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ABSTRACT: Superstructures of gold nanospheres oﬀer augmented surface-enhanced Raman scattering (SERS) activities
beyond the limits of their individual building blocks. However,
for application as reliable and quantitative colloidal SERS probes,
some key aspects need to be considered to combine eﬃciency and
robustness with respect to hotspot excitation, analyte adsorption,
signal stability, and colloidal stability. For this purpose, we studied
core/satellite superstructures with spherical cores as a simple
optically isotropic model system. Superstructures of diﬀerent core
sizes were assembled using bovine serum albumin (BSA), which
serves as a non-speciﬁc biomacromolecular linker and provides
electrosteric stabilization. We show that the “noisy” spectral
footprint of the protein coating may serve as an internal standard,
which allows accurate monitoring of the adsorption kinetics of analytes. The SERS activity was quantiﬁed using 4-mercaptobenzoic
acid (MBA) as an aromatic low-molecular-weight model analyte. The molar SERS eﬃciency was studied by variation of the particle
(Au0) and analyte concentrations with a limit of detection of 10−7 M MBA. The practical importance of colloidal stability for robust
measurement conditions was demonstrated by comparing the superstructures with their citrate-stabilized or protein-coated building
blocks. We explain the theoretical background of hotspot formation by a leader/follower relationship of asymmetric control between
the core and the satellites and give practical guidelines for robust colloidal SERS sensing probes.
KEYWORDS: electric-ﬁeld enhancement, plasmonic superstructures, self-assembly, diﬀuse-reﬂectance spectroscopy, colloidal stability
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INTRODUCTION
Great hopes are placed on noble-metal nanoparticles (NPs)
and their assemblies into functional superstructures as colloidal
biosensors and probes for enhanced spectroscopies.1,2
Plasmonic assemblies allow us to manipulate the conﬁnement
of light in the minute spaces between closely packed NPs, a
prerequisite for surface-enhanced Raman scattering (SERS)
spectroscopy.3,4 However, comparing of SERS sensing probes
by nominal performance indicators like enhancement factors
(EFs) or limits of detection (LODs) for a speciﬁc analyte is a
truly non-trivial task (see Table S1 for a non-exhaustive
overview).5 For non-aggregated SERS-active colloidal dispersions in the liquid state, the average enhancement roughly
averages at approximately 104−105 (see Figure S1),6,7 not a
particularly impressive value at ﬁrst glance. Here, colloidal
dispersions need to be distinguished from substrate-supported
colloids and nanostructured substrates in the dry state for
which nominal performance indicators are on average reported
to be 1−2 orders of magnitude better. This is certainly not to
say that colloidal dispersions per se are less suitable SERS
reporters but that direct comparisons of liquid- and dry-state
systems are rarely meaningful.8 As a spectral technique, the
© XXXX American Chemical Society

sensitivity and detection performance, two co-dependent
parameters of SERS, are meaningful parameters. However,
SERS probes should not be evaluated by their nominal
performance alone.
In recent years, the focus has shifted from the hunt for the
highest nominal SERS performance through the continuous
expansion of the library of SERS-active nanostructures to the
rational design of application-robust materials.9,10 Reliability
and robustness have been recognized as key challenges for
bioanalytical SERS in aqueous conditions.11,12 In general, the
robustness of an analytical probe refers to its ability to provide
reproducible results (over extended time) and withstand
certain external inﬂuences during the measurement process.
By analogy, reliable SERS analytics depend both on a high
SERS eﬃciency provided by the structural design of the
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nanosensors and on robust measurement conditions, i.e.,
constant and correlated signal intensities.13 For the generation
of SERS, this requires the excitation of hotspots to be
insensitive to the ﬁeld polarization.
A promising leitmotif is discrete core/satellite clusters in the
form of hierarchical arrangements of so-called (smaller)
satellite particles around (larger) central core particles.14
Initially, ﬂat 2D nanoﬂower-like clusters proved that adjusting
the number and position of spheres in tightly packed clusters
induces strong electromagnetic resonances through plasmonic
hybridization.15,16 Later, the core/satellite motif was adopted
for raspberry-like 3D superstructures using either synthetic
oligomeric17 /polymeric18 linkers or biomolecular linkers such
as viral scaﬀolds,19 DNA tags,20,21 or proteins.22 Their
plasmonic properties can be exploited for a plethora of
diﬀerent applications, such as colorimetric23−25 and refractiveindex sensing,18 magneto-optical metamolecules,26,27 nanolocalized chemistry28,29 and catalysis,30 phototherapeutic
agents,31 and, in particular, in colloidal SERS probes.3,32,33
The SERS capabilities of various homometallic34−37 and
heterometallic38−40 assemblies have been studied, including
also hybrid metal/insulator clusters with dielectric cores of
polymer41,42 or silica.43,44 In retrospect, considerable eﬀorts
have been invested in macromolecular decorations of NPs for
guiding their self-assembly in 2D and 3D using artiﬁcial
macromolecular and biomacromolecular linkers.45 Notwithstanding, biomacromolecular linkers are commonly recognized
as detrimental owing to their “noisy” spectral footprint in
SERS46,47 due to their structural diversity and multitude of
functional groups.
For core/satellite superstructures, the most important
structural control parameters have been identiﬁed and
investigated, such as critical sizes of the building blocks,
satellite coverage, and gap sizes.17,22−24,44,48 One parameter
that has received less attention is the size of the core particle,
probably because its eﬀect on the overall SERS activity is
considered secondary. This is because the core exhibits a
relatively low curvature (compared to the satellites) and thus
its size is commonly considered to be an “uncritical”
parameter. The eﬀect of nanogap curvatures has been
investigated theoretically for dimers of various shapes and
sizes.49,50 Curvature models predict the highest near-ﬁeld
conﬁnements for pronounced curvatures combined with
redshifts of the coupled mode. The latter allows for plasmonic
tuning with respect to a given excitation wavelength (excitation
matching), which may however aﬀect the signal intensities51,52
and ratios in the SERS spectrum, as we will demonstrate.
In this work, we present colloidal SERS probes in the form
of core/satellite superstructures, consisting of larger gold
nanospheres as cores decorated with smaller spherical satellite
gold NPs.22 These assemblies represent a simple model system
with the advantage of high tolerance of the hotspot excitation
to the orientation of the superstructure to the electric ﬁeld,
which is not the case for anisotropic cores.52,53 Although the
electric-ﬁeld conﬁnement in anisotropic assemblies can result
in much higher EFs (see Table S1),54 in an ensemble, only few
particles are excited in ideal orientations, and even then, not all
gaps contribute equally to SERS generation. Notwithstanding,
the higher robustness of isotropic assemblies against misalignment comes at the expense of weaker overall ﬁeld enhancements. The protein bovine serum albumin (BSA) serves as a
non-speciﬁc biomacromolecular linker between the building
blocks. We varied the core size in a range of 70 to 105 nm to

show the corresponding optical changes, i.e., a redshift of the
coupled mode and increased scattering contributions. Specifically, we have chosen the core sizes such that the transition of
the coupled mode from dominantly absorbing (non-radiative,
for small cores), to balanced (medium-sized cores), to
dominantly scattering (radiative, for large cores) becomes
apparent, as has been demonstrated experimentally. We
evidence both theoretically and experimentally that the core
size has a weak inﬂuence on the overall SERS performance in
terms of nominal enhancement. However, even minute
(de)tuning of the coupled mode (<40 nm) with respect to
the ﬁxed excitation wavelength of 785 nm can cause signiﬁcant
changes in the signal ratios of the protein coating’s SERS
signature. Finally, this model system is used to discuss the key
aspects for robust colloidal SERS sensing, namely, (i) the use
of the SERS background of the biomacromolecular linker as an
internal standard, (ii) the time dependence of quantitative
absorption of a model analyte and the enhancement of its
signals for detection, (iii) the eﬃciency of SERS and the
detection limit, and (iv) the SERS robustness with respect to
colloidal and signal stability over time.
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RESULTS AND DISCUSSION
Biomacromolecular-Assembled Nanoclusters. Figure
1a schematically depicts the modular self-assembly of
plasmonic core/satellite nanoclusters using protein as linker.22
The assembly protocol follows three steps: First, smaller gold
NPs, which are to act as satellites, are coated with a thin closed
shell of BSA.47 The ligand exchange is driven by an equilibrium

Figure 1. Biomacromolecular-assembled core/satellite nanoclusters:
(a) schematic illustration of the controlled adsorption of small
protein-coated NPs (as satellites) onto protein-free NPs (as cores)
yielding nanoclusters of diﬀerent core-to-satellite size ratios; (b) TEM
images; (c) UV/vis/NIR extinction spectra of nanoclusters Au73/
Au16 (green), Au84/Au16 (turquoise), and Au105/Au16 (blue)
compared with their building blocks (gray: satellite NPs; black: core
NPs); and (d) UV/vis/NIR diﬀuse-reﬂectance spectroscopy spectra
showing contributions of absorption (blue) and scattering (red) to
the extinction (dashed black line).
B
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shift promoted by the higher binding aﬃnity of BSA to gold
and its excess concentration in solution during the coating
process. Second, larger gold core NPs, which are weakly
stabilized (e.g., by citrate), are added to a concentrated
dispersion of the protein-coated satellites (core-to-satellite
ratio = 1:1000). Because of a higher binding aﬃnity, BSA
displaces citrate from the surface and thus serves as a
biomacromolecular linker between NPs, as recently reported.22
Third, the resulting superstructures are separated from the
surplus of unbound satellite NPs by repeated centrifugation
and redispersion.
To investigate the inﬂuence of the core size, we prepared
nanoclusters with core sizes of 73, 84, and 105 nm while
keeping the satellite size constant (16 nm, diameter). The
TEM images show comparable degrees of satellite population
independent of core size (Figure 1b). Recently, we reported on
a methodology to evaluate the ensemble-average number of
adsorbed satellites (Table S4) by small-angle X-ray scattering.22 The relative satellite coverage can be estimated from the
surface ratio of the collective “footprints” of all satellites, given
by their number, Nsat, times the projected area of a single
protein-coated satellite on the core, to the total surface area of
the core; Nsat × Asat/Acore.53 Thus, the satellite coverages
correspond to values of ∼36% for Au73/Au16, ∼44% for
Au84/Au16, and ∼47% for Au105/Au16, indicating that core
size indeed has an eﬀect on the satellite population, probably
due to the combined eﬀects of electrosteric hindrance and core
curvature. Notwithstanding this, the total number of adsorbed
satellites increases with the available core surface area (SEM
images, Figure S2 and Table S4). The gap size between the
core and satellites, previously determined to be 4 ± 1 nm,22
can be assumed to be independent of the core size as it is
controlled by the thickness of the BSA coating around the
satellite NPs. Figure 1c compares the UV/vis/NIR extinction
spectra of the building blocks (black: core and gray: satellite;
Table S2) and the ﬁnal nanocluster dispersions (green: Au73/
Au16, turquoise: Au84/Au16, and blue: Au105/Au16; Figure
S3). The formation of nanoclusters is accompanied by
splitting55 of the core localized surface-plasmon resonance
(LSPR) into two separate excitation modes: a dominant
redshifted (bonding) coupled mode and a second blueshifted
mode (shoulder at around 510−540 nm), similar to sizemismatched NP pairs.56 Heterodimers exhibit hybridized
plasmon modes based on energetically favorable (bonding)
and unfavorable (antibonding) interactions. Recently, we
proposed that hybridization in isotropic core/satellite superstructures can be described by two diﬀerent polarization
states,22 which are insensitive to satellite disorder.
Conventional UV/vis/NIR transmission spectroscopy can
only measure the total extinction of light as the sum of all
spectral losses combined. To diﬀerentiate between nonradiative (absorption) and radiative (scattering) contributions,
we have performed UV/vis/NIR diﬀuse-reﬂectance measurements with an integrating sphere (Figure 1d). For this, several
measurements are performed, each of which is necessary to
collect diﬀerent combinations of transmitted (IT), absorbed
(IA), and scattered light (IS). First, a reference measurement of
water is performed using an integrating sphere in a closed
conﬁguration to quantify the “background” extinction contributions of solvent and cuvette (I0 = IT + IA + IS). Second, the
sample is measured in the same conﬁguration, which gives the
scattered and transmitted light combined (IT + IS = I0 − IA).
Third, an open conﬁguration of the integrating sphere with a

light trap that removes the transmitted light allows the
measurement of the (non-absorbed) scattered light itself (IS =
I0 − IT − IA). From these data, the intensities of transmitted
(IT) and absorbed light (IA) can be determined. Hence, the
transmittance of the absorbed light (TA) is the non-radiative
diﬀuse loss (Figure 1d, blue)
TA =

IA
I0
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(1)

and the transmittance of the scattered light (TS) is the radiative
diﬀuse loss (Figure 1d, red)
TS =

IS
I0(1 − TA )

(2)

that can be quantiﬁed. Consequently, the transmittance of all
extinct light (TE) is the sum of the two contributions together
(Figure 1d, dashed line). The extinction obtained by diﬀusereﬂectance spectroscopy agrees well with that obtained by
transmission spectroscopy (Figure 1c).
TE = TA + TS

(3)

The low-energy coupled modes of Au73/Au16, Au84/Au16,
and Au105/Au16 nanoclusters are located at 609, 619, and 645
nm, respectively. The high-energy secondary modes appear for
all three clusters as a shoulder on the left ﬂank of the main
mode (510−540 nm). While the secondary modes are mainly
absorbing (blue), the primary modes are accompanied by
pronounced scattering contributions (red), indicative of strong
core/satellite coupling.23 The superstructures become increasingly radiative by increasing the core size, as expected from the
basic Mie theory. The ratio of scattering to absorption
contributions of the main coupled mode can be tuned by
choosing an appropriate core size (Figure 1d),52 either
dominantly absorbing for small cores, balanced for mediumsized cores, or dominantly scattering for large cores.
The ratio of scattering to absorption is a fundamental
characteristic of any plasmonic structure that describes the
extent to which the available channels of plasmon decay are
used, which can be either radiative (scattering) or nonradiative (absorption). The channels have high practical
relevance as they form the basis for many plasmonic
applications. For example, heat generation relies on the
absorption53,57,58 of light for which radiative contributions
will inevitably lower the eﬃciency of photon-to-heat
conversion. In contrast, SERS is in principle (or at least
predominantly) a scattering phenomenon. Thus, the scattering
contribution from the particles matters and not the sum of
scattering and absorption (i.e., extinction), which might seem
somewhat trivial since this has been known for decades. For
this reason, single-particle LSPR and SERS spectroscopy is
commonly performed in a dark-ﬁeld conﬁguration.10,34,39
Notwithstanding, this is also important on an ensemble level
as scattering can act as detrimental extinction losses in
competition with SERS generation, eventually reducing the
overall SERS eﬃciency.51,52 When scattering and absorbing
contributions are balanced, both functions can even be
eﬃciently combined, as evidenced by superstructures with
anisotropic cores acting as highly SERS-active heaters.53
For SERS bioapplications, excitation in the near-infrared is
advantageous because lasers with lower wavelengths have a low
penetration depth and may damage tissues by heating. For that
reason, our aim was to evaluate the superstructures’ suitability
C
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Figure 2. Hotspot formation in nanoparticle assemblies with asymmetric control for oﬀ-resonant excitation at 785 nm: (a) size-dependent shift of
the gap-resonant mode of 3D clusters (solid lines, boxes) compared to their corresponding single heterodimers (dashed lines, circles); (b) electricﬁeld strength of 3D clusters (boxes), heterodimers (solid lines), and the individual cores (dashed lines); orientation-dependent shift of the (c) gapresonant mode and (d) electric-ﬁeld strength of simpliﬁed 2D clusters vs the misalignment to the external electric ﬁeld E0 (increasing number of
satellites in the plane of polarization: yellow - 1, green - 4, pink - 6, and blue - 12); (e) electric near-ﬁelds showing the transition of Au84/Au16
heterodimers from a longitudinal (L, 0°) to a transversal (T, 90°) orientation; and (f) corresponding 2D cluster of high satellite coverage by
superposition.

for SERS sensing by oﬀ-resonant51 excitation at 785 nm
(Figure 1d). However, SERS enhancement and hotspot
formation in coupled multiparticle systems are still not fully
understood.8 For that reason, we will brieﬂy review the theory
how the core size inﬂuences plasmonic excitation and hotspot
formation in core/satellite superstructures.
Robust Gap-Mode Excitation and Hotspot Formation
by Optical Isotropy. At ﬁrst glance, the nanocluster structure
resembles an ensemble of many diﬀerently oriented sizemismatched particle dimers.56 For this reason, we simulated
the electromagnetic characteristics of diﬀerent 3D superstructures and their corresponding heterodimers as fundamental building units. Figure 2a shows the gap-resonant modes of
heterodimers (dashed lines) and clusters (solid lines) of three
diﬀerent core sizes. This distance-dependent optical shift is
known as a “plasmon ruler” eﬀect and can be found for both
single-satellite56,59 and multi-satellite17,48 assemblies. The
spectral shift of multi-satellite assemblies is more pronounced
(Figure S4). The size of the smaller coupling partner of sizemismatched assemblies is decisive for the coupling threshold.22
An increase of the core size shifts the response curve toward
larger gap sizes, but the basic distance sensitivity (the slope in
Figure 2a) remains roughly the same.
For SERS, the strength of the electric ﬁeld conﬁnement
inside the gap is critical. Initially, one might expect that the
presence of neighboring satellites could perturb the hotspot
formation. Figure 2b shows the gap-ﬁeld strength (E/E0)2 of
3D multi-satellite assemblies (boxes), single heterodimer pairs
(solid line), and individual cores (dashed lines). Surprisingly,
the presence of other satellites at a minimum average distance
of 1−2 radii next to a core/satellite gap does not perturb the
gap-ﬁeld strength (Figure S5 for electric ﬁelds and Figure S6
for surface-charge densities). For all three core sizes, the
maximum near-ﬁeld conﬁnement of the clusters is almost
identical to their heterodimers. This indicates that the

plasmonic interaction follows a leader/follower relationship of
asymmetric control or communication (in electronics, it is also
known as the master/slave model, but today, this ﬁgure of
speech is discouraged because of its controversial link to
slavery). Here, one coupling partner dominates the plasmonic
interactions. In such hierarchical assemblies, the asymmetry in
coupling strength predetermines the overall coupling interactions. The satellites act as the follower entities that follow the
lead of the leader entity, the core. This principle can be applied
to the excitation of a component by the external ﬁeld and the
transfer of this polarization (by its induced ﬁeld) to other
coupling partners. Due to their small size, the weak induced
ﬁeld of a satellite particle cannot guide the core polarization
nor can the collective ﬁelds of several satellites. The
polarization of the core, however, is large enough to polarize
the satellites. The size ratio of the coupling partners should be
decisive as it controls the asymmetry in plasmonic interactions.
When the mismatch in size between the building blocks
becomes small, the asymmetry in the coupling breaks down,
turning the leader/follower scenario into a free collective
excitation. In our case, the studied core sizes are still within the
limits of the leader/follower model.
Heterodimers and nanoclusters diﬀer immensely concerning
their robustness against changes of the polarization angle. In
Figure 2c, this is exemplarily shown for simpliﬁed (ﬂat) 2D
clusters with an increasing number of satellites in the plane of
polarization. Only the heterodimer (yellow) exhibits an
orientation-dependent shift of the gap-resonant mode. All
multi-satellite species are optically isotropic even at low
satellite coverages. This isotropy does not hold for the
corresponding electric ﬁeld strengths (Figure 2d). The
robustness against misalignment to the external electric ﬁeld
E0 depends on the satellite coverage. The corresponding
orientation-averaged enhancement (E/E0)4 can be estimated
D
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between 1.5 × 104 for a heterodimer (yellow) to 5.6 × 104 for
a densely populated cluster (blue).
For randomly assembled structures, the highest robustness
can thus be expected for satellite populations close to the
jamming limit. Jamming limits are the maximum number of
particles that ﬁt onto the core surface following a sequential
hit-and-stick adsorption mechanism. The distance between two
neighboring satellites is a critical parameter. In our situation,
the repulsive electrostatic interactions between the negatively
charged protein-coated NPs result in minimum intersatellite
distances of >8 nm, estimated from the ratio of the available
core surface area and the surface coverage.22 In this case, each
satellite forms an independent unperturbed heterodimer with
the core. To verify this assumption, we simulated the electric
near-ﬁelds of Au84/Au16 heterodimers at diﬀerent orientations (see examples in Figure 2e). The fundamental modes can
be seen for longitudinal (L, 0°) to transversal (T, 90°)
orientations. The electric-ﬁeld enhancement inside the gap of
intermediate orientations, i.e., satellite positions, is identical to
the averaged superposition of the fundamental modes L and T.
Consequently, the total 2D cluster (Figure 2f) can be
described by a series of contributing satellite positions because
the core-to-satellite coupling is the dominant interaction (see
Figures S5 and S6). This underlines the low sensitivity of
multisatellite superstructures against misalignment and their
suitability as robust SERS sensing probes, as we will
demonstrate in the following.
Experimental Challenges for Robust SERS Sensing. In
general, colloidal SERS sensing probes are required to suﬃce
distinct aspects: (1) The SERS background signals of the
sensors should serve as an internal standard and be weak
enough to not compete with the analyte signals. (2) The
sensor should promote a quantitative (complete) adsorption of
the analyte and amplify its characteristic signals. (3) In
addition to SERS sensitivity, the signal yield should be eﬃcient
(with regard to signal gain vs the required material input) to
increase the detection limit, and (4) the SERS response should
be temporally robust to ensure stable, reliable, and
reproducible measurement conditions.
Aspect 1: SERS Background of the Biomacromolecular
Linker. Figure 3a compares the SERS spectra of pristine BSAlinked nanoclusters without additional analyte molecules.
Although the assemblies diﬀer only in the sizes of their
cores, their SERS signatures are diﬀerent. The spectra are rich
in molecular vibrations, including aliphatic CC and CH,
COO−, CN, NH, and CO (amide I and III bands). A
spectrum of dry BSA serves as reference (Figure 3b, gray). In
addition, signals of aromatic amino acids can be detected. For
instance, the Au73/Au16 sample features a pronounced signal
at 1000 cm−1, which can be assigned to vCC,ar. of
phenylalanine (Phe).46 With increasing core size, the Phe
signal intensity becomes considerably weaker (Figure 3c). In
the following, we will show that this signal can be utilized as an
internal standard for the protein content and thus the NP
content of the sample.
Aspect 2: Analyte Adsorption and Signal Enhancement.
For benchmarking the signal enhancement, we used 4mercaptobenzoic acid as a low-molecular-weight aromatic
model analyte. The labeling with MBA did not change the
optical properties; thus, particle aggregation can be excluded
(Figure S3). In general, MBA is a commonly used Raman label
and not expected to induce particle aggregation in wellstabilized systems. Necessary colloidal stability was provided
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Figure 3. SERS spectra of pristine BSA-linked nanoclusters of
diﬀerent core sizes: (a) Au73/Au16 (green), Au84/Au16 (turquoise),
and Au105/Au16 (blue) in aqueous dispersions at constant particle
concentrations without additional analyte molecules (oﬀset applied
for clarity; signal variability displayed as gray shadows indicating a
±1x standard deviation). (b) Spectra without oﬀset compared to dry
BSA (gray) as reference. Spectral assignment of signals by amide I,
amide III, vCC, vCHx, and vCOO− as well as characteristic ranges for
aromatic amino acids: phenylalanine (Phe), tyrosine (Tyr), and
tryptophan (Trp).46 (c) Absolute intensities of the Phe signal at 1000
cm−1 for equimolar dispersions (0.25 mM Au0).

by the protein coating of the satellites and was measured to
exert a high negative surface charge of greater than −30 mV at
above pH 6. It is unlikely that MBA is capable to screen these
charges. The single thiol and carboxyl group of MBA should
not be able to act as a molecular linker between particles,
especially regarding the small size of the molecule (<1 nm) and
the comparatively thick protein coating of ∼4 nm in swollen
state. Analyte adsorption is not an instantaneous process but
can take several hours to days. For this reason, we followed this
process over a period of 15 days with daily measurements
(Section S3).
Figure 4a presents SERS spectra of Au73/Au16 before
(bottom) and at selected time intervals after the addition of 1
μM MBA in ethanoic solution (see Experimental Section). The
spectra consist of four main signals that correspond to EtOH
in the medium (vCCO), the protein coating of BSA (vPhe),
and the aromatic signals of MBA (vCC,ar. and vCH,ar.). The
spectral evolution shows an increase of the MBA-associated
signals (red and blue) over time (Figure 4b). However, the
signals did not reach a saturation value but increased further.
At the same time, a decrease of EtOH (gray) and an increase
of the Phe signal (green) could follow. This indicates a loss of
EtOH (possibly by evaporation during measurement), which
would in terms cause an increase of the nanocluster
concentration. Because the vPhe signal reﬂects the protein
content, it can be used as an internal standard for signal
normalization (Figure 4c). The normalized intensities (I/IPhe)
reveal that saturation was indeed achieved after 5−6 days
indicating a quantitative adsorption and the depletion of
unbound MBA from solution. This period is surprisingly long,
and it is indeed unusual to study samples with such a delay
between sample preparation and measurement. A similar
behavior was found for Au84/Au16 (Figure S8) and Au105/
Au16 (Figure S9). However, for an increasing core size, the
time required for maximum adsorption is decreased. Kinetic
diﬀerences show already in the early stages of the absorption
process (Figure 4d). After 1 h, the amount of adsorbed MBA
varied between 50% for the smallest (Au73/Au16) and 75%
for the largest clusters (Au105/Au16). The Au105/Au16
sample required only 2 days to reach maximum absorption. We
attribute these kinetic diﬀerences to the ratio of the available
E
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the calculation of the AEF, the amount of adsorbed analyte is
critical and incomplete adsorption might result in biased
results. In fact, eq 4 is only valid for sub-monolayer coverage of
analyte molecules.6,44 To verify validity, we estimated the
maximum number of adsorbed MBA for the respective particle
concentration, i.e., available Au surface (Section S4 and Table
S4). The AEF is a benchmark of SERS activity and sensitivity
(Section S0). However, to facilitate the comparison of diﬀerent
probes, a metric needs to be deﬁned that indicates their SERS
eﬃciency. In general, the eﬃciency of SERS relates to the
signal yield per required material amount (e.g., noble metal
content). Consequently, the SERS eﬃciency of homometallic
superstructures can be expressed by the ratio of AEF to
cAu0.53,60 The highest enhancement and eﬃciency were found
for the smallest assemblies close to 105 mM−1.
Aspect 3: Limits of Detection. To quantify the limit of
detection (LOD), we did experiments by variation of the
particle and analyte concentrations. First, we compared
samples of diﬀerent Au0 content each containing the same
amount of analyte (1 μM MBA) and EtOH (11 vol %). Figure
5a shows that approximately 0.05 mM Au0 of particles is
required to detect MBA. However, the Raman signals of EtOH
dominate the spectrum at high dilution. By increasing the
particle concentration, the SERS signals of MBA and BSA
become more pronounced. This can be followed by the ratio of
the SERS signal at 1070 cm−1 to the non-enhanced Raman at
880 cm−1 of EtOH (Figure 5a, inset). Second, we determined
the LOD by variation of the amount of added analyte. For this
purpose, Au73/Au16 samples of diﬀerent analyte concentrations (yielding sub-monolayer coverage of MBA) but
identical Au0 contents of 0.25 mM were measured (Figure
5b and Figure S11). The minimum concentration that could
be detected was 0.1 μM, corresponding to 15 ng mL−1. To put
this into context, this equates to a surface coverage of 3.5% or
5.8 × 103 molecules per nanocluster, assuming quantitative
adsorption (Section S4). This LOD may be lower than for
other ultrasensitive probe designs (Table S1), but it is still in
the order of magnitude expected for colloidal dispersions of
nanosphere assemblies.
These results suggest that the analyte ﬁnds its way into the
hotspots, i.e., the gaps between the core and the satellites.

Figure 4. Adsorption kinetics of MBA onto nanoclusters: (a) Selected
SERS spectra of Au73/Au16 before (bottom, w/o) and after MBA
addition. Signals: EtOH (dark gray, vCCO at 880 cm−1), BSA (green,
vPhe at 1000 cm−1), and MBA (red, vCC,ar. at 1070 cm−1; blue,
vCH,ar. at 1580 cm−1); for all spectra, see Figure S7. Signal variability
displayed as gray shadows. Time-dependent signal intensities (b) as
detected and (c) normalized by vPhe as an internal standard. (d)
Relative intensity indicating the amount of adsorbed MBA after 1 h.
(e) AEF values for complete adsorption.

surface areas, and it seems to be of high practical relevance to
take such eﬀects into account. Of course, the adsorption
kinetics also depends on other parameters, such as the choice
of the analyte, the choice of the biomacromolecule, and the
density of the biomacromolecular coating to name only the
most prominent ones. However, it is not yet clear whether the
impediment of adsorption is caused by the density of the
protein coating or by other intermolecular interactions
between the protein and analyte within the coating layer.
The analytical enhancement factor (AEF) relates the
enhanced and non-enhanced Raman cross sections (Figure
S10).6,7
I
c
AEF = SERS · RS
IRS cSERS
(4)

Figure 5. Limits of detection of MBA. (a) Limits of detection of 10−6
M MBA for diﬀerent Au0 concentrations: 0.5 mM (top), 0.25 mM
(middle), and 0.05 mM (bottom) compared to EtOH/H2O with 0
mM (gray). Inset: concentration-dependent intensity ratio of MBA at
1070 cm−1 (vCC,ar., SERS) and EtOH at 880 cm−1 (vCCO, nonenhanced Raman scattering). (b) Limits of detection for 0.25 mM
Au0 for diﬀerent MBA concentrations: 1, 0.5, 0.25, and 0.1 μM. A
vertical oﬀset in (a) and (b) was applied for clarity. For details on
signal variability, see Figure S12.

Based on the intensities I and the concentrations (c) of the
SERS and Raman samples, we evaluated AEF values between
0.65 to 2.3 × 104 (Figure 4e and Table S3). An enhancement
of 104 is in line with expectations from simulations ((E/E0)4
for gap sizes of 4 nm; Figure 2b) and within the order of
magnitude to be expected for such colloidal dispersions. For
F
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Here, one could suspect that the biomacromolecular linker
blocks access to the gap junction, which seems to be not the
case. BSA forms a stable closed shell around the particles,
which cannot be removed even after repeated washing
steps.22,47 However, this coating cannot be regarded as an
impermeable dense layer, but rather it corresponds to a
hydrated soft shell due to its many polar groups. Analyte
retention by size should not limit the accessibility of the gap
region, taking into account the size diﬀerence of at least one
order of magnitude between the low-molecular-weight analyte
(154 g mol−1; cross-section ≈ 0.2−0.3 nm2) and the
biomacromolecular linker (66 kg mol−1; hydrodynamic radius
≈ 3.5 nm). BSA consists of 583 amino acids, each
approximately the size of a single MBA molecule. For these
reasons, it is unlikely that the core-satellite gaps are blocked by
protein.
It is however unclear whether the analyte adsorbs uniformly
throughout the superstructure or at preferred sites. The
adsorption can be regarded as unspeciﬁc, as is the case for
many biologically relevant substances. Three aspects need to
be considered: (1) Most aromatic markers, such as MBA, are
almost insoluble in water and require solubilizing agents like
alcohols in aqueous media. Because proteins are amphiphilic,
such markers could be preferentially located in the hydrophobic domains within the protein coating around the
satellites. (2) Considering some residual mobility of adsorbed
protein molecules and possible exchange processes with the
medium, it is fair to assume that initially uncovered areas of the
core surface, between the absorbed satellites, are saturated with
protein (e.g., during the assembly process, puriﬁcation, or
storage). Thus, initial diﬀerences in the surface chemistry
between the core and satellites are probably of minor
importance and further advocate non-selective analyte
adsorption. (3) Owing to the high binding aﬃnity of thiol
ligands to gold, the adsorption onto the particle surfaces can be
imaged to proceed in a hit-and-stick-like fashion with a very
low tendency for re-desorption. As such, the distribution of
MBA should be predetermined by the available gold surface
area on the respective building blocks. Depending on the core
size, the area ratios of cores to satellites can be estimated to
0.9:1 for Au73/Au16, 0.8:1 for Au84/Au16, and 0.8:1 for
Au105/Au16 (Table S4). In any case, both building blocks
oﬀer similar surface areas with a slight tendency for preferable
adsorption to satellites with increasing core size. Since
adsorption is driven by thiol-gold chemistry, such markers
can, in principle, bind to all accessible areas of the assembly,
including non-enhancing ones. This inherently limits the signal
yield and sensitivity of the SERS probe. Conﬁning analyte
adsorption to the gap regions would signiﬁcantly improve
SERS sensitivity.
Aspect 4: Signal Stability over Time. Finally, we address
the robustness of the SERS enhancement in terms of temporal
stability (Figure 6). For this purpose, we performed time-series
measurements (100 spectra × 1 s) of the nanocluster
dispersion and the individual building block NPs. Each sample
consisted of equimolar amounts of Au0 (0.25 mM) and MBA
(1 μM). Neither the BSA-coated Au16 satellite NPs (Figure
6a) nor the BSA-coated Au73 core NPs (Figure 6b) allow for
the detection of the analyte. Thus, the spectra are dominated
by the non-enhanced Raman signature of the ethanoic
solution. This is not surprising because individual gold
nanospheres can be considered as almost completely nonSERS-active in the absence of aggregation,61 which is in line

with predictions by electromagnetic simulations. Our results
conﬁrm this assumption as protein-stabilized building block
NPs show weak signals close to the detection limit (Figure
6a,b,e). The reason for this SERS inactivity is the high colloidal
stability provided by the protein stabilization, which prevents
the formation of aggregates of higher activity.
The protein coating around the assemblies provides
electrosteric stabilization, a combination of steric and electrostatic repulsion. However, the degree of electrostatic
stabilization depends on the surface charge, which is a function
of pH. Charge reversal occurs at the isoelectric point (for BSA,
pI ≈ 4.7). The colloidal stability of BSA-coated colloids was
recently studied in the presence of diﬀerent metal salts and
various pH conditions.62 The protein stabilization was found
to oﬀer excellent colloidal stabilization against aggregation
above a threshold of ±25 mV, which corresponds to the
average kinetic energy of a charged particle of 1 kBT. This is
the case for pH values below 4 and above 6; however, we did
not study the charge reversal at the pI for assemblies to avoid
the formation of ﬂocs or agglomerates. In addition, previous
studies have shown that the BSA coating provides access to
high concentrations and lyophilization.47 The absence of SERS
signals clearly indicates that the NPs remained colloidally
stable and particle aggregation was avoided.
Figure 6c shows the counter-example in which aggregation
occurs due to the poor stabilizing capabilities of citrate in the
presence of 11 vol % ethanol acting as a destabilizer. The
citrate-stabilized Au73 core NPs (without protein coating)
suﬀer from colloidal instability in ethanoic media. Consequently, aggregation takes place, which allows us to detect
SERS signals. Such uncontrolled aggregation may signiﬁcantly
increase SERS activity, but the signals suﬀer from instability
and ﬂuctuate both in intensity and distribution (gray markers
in Figure 6g). These so-called “blinking” eﬀects are
demonstrated by the time-series measurements (Figure 6c), a
clear disadvantage for analytical applications. The long-term
averaged spectrum (100 s, Figure 6c, bottom) might allow a
qualitative detection of an analyte, but the signal ﬂuctuations
generated by the uncontrolled nature of the aggregation
process result in high data uncertainty (Figure S13c) and
possibly non-reproducible results.
The protein-linked core/satellite superstructures obtained
by colloidal self-assembly, which is a controlled way of
aggregation, are free from these disadvantages. At ﬁrst glance,
the Au73@citrate sample (with uncontrolled aggregation,
Figure 6c) and the Au73/Au16@BSA sample (without
aggregation, Figure 6d) yield similar spectra after long-term
averaging for 100 s. Notwithstanding, both samples diﬀer
inherently in terms of signal reproducibility and stability. The
nanoclusters of Au73/Au16 show completely diﬀerent
behavior because the time-dependent SERS signature shows
high spectral and temporal stability. Due to their robust SERS
activity, analyte signals are highly correlated (CC,ar. vs CH,ar.,
Figure 6h) and can be measured continuously with a time
resolution of 1 s. Such conditions improve reliability and
demonstrate the practical relevance of self-assembled probes
for bioanalytical SERS. Figure 6e compares the average signal
intensity by peak area (cts × cm−1) with indicated percentiles
(25−75%). The BSA-coated building blocks provide negligibly
low SERS, which is accompanied by pronounced data
scattering (black markers in Fig. 6f,g), supposedly related
background ﬂuctuations. In average, the aggregated Au73@
citrate (uncontrolled aggregation) sample oﬀers signiﬁcantly
G
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Figure 6. Stability of the SERS signals over time for the detection of 10−6 M MBA of the building blocks and their assemblies. (a−d) Time-series
data (top), time-averaged spectra (middle), and deconvolution (bottom) for equimolar NP samples (0.25 mM Au0) in H2O/EtOH (89:11)
mixtures: Protein-coated building block NPs (a) Au16@BSA (satellites) and (b) Au73@BSA (cores) are SERS-inactive in the absence of
aggregation. (c) Because of poor stabilization, Au73@citrate (cores) suﬀers from uncontrolled aggregation and ﬂuctuates both in signal intensity
and distribution (“blinking” eﬀects). (d) Protein-linked assemblies Au73/Au16@BSA (nanoclusters) show high spectral and temporal stability due
to their robust SERS activity (in the absence of aggregation). For details on signal variability, see Figure S13. Statistical evaluation: (e) median peak
areas of analyte signals CC,ar. (red) and CH,ar. (blue) with indicated percentiles (P25 and P75). Scatter plots of analyte signals on a logarithmic
scale: (f) satellites, (g) cores, and (h) core/satellite assemblies.

However, it is not an “uncritical” parameter for SERS, as
evidenced by the identiﬁed core size eﬀects with regard to (1)
the signal ratios of the SERS signature of the protein coating
and (2) the kinetics of analyte adsorption.
We have shown that the spectral footprint of the protein
coating may serve as an internal standard for the protein
content (and the NP content) in the suspension and thus as a
tool to follow adsorption kinetics with higher precision. The
latter enables the identiﬁcation of stable conditions for
analytical SERS, which are not to be expected immediately
after the addition of analyte, as demonstrated. In fact, both
changes in the sample concentration (e.g., due to evaporation
losses) and incomplete analyte adsorption onto the colloidal
probes are common problems leading to unreliable and
irreproducible results. Our SERS kinetics revealed that, as
predetermined by the total size of the available target surface,
quantitative adsorption and stable measurement conditions
may require between one and several days. To the best of our
knowledge, such retardation eﬀects have not yet been reported
for colloidal SERS probes despite their practical signiﬁcance.
Finally, we demonstrated the importance of colloidal
stability for SERS robustness by time-dependent measurements. The protein-coated building blocks are colloidally
stable but not suitable as nanosensors due to their inherently
low SERS activity, as expected for dispersed gold nanospheres
(i.e., in the absence of aggregation).61 Although, this low
activity can be overcome by using high concentrations and

lower enhancement than the Au73/Au16 clusters (without
aggregation, Figure 6e). In addition, the observed data
scattering of the aggregated Au73@citrate is much more
severe with a scattering range of 2 orders of magnitude (Figure
6g, gray). For details on signal variability, see Section S6.
From these results, clear guidelines for improved SERS
robustness can be drawn. The colloidal stability plays a key role
for reliable and constant SERS enhancement. Uncontrolled
aggregation might give quick access to high signal enhancement but falls short in terms of signal stability and
reproducibility.

■

CONCLUSIONS
We exempliﬁed the key aspects for a reliable colloidal SERS
probe using a simple model system of large gold nanospheres
decorated with smaller nanospheres where BSA acts as a nonspeciﬁc biomacromolecular linker. Aiming at excitation at 785
nm, we synthesized core/satellite assemblies with a constant
satellite size of 16 nm and core sizes between 70 and 105 nm.
Changes of the core size led to redshifting of the coupled mode
and increased scattering contributions. Electromagnetic
simulations predicted these multisatellite assemblies to oﬀer
SERS activity even under oﬀ-resonant conditions and high
robustness against misalignment toward the ﬁeld of excitation,
compared to heterodimers (single-satellite assemblies). The
core size had a minor eﬀect on the nominal SERS
enhancement (AEFs of 104), as initially hypothesized.
H
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forced ﬂocculation, e.g., induced by high laser powers and NPs
with a tendency to generate heat.46 In our measurements, we
have not employed such conditions. In the case of colloidal
instability, as demonstrated for citrate-stabilized NPs in the
presence of 11 vol % ethanol, uncontrolled aggregation can
increase the SERS activity signiﬁcantly but at the expense of
pronounced signal instabilities over time (“blinking” eﬀects),
which is a clear disadvantage. In contrast, the protein-linked
superstructures obtained from controlled assembly are free
from these disadvantages because they combine SERS activity
and colloidal stability. As a result, their signals are signiﬁcantly
more stable and highly correlated, underlining the importance
of colloidally stable probes for reliable SERS analytics or as
contrast agents for SERS-based bioimaging.
To summarize, we demonstrated key aspects for robust
measurement conditions, which are of practical relevance to
SERS applications. We have used superstructures with
spherical cores as a simple but suitable model since the
excitation of their coupled modes and thus the formation and
distribution of hotspots are robust against misalignment to the
excitation ﬁeld. This is not the case for assemblies with
triangular52 or rod-like53 cores. Clearly, the SERS activity and
detection sensitivity of our model system are limited compared
to other designs with anisotropic cores and shorter gap
junctions (Figure S1 and Table S1) or alternative sensing
modalities such as analyte-controlled assembly or disassembly.63 Hence, limited sensitivity remains the greatest challenge
in practical application of nanosphere assemblies. We are
nevertheless convinced that the presented guidelines are of
value for other studies and serve as a basis for alternative
designs of functional superstructures.

NPs (5 × 1010 NPs mL−1) was added dropwise to 250 μL of highly
puriﬁed and concentrated protein-coated satellite NPs (1 × 1014 NPs
mL−1) at pH 10. After each addition step, the mixture was vortexed
for 10 s. The excess of satellite NPs was removed by 4 centrifugation/
redispersion cycles (2000−3500 rpm, 5−15 min). The ﬁnal
nanocluster dispersions were stored at pH ≥ 10 in a fridge.
MBA Labeling. Equimolar sample solutions were prepared from
aliquots of nanocluster dispersions ([Au] = 0.25 mM) and aqueous
analyte solutions ([MBA] = 1 μM; 11 vol % EtOH). First, the Au0
concentration of the dispersion of nanoparticles or nanoclusters was
set to 10 mM using UV/vis/NIR spectroscopy. Afterward, 50 μL of
the adjusted dispersion was added to 1900 μL of an aqueous solution
of 1.053 μM MBA containing 11 vol % EtOH. Then, 50 μL of water
was added to obtain samples at ﬁnal concentrations of 0.25 mM Au0
and 1.00035 μM MBA. For the quantiﬁcation of the LOD of MBA,
three diﬀerent batches of MBA-marked nanocluster solutions
(diﬀerent Au0 concentrations; constant MBA concentration) were
produced by adding 100, 50, and 10 μL of the 1 mM Au0 nanocluster
solution to 1900 μL each of a 1.053 μM MBA in 11 vol % EtOH/
H2O solutions. Then, 0, 50, and 90 μL of water were added to obtain
the ﬁnal Au0 concentrations of 0.5, 0.25, and 0.05 μM, respectively.
The ﬁnal MBA concentration was set to 1.00035 μM, constant for all
three batches. For the studies of the adsorption kinetics, 5 μL of
101.03535 μM MBA in EtOH solution was added to 500 μL of 0.25
mM Au0 nanocluster solutions, equivalent to 1.00035 μM MBA. After
the addition of the analyte molecule, SERS measurements were
carried out daily to monitor the adsorption kinetics of MBA onto the
gold surface and into the hydrophobic segments of the protein corona
of the protein-linked nanoclusters.
Electron Microscopy. TEM images were obtained using a Zeiss
Libra 120 with an accelerating voltage of 120 kV. Samples were
prepared by placing 2 μL droplets of diluted (nearly colorless) NP
dispersions on TEM grids (Cu, 200 Mesh, carbon coated; Science
Services GmbH). SEM images were obtained using a Zeiss NEON40
equipped with a ﬁeld-emission cathode with an operating voltage of 3
kV. Samples were prepared by placing 2 μL droplets of the diluted NP
dispersions on Si wafers (Sigma-Aldrich). The Si wafers were cleaned
with Milli-Q water before use and attached on Al pin stubs (Plano
GmbH) using a conductive adhesive ﬁlm.
Optical Characterization. Spectra were acquired with a UV/vis/
NIR spectrophotometer Cary 5000 (Agilent Technologies Deutschland GmbH). The extinction at the wavelength of 400 nm (interband
transitions), which is assumed to have a size-independent absorption
coeﬃcient,65 was used to normalize the spectra and calculate the
molar concentration of Au0 in the NP dispersions.

■

EXPERIMENTAL SECTION

Materials. HAuCl4·3H2O (≥99.9%), sodium citrate tribasic
dihydrate (≥99%), bovine serum albumin (≥98%, BSA), and 4mercaptobenzoic acid (99%, MBA) were purchased from Merck
chemicals. Sodium hydroxide concentrate (0.1 M, NaOH) was
purchased from Grüssing GmbH. EtOH absolute (≥98%) was
purchased from VWR Chemicals. All chemicals were used as received.
All solutions, except HAuCl4, were prepared immediately before use.
Puriﬁed Milli-Q water was used in all experiments (Millipore, 18.2
MΩ cm). Glassware was cleaned with aqua regia and rinsed
extensively with Milli-Q water before use.
Synthesis of Citrate-Stabilized AuNPs. Quasi-spherical citratecapped AuNPs of 16 nm size were synthesized as reported recently.22
Seeded-Growth Synthesis of Citrate-Stabilized AuNPs.
Quasi-spherical citrate-stabilized AuNPs with average particle sizes
of 73, 84, and 105 nm were synthesized by the citrate reduction-based
seeded-growth method developed by Puntes et al.64 In a 250 mL
three-neck round-bottom ﬂask, 150 mL of a 2.2 mM aqueous solution
of sodium citrate was heated in an oil bath for 15 min under reﬂux
and vigorous stirring at permanent control of the solution temperature. At 100 °C, 1 mL of a 25 mM HAuCl4 solution was immediately
injected by which the color of the solution changed from yellow to
bluish gray and then to soft pink within 10 min. The resulting citratestabilized AuNPs were used as seeds for the next seeded-growth steps
by successive addition of the Au precursor, citrate solution, water, and
dilution steps as reported elsewhere.64 After 9, 10, and 12 consecutive
growth steps, the citrate-stabilized AuNPs with average sizes of 73, 84,
and 105 nm were obtained, respectively.
Protein Coating of NPs via Ligand Exchange. The citratestabilized satellite NPs were coated with protein (BSA) using a simple
ligand-exchange process that has been previously reported in the
literature.22 The ﬁnal dispersions were stored at pH ≥ 9 in a fridge.
Nanocluster Assembly. The protein-assisted assembly procedure
has been reported before.22 Brieﬂy, 500 μL of citrate-stabilized core
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cAu0
Ext400
=
mM
2.4 a.u.

(5)
0

The molar concentration of Au and the size of the nanoparticles
obtained from TEM images enabled the calculation of the particle
concentration (number of AuNPs per volume). The diﬀuse spectral
losses were determined using the external diﬀuse-reﬂectance accessory
2500 (integrating sphere), as described recently.22,52,53 Brieﬂy,
samples were analyzed using a quartz glass cuvette positioned at the
center of an integrating sphere setup,57,58 and a ﬁxed set of
transmittance measurements was performed, as described in the
main text (eqs 1−3).
SERS. Spectra were measured with two setups: a Renishaw inVia
reﬂex equipped with a stigmatic single-pass spectrometer, a 1200
grooves mm−1 grating, a Peltier-cooled CCD detector, and a diode
laser (785 nm, 70 mW) and a WiTec Raman microscope equipped
with a 300 grooves mm−1 grating, a Peltier-cooled CCD camera, and a
785 nm laser (30 mW) as the excitation line. Spectra were collected
by focusing the laser spot below the air/liquid interface of the sample
liquid (200 μL) using either a 5× (Zeiss, NA 0.12) or 10× objective
lens (Zeiss, NA 0.2). Each sample was measured at least three times
using separate aliquots, and time-series data (100 spectra × 1 s) were
collected. For spectral assignments (Table S5), SERS data was
evaluated in reference to spectra of bulk materials (MBA, citrate, and
EtOH) and analyte solutions of known concentrations ([MBA] = 0.1,
I
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0.075, 0.05, 0.025, and 0.01 M) acquired by non-enhanced Raman.
Data analysis and background correction were done by multipeak
ﬁtting using Igor Pro 7 (WaveMetrics, Inc., U.S.A.).
Electromagnetic Simulations. The optical properties of ideal
spherical particles were analytically solved using Mie theory. The
optical properties of systems containing a ﬁnite number of coupling
spheres were obtained utilizing the generalized multiparticle Mie
theory (GMMT),66−68 as outlined in more detail in ref 22. In this
work, the GMM algorithm,69 developed by Yu-Lin Xu, was modiﬁed
and extended to allow more eﬃcient, parallelized calculations using
tabulated optical data by Johnson and Christy from 400 to 900 nm.
The electric ﬁelds and surface charge density distributions were
calculated using the extension GMMFIELD by Ringler et al.70 The
aqueous medium and the presence of the protein coating were
represented by refractive indices of 1.333 and 1.395, respectively.
Assemblies with disordered satellite distributions were modeled based
on an algorithm following a random sequential adsorption
mechanism. To account for the assembly variability, each nanocluster
species was represented by an ensemble averaged from 10 randomly
assembled conﬁgurations.
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(64) Bastús, N. G.; Comenge, J.; Puntes, V. Kinetically Controlled
Seeded Growth Synthesis of Citrate-Stabilized Gold Nanoparticles of
up to 200 Nm: Size Focusing versus Ostwald Ripening. Langmuir
2011, 27, 11098−11105.
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