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Abstract: The interaction between gold sub-nanometer clusters composed of ten atoms (Au10) and
tetrakis(4-sulfonatophenyl)porphyrin (TPPS) was investigated through various spectroscopic techniques.
Under mild acidic conditions, the formation, in aqueous solutions, of nanohybrid assemblies of
porphyrin J-aggregates and Au10 cluster nanoparticles was observed. This supramolecular system
tends to spontaneously cover glass substrates with a co-deposit of gold nanoclusters and porphyrin
nanoaggregates, which exhibit circular dichroism (CD) spectra reflecting the enantiomorphism of
histidine used as capping and reducing agent. The morphology of nanohybrid assemblies onto a glass
surface was revealed by atomic force microscopy (AFM), and showed the concomitant presence of gold
nanoparticles with an average size of 130 nm and porphyrin J-aggregates with lengths spanning from
100 to 1000 nm. Surface-enhanced Raman scattering (SERS) was observed for the nanohybrid assemblies.
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1. Introduction

Gold metal nanoparticles with diameters smaller than ~2 nm have received considerable interest
in nanoscience because they can be controlled with atomic precision, and, due to discrete energy
levels and molecular-like HOMO–LUMO transitions, exhibit optical features fundamentally different
from those of larger nanoparticles [1]. Commonly, the term nanoparticles (NPs) is used to refer to
entities with diameters greater than 2 nm and an indefinite structure, whereas defined stoichiometric
species with a diameter smaller than 2 nm are described as nanoclusters (NCs) [2]. The knowledge
of the exact number of atoms present in gold nanoclusters is a very important aspect, as these
clusters constitute the link between atomic and AuNP behavior. In this respect, AuNCs show discrete,
size-dependent absorption and fluorescence emission from the UV to the near-IR spectral regions,
together with significant quantum yield values [1,3,4]. Nonlinear optical (NLO) properties of gold
NCs, such as third-order optical nonlinearity, two photon absorption (TPA), two-photon excited
emission, and hyperpolarizabilities have been investigated [5–9]. Furthermore, AuNCs exhibit high
photostability and biocompatibility, characteristics advantageous in biomedical applications, which
can be improved by refining the synthesis, processing, and surface coating of the NCs [10–12]. Surface
ligands, such as dendrimers, polymers, proteins, and oligomers play a key role in the stability of
AuNCs in solution, and also affect their structure and optical properties [1,3]. In this framework,
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the use of biomolecules as capping ligands improves biocompatibility, and is considered an efficient
way to transfer chirality to nanoclusters [13–15]. Indeed, three possible mechanisms for chirality
transfer have been reported: (i) chiral growth, due to the formation of a chiral metal core influenced
by the presence of chiral ligands, (ii) chiral polarization, due to electronic interaction between an
achiral metal core and chiral ligands, and (iii) chiral footprint, due to the arrangement of the ligands
on an achiral metal core [16,17]. In this respect, chiral emitting gold nanoclusters, in which the two
enantiomers of histidine (His) have been used as both reducing agent and protecting ligands, have
been easily synthesized by a one-step approach [18,19]. The presence of suitable ligands bearing
–NH2, –COOH, or polymerizable substituents open the way to further functionalization of NCs
for applications in sensing, bioimaging, and energy transfer [20–22]. A central focus throughout
materials research is control of the organization of the clusters on nanostructured surfaces, as well as
understanding of the growth mechanisms at an atomic scale in order to obtain well defined and uniform
architectures [23]. In fact, the quality of the metallic layers has a strong impact on the mechanical,
electrical, and optical properties of the films. Several procedures to obtain gold nanostructure thin
films have been reported, spanning from sputtering [24], lithographic methods [25], chemical vapor
deposition (CVD) [26], electroless deposition (ELD) [27,28], and self-assembly approaches, which
involve a variety of substrates [29,30]. In this framework, it has been reported that self-assembly of
monodisperse gold colloid particles into monolayers on polymer-coated substrates produces highly
reproducible macroscopic surfaces active for surface-enhanced Raman scattering (SERS) [31]. In fact,
many spectroscopic studies on the interaction of AuNPs with porphyrins and their aggregates in
solution and on surfaces have been reported [32–36]. In this particular area, our interest has focused on
the J-aggregates of tetrakis(4-sulfonatophenyl)porphyrin (TPPS) [37–42]. These aggregates are formed
under acidic conditions and the partially protonated porphyrins are arranged in a lateral stacking
geometry, which leads to the occurrence of very peculiar optical properties [43,44]. Due to their
manifold applications, various reports have dealt with the immobilization of J-aggregated porphyrins
on substrates, highlighting the importance of the deposition step [45]. In particular, microscopic
analysis has revealed the presence of differently shaped aggregates, such as rod, and nanotubular
structures, depending on the experimental conditions [35,43,46]. Moreover, a detailed study has
revealed that porphyrin concentration strongly affects the amount of J-aggregate adsorbed onto glass
surfaces, showing a higher number of adsorbed entities at lower porphyrin concentrations [47]. In the
past, J-aggregated porphyrin has been exploited for the design of inorganic/organic nanocomposites
in combination with gold nanoparticles and spermine [48] or with gold nanorods [36,49]. Herein,
we report on the ability of sub-nanometer sized gold clusters (Au10) capped with l- or d-histidine to
induce the formation of chiral TPPS J-aggregates under rather mild acidic conditions. We describe
a simple procedure to co-deposit gold nanoparticles and chiral porphyrin J-aggregates onto glass
substrates by simple acidification of an aqueous solution of such Au10 clusters. Furthermore, these films
have been shown to be active substrates for SERS, as demonstrated by the observation of intensified
Raman signals for the co-deposited porphyrin J-aggregates. To the best of our knowledge, this is the first
time that gold clusters composed of ten atoms (Au10) have been used in combination with porphyrins
to build a nanohybrid assembly (Au10@Jagg) able to self-organize on a solid that can be potentially
used as a SERS-active substrate for the detection of chemically- and biologically-relevant species.

2. Materials and Methods

Chemicals. Hydrogen tetrachloroaurate(III) hydrate (99.9%) was supplied by Strem Chemicals
(Bischheim, France). d- and l-histidine (98%) were obtained from Sigma-Aldrich (Milan, Italy).
The 5,10,15,20-tetrakis(4 sulfonatophenyl)porphyrin (TPPS) was purchased from Aldrich Chemicals
(Milan, Italy), and its solutions of known concentration were prepared using the extinction coefficient at
the Soret maximum (ε = 5.33 × 105 M−1 cm−1 at λ = 414 nm). Hydrogen peroxide (30%, Sigma Aldrich,
Milan, Italy), NaBH4 (98%, Aldrich, Milan, Italy), potassium nitrate, and sulfuric (98%), hydrochloric



Nanomaterials 2019, 9, 1026 3 of 13

(37%), and nitric (69%) acids (Fluka, Milan, Italy) were used. All the reagents were used without further
purification and the solutions were prepared in dust free Milli-Q water (Merck, Darmstadt, Germany).

Gold cluster synthesis. Synthesis of gold clusters (Au10) was carried out according to a literature
procedure [18]. Briefly, a solution of l- or d-histidine (0.1 M, 6 mL) was added to the solution of the
metal precursor (HAuCl4, 10 mM, 2 mL) under continuous stirring at 25 ◦C for 2 h. After this time,
the solution turned pale yellow and was used in this form.

Plating procedure. Small pieces of glass cover slides were thoroughly washed in an acid piranha
solution (H2SO4:H2O2 4:1 v/v). After being rinsed in pure water, the slides were vertically immersed
in 3 mL of solution containing gold clusters (1.5 mL) and HCl (pH 2.0). The metallic structures were
left to grow on the substrates for 24 h at room temperature. Care was taken to remove any excess
histidine possibly adsorbed onto the surface by dipping the slides in acidic water (pH 2.0). Finally,
the substrates were dried under a gentle nitrogen flow.

Au10@Jagg assemblies. Glass slides, carefully cleaned according to the procedure described above,
were vertically immersed in 3 mL of solution containing gold clusters (1.5 mL), porphyrin (up to a
concentration of 5 µM), and HCl (pH 2.0). After an aging time of four days at room temperature,
the slides were dried under a gentle nitrogen flow and the excess histidine was removed by quick
immersion in water at pH 2.

Spectroscopic and morphological characterization. UV–vis spectra were collected on a diode-array
spectrophotometer Agilent model 8452, subtracting the spectrum of a clean glass slide. Circular
dichroism (CD) spectra were recorded with a Jasco model J-720 spectropolarimeter. Atomic force
microscopy (AFM) measurements were performed using a NanoSurf easyScan2 microscope operating
in non-contact mode at room temperature, with a resolution of 512 × 512 pixels and a moderate scan
rate (1–2 lines/s). Commercial Si-N-type tips (AppNano mod. ACLA) with resonance frequencies of
145–230 kHz were used. Fluorescence emission and resonance light scattering (RLS) experiments were
performed on a Jasco mod. FP-750 spectrofluorimeter. A synchronous scan protocol with a right angle
geometry was adopted for collecting RLS spectra [50], which were not corrected for the absorption of
the samples. Raman and SERS spectra were obtained at room temperature using a Renishaw RM2000
single-grating spectrograph apparatus, equipped with an Ar+ laser at 514.5 nm and a near-infrared
diode laser at 785 nm. Measurements were made in backscattered geometry using a 50×microscope
objective filtered by a notch holographic filter, dispersed by a single grating (1200 lines mm−1), into a
charge-coupled device (CCD) detector cooled to −70 ◦C by the Peltier effect. Spatial resolution was
2 mm and the spectral resolution was 3 cm−1. Laser power at the sample was in the range 17–185 µW
(514.1 nm exc.) and 200 µW–2 mW (785 nm exc.). No sample degradation was observed under these
conditions. To improve the signal-to-noise ratio, a number of spectra were accumulated and summed
only if no spectral differences were noted. Raman and SERS spectra were calibrated with indene and
CCl4 as standards. In order to measure Raman intensities, nitrate and sulfate were used as internal
standards. Therefore, to this end, porphyrin aggregation was fostered by means of the addition of
KNO3 (150 mM) and HNO3 (32 mM) to the porphyrin solution (5 µM). Due to the overlap of the
993 cm−1 band of sulfate and a porphyrin mode, the 1053 cm−1 band of NO3

− was used to normalize
the spectra.

3. Results

Au10 clusters capped with d- or l-histidine were obtained according to a previously reported
procedure [18]. The imidazole group of histidine plays a key role in AuNCs formation, as it serves as
both a reducing agent and a protecting ligand. The clusters showed an absorption edge at around
450 nm that rose very steeply below 320 nm (full line spectrum, inset of Figure 1), together with
the typical fluorescence emission centered at 500 nm, as previously reported [19]. No significant
spectroscopic differences were observed for the Au10 sample stabilized by the two different histidine
enantiomers. The chiroptical properties of histidine AuNCs were investigated by circular dichroism
spectroscopy, confirming that the chirality of the histidine ligands was transferred to the metal core [19].
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When TPPS (5 µM) was added to the AuNCs solution, the electronic spectrum for both histidine
enantiomers showed the presence of a porphyrin Soret band centered at 418 nm and four bands located
in the visible region at 517, 554, 587, and 642 nm (red spectrum, Figure 1). The positions of both the B
and visible bands were bathochromically shifted compared to those of the free base TPPS in aqueous
solution in the presence of histidine [51].
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Figure 1. UV–vis spectra of tetrakis(4-sulfonatophenyl)porphyrin (TPPS)–Au10 in aqueous solution
(red line): instantaneously upon HCl addition (pH 2) (green line), after 1 h (blue line), after 24 h (cyano
line). The inset shows the crude Au10 NCs for the same experimental conditions in aqueous solution
(black full line) upon HCl addition (pH 2) instantaneously (black dashed line) and after 24 h (black
dotted line). Experimental conditions: [Au10] = 125 µM, [TPPS] = 5 µM.

Furthermore, the CD spectra of the two enantiomeric forms showed a signal in the porphyrin
absorption region, indicating the occurrence of an asymmetrical perturbation resulting from the chiral
AuNCs. The CD spectra (inset of Figure 2) performed for l- and d-His-AuNCs enantiomers showed
signals in the porphyrin region that were correlated with the enantiomorphism of the stereocenter
present on the AuNCs protecting ligand, with a negative and positive bisignate Cotton effect for l- and
d-histidine, respectively. This suggests that chiral information was successfully expressed on the
porphyrin chromophore at the supramolecular level. The low induced CD intensity was in line with
the monomeric nature of the chromophore. Recently, it has been reported that no interaction between
TPPS and histidine has been detected in aqueous solution, mainly due to electrostatic repulsions
between the negatively charged porphyrins and the amino acids [51].
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nanohybrid assemblies for l-(blue line) and d-histidine (red line) before (inset) and 1 h after HCl
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This was confirmed by the absence of any CD signal induction in the porphyrin region.
Nevertheless, as has been observed for other systems, the absorption band shifted and the induced
CD signal could be ascribable to electrostatic interactions or hydrogen bonds between the negative
sulfonated groups of the macrocycle and the protonated amino groups of histidine, and/or to the
localization of the porphyrin in a hydrophobic microenvironment due to the histidine surrounding the
metal nanostructures [52–55]. Moreover, the formation of positively charged histidine oligomers with
Cl− as a counter anion has been reported [18]. Therefore, it also cannot be excluded that electrostatic
interactions between the positively charged histidine oligomers and the negatively charged sulphonate
groups present in the periphery of the macrocycle were the origin of the spectral variations. It should
be mentioned that, upon addition of the positively charged tetra N-methylpyridinium porphyrin
(H2TMPyP4+) to the Au10 solution, the Soret band red-shifted to 427 nm with respect to the free base
(422 nm) (ESI, red spectrum, Figure S1). This shift can be explained by an interaction of the carboxylic
groups of histidine with the positively charged N-methylpyridinium groups at the meso position
of the macrocycle. Since histidine Au10 clusters can be successfully prepared over a wide pH range
(pH 2–12) [18], we decided to foster porphyrin aggregation by lowering the pH. When HCl (pH 2) was
added to the TPPS Au10 cluster solution, the UV–vis spectra showed an almost instantaneous formation
of diacid TPPS with a Soret band at 435 nm (green spectrum, Figure 1), which slowly interconverted
into J-aggregates characterized by a narrow peak located at 492 nm. Furthermore, the electronic
spectrum at the end of the aggregation process showed a very broad band at around 550 nm not
ascribable to porphyrin features (blue spectrum, Figure 1). For comparison, a control experiment was
performed in the same conditions in the absence of porphyrin. In this case, acidification of the Au10

cluster aqueous solution instantaneously induced the formation of a new band at 400 nm (dashed
line spectrum, inset Figure 1) that broadened and red-shifted within 1 h to around 550 nm (ESI, red
spectrum, Figure S2), and eventually it led to a general increase of the baseline within 24 h (dotted
line, inset Figure 1). This effect is ascribable to the growth of AuNcs to form AuNPs, which show
the typical plasmon resonance band [56]. The process was accompanied by a color variation of the
solution from pale yellow to pink. It is reasonable to expect that upon acidification of the Au10 cluster
solution, larger metallic structures were produced by aggregation of the clusters, which resulted from
hydrogen bond formation between the carboxylic and protonated amino groups of adjacent units of the
histidine residues covering the gold surface, as already reported for AuNPs stabilized by histidine [57].
In fact, in the case of heterocycle amines such as pyrrole or tryptophan, the occurrence of macroscopic
segregation of the polymer due to the amine oxidation process and the metal phase has been reported
as a function of the heterocycle amines/gold stoichiometric ratio [58]. After removing the solution from
the cuvette, a purple deposit was observed on the quartz surface (ESI, Figure S3). The corresponding
electronic absorption spectrum, obtained from washing the cuvette with water, exhibited a broad band
that extended from ca. 550 nm to higher wavelengths very similar to that observed 24 h after HCl
addition (inset Figure 1). This effect is ascribable to the adhesion of the metal nanoparticles to the
quartz surface. A similar experiment was carried out at the same pH value, reducing the amount
of gold clusters. In this case, the UV–vis spectra evolved from the initial 400 nm band to a broad
feature extending from ca. 550 nm to the near-IR, but neither the 530 nm band due to AuNPs nor
flocculated material were detected (ESI, Figure S4). This suggests the direct growth of small gold
clusters into larger entities with nucleation on the surface, without the formation of larger metal
colloidal suspensions in solution. This observation may result from slower kinetics related to a lower
amount of Au10 clusters, thus improving the homogeneity of the deposited material onto the quartz
surface. At a higher Au10 load, the formation of solid material could be ascribed to a faster growth
process causing the formation of much larger metal structures that become unstable in solution and
eventually precipitate. It is noteworthy that no metallization of the cuvette wall occured when Au
nanoparticles synthesized by standard reduction with NaBH4 in the presence of histidine as capping
reagent were used under the same experimental conditions (ESI, Figure S5) [59]. In the presence of
TPPS, a further broadening of the plasmonic band was observed over a period of 24 h, together with a



Nanomaterials 2019, 9, 1026 6 of 13

drastic decrease of band intensities. This was due to the formation of a dark precipitate, as confirmed
by the electronic absorption spectrum recorded the day after, in which an increased baseline was
evident (cyano spectrum, Figure 1).

The resonance light scattering (RLS) spectrum (black spectrum, Figure 3) of the Au10 clusters in
aqueous solution in the absence of porphyrin displayed a Rayleigh scattering profile. After addition of
TPPS, a well at 418 nm appeared due to absorption resulting from the presence of porphyrin in its
monomeric form (green spectrum, Figure 3).
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in aqueous solution (green line), upon addition of HCl (pH 2) after 1 h (blue line) and after 24 h (red
line). ([Au10] = 125 µM, [TPPS] = 5 µM).

Upon addition of HCl, the RLS spectrum of the sample showed a peak at 500 nm due to the presence
in solution of large ordered J-aggregates, stabilized by a network of electrostatic and solvophobic
interactions among porphyrins (blue spectrum, Figure 3). After 24 h, the Rayleigh scattering due to the
presence of larger gold structures in solution formed by aggregation phenomena occurring in acidic
medium, modulated by the absorbance of the sample, was the only detectable component present
(red spectrum, Figure 3).

As the Au10 clusters can be stabilized by either l- or d-histidine, in order to confirm the involvement
of the chiral capping agent in the aggregated samples, we performed circular dichroism experiments.
As previously described, chirality is transferred from the histidine capping agent to the monomeric
porphyrin. Upon acidification and aggregation, chirality induced by the two histidine enantiomers
was observed, analogously to data already reported for similar systems in the absence of gold
nanoparticles [51]. The CD spectra for solutions of both cluster types showed the presence of a weak
bisignate Cotton effect, centered in the J-aggregate absorption region (490 nm). d- and l-histidine
led to almost mirror image spectra, characterized by a negative and positive Cotton effect (Figure 2).
Moreover, a strong light scattering contribution due to the presence of porphyrin aggregates and gold
nanostructures in solution broadened the bands.

As already observed for crude AuNCs, after removing the TPPS–AuNP solution from the cuvette,
a purple deposit was observed on the quartz surface. The corresponding electronic absorption
spectra obtained for both enantiomers showed, in addition to the spectroscopic features of the AuNPs,
the typical J-aggregate band at 491 nm (Figure 4).

The RLS signals confirmed the presence of nanostructured material attached to the quartz substrate
(Figure 4, inset). The preferential adsorption of the porphyrin J-aggregates on the cuvette surface
was further proven by the observation of a residual amount of diacid monomeric TPPS in solution.
After transferring the solution into a new cuvette, only the spectrum corresponding to this species
could be detected, with the Soret band at 435 nm and with no CD features detectable (ESI, Figure
S6). Interestingly, the CD spectra of these films in the J-aggregate spectroscopic region showed an
induced bisignate Cotton effect related to the configuration of the amino acid used in the synthesis of
the metallic clusters (Figure 5). These dichroic signals cannot be ascribed to linear dichroism, as they
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do not depend on the cuvette orientation with respect to incident light (ESI, Figure S7). No CD signal
was detected for the corresponding AuNP deposit grown from d- and l-histidine (Figure 5, inset).Nanomaterials 2019, 9, x FOR PEER REVIEW 7 of 13 
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Raman and SERS measurements. The co-deposition of J-aggregated porphyrins and gold
nanoparticles prompted us to investigate the possibility of detecting surface-enhanced Raman scattering
(SERS) effects. In order to quantify the SERS effect, nitrate was added to the solution and the intensity
of the Raman band at 1053 cm−1 was taken as an internal standard. No significant spectral changes
were introduced due to the presence of the internal standard. Figure 6 shows representative Raman
spectra of the J-aggregates obtained with and without Au10 clusters for excitation at 514.5 and 785 nm.
The spectra of the samples with (Figure 6a,c) and without (Figure 6b,d) Au10 clusters were obtained at
the same point on the surface of each sample for the two excitation wavelengths. The presence of Au10

clusters did not alter the frequency or the relative intensity of the J-aggregate bands, as the spectra were
very similar to those previously reported in solution [60]. This result confirms that co-deposition of the
J-aggregated porphyrins and the gold nanoparticles generally does not alter their structural integrity,
as was previously found for the deposition of the solution phase aggregates onto a gold substrate [46].
However, an intensification of the overall porphyrin spectrum was evident in the samples containing
Au compared to those without Au. The effect was considerably more evident in the spectra obtained
with 785 nm excitation (Figure 6c,d) than those obtained with 514.5 nm (Figure 6a,b). In fact, in the
latter case, the resonance Raman intensification of the porphyrin bands due to the vicinity of the
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excitation wavelength with the 490 nm aggregate band precluded an accurate evaluation of the SERS
effect. In order to quantify the intensification of the porphyrin spectrum, we evaluated the intensity
ratio (R) of the band of the internal standard and isolated bands of the aggregate. The spectra were
collected on NO3

− crystals, which displayed both NO3
− and the J-aggregate Raman signals. Two

isolated bands of the porphyrin were used, at 317 and 1232 cm−1, corresponding to the out-of-plane
vibration involving motion of the pyrrolic hydrogens and to the totally symmetric Cm-phenyl stretch,
respectively [32]. Similar results were also obtained using the 993 cm−1 band of SO4

2−, however,
in this case, the band of the internal standard overlapped with the band at 986 cm−1 of the J-aggregate
(data not shown). In the presence of Au10 clusters, the J-aggregate spectrum was intensified compared
to the 1053 cm−1 band of NO3

−.
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Figure 6. Representative Raman spectra of porphyrin J-aggregates in the presence (a,c) and absence
(b,d) of Au10 clusters with excitation at 514.5 and 785 nm. The spectra of each sample (a,c) and (b,d)
were obtained at the same point on the sample surface for the two excitation wavelengths. The inset of
spectrum (d) has been multiplied 10-fold. Experimental conditions: (514.5 nm): (a) average of twelve
spectra with 10 s integration time; (b) average of eleven spectra with 10 s integration time; (785 nm): (c)
average of seventeen spectra with 30 s integration time; (d) average of nine spectra with 30 s integration
time. All the spectra have been normalized with respect to the band of nitrate at 1053 cm−1.

The SERS intensification is evident from the marked reduction of the R values observed in the
presence of Au10 (Table 1). The scatter of the R785 values for the sample without Au was likely due to
variation in crystal size of the internal standard; the bigger/thicker the crystal, the more intense the
salt band.

AFM investigations. To obtain insight into the structures of the J-aggregates and of the gold entities
grown on the glass surfaces, the morphology of the deposited materials was examined by AFM. The
samples consisted mainly of small AuNPs, which were aggregates formed by several sub-nanometer
AuNCs. Irregular agglomerates, due to clustering of these small objects, can be also detected with
average height ca. 60 nm and diameter 130 nm (ESI, Figure S8). These were accompanied by flat and
regular objects, probably single AuNCs, of heights in the tens of nm and mean widths of a few hundred
nm. In addition, elongated TPPS J-aggregates formed on the glass surface, displaying lengths that
ranged between 100 and 1000 nm, 3–4 nm height, and ca. 80 nm width (Figure 7 and ESI, Figure S9).
These results are consistent with bundles of collapsed J-aggregates due to the solvent evaporation from
the inner compartment of the nanotube [61].
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Table 1. Comparison of the intensity ratio (R) of the 1053 cm−1 NO3
− band and the 317 and 1232 cm−1

bands of the J-aggregates obtained with 785 and 514.5 nm excitation.

Point R1053/1232 R1053/1232 R1053/317

785 nm 514.5 nm
Without Au

9 5.9 0.7 0.9
8 8.9 1.2 1.3
7 34.5 2.4 2.7
6 13.3 1.4 1.4
5 24.3 2.2 2.7
4 16.2 1.4 1.5

With Au
12 1.0 0.9 1.0
11 1.3 0.9 1.0
10 1.5 0.5 0.7
3 1.3 0.8 1.0
2 2.0 0.5 0.6
1 3.5 2.8 3.1
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Figure 7. AFM topography images (x gradient) of the deposits formed on a glass substrate immersed
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(white arrows). Experimental conditions: (a) 9 × 9 µm, Z range = 478 nm; (b) 2 × 2 µm, Z range =

145 nm.

4. Conclusions

Nanoassemblies of gold clusters and J-aggregated porphyrins were synthesized and characterized
by spectroscopic techniques. The aggregated porphyrin showed a chirality related to the amino
acid used in the synthesis of the metal nanostructures. A simple procedure for the deposition of
gold nanoparticles on glass substrates was described, which starts with the preparation of easily
synthesized and highly reactive Au10 clusters. In fact, we found that acidification of aqueous solutions
of Au10 sub-nanometer clusters led to the formation of plate-like and regular nano-objects on glass
surfaces. Our procedure offers the advantage of not requiring the use of expensive and sophisticated
equipment and hazardous reagents. The growth of the metallic nanostructures with the co-deposition
of TPPS J-aggregates on the substrates was exploited as a test system for the potential use of these
nanoparticles in SERS applications. In fact, a significant increase of the Raman signals for the porphyrin
J-aggregates deposited on gold plated surfaces was observed compared with J-aggregates deposited on
bare glass. Furthermore, these J-aggregates maintained their peculiar CD signals on the glass surface,
showing a chirality that is related to the configuration of the amino acid (d- and l-histidine) used in the
metal cluster synthesis. This latter observation suggests that the Au10 clusters, analogously to other
templating systems [62,63], have a role as chiral seeds in the growth of J-aggregates.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/7/1026/s1,
Figure S1: UV-vis spectra of Au10 solution after addition of the positively charged H2TMPyP4+. Figure S2: Spectral
changes of Au10 clusters upon addition of HCl (pH 2) within 1 h. Figure S3: Photographs of gold plated cuvettes
on dark and white backgrounds. Figure S4: UV-vis spectra of Au10 solutions upon acidification. Figure S5: AuNPs
prepared from histidine and NaBH4 and of a glass dipped in the corresponding solutions at acidic pH. Figure S6:
UV-vis and CD spectra of residual TPPS solution after formation of co-deposit. Figure S7: Circular dichroism (CD)
spectra of co-deposit J-aggregates and AuNPs. Figure S8: Histograms of the height and diameter distributions,
height profiles of Au nanostructures and TPPS J-aggregates deposited on glass surfaces. Figure S9. AFM image
and relative profile.
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26. Grodzicki, A.; Łakomska, I.; Piszczek, P.; Szymańska, I.; Szłyk, E. Copper(I), silver(I) and gold(I) carboxylate
complexes as precursors in chemical vapour deposition of thin metallic films. Coord. Chem. Rev. 2005, 249,
2232–2258. [CrossRef]

27. Livshits, P.; Inberg, A.; Shacham-Diamand, Y.; Malka, D.; Fleger, Y.; Zalevsky, Z. Precipitation of
gold nanoparticles on insulating surfaces for metallic ultra-thin film electroless deposition assistance.
Appl. Surf. Sci. 2012, 258, 7503–7506. [CrossRef]

28. De Leo, M.; Pereira, F.C.; Moretto, L.M.; Scopece, P.; Polizzi, S.; Ugo, P. Towards a Better Understanding of
Gold Electroless Deposition in Track-Etched Templates. Chem. Mater. 2007, 19, 5955–5964. [CrossRef]

29. Thorkelsson, K.; Bai, P.; Xu, T. Self-assembly and applications of anisotropic nanomaterials: A review.
Nano Today 2015, 10, 48–66. [CrossRef]

30. Zhang, S.-Y.; Regulacio, M.D.; Han, M.-Y. Self-assembly of colloidal one-dimensional nanocrystals.
Chem. Soc. Rev. 2014, 43, 2301–2323. [CrossRef]

31. Freeman, R.G.; Grabar, K.C.; Allison, K.J.; Bright, R.M.; Davis, J.A.; Guthrie, A.P.; Hommer, M.B.; Jackson, M.A.;
Smith, P.C.; Walter, D.G.; et al. Self-Assembled Metal Colloid Monolayers: An Approach to SERS Substrates.
Science 1995, 267, 1629–1632. [CrossRef] [PubMed]

32. Rich, C.C.; McHale, J.L. Resonance Raman Spectra of Individual Excitonically Coupled Chromophore
Aggregates. J. Phys. Chem. C 2013, 117, 10856–10865. [CrossRef]

33. Hajduková-Šmídová, N.; Procházka, M.; Osada, M. SE(R)RS excitation profile of free-base
5,10,15,20-tetrakis(1-methyl-4-pyridyl) porphyrin on immobilized gold nanoparticles. Vib. Spectrosc.
2012, 62, 115–120. [CrossRef]

34. Leishman, C.W.; McHale, J.L. Illuminating Excitonic Structure in Ion-Dependent Porphyrin Aggregates with
Solution Phase and Single-Particle Resonance Raman Spectroscopy. J. Phys. Chem. C 2016, 120, 12783–12795.
[CrossRef]

35. Friesen, B.A.; Rich, C.C.; Mazur, U.; McHale, J.L. Resonance Raman Spectroscopy of Helical Porphyrin
Nanotubes. J. Phys. Chem. C 2010, 114, 16357–16366. [CrossRef]

36. Trapani, M.; De Luca, G.; Romeo, A.; Castriciano, M.A.; Scolaro, L.M. Spectroscopic investigation on
porphyrins nano-assemblies onto gold nanorods. Spectrochim. Acta Mol. Biomol. Spectrosc. 2017, 173, 343–349.
[CrossRef] [PubMed]

37. Romeo, A.; Castriciano, M.A.; Zagami, R.; Pollicino, G.; Monsu Scolaro, L.; Pasternack, R.F. Effect of zinc
cations on the kinetics for supramolecular assembling and the chirality of porphyrin J-aggregates. Chem. Sci.
2016, 8, 961–967. [CrossRef]

http://dx.doi.org/10.1021/nl100010v
http://www.ncbi.nlm.nih.gov/pubmed/20184381
http://dx.doi.org/10.1039/c1nr10287g
http://www.ncbi.nlm.nih.gov/pubmed/21566802
http://dx.doi.org/10.1039/C5RA10985J
http://dx.doi.org/10.1039/B815983A
http://dx.doi.org/10.1039/C8CP06188B
http://www.ncbi.nlm.nih.gov/pubmed/30534715
http://dx.doi.org/10.1039/C6NR03695C
http://www.ncbi.nlm.nih.gov/pubmed/27396603
http://dx.doi.org/10.1039/c2jm34208a
http://dx.doi.org/10.1186/1556-276X-6-96
http://www.ncbi.nlm.nih.gov/pubmed/21711597
http://dx.doi.org/10.1016/j.ccr.2005.05.026
http://dx.doi.org/10.1016/j.apsusc.2012.04.072
http://dx.doi.org/10.1021/cm071703j
http://dx.doi.org/10.1016/j.nantod.2014.12.005
http://dx.doi.org/10.1039/c3cs60397k
http://dx.doi.org/10.1126/science.267.5204.1629
http://www.ncbi.nlm.nih.gov/pubmed/17808180
http://dx.doi.org/10.1021/jp404109u
http://dx.doi.org/10.1016/j.vibspec.2012.04.007
http://dx.doi.org/10.1021/acs.jpcc.6b00867
http://dx.doi.org/10.1021/jp106514g
http://dx.doi.org/10.1016/j.saa.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/27685002
http://dx.doi.org/10.1039/C6SC02686A


Nanomaterials 2019, 9, 1026 12 of 13

38. Occhiuto, I.G.; Zagami, R.; Trapani, M.; Bolzonello, L.; Romeo, A.; Castriciano, M.A.; Collini, E.; Monsù
Scolaro, L. The role of counter-anions in the kinetics and chirality of porphyrin J-aggregates. Chem. Commun.
2016, 52, 11520–11523. [CrossRef]

39. Micali, N.; Villari, V.; Castriciano, M.A.; Romeo, A.; Scolaro, L.M. From fractal to nanorod porphyrin
J-aggregates. Concentration-induced tuning of the aggregate size. J. Phys. Chem. B 2006, 110, 8289–8295.
[CrossRef]

40. Castriciano, M.A.; Romeo, A.; Villari, V.; Micali, N.; Scolaro, L.M. Structural rearrangements in
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin J-aggregates under strongly acidic conditions. J. Phys.
Chem. B 2003, 107, 8765–8771. [CrossRef]

41. Zagami, R.; Romeo, A.; Castriciano, M.A.; Monsù Scolaro, L. Inverse kinetic and equilibrium isotopic effect
on self-assembly and supramolecular chirality of porphyrin J-aggregates. Chem. Eur.J. 2017, 23, 70–74.
[CrossRef] [PubMed]

42. Zagami, R.; Castriciano, M.A.; Romeo, A.; Trapani, M.; Pedicini, R.; Monsù Scolaro, L. Tuning supramolecular
chirality in nano and mesoscopic porphyrin J-aggregates. Dyes Pigments 2017, 142, 255–261. [CrossRef]

43. Schwab, A.D.; Smith, D.E.; Rich, C.S.; Young, E.R.; Smith, W.F.; de Paula, J.C. Porphyrin nanorods. J. Phys.
Chem. B 2003, 107, 11339–11345. [CrossRef]

44. Schwab, A.D.; Smith, D.E.; Bond-Watts, B.; Johnston, D.E.; Hone, J.; Johnson, A.T.; de Paula, J.C.; Smith, W.F.
Photoconductivity of Self-Assembled Porphyrin Nanorods. Nano Lett. 2004, 4, 1261–1265. [CrossRef]

45. Castriciano, M.A.; Gentili, D.; Romeo, A.; Cavallini, M.; Scolaro, L.M. Spatial control of chirality in
supramolecular aggregates. Sci. Rep. 2017, 7. [CrossRef] [PubMed]

46. Friesen, B.A.; Nishida, K.R.A.; McHale, J.L.; Mazur, U. New Nanoscale Insights into the Internal Structure of
Tetrakis(4-sulfonatophenyl) Porphyrin Nanorods. J. Phys. Chem. C 2009, 113, 1709–1718. [CrossRef]

47. Arai, Y.; Segawa, H. Significantly Enhanced Adsorption of Bulk Self-Assembling Porphyrins at Solid/Liquid
Interfaces through the Self-Assembly Process. J. Phys. Chem. B 2012, 116, 13575–13581. [CrossRef]

48. Villari, V.; Mazzaglia, A.; Trapani, M.; Castriciano, M.A.; De Luca, G.; Romeo, A.; Scolaro, L.M.; Micali, N.
Optical enhancement and structural properties of a hybrid organic-inorganic ternary nanocomposite. J. Phys.
Chem. C 2011, 115, 5435–5439. [CrossRef]

49. Zhang, L.; Chen, H.; Wang, J.; Li, Y.F.; Wang, J.; Sang, Y.; Xiao, S.J.; Zhan, L.; Huang, C.Z.
Tetrakis(4-sulfonatophenyl)porphyrin-Directed Assembly of Gold Nanocrystals: Tailoring the Plasmon
Coupling Through Controllable Gap Distances. Small 2010, 6, 2001–2009. [CrossRef]

50. Pasternack, R.F.; Collings, P.J. Resonance Light-Scattering—A New Technique for Studying Chromophore
Aggregation. Science 1995, 269, 935–939. [CrossRef]

51. Randazzo, R.; Gaeta, M.; Gangemi, C.M.A.; Fragalà, M.E.; Purrello, R.; D’Urso, A. Chiral Recognition of L-
and D- Amino Acid by Porphyrin Supramolecular Aggregates. Molecules 2018, 24, 84. [CrossRef] [PubMed]

52. Castriciano, M.A.; Donato, M.G.; Villari, V.; Micali, N.; Romeo, A.; Scolaro, L.M. Surfactant-like Behavior
of Short-Chain Alcohols in Porphyrin Aggregation. J. Phys. Chem. B 2009, 113, 11173–11178. [CrossRef]
[PubMed]

53. Zagami, R.; Trapani, M.; Castriciano, M.A.; Romeo, A.; Mineo, P.G.; Scolaro, L.M.
Synthesis, characterization and aggregation behavior of room temperature ionic liquid based on
porphyrin-trihexyl(tetradecyl)phosphonium adduct. J. Mol. Liq. 2017, 229, 51–57. [CrossRef]

54. Castriciano, M.A.; Leone, N.; Cardiano, P.; Manickam, S.; Scolaro, L.M.; Lo Schiavo, S. A new
supramolecular polyhedral oligomeric silsesquioxanes (POSS)-porphyrin nanohybrid: Synthesis and
spectroscopic characterization. J. Mater. Chem. C 2013, 1, 4746–4753. [CrossRef]

55. Castriciano, M.A.; Romeo, A.; Villari, V.; Angelini, N.; Micali, N.; Scolaro, L.M. Aggregation behavior of
tetrakis(4-sulfonatophenyl)porphyrin in AOT/water/decane microemulsions. J. Phys. Chem. B 2005, 109,
12086–12092. [CrossRef] [PubMed]

56. Daniel, M.-C.; Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry, Quantum-Size-Related
Properties, and Applications toward Biology, Catalysis, and Nanotechnology. Chem. Rev. 2004, 104, 293–346.
[CrossRef] [PubMed]

57. Liu, Z.; Zu, Y.; Fu, Y.; Meng, R.; Guo, S.; Xing, Z.; Tan, S. Hydrothermal synthesis of histidine-functionalized
single-crystalline gold nanoparticles and their pH-dependent UV absorption characteristic. Coll. Surf.
B Biointerf. 2010, 76, 311–316. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C6CC05768C
http://dx.doi.org/10.1021/jp060730e
http://dx.doi.org/10.1021/jp0273880
http://dx.doi.org/10.1002/chem.201604675
http://www.ncbi.nlm.nih.gov/pubmed/27862435
http://dx.doi.org/10.1016/j.dyepig.2017.03.047
http://dx.doi.org/10.1021/jp035569b
http://dx.doi.org/10.1021/nl049421v
http://dx.doi.org/10.1038/srep44094
http://www.ncbi.nlm.nih.gov/pubmed/28275239
http://dx.doi.org/10.1021/jp808251g
http://dx.doi.org/10.1021/jp309469j
http://dx.doi.org/10.1021/jp110966h
http://dx.doi.org/10.1002/smll.201000354
http://dx.doi.org/10.1126/science.7638615
http://dx.doi.org/10.3390/molecules24010084
http://www.ncbi.nlm.nih.gov/pubmed/30591641
http://dx.doi.org/10.1021/jp903430u
http://www.ncbi.nlm.nih.gov/pubmed/19627096
http://dx.doi.org/10.1016/j.molliq.2016.12.022
http://dx.doi.org/10.1039/c3tc30532e
http://dx.doi.org/10.1021/jp0508960
http://www.ncbi.nlm.nih.gov/pubmed/16852491
http://dx.doi.org/10.1021/cr030698+
http://www.ncbi.nlm.nih.gov/pubmed/14719978
http://dx.doi.org/10.1016/j.colsurfb.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19969442


Nanomaterials 2019, 9, 1026 13 of 13

58. Selvan, T.; Spatz, J.P.; Klok, H.-A.; Möller, M. Gold–Polypyrrole Core–Shell Particles in Diblock Copolymer
Micelles. Adv. Mater. 1998, 10, 132–134. [CrossRef]

59. Lakshminarayana, P.; Qing-Hua, X. A single-step synthesis of gold nanochains using an amino acid as a
capping agent and characterization of their optical properties. Nanotechnology 2008, 19, 075601.

60. Akins, D.L.; Zhu, H.R.; Guo, C. Absorption and Raman Scattering by Aggregated
meso-Tetrakis(p-sulfonatophenyl)porphine. J. Phys. Chem. 1994, 98, 3612–3618. [CrossRef]

61. Rotomskis, R.; Augulis, R.; Snitka, V.; Valiokas, R.; Liedberg, B. Hierarchical structure of TPPS4 J-aggregates
on substrate revealed by atomic force microscopy. J. Phys. Chem. B 2004, 108, 2833–2838. [CrossRef]
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