for practical
applications [37].

4. Conclusion

The Raman spectrum of the cyclic RGD (c(RGDfC))
was presented, and the main Raman bands were
identified and assigned on the basis of its amino acid
constituents. Good agreement between characteristic
peaks of the Raman spectra of the bulk c(RGDfC)
and SERS were obtained using a single nanogap
antenna. Furthermore, we observed SERS blinking
effect that together with synchronized (correlated
and anti-correlated) intensity fluctuations between
different Raman modes of the phenyl ring are con-
sidered indications that the SERS spectra in the
dipole nanogap antenna was dominated by a single
molecule(s). To achieve single molecule sensitivity,
theoretical calculations supports EM enhancement
factor of 106–108, therefore for this dimer nanogap
antenna a CE enhancement of at at least 103, is ex-
pected. These results open the possibility of using
gold nanogap antennas as a platform to detect the
local binding events of cells, on the basis of the
modification of the SERS spectrum corresponding
to the c(RGDfC).
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