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ABSTRACT

Gold nanoparticles of different shapes (spherical, rods, and prisms) aggregate when deposited onto Lactobacillus fermentum’s exopolysaccharide
(EPS), a set of polysaccharides excreted by the bacteria. Transmission electron microscopy studies revealed that gold nanoparticles have high
affinity for EPS. UV-vis spectra of aggregated gold nanoparticles showed additional absorbance peaks at lower energies in comparison with iso-
lated nanoparticles. In the case of gold nanoprisms, the aggregation leads to a new absorption at a very low energy centered at 1100 nm.
Moreover, the EPS of L. fermentum itself produces gold aggregates from a Au(III) solution. Surface-enhanced Raman spectroscopy perfor-
mances for the detection of rhodamine B of gold aggregates were drastically different. A tomography study on all samples revealed clear differ-
ences in the extension of the EPS coating on the gold nanoparticles. Only the gold aggregate in which gold interparticle surfaces were exposed
to RhB showed a drastic increase (two orders of magnitude) of intensity in the Raman spectrum of RhB.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090879

1. INTRODUCTION

Gold nanoparticles (AuNPs) have attracted considerable attention
because of their extraordinary properties, especially optical properties.'™
Furthermore, gold is one of few metals that survive as nanoparticles
under atmospheric conditions. The combination of optical properties
and stability in aerobic environments has enabled AuNPs to become
one of the most important materials in nanotechnology.”"’

AuNPs exhibit a strong absorption band in the visible region,
due to a small particle effect absent in individual atoms and bulk
materials. This absorption results when the incident photon fre-
quency is resonant with the collective oscillation of the conduction
band electrons (the so-called plasmons).'”* The phenomenon is
known as surface plasmon resonance (SPR). SPR is the key to optical
properties of AuNPs and is strongly dependent upon the size,
shape, chemical environment, and aggregation of nanoparticles.'™*
Fine-tuning these parameters enables the production of AuNPs with
desired optical properties for specific applications.

Spherical gold nanoparticles (AuNSs) have usually a SPR
centered in the range of 500-600 nm. The absorptions at these

wavelengths limit the use of AuNSs in biomedicine since blood and
soft tissues absorb at these wavelengths. However, when SPR of
AuNPs occurs at lower energies such as the near-infrared (NIR),
the clinical use of AuNPs can extend beyond superficial applica-
tions, since NIR light can penetrate much deeper to reach AuNPs
inside the body.

Two frequent approaches to shift the SPR of AuNPs to lower
energies are the production of anisotropically-shaped AuNPs'' and
the assembly of nanoparticles.'” The first method of shifting AuNP
SPR involves synthesizing nanoparticles with anisotropic geome-
tries. In gold nanorods (AuNRs), the SPR splits into two bands:
the transverse mode shows a resonance at about 500 nm, which is
co-incident with the SPR of spherical particles, while the resonance
of the longitudinal mode is red-shifted to wavelengths depending
on the length to width ratio of the nanorods. In shapes with even
greater anisotropy, such as gold nanoprisms (AuNPrs), the low-
energy SPR falls in the near-infrared region with wavelengths
reaching values of 1100 nm, whereas the transverse mode also
appears at about 500 nm.
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A second approach to shifting AuNP SPR to NIR wavelengths
is using the formation of nanoparticle aggregates. The SPR changes
drastically if particles are densely packed such that individual
particles are electronically coupled to each other. The SPR of the
aggregate is red-shifted depending on coordination number and
interparticle distances."”

The SPR shift is not the only consequence produced by aggrega-
tion of AuNPs. In comparison to isolated nanoparticles, AuNP aggre-
gates increase the surface-enhanced Raman spectroscopy (SERS)
effect due to the formation of hot spot in the interparticle region.
AuNPs act as antennas for incident light with the same frequency as
the collective oscillation of plasmons. The AuNPs, therefore, concen-
trate the oscillating electric fields at their surfaces, with the same fre-
quency as the incident light but with several orders of magnitude of
higher intensities. The electric field enhancement excites the Raman
modes of the molecule being studied, therefore increasing the signal
of the Raman scattering,'”~"” SERS is currently one of the most pow-
erful spectroscopic methods for ultrasensitive detection of molecules.

Therefore, aggregation can both improve optical properties and
lead to additional applications. With this in mind, different approaches
to synthesizing AuNP aggregates have arisen: hydrogen bonding, elec-
trostatic forces, layer-by-layer techniques, substrates template, etc.'™* In
the present work, AuNP aggregates were produced using exopolysac-
charides (EPSs) of Lactobacillus fermentum, a probiotic that constitutes
an important part of the natural healthy microbiota.

EPSs are natural polysaccharides secreted by some bacteria.
They play a crucial role in bacterial surface adhesion, an essential
step for colonization.'® In particular, L. fermentum’s EPS allows
colonization of these healthy bacteria in intestines by facilitating
adhesion to enterocyte cells. Furthermore, L. fermentum’s EPS is
digestible, biocompatible, and approved by governmental health
agencies (e.g., Food and Drug Administration).' >

We produced AuNP aggregates using EPS of L. fermentum
with two different approaches: (i) EPS as a surface for deposition of
previously prepared AuNPs with defined size and shape and (ii)
EPS as a combined reducing and stabilizing agent. The resulting
AuNP aggregates were soluble in water and differ in optical proper-
ties and SERS effects. To rationalize the huge differences found in
SERS effects, we carried out an electronic microscopy tomography
study on the nanostructures. These studies allowed us to conclude
that improving optical properties and SERS effects largely depends
on the access of the analyte to the hot spot generated by gold nano-
particles aggregation.

1. METHODS
A. Materials

All reagents were purchased from Sigma Aldrich. UV-vis
spectra were recorded at a Unicam UV 300 Thermo Spectronic
spectrophotometer.

B. Bacterial growth

L. fermentum was grown in anaerobic conditions in a synthetic
growth medium at 37 °C on an orbital shaker for 24 h with an initial
concentration of 1 mg bacteria in 1 ml of medium. The synthetic
growth medium consisted of (gl_l) Na,HPO,—5.0, KH,PO,—6.0,
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trisammonium citrate—2.0, sucrose—50.0, MgSO,—1.0, and trace
elements solution—10ml [consisting of (gl_l): MnSO,—2.0,
CoCl,—1.0, ZnCl,—1.0 dissolved in 0.IN HCI solution]. The
medium had an initial pH of 6.7 and was sterilized at 121 °C. The
final L. fermentum cell concentration was 3.3 - 10° CFUml™".

C. EPS of L. fermentum isolation

EPS of L. fermentum were isolated following a previous
reported protocol.”’ Bacteria were removed by centrifugation at
3000¢ for 10min. The supernatant was filtered using EMD
Millipore Steritop™ Sterile Vacuum Bottle-Top Filters. Ice-cold
ethanol (2 vol.) was added to the cell-free supernatant (1 vol.) under
continuous stirring and kept overnight for precipitation in the refrig-
erator. The alcoholic supernatant was centrifuged at 22000 g for
35min and the EPS precipitated were washed with acetone and
again centrifuged. The solid obtained was dissolved in water (20 ml),
filtered again, and lyophilized.

D. Synthesis of spherical gold nanoparticles (AuNSs)

AuNSs were synthesized using a protocol previously
reported.”” 5 ml of a 1.0 mM HAuCl, solution in water was stirred
and heated to boiling on a hot plate. After the solution began to
boil, 500 ul of a 38.8 mM Na3;CsHsO. solution in water was added.
The mixture was boiled and stirred continuously for about 10 min
until it was a deep red color. The solution was cooled to room tem-
perature. The AuNSs were characterized by UV-vis spectroscopy
and transmission electron microscopy (TEM).

E. Synthesis of gold nanorods (AuNRs)

To prepare AuNRs, a seed-mediated growth method was carried
out.”® Solutions of HAuCl, 1 mM, AgNO; 8 mM, ascorbic acid
78.8 mM, and NaBH, 10 mM were prepared at room temperature.
The NaBH, solution was ice-cooled after preparation. Solutions
of cetyl trimethylammonium bromide (CTAB) 0.2M and
(11-mercaptoundecyl)-N,N,N-trimethylammonium bromide 92 mM
were separately prepared by heating at 50 °C and stirring until dis-
solved and then cooled to room temperature. All the solutions were
prepared in Milli-Q ultrapure water. Gold seed synthesis: 5ml of
CTAB 0.2M, 2.5ml HAuCl, 1 mM, and 0.6 ml of ice-cold NaBH,
10 mM were mixed and stirred for 2 min at 25 °C. When seeds were
formed, the solution color changed from yellow to slightly brown.
NRs synthesis: 5 ml of the 0.2M CTAB solution was placed in a flask
previously set in an oil bath at 30 °C under stirring at 180 rpm. 5 ml
of HAuCl, 1 mM, 70ul of ascorbic acid 78.8 mM, and 100ul of
AgNO; 8mM were added in this order to the CTAB solution.
The mixture was completed with 160 ul of the seed solution. The
completed mixture was kept stirring at 180 rpm and 30 °C for 48 h.
Due to CTAB antibacterial activity,”" CTAB excess was removed.
AuNRs were collected twice by high-speed centrifugation at
13 000 rpm for 10 min, and the supernatant was removed and the
collected nanorods were dissolved in 1 ml of Milli-Q ultrapure water
and 1ml of (11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide 92 mM and stirred mildly. AuNRs were collected again by
high-speed centrifugation at 13 000 rpm for 10 min 48h later, and
the pellet was dissolved in 1ml of Milli-Q ultrapure water. The
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AuNRs were characterized by UV-vis spectroscopy and transmission
electron microscopy (TEM).

F. Synthesis of gold nanoprisms (AuNPrs)

AuNPrs were synthesized using a protocol previously
reported.”” 100 ml of HAuCl; 2 mM and 120 ml of fresh Na,$,0;
0.5 mM, both prepared in Milli-Q ultrapure water, were mixed and
stirred gently at 15°C. After 9 min (“seed” formation), an extra
50 ml of fresh Na,S,03; 0.5 mM was added. Growth mixture was
left overnight at 15 °C under mild stirring conditions. The AuNPrs
were characterized by UV-vis spectroscopy and TEM.

G. Deposition of AUNPs onto EPS

A 10mgml™" EPS solution in water was adjusted to pH 2
using HCI IM. The EPS solution was heated for 24h at 80°C
under continuous stirring at 200 rpm. The solution was cooled to
room temperature. AuNSs, AuNRs, and AuNPrs (1vol) were
added to three different aliquots of the cooled EPS pH2 solution
(1vol.). The Au nanoparticle aggregation onto EPS was character-
ized by UV-vis spectroscopy, TEM, and energy dispersive X-ray
spectroscopy (EDX) compositional maps collected with High
Annular Dark Field-Scanning Transmission Electron Microscopy
(HAADF-STEM) images. All EPS-samples were lyophilized and
stored as powders. Redissolution of the powders in water gave
unchanged UV-vis spectra.

H. Synthesis of gold nanoparticles using EPS as
reductant (Au-EPS)

A 2.5ml 1.0 mM HAuCl, solution was stirred and heated to
boiling on a stir/hot plate. After the solution began to boil, 2.5 ml
of a 10mgml™" EPS aqueous solution (pH 2) was added. The
mixture was boiled and stirred for 30 min until it was a purple/blue
color and then cooled to room temperature. The samples were
characterized by UV-vis spectroscopy, TEM, and EDX composi-
tional maps collected with HAADF-STEM images.

I. Electronic microscopy sample preparation

TEM samples were prepared by placing a drop of each sample
onto a FCF200-Cu (Formvar/Carbon 200 Mesh, Copper) grid and
blotting with filter paper. Samples were observed under a LIBRA
120 PLUS from Carl Zeiss SMT and EDX maps were done using a
HAADF-STEM system.

J. SERS experiments

A 10uM solution of RhB in water was prepared. A 5ul drop
of this solution was added slowly and without stirring to three
different solutions each containing 25 ul of the isolated gold nano-
particles (AuNSs, AuNRs, and AuNPrs) and 25ul of H,O. The
same volume of RhB 10uM was added to 50ul of the AuNSs,
AuNRs, and AuNPrs onto EPS samples and to 50 ul of AuNPs
synthesized by EPS at pH 2. The final concentration of RhB in all
samples was 0.5 uM.

Gold nanoparticles on EPS samples were prepared as described
above. An aluminum adhesive was fixed on stubs of metal. After
several minutes, a 20 ul drop of each sample was placed over a stub
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and dried overnight at room temperature. Samples were observed
under a Zeiss SUPRA40VP microscope and Raman spectra were col-
lected using a Structural Chemical Analyzer (SCA) with excitation at
532 nm (intensity of 35% and 3 acquisitions). A study on the stability
of the SERS effect was carried out by incubation of gold aggregates
and RhB for different times (30 min, 1 and 4h). The intensity of
Raman signals was practically the same, pointing out a permanent
SERS effect of the gold nanostructures on the RhB.

K. Electron tomography (ET)

Electron tomography (ET) experiments were performed in a
FEI Titan3 Themis 60-300 Double Aberration Corrected micro-
scope operated at 80kV. A convergence angle of 9 mrad was
selected in order to improve the depth of focus. HAADF and DF
detectors were used to image the EPS and nanoparticles signals,
respectively. In particular, a camera length of 185 mm was used for
AuNSs and AuNPrs-EPS and 56 mm for Au-EPS. Then, a series of
STEM-HAADF/DF images at different tilts were recorded using the
software FEI Explore3D v.4.1. The tracking, focusing, and tilting
were carried out automatically. The samples were tilted from —70°
to +70° and images acquired every 5°. Then, the whole set of
images were aligned combining cross-correlation method, using
FEI Inspect3D, and the landmark-based alignment implemented in
Tomo]. The tilt series images were also background-subtracted,
normalized, and binned to 512 x 512 pixels. Afterward, they were
reconstructed into a 3D volume using a Compressed Sensing algo-
rithm based on Minimization of the Total Variation (TVM) of the
individual STEM-HAADF images. In particular, a 3D implementa-
tion of the TVAL3 routine, using AstraToolBox, was employed.
For visualization and further nanometrological analysis of the
reconstructed volumes, the FEI Avizo Software was used. The reso-
lution in electron tomography is anisotropic. In the XY direction,
which is that of the projections, the scale bars of the figures are
real. In the XZ direction, the resolution depends on the number of
projections and the reconstruction algorithm used. In this work,
the advanced algorithm used eliminates elongation artifacts, and
the spatial resolution is below 1 nm.

lll. RESULTS AND DISCUSSION
A. Deposition of AUNPs onto EPS

First, following well-documented procedures, we prepared
AuNPs with the three more representative shapes: spheres
(AuNSs),”” rods (AuNRs),””** and prisms (AuNPrs).”” The expected
shapes, sizes, and SPR values were confirmed by Transmission
Electron Microscopy (TEM) and UV-vis spectroscopy (Fig. 1). Next,
we incubated gold samples with EPS isolated from L. fermentum’" to
produce AuNSs-EPS, AuNRs-EPS, and AuNPrs-EPS. In the three
samples, large aggregates of nanoparticles on the EPS were revealed
by TEM (Fig. 1). The deposition of AuNPs did not result in any
changes of shape or size, which is an advantage since other coating
often results in reshaping the particles. Moreover, the existence of
EPS supporting the gold aggregates makes them water-soluble, which
is of crucial interest in many applications.

The aggregates were also examined using High Annular Dark
Field-Scanning Transmission Electron Microscopy (HAADF-STEM)
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FIG. 1. TEM images and UV-vis spectra of AuNSs, AuNRs, and AuNPrs before [(a), (c), and (€)] and after incubation with EPS to give AuNSs-EPS, AuNRs-EPS, and

AuNPrs-EPS [(b), (d), and (f)].

(Fig. 2). To confirm the presence of the AuNPs on the EPS, energy
dispersive X-ray spectroscopy (EDX) experiments were performed,
which showed that Au (in violet) is associated to EPS. The spatial
distribution of gold, which was barely detectable outside the EPS
region, indicates that the AuNPs were glued to the EPS.

As shown in Fig. 1, once the AuNPs were deposited onto EPS,
their UV-vis spectra showed additional absorbance peaks at lower
energies, which indicate that the particles were assembled into
aggregates with strong interparticle interactions.'” For AuNSs-EPS,
a second, more intense peak appeared at 760 nm. AuNRs-EPS pro-
duces two new bands at 815 and 960 nm. The AuNPrs-EPS exhib-
its a new broad band centered around 1100 nm. These UV-vis
spectra are consistent with theoretical predictions and experimental
evidences for AuNP assemblies.'” The number of absorption peaks
and their frequencies of gold aggregates depend on the degree of
aggregation and the orientation of the individual particles within
the aggregate. The first peak, located near the resonance peak for
single nanoparticles, is attributed to the quadrupole plasmon exci-
tation in coupled gold nanospheres. The second peak, at longer

wavelengths, is attributed to the dipole plasmon resonance of the
gold nanosphere. This absorption splitting is a consequence of the
fact that oscillating electrons in one particle feel the electric field
due to the oscillations in a second particle, which can lead to a col-
lective plasmon oscillation of the gold aggregates.'”

B. Synthesis of gold nanoparticles using EPS as
reductant (Au-EPS)

In a second phase, we addressed the possibility of producing
AuNPs aggregate by EPS and gold cations in one step.
Carbohydrates in general and EPS in particular have been used as
reducing and stabilizing agents for AuNPs formation.”*™**

We used EPS of L. fermentum as a reducing agent by adding
it to a boiling aqueous solution of Au(IIl). The resulting mixture
(Au-EPS) was analyzed by TEM.

As shown in Fig. 3, AuNPs were formed on EPS. The contrast
of the darker, electron-dense gold enhances the visualization of the
lighter EPS material. A range of different sizes and shapes of
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FIG. 2. (a) HAADF micrograph of AuNSs after incubation with EPS (AuNSs-EPS). (b) EDX compositional map of gold (violet) collected over the whole HAADF-STEM
image in (a). (c) Compositional map of (a) and (b) images. Similar images were obtained for AUNRs-EPS and AuNPrs-EPS.
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nanoparticles were seen: spheres, rods, and prisms of different sizes
(2-80 nm) are clearly noticeable from the TEM image.

The aggregates were visualized by HAADF-STEM (Fig. 3).
To confirm the presence of the AuNPs on the EPS, energy disper-
sive X-ray spectroscopy (EDX) experiments were performed,
which showed that Au (in violet) is linked to EPS [Figs. 3(c) and
3(d)]. The spatial distribution of gold, which was barely detectable
outside the EPS region, demonstrates that the AuNPs were pro-
duced and incorporated onto the EPS. In these experimental con-
ditions, EPS of L. fermentum produced heterogeneous gold
particles without preferred size and shapes. In accordance with
this result, the UV-vis spectrum of Au-EPS consists of a broad
band with a peak maximum centered at 570 nm and a tail absorb-
ing up to 1000 nm [Fig. 3(b)].

Since band position is dependent on both the number of
coupled nanoparticles and their relative position with respect to
each other and to the incident light, this broad band is the result of
the contribution of differently shaped AuNPs and a lack of
uniform distribution. It should be noted the lower absorbance
values in the UV-visible spectrum of the sample Au-EPS [Fig. 3(b)]
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with respect to those of AuNSs-EPS, AuNRs-EPS, and
AuNPrs-EPS (Fig. 1). The concentration of Au(IIl) incubated
with EPS to form Au-EPS was the same (0.25 mM) as that used in
gold nanoparticle synthesis for the samples AuNSs-EPS,
AuNRs-EPS, and AuNPrs-EPS. Therefore, the low absorbance
values found for Au-EPS indicates that the EPS does not reduce
all gold cations but just a fraction, which leads to a lower concen-
tration of gold nanoparticles.

C. SERS experiments

We have applied these AuNPs materials to improve the SERS
signals of an analyte. As shown by TEM, EPS efficiently glues AuNPs
together. The short distances between AuNPs generate hot spots,
where if an analyte deposits it, can improve their SERS signals."” ™"

We tested the SERS performance of all gold aggregates for the
detection of the model analyte rhodamine B (RhB). We analyzed
the SERS performance of four samples: the three AuNPs morphol-
ogies deposited onto EPS (AuNSs, AuNRs, and AuNPrs) and the
AuNPs made by the EPS themselves (Au-EPS). We incubated RhB

FIG. 4. Raman spectra of RhB (red) in
the presence of isolated AuNPrs (a),
AuNSs (b), and AuNRs (c). In violet
are the RhB Raman spectra in the
presence of aggregated samples:
AuNPrs-EPS  (a), AuNSs-EPS (b),
AuNRs-EPS (c), and Au-EPS (d).
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FIG. 5. Electron tomography results (rendered 3D volumes) of AuNSs (a), AuNPrs-EPS (b), and Au-EPS (c).

(1 uM) with gold samples (0.25 mM in Au) in water, and the mix-
tures were analyzed by SEM and Raman spectroscopy.

A total of 10 Raman spectra were collected on 10 different
regions of the SEM grid. Representative Raman spectra obtained for
each sample are shown in Fig. 4. SEM images of sample sections
used for SERS are included (see Fig. S1 in the supplementary
material).

Interestingly, the SERS results differed dramatically depending
on the gold sample. A marginal increase of the Raman signal inten-
sity of RhB was observed for the aggregated samples AuNSs-EPS
and AuNRs-EPS with respect to the isolated samples, AuNSs and
AuNRs, respectively [Figs. 4(b) and 4(c)]. However, the intensity of
Raman signals of RhB in the presence of AuNPrs-EPS [Fig. 3(a),
violet spectrum] was two orders of magnitude higher than that of
AuNPrs [Fig. 4(a), red spectrum].

The dramatic increase in the Raman signal intensity of RhB in
the presence of AuNPrs-EPS is not related to the prism shape of
gold nanoparticles, since isolated AuNPrs did not exhibit a signifi-
cant SERS effect [Fig. 4(a), red]. The increase does correspond to
the aggregated state of the nanoparticles.

In order to understand the size of the SERS effect of
AuNPrs-EPS in comparison to the rest of samples, we point out
that although EPS glues the gold nanoparticles together, RhB
access to the regions in between individual nanoparticles is not the
same in all samples. As the SERS effect depends on RhB reaching
the hot spots, this difference in accessibility results in the different
SERS effects. To evaluate this hypothesis, we carried out a tomogra-
phy study of all samples.

D. Electron tomography (ET)

This study revealed clear differences between the samples in
terms of nanoparticle spatial distribution with respect to the EPS
layer between the samples. As is evident from Fig. 5(a), in the
AuNPSs-EPS sample, the gold appears in aggregates of spherical-like
nanoparticles mostly embedded within EPS. Note that yellow and
blue colors represent gold and EPS, respectively. Although some of
these AuNPSs partially expose EPS-free surfaces [Fig. 5(a), very few
yellow sections], most of them are located at positions where they are
fully embedded in the EPS shell which averages a thickness of 24 nm
(see Fig. S2 in the supplementary material).

The situation is different for AuNPrs-EPS, the sample that
exhibits the highest SERS effect. In this case, groups of prismatic-
like Au nanoparticles of largely varying size, and in close proxim-
ity to each other, depict mostly clean surfaces [Fig. 5(b)].
Although a very small number of polymer filamentary structures
attached to the nanoparticles are visible, most of their surface
remains free from EPS [the yellow color of gold; it is clearly pre-
dominant in Fig. 5(b)]. This spatial distribution of the two com-
ponents favors the access of external molecules, such as RhB, to
the hot spot locations between gold nanoprisms. This difference
in exposed nanoparticle surface explains the drastic increase of
intensity in the SERS spectrum and the improvement of the
Raman spectrum of RhB with well-resolved and intense peaks.”’
Finally, the Au-EPS sample showed a mixture of heterogeneously
sized and shaped gold nanoparticles [Fig. 5(c)], which appear
much more agglomerated than in AuNPrs-EPS. In contrast with the
latter, particles are partially embedded within EPS, similar to what
occurs in AuNPSs-EPS. A more compact EPS layer with an average
thickness of 87 nm (see Fig. S3 in the supplementary material) in
direct contact with a significant fraction of the Au nanoparticles is
present in this sample. In this case, the EPS layer limits RhB access
to the Au surfaces.

IV. CONCLUSIONS

EPS of L. fermentum, a healthy bacteria present in our micro-
biota, is an extraordinarily effective bioplatform for aggregating
gold nanoparticles of different sizes and shapes as well as for
directly producing gold aggregates from a Au(III) solution. All gold
aggregates were water-soluble and could be lyophilized and safely
stored as a powder.

The gold aggregates on EPS improved the optical properties
of isolated gold nanoparticles and showed additional absorptions
at lower energies. SERS effects of gold aggregates were signifi-
cantly different from isolated nanoparticles. An electronic
tomography study confirmed that efficiency as a RhB SERS
probe directly correlates with the extension of EPS coating of hot
spots of gold aggregates. In particular, the sample AuNPrs-EPS,
consisting of aggregated gold prisms onto the EPS, displayed RhB
Raman spectra with intensities two orders of magnitude higher
than free RhB.
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See the supplementary material for SEM images of sections
analyzed by Raman spectroscopy (Fig. S1) and electron tomogra-
phy thickness map of the EPS shell in the sample AuNSs-EPS
(Fig. S2) and AUNPSs-EPS (Fig. S3).
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