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Thiolated Graphene Oxide Nanoribbons as Templates for
Anchoring Gold Nanoparticles: Two-Dimensional

Nanostructures for SERS

Jose M. Gonzélez-Dominguez,**® Andrea Colusso,” Lucio Litti,'? Adrian Ostric,”

Moreno Meneghetti,*'9 and Tatiana Da Ros*"

Graphene oxide nanoribbons (GONRs), obtained from the
oxidative unzipping of carbon nanotubes, have been inves-
tigated as building blocks towards reaching active platforms in
surface-enhanced Raman scattering (SERS). The complete
development of carbon nanomaterials is strongly related to the
exploitation of their chemical versatility, so this work is focused
on the positive effect that a specific chemical functionalization
provides to the SERS effect when gold nanoparticles are used.

Introduction

Since the observation of the surface-enhanced Raman scatter-
ing (SERS) phenomenon in the mid-late'70s, nowadays match-
ing and overpassing high-sensitivity landmark techniques such
as absorbance or fluorescence spectroscopies.” SERS belongs
to the family of molecular spectroscopies, and it is based on the
plasmon-assisted scattering of molecules, which are near
certain metal surfaces, supporting local surface plasmon
resonance. Thus, it requires the presence of a metal, and its
surface has to be nanostructured in order to achieve the
highest yield, for which this technique is currently conceived
mainly with metal nanoparticles. The existence of the SERS
phenomenon is conditioned by the interaction of light with the
plasmonic nanostructures and with the molecules located very
close to the nanostructures themselves. The highest enhance-
ments are typically observed in specific regions of the nano-
structures called “hot spots”, where there is an electromagnetic
field enhancement of orders of magnitude. Hot spots physically
correspond to places near to junctions, tips and edges of
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The covalent derivatization of GONRs with terminal thiol groups
boosts their interaction with different types of gold nano-
particles (namely, ‘naked’ or citrate-stabilized), and the resulting
two-dimensional aggregates show an intense enhancement of
the Raman scattering from the carbon nanostructures because
of their two-dimensional extended aggregation pattern. The
SERS effect has been corroborated by theoretical calculations
and a conceptual proof of SERS-based sensing.

nanoparticles. This is the reason why isolated spherical nano-
particles do not exhibit huge enhancements.

The deposition of a given analyte directly into the hot spot
or in its very close proximity rules the overall SERS process,
entailing a high spatial localization dependence. The SERS effect
is especially appreciated in the bioanalytical field (direct
detection of clinical analytes, whole cells, bacteria...) since it
presents numerous advantages over traditional spectroscopies,
namely resistance to photobleaching or photodegradation,
narrow bandwidth peaks, possibility of multiplex detection and
even avoidance of the intrinsic autofluorescence of the bio-
logical systems.” There are examples in literature exploiting the
bioanalytical potential of noble metal-based SERS systems, for
example, the work reported by Yashchenok etal.® These
authors, designed a SERS platform supported on silica probes,
based on carbon nanotubes decorated with gold nanoparticles;
and this ternary system exhibited an excellent performance
(even at very low laser powers), and an increased sample
roughness enhancing the SERS effect. These features could be
successfully employed for detecting molecular fingerprints
within living cells in very benign conditions. Such results
illustrate the relevance of interfacing carbon nanostructures
with noble metal nanoparticles, which is able to improve the
SERS response of the latter owing to their physical and chemical
interactions.

The Raman features of carbon nanomaterials are rather
peculiar and easy to recognize and to follow, so they can be
really useful in SERS as fingerprint. For example, the use of
carbon nanoparticles directly in Au hot spots provides an
overwhelming contribution to the overall SERS signal, needing
only few well-located carbon nanostructures to provide a huge
enhancement.” Also in the past, these features have been used
for such purposes, as the application of single-walled carbon
nanotubes in tip-enhanced Raman scattering (TERS).”’ This
stands as a proof that carbon nanostructures exhibit great
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potential for Raman applications, by virtue of their unique
structure-dependent properties, and the relevant optoelectronic
effects taking place when interacting with noble metal nano-
particles. Likewise, the interest in SERS application of graphene,
the 2-D carbon nanomaterial par excellence, is growing and the
late results are promising and demonstrated its suitability,” as
well as for other graphene derivatives such as graphene
nanoribbons (GNRs). In particular, some authors have addressed
the SERS characterization of GNRs obtained by chemical and
mechanical cleavage of pristine graphite,” finding new Raman
bands, due to the nanoribbon’s lateral dimensions and number
of layers, paving the way towards the precise characterization
of width and fine edge structure in such 2-D carbon nano-
materials. Other authors have revealed a TERS enhancement
factor up to 4-10° by directly growing armchair graphene
nanoribbons on Au(111), and, more recently, the combination
of graphene oxide nanoribbons (GONRs) with gold has been
successfully exploited to build an aptameric sensor for Pb(ll)
based on SERS principles, with high sensitivity and good
selectivity.”) But still, deeper insights into sensitivity, selectivity
and reproducibility in SERS performance are to be obtained to
fully develop the potential of graphene and its related
structures in such application. According to specialized
literature,"” one of the current challenges for this to happen
regards the controllable functionalization of graphene with
specific chemical groups.

The contemporary use of carbon nanostructures and metal
nanoparticles in SERS can be exploited both in non-specific and
in targeted approaches. In the first case, this dual system can
attract analytes in a not specific way, being the GONRs a
platform for interactions. In a second approach, when the
nanostructures are functionalized with specific targeting agents
thanks to the chemical versatility of the carbon nanostructures,
the SERS response will be indicative of the presence of the
targeted component without any doubt, owing to the nano-
ribbon characteristic and the intense Raman signal. In both
cases, the presence of metal nanoparticles would increase the
signal by surface-enhanced Raman scattering and, if any analyte
would be present, its signals would increase as well, with better
performances in the detection and recognition. The use of
Raman for biological purposes in presence of carbon nano-
structures is already well reported,"” as well as the more
specific use of these combinations for diagnostic approaches.?

In the present work, we have selected GONRs as potential
candidates for SERS application. Our approach is based on the
choice of a suitable surface chemistry derivatization to max-
imize the performance of SERS by strengthening the interac-
tions between GONRs and gold nanostructures. More precisely,
the extensive surface functionalization with very simple
moieties containing terminal thiol groups has been performed
as a proof of principle to induce the strongest possible binding
of the carbon nanomaterial inside Au hot spots. It has been
stated that the closer the metal nanoparticles are to the carbon
nanostructure, the larger the SERS effect is,” so a tailored
chemistry between both nanostructures could play a key role in
SERS. Therefore, the metal-material intensified interaction is

herein intended to act as the SERS driving force, providing
improved results.

To the best of our knowledge this is the first attempt on the
use of chemically-functionalized GONRs in a SERS study, being
the enhanced signals of the nanoribbons themselves a primary
indication that the system is active in SERS. A key element is
that proper chemical functionalization of the GONRs can be
conceived and tailored to maximize the strength of interaction
between Au hot spots and the substrate, exceedingly increasing
the SERS efficiency. The interaction of analytes with graphene
derivatives may also produce new states which favor the SERS
enhancement with the so-called chemical mechanism in which
electronic polarization or charge transfer states may help the
enhancement of the SERS spectra of an analyte.!"

Results and Discussion
Synthesis of GONRs

The preparation of the GONRs from multi-walled carbon nano-
tubes (MWCNTs) was performed by treatment with acids and
other strong oxidants (Figure 1). The analysis of the successful
synthesis of GONRs from MWCNTs was mainly carried out
through microscopic techniques. TEM images of the pristine
MWCNTs are reported in Figure 2a-b while Figure 2c-f showed
flat structures in GONRs with averaged dimensions of 480+
50 nm in length, and 46+4 nm in width. While the latter is
consistent with the MWCNTs diameters specified by the
manufacturer, the lengths observed in GONRs suggest that
MWCNTs underwent a certain degree of transversal cutting
together with the unzipping mechanism. This could be
associated with structural defects contained in the pristine
material.”® The AFM analysis of GONRs and GONRs-SH (Fig-
ure 2g and h respectively) shows individual nanostructures with
a height profile across the nanoribbons of 3-7 nm, which
corresponds to the height of 2-3 graphene sheets, in agree-
ment with typical results reported in literature.™ According to
the MWCNT/KMnO, ratio used in this work (1/5), and the
starting MWCNTs being of a diameter higher than 15 nm, we
can conclude that the MWCNTs underwent a sequence of
intercalation, oxidation and exfoliation,"” ending up in thin
GONRs with a high level of oxidation.

Functionalization of GONRs

The first direct evidence of the success in GONRs functionaliza-
tion was obtained by assessment of their dispersibility in
different solvents (Figure 3). As-produced GONRs were highly
dispersible in water and polar solvents, such as N,N'-dimethyl-
formamide (DMF), ethanol, and water/ethanol mixtures. How-
ever, the GONRs exhibited markedly poor dispersibility in low-
polarity solvents such as dichloromethane, hexane or diethyl
ether. Once the functionalization with S-Trityl- mercaptoethyl-
amine (STrt-MEA) took place, an inversion in this trend was
observed, being the functionalized GONRs highly dispersible in
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Figure 1. Preparation of thiolated GONRs.

dichloromethane and not in water. This would be in agreement
with a surface that is highly covered with benzene rings, due to
the Trityl capping of functional groups. Finally, the removal of
Trityl groups resulted in the recovery of GONRs affinity for polar
solvents. TGA characterization provided quantitative informa-
tion on the extent of functionalization with MEA (Figure 4). The
starting MWCNTs presented a thermal profile in inert atmos-
phere with practically no weight loss in the analysis range.
However, GONRs present weight losses between 100 and 300 °C
ascribable to the multiple oxygen groups inserted during the
oxidative unzipping process. These groups are quantified as
about 40% of the total sample weight, and were taken into
account for the reaction stoichiometry, stating this weight loss
to be exclusively due to the presence of carboxylic acid units
(see Experimental section). After functionalization with S-Trt-
MEA, the measured weight loss was remarkably higher (almost
76% of weight loss at 450°C), corresponding to a highly
functionalized material. The trityl cleavage was performed in
acid conditions and the GONR control sample helped in
elucidating the effect of this treatment on the nanoribbon
structure. As it has been reported,’® graphene oxide (GO)
materials are extremely versatile and reactive platforms, but
their functionalization usually goes together inevitable reduc-
tion or deoxygenation. In this regard we have observed that the
Trityl cleavage protocol caused such alteration to the pristine
GONRs as they roughly experience just the half of weight loss in
TGA experiments when subjected to TFA/silane treatment. The
difference in weight loss at 450°C between the control sample
and functionalized GONR-SH materials (11%) was used to
quantitatively assess the functionalization degree. Taking into
account the molecular weight of the attached moiety, we
determined a content of 0.93 mmol of thiol groups per gram of
sample.

The presence of functional groups was confirmed by FTIR
spectroscopy analyses (Figure 5). As expected, many different
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oxygen groups could be distinguished in GONRs, including
phenol (1216 cm™), ethers and alcohols (1030-1100 cm™' C-O
stretching, 667 cm™' O-H bending), oxiranes (833 and
1288 cm™), carboxylate ions (1590 cm™') and carboxylic acids
(1733 cm™"). Upon functionalization with S-Trt-MEA, the most
visible features were the downshift of the carboxylic band to
1680 cm ™', in agreement with the existence of amide bonds,
and also the appearance of different peaks ascribable to
benzene rings monosubstitution vibrations (700 and 744 cm™).
After Trityl cleavage, benzene peaks were no longer observed.

Raman Profile of GONRs

In Raman spectra of MWCNTSs three characteristic bands can be
observed (Figure 6): D band is at around 1350 cm™ and it is
characteristic of disordered carbon forms, thus commonly
associated to structural defects; graphitic (G) band at 1585 cm™'
which originates from in-plane vibration of sp? carbons; and a
band around 2700 cm™ known as 2D band that is a result of
two-phonon Raman process which is independent from the
presence of defects in the structure!” GONRs' spectra
presented much higher intensity. Raman intensity derives from
many effects, one of which is the electron-vibration coupling,
that also depends on the electronic structure and, so, the better
delocalization of 7t electrons can be beneficial in terms of signal
intensity."® Since electrons can delocalize better in less
defective structure, we have compared Iy/l; ratios of three
samples (Table 1). Surprisingly, although quite harsh process
has been used on MWCNTs, the Iy/lg ratio did not change
considerably upon formation of GONRs. All three spectra were
measured at 532 nm laser wavelength and they are average of
3-5 different localizations on each sample.
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Figure 2. a—f. TEM images of commercial NanoAmor® MWCNTSs (a, b) and the as-synthesized GONRs (scale bars 100 nm). In (c-€) the large thick bridges, over
which GONRs are standing, correspond to the grid structure (Carbon lacey); carbon coated copper grid was used for f. g-h. AFM images of: g) GONRs before
functionalization and h) GONRs-SH, with their corresponding height profiles (frame colour corresponds to bar colour).
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Figure 3. Dispersibility images of variously functionalized GONRs in water
and dichloromethane (concentration about 0.05 mg/mL).
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Figure 4. TGA plots of MWCNTSs (solid black line), control GONRs (solid light
blue line), GONRs-SH (dash-dot yellow line), GONRs (long-dash grey line) and
GONRs-S-Trt (short-dash green line).

GONRs-S-Trt

%T (a.u.)

GONRs-SH

1680 1377 4110 Yo5d

3000 2000 1600 1200 800
Wavenumber (cm-)

Figure 5. FTIR spectra for GONRs and their functionalized counterparts
GONRs-S-Trt and GONRs-SH.
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Figure 6. Raman profiles of MWCNTs (black line), GONRs (grey line) and
GONRs-SH (light grey line). Excitation laser line at 532 nm. Plots are average
of at least 3-5 random localizations in each sample.

Table 1. Band positions and ratios from Raman spectra recorded at

532 nm.

Sample D-band position G-band position I/l
[em™] fem™]

pPMWCNTs 1359.76 1592.96 1.07

GONRs 1369.62 1614.89 0.95

GONRs-SH 1359.29 1608.28 1.01

SERS Profile of GONRs-SH Coupled to ‘Naked’ AuNPs

Coupling experiments between GONRs-SH and ‘naked’ AuNPs
have been performed to assess the capability and efficacy of
these systems for SERS. This coupling was obtained by mixing a
solution of AuNPs at the concentration of 2x107° M with an
aqueous dispersion of GONRs-SH (five times in volume) at a
concentration of 0.25 mg/mL. The coupling saturated all the
thiol functions since, after stirring, an excess of nanoparticles
was removed by centrifugation. For the Raman analysis, a
smooth film of the material was obtained by dropping the
solution (50 mL) on a glass slide. Figure 7a shows a TEM image
of a representative GONRs-S-AuNPs nanostructure in which it is
possible to appreciate the AuNPs strongly coupled to the
nanoribbons and arranged in 2D clusters.

Raman spectra were recorded in ten points of the film upon
excitation at 633 nm. The average spectra (red line) are
compared in Figure 7c with the spectra obtained for a film of
pure GONRs-SH (black line). The difference on the films is only
the presence of the AuNPs and the enhancement of the spectra
recorded for GONRs-S-AuNPs is found to be about five times.

Since very small AuNPs, of the order of some nm (small-
AuNPs), have lower SERS activity (see below), to confirm that
the SERS enhancement observed for GONRs-S-AuNPs derived
from the presence of the 2D AuNPs clusters, an analogous
experiment was performed using GONRs-S-smallAuNPs. So
smallAuNPs, obtained by irradiating the colloidal solution with
nanosecond pulses at 532 nm (see Experimental section), were
coupled to GONR-SH with the same protocol used for the larger



ones. The colloidal solution of smallAuNPs saturated, also in this
case, all the thiol functions. A representative TEM image of
GONR-S-smallAuNPs nanostructure is reported in Figure 7b,
where it is possible to appreciate the presence of clusters of
very small AuNPs on the surface of the nanoribbons. Raman
spectrum, as the average of ten spectra recorded in different
spots of a drop casted film, is reported in Figure 7c (green line):
the spectrum overlaps that of pure GONR-SH, showing, as
expected, almost no enhancement. This result confirms that the
enhancement is a SERS enhancement derived from the AuNPs
which were able to produce the SERS effect.

To theoretically confirm that the smallAuNPs do not
produce SERS enhancements similar to those of AuNPs, we also
performed BEM (Boundary element method)"" calculations with
six AuNPs over a graphene layer (mimicking the GONRs) with
diameters randomly varied between 15 and 25 nm (AuNPs,
Figure 8a) and between 1 and 3 nm (smallAuNPs, Figure 8b).
The simulated geometries take inspiration directly from the
TEM images of Figure 7a and 7b, fixing a minimum distance
between the particles and the graphene layer to 0.5 nm. The
maximum enhancement calculated within the hot spots by
exciting at 633 nm was found to be of 4-10’ for the AuNPs and
about three orders of magnitude less for the case of the
smallAuNPs, so the largest SERS effects were found, as
expected, between bigger AuNPs. Very small enhancements, of
the order of 10? and similar to those of isolated nanoparticles,
were also calculated between AuNPs and the graphene layer.
This showed that using particles with larger diameters it is
possible to obtain much larger SERS enhancements. Stronger
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Figure 7. a) TEM image of GONRs-S-AuNPs; b) TEM image of GONRs-S-
smallAuNPs on carbon coated copper grids; ¢) Raman spectra of films of
GONRs-SH (black line), GONRs-S-AuNPs (red line) and GONRs-S-smallAuNPs
(green line). Spectra are the average of spectra recorded on ten points of the
film. Excitation laser line at 633 nm.

Table 2. Intensity (CPS) of D and G bands and ratios from Raman data.
Sample 1352cm™’ 1579 cm™’ Io/lg
GONRs-SH 27 28 0.96
GONRs-S-mallAuNPs 29 27 1.07
GONRs-S-AuNPs 117 124 0.94

enhancements were calculated for the GONRs-S-AuNPs also
using different excitation wavelengths.

The experimental enhancements, however, seem to be
much smaller than the calculated ones. It is necessary to
highlight that the experimental Raman spectrum is an average
spectrum of the GONRs in the sample, but that only a very
small amount of nanoribbons are probably present within the
hot spots, where the enhancement takes place. Therefore, the
absolute values of the real enhancements are much larger but
difficult to record experimentally and only a smaller and
apparent value enhancement can be observed.

The enhancement of the graphene Raman signals with the
presence of the AuNPs (see Table 2) shows that the nano-
structured system is an active material for SERS and this can be
exploited for any analyte that can be captured by the GONRs,
either in a specific way (if targeting agents are coupled to the
carbon nanostructures) or in a non-specific manner, as
previously mentioned.

An additional feature observed from the enhanced Raman
signals in Figure 7 (red spectrum) is the emergence of
previously unseen bands in the spectral profile. Since there is
no external analyte in these measurements, the new bands
could be ascribed to the GONRs-SH functional groups, which
arise from the intensity enhancement. According to fundamen-
tal studies on the Au-S interfacial chemistry, an evidence of the
thiol binding to gold is demonstrated through specific Raman
bands corresponding to S?~ species at 200-350 cm™' and also
around 500 cm™".2% This confirms not only the existence of thiol
groups in GONRs-SH but also that the driving force causing the
SERS effect is a self-assembled aggregation between thiol
groups and AuNPs, ruled by the basic principles of this kind of
chemistry.

The enhancement of the graphene Raman signals with the
presence of the AuNPs (see Table 2) shows that the nano-
structured system is an active material for SERS and this can be

' 10e7

10e5

Max SERS EF= 4e7

Max SERS EF= 6e4

- 10e3

ke '10e1

Figure 8. BEM calculations of the SERS enhancement factor for cluster of six
AuNPs of dimension in the range a) 15-25 nm and b), 1-3 nm, randomly
aggregated, over a graphene layer. The scale bar reports the values for the
enhancement factors. Hot spots can be observed between nanoparticles
(red spots).



exploited for any analyte that can be captured by the GONRs,
either in a specific way (if targeting agents are coupled to the
carbon nanostructures) or in a non-specific manner, as
previously mentioned. Similar situations were observed for
example with the intercalation of WS, between AuNPs. 2"

In order to show that the nanostructures are an active SERS
substrate the GONRs-S-AuNP, deposited on a glass slide, were
immersed (1 second) in a 1.3 uM solution of Crystal Violet
(Sigma Aldrich #HT901), a molecule used as SERS reporter.
Figure 9 shows the recorded spectrum, after drying the
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Figure 9. SERS spectra (633 nm laser) of: a) GONRs-S-AuNPs substrate after
its immersion in a 1.3 pM Crystal Violet solution; b) reference SERS spectrum
of a Crystal Violet; and c) the SERS spectrum of GONRs-S-AuNPs substrate
before the immersion in the Crystal Violet solution.

substrate, and, for comparison, those of GONRs-S-AuNP and of
the SERS spectrum of Crystal Violet. As one can clearly see the
recorded spectrum shows both the enhanced signals of GONRs
and of Crystal Violet. In particular, there is one band from
Crystal Violet that outstands in the enhanced spectrum, namely
the one at 1600 cm™, as a consequence of the SERS effect from
the GONR-S-AuNPs constructs.

Interaction of GONR-SH with Citrate-Stabilized Au
Nanoparticles

In order to further prove the validity for SERS of the constructed
structures we also used capped AuNPs for the functionalization
of the GONRs-SH. It is known from many studies that AuNPs
capped with non-sulfur stabilizing species have indeed higher
binding affinity to sulfur than for the own stabilizers. In
particular, citrate-stabilized AuNPs exhibit a complex Au-S
interface, with a full removal of citrate anions if exposed to
sulfide aqueous solutions. The treated AuNPs do not show any
sign of oxidation in such case and the nucleophilic interaction
of the sulfur-containing species appear (as evidenced by
spectroscopic techniques) as a mixture of sulfides, polysulfides

and elemental sulphur.?® For this reason, the SERS potential of
the 2D platforms described herein would be fully validated if
they show strong binding affinity also for capped AuNPs.

In order to prove this premise, the AuNPs water colloid,
stabilized with citrate anions (cAuNPs, mean diameter=
15.3 nm, c=4.22x10<">°M, c=0.1 mg/mL),*® was mixed (1:1
in volume) with an aqueous dispersion of GONRs or GONRs-SH
with a concentration of about 0.05 mg/mL, in a glass vial and
hand-shaked for five minutes. The typical reddish colour of the
cAuNPs immediately disappeared when mixed with GONRs-SH,
while no appreciable changes were observed to the mixture
containing as-prepared GONRs and cAuNPs (insets in Fig-
ure 10a). After a short time of settlement at room temperature,
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Figure 10. a) UV-Vis spectra for cAuNPs (light grey solid line), GONRs (dashed
line), GONRs-SH (dotted line), GONRs-cAuNPs (black line) and GONRs-S-
cAuNPs (grey line); the insets show the water solution of cAuNPs (light grey
frame), GONRs-cAuNPs (black frame) and GONRs-S-cAuNPs (grey frame); b)
TEM images for GONRs-S-cAuNPs.

the UV-Vis spectra were recorded and it was clear that a strong
interaction occurred between GONRs-SH and cAuNPs as a new
band with maximum at around 670 nm appeared, correspond-
ing to the new plasmonic transition attributable to the gold
clusters formed on the GONRs-SH surface. These results are
analogous to that obtained for naked AuNPs, with similar UV-
Vis spectroscopic profiles as observed for cAuNPs (data not
shown).

The high affinity of GONRs-SH towards cAuNPs was
observed with TEM (Figure 10b). The microscopic visualization
of these mixtures revealed that GONRs-SH form robust
aggregates and act as bridges amongst many particles. This
affinity-induced aggregation of cAuNPs was not observed in
plain GONRs, where these nanoparticles appeared randomly
scattered across the TEM grid surface and almost no interaction



with GONRs was denoted, with the presence of only few
cAuNPs mostly located at the GONRs edges (data not shown).

So the affinity of thiols for cAuUNPs appears to be consistent
as underlined also by the presence of the broad band at about
670 nm in the UV-Vis spectrum. As mentioned, it is related to
plasmon resonances of cAuNPs clusters, confirming the aggre-
gation on the GONRs-SH, and demonstrating that the synthe-
sized GONRs-SH can be functional not only in presence of
naked AuNPs but also with citrate stabilized AuNPs (cAuNPs). In
some literature works, AuNPs aggregation is controlled by
addition of ionic compounds such as NaCl, hinted by a colour
change of the solution, from red to blue.”® By cross-comparing
this classical way of aggregation with the one presented herein,
through the gold-thiol chemistry at the interface with the
nanocarbon substrate, the choice of optimal conditions does
not rely in a specific color change, but rather in a disappearance
of the red color (in favor of the typical black background of
carbon nanoforms) which can be tracked by naked eye with
high precision. The salt-induced AuNPs aggregation can be
circumvented if the substrate is provided with a suitable
interfacial chemistry.

GONRs versus other Carbon Nanostructure in SERS
Applications

We demonstrated that GONRs are ideal candidates as substrate
in SERS. The key issue was the exploitation of their vast
chemical versatility to incorporate thiol groups, thus creating a
strong chemical interface with AuNPs. This can be considered
an advantage when compared to non-oxidized similar nano-
structures as GNRs. However, this versatility is a feature
common also to other similar carbon nanostructures (i.e.
seamless carbon nanotubes (CNTs) or traditional graphene
oxide (GO)). However, these latter materials present respectively
narrow width and high aspect ratio (CNTs) or bidimensional
character and rich surface chemistry (GO), while GONRs gather
both characteristics, which are two of the most useful features
for good interactions with a number of AuNPs, allowing GONRs
to outperform with respect to other materials. These joint
features are the key for the successful results obtained, since
the small lateral dimensions coupled to the tailored surface
chemistry has led to an efficient bidimensional aggregation,
which maximizes the number of hot spots. Similar works
performed with functionalized®” or non-functionalized CNTs,*
and also with GO,*® showed sidewall or basal plane decoration
with AuNPs but seemingly not in extended 2D aggregates with
many hot spots. In this regard, some examples have been
reported on SERS sensors based on such AuNP-decorated
carbon nanostructures, namely recyclable SERS membranes
made of intercalated graphene oxide,”” or nanoprobes for
intracellular single-cell detection.”®

We postulate that our strategy is an optimal way to obtain
both the strongest Au-substrate interactions and the maximum
possible number of hot spots. The present approach also shows
to be very efficient to obtain SERS spectra of GONRs, which can
be useful for tracking these nanostructures in different environ-

ments, like the biological one, but also offers the possibility of
obtaining hot spots for the usual applications of SERS such as
the determination of analytes. In the last cases GONRs can be
also centers for selective interactions with analytes.

Conclusion

In summary, considering the great interest on carbon nano-
materials, we explored how GONRs can be used for SERS
enhancement. GONRs were prepared by oxidation and unzip-
ping process of MWCNTs. This methodology also allowed to
decrease the length of the pristine structures, obtaining
bidimensional flakes of about 480x46 nm. The chemical
functionalization of these GONRs with terminal thiol groups
promoted a very strong interaction between GONRs and AuNPs,
together with the formation of 2D AuNPs clusters, leading to a
positive effect for SERS. The presence of thiol pending groups
resulted to be very important for linking and organizing the
AuNPs on the surface of GONRs in such bidimensional arrange-
ment, paving the way towards innovative constructs with
potential to become useful SERS platforms. The SERS
enhancement of the graphene Raman signals shows that the
constructed nanostructures can be used as active SERS
substrates.

Experimental Section

Materials and Reagents

MWCNTs were purchased from Nanostructured & Amorphous
Materials, Inc.® commercial source. This material (Stock #1229 YJ;
Lot. #1229 071610) was received as a mixture of MWCNTs with
different number of concentric layers and average dimensions of
10-30 um in length and 20-30 nm in diameter. All the other
reagents were acquired from Carlo Erba (Phosphoric acid, trifluoro-
acetic acid), Fluka (Potassium Permanganate, Mercaptoethylamine),
Alfa Aesar (organic solvents, HBTU) and Sigma Aldrich (Hydrochloric
acid, Sulphuric acid, Hydrogen peroxide 30%, DIPEA, Triisopropyl
silane, Trityl chloride, NaOH) in synthesis grade and used without
further treatments.

Synthetic Procedures

Preparation of S-Trityl (S-Trt) mercaptoethylamine (MEA): MEA
(1,59, 144 mmol) and trifluoroacetic acid (2.22 mL, 28.7 mmol)
were dissolved in 20 mL of dry dichloromethane (DCM) under
argon atmosphere. Upon addition of 4.2 g (15.1 mmol) of Trityl
chloride, the solution turned dark yellow. After 30 min of stirring at
room temperature under argon atmosphere, the reaction was
quenched with 30 mL solution of NaOH 1 M. The organic layer was
diluted with 75 mL of fresh DCM and additional 20 mL of NaOH 1 M
solution were added. The organic layer was recovered, washed with
Brine solution and dried over anhydrous NaSO,. The evaporation of
DCM gave 4.8g of yellow oil, which was purified by flash
chromatography on silica gel using EtOAc/MeOH (4/1) as eluent.
After trituration with diethyl ether 3.5 g (76 %) of white solid were
obtained. TH NMR (500 MHz, CDCl,): § =7.27-7.03 (m, 15 H), 2.54
(br, 2 H) 2.32 (bt, 2 H), 2.20 (bt, 2 H). Data in accordance with
literature.”



GONRs production: The top-down approach of longitudinal
unzipping of MWCNTs with strong oxidants in acid medium was
used.™ Besides, an improved method based on the addition of a
second acid®” was followed in order to obtain GONRs with higher
quality, lower defects and sharpened aspect ratios. In a typical
experiment, 150 mg of MWCNTs were placed in a round-bottom
flask, soaked in 150 mL of a sulfuric/phosphoric (90/10) acid mixture
and bath-sonicated (Cleanosonic® 40 KHz) for 1h. Then, the
suspended mixture was heated to 65 °C and magnetically stirred for
another 1 h. After this time, 750 mg of KMnO, were incorporated,
and the mixture was allowed to react for 2 h at 65 °C. The reaction
medium was cooled down to room temperature for about 30 min
and poured onto 400 g of ice containing also 10 mL of H,0,. The
cold blend was left to settle down overnight and afterwards
filtrated through a PTFE membrane (0.1 um pore size). The dark
solid collected over the membrane was re-dispersed, assisted by
ultrasounds bath, in 150 mL of deionized water and then 15 mL of
concentrated commercial HCl were added. The blend was again left
to settle down overnight and filtered in identical conditions. The
collected solid was re-dispersed again in 150 mL of absolute
ethanol and to this fraction 150 mL of an ethyl ether/hexane
mixture (1/1) were stepwise added until a solid precipitate was
observed. Finally, the solvents were decanted and the GONRs were
collected by filtration, obtaining a quantitative yield in weight.
From the initial 150 mg of MWCNTs, we eventually obtained
225 mg of GONRs, which means a 150% mass yield production of
the latter. This is in perfect agreement with the highly oxidative
conditions employed during the synthesis.

GONRs functionalization with MEA: From the TGA characterization,
we observed that the GONRs presented a weight loss of around
40% in the range of 100-300°C, which was used as an (over)
estimation of the carboxylic acids quantity present on GONRs,
attributing the entire weight loss to this functional group. Thus, the
so prepared GONRs presented approximately 9 mmol of COOH per
gram of sample. Taking this into account, the functionalization was
performed as follows. 20 mg of GONRs were dispersed in about
20 mL of deionized water with the aid of ultrasound bath. After
reaching a stable dispersion state, the liquid medium was cooled
down to 0°C with an ice bath. Then, 60 mg (0.16 mmol, ~1.2 eq.
with respect to overestimated amount of COOHs) of O-(Benzotria-
zol-1-yl)-N,N,N’,N"-tetramethyluronium hexafluorophosphate (HBTU)
and 400 mL of N,N-diisopropylethylamine (DIPEA) were added and
the mixture was stirred at 0°C for 1 h under argon atmosphere.
Afterwards, 57.7 mg (0.18 mmol) of S-Trityl MEA were incorporated
and the reaction was allowed to occur at room temperature for
48 h under argon atmosphere. After this time, the sample was
placed in a pre-hydrated dialysis sack (Sigma Aldrich D6066, 12 kDa
cutoff) and dialyzed with deionized water. Finally, the sample was
lyophilized and 45 mg were recovered. The cleavage of Trityl group
was performed in acid medium. 20 mg of functionalized GONRs
were bath-sonicated in 25mL of DCM and then 200 mL of
trifluoroacetic acid and 60 mL of triisopropylsilane (used as
scavenger to avoid reversion of Trityl cleavage)®" were added. The
mixture was left stirring at room temperature for 90 min. The
reaction medium was eventually filtrated through a PTFE mem-
brane (0.45 um pore size), copiously washed with DCM and diethyl
ether and dried and 7 mg were recovered. A control sample was
prepared for comparative purposes and it consisted basically in an
aliquot of GONRs directly subjected to the same protocol of Trityl
cleavage without undergoing the previous reaction with MEA. In
this case 75 % of yield in weight was obtained.

Gold nanoparticles preparation: Gold nanoparticles (AuNPs) were
obtained through a physical approach, namely LASiS (Laser
Ablation Synthesis in Solvents). LASIS is a “green” technique for the
synthesis of stable noble metal nanoparticles in water or in organic

solvents, without stabilizing molecules.”” Briefly, the synthesis is
obtained by focusing 6 ns pulses at 1064 nm of a Nd:YAG laser
(Quantel Brilliant 50) on a target of pure gold (99.999%) under a
10> M NaCl water solution. AuNPs obtained by LASIS show a mean
diameter of 20 nm. The stability of the colloidal solution derives
from the surface charges that the particles show after the laser
ablation synthesis.®” The “naked” nanoparticles have a free surface,
allowing an easy functionalization simply by mixing the nano-
particles colloidal solution with the nanoribbon dispersion. Smaller
AuNPs (smallAuNPs) are obtained by irradiation of the colloidal
solution with Tween®20 at a concentration of 0.5% (in volume),
using the duplicated Nd:YAG laser pulses at 532 nm for 40 minutes.
By slow centrifugation, sAUNPs with diameters in the range 2-5 nm
are obtained. The citrate-coated gold nanoparticles (CAuNPs) have
been prepared as already described.”*

Characterization Techniques

Thermogravimentric analysis (TGA) was recorded with a TGA Q500
(TA instruments), under a flow of N, (90 mL/min), following a
temperature program consisting of the equilibration of the sample
at 100°C, and followed by a ramp at 10°C/min up to 800°C. The
sample aliquot ranged from 1 to 2 mg, exactly weighed.

Raman spectra were recorded by exciting at 633 nm and using a
20x objective of a Leica microscope coupled with an inVia
Renishaw microRaman instrument (power on the sample was below
0.3 mW) or using a 50x objective and a laser source at 532 nm with
the same instrument. In the latter case, the laser power was
maintained at 0.5% of the maximum power, which was below
0.9 mW, in order to avoid burning or damaging the sample.®® The
presented spectra are an average of at least 3-4 nearby points. The
UV-Vis-NIR spectroscopy measurements were carried out with a
Cary 5000 spectrophotometer by using 10 mm path length quartz
cuvettes.

TEM measurements were performed with a Philips EM208 device by
using an accelerating voltage of 100 kV. The samples were prepared
by drop casting an ethanol/water (50/50) dispersion or the
dispersion of interest directly onto a TEM grid. The grids were
300 mesh carbon-coated copper grid or carbon-coated lacey
copper grids (as mentioned in the captions to figures).

Infrared analysis was performed by using a Fourier-transform
infrared (FTIR) spectrometer (Variant 660-IR) with Pike Gladi ATR
module. A small portion of the solid samples was directly measured
in the attenuated total reflectance (ATR) mode and pressed in a
CdSe crystal. The spectra were collected after 64 accumulations and
then baseline-treated and smoothed with Origin 8.0 software tool.

AFM measurements were performed with a Multimode SPM from
Veeco Instruments (Santa Barbara, US), equipped with Nanoscope V
controller and JV-scanner (130 um scan size in XY, and 6 um Z-
range), and placed on a passive, air-damped vibration isolation
table from Technical Manufacturing Company (Boston, US). Silicon
phosphide tips were used, and samples were registered in tapping
mode.

Boundary Element Method (BEM) Calculations

The local fields simulations were done using the MNPBEM libraries
developed by Hohenester et al."” The excitation fields are consid-
ered as propagating along the x, y and z axes and polarized along
the two other normal directions. The results are an average of the
different field excitations, simulating the situation of a nano-
structure at a random orientation with respect of the incoming
field.



BEM simulations"® were produced with structures inspired by the
TEM images reported in Figure 8a and 8b. A graphene layer
(refractive index from http://refractiveindex.info) of 200x300 nm
large and 5 nm thick was used. Random dimensions were chosen
for AuNPs and smallAuNPs and the spheres were produced with
400 verts polyhedra. The assemblies were built by random position-
ing the spheres over the graphene layer fixing a minimum distance
of 0.5 nm between each of them. This is considered to be the
minimum distance to avoid complex coupling effects.* The
excitation field (at 633 nm) was considered as propagating along
the x, y and z axes and polarized along the two other normal
directions. The results are an average of the different field
excitations, simulating the situation of a nanostructure at a random
orientation with respect to the incoming field.
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