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Optical properties of gold particle-cluster core-satellite
nanoassembliest

Pyng Yu,*® Xiaoming Wen,” Yon-Rui Toh,? Yu-Chieh Lee and Jau Tang*

Better understanding of core—satellite nanostructures is of great interest to researchers owing to their
unusual properties and is key to their promising applications. The well-developed techniques based on
protein—nanoparticle interactions were adopted to produce core-satellite nanoassemblies of ~10 nm core
of Au nanoparticles (AuNPs) covered by Au,s@BSA or Au;o@bhistidine nanoclusters (NCs). The
photoexcited dynamics in the core—satellite nanoassemblies were studied using steady-state and time-
resolved spectroscopic measurements. Fluorescence quenching in AUNP-AUNCs core—satellite nanostruc-
tures was observed and confirmed as static quenching. The AuNPs alter neither radiative decay nor
nonradiative decay in both nanoclusters. This indicates that the electron/energy transfer within the NP—
NCs core—satellite nanoassemblies is absent, in contrast to the results involving other larger NP-NPs core—

www.rsc.org/advances satellite nanoassemblies.

1. Introduction

Metallic nanomaterials have unique optical properties due to
localized surface plasmon resonance (LSPR) and/or discrete
energy levels when the size of metal nanoparticles is reduced
to a few tens of atoms."” Tuning of their optical properties can
be achieved by chemical assembly of nanoparticles into
aggregates or assemblies.>”” The LSPR frequency can be finely
tuned by controlling the number of nanoparticles, relative
orientation of coupled nanoparticles, and interparticle dis-
tances.” Alivisatos and coworkers produced Au-Ag dimers
using DNA linkers and observed plasmon coupling for a single
assembly.” Recently, Yoon et al developed a method to
produce core-satellite nanoassemblies of Au nanoparticles
(AuNPs) with well-defined core-to-satellite gap distance by a
self-assembled monolayer of alkanedithiol linkers.® The
resulting nanoassemblies have well-defined structures in
which a core AgNPs (50 nm) is covered by an average of 13
nm satellite AuNPs. It was demonstrated that electrons are
able to transfer between the particles either by tunneling or
through a bridge when the particle separation distance is
small enough.” Such core-satellite nanoassemblies have been
shown to have distinctive optical properties and can be
potentially utilized in nanophotonics,® surface-enhanced
Raman scattering (SERS),” bio-sensing and bio-imaging.°
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Au nanoclusters (NCs), consisting of a few to several tens of
atoms with a size smaller than 2 nm, have emerged as a new
and fascinating kind of luminescent nanomaterials.*""* It
has been shown that the NCs can exhibit simultaneously atom-
(i.e. superatom), molecule- and plasmonic nanoparticle-like
properties.’*'* The NCs have high stability since the electronic
number fulfills both the closed electron shell rule and
geometric factors.'* As a consequence of enhanced quantum
confinement, the fluorescence can emit from the discrete
energy levels."> These nanoclusters have attracted great
interest as they offer potentials for both fundamental research
and a wide range of applications, including bio-imaging,>*®
sensors,"’ *° catalysis,>>*" hyperthermal therapy,** photo-
nics*® and molecular electronics. Some new photophysical
properties have been observed in metallic NCs recently.
Temperature dependent experiments showed that electron-
electron scattering, rather than electron-phonon interaction,
dominates the hot electron relaxation, resulting in a very
broad fluorescence in NCs of various sizes.”*>*> On the other
hand, the two-state blinking between emissive and dark states
of individual Ag;5:DNA NCs was demonstrated by Gwinn et al.
Broad PL spectrum even at low temperature was also proven in
ensemble®! and single nanocluster,'* which is different from
the conventional fluorescent molecules and semiconductor
quantum dots. The quantum confined Stark effect was
observed in bovine serum albumin (BSA) protected Aug and
Au,s nanoclusters. The study suggests that gold nanoclusters
can be a candidate in probing local electric fields and also in
pH-sensing in nanoscale environment of biological systems.>®

The unique properties of nanoclusters are expected to
result in distinctive optical properties in metal core-satellite
nanoassembly. To our best knowledge, the optical properties
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have not been studied so far in core-satellite assemblies
between Au particles and ultrasmall nanoclusters. The aim of
this work is to study the photoexcited dynamics in the core-
satellite nanoassemblies of ~10 nm AuNPs core covered by
Au,s@BSA or Au;,@histidine NCs satellites. Well-developed
protein—nanoparticle interaction techniques were adopted to
produce the core-satellite nanoassemblies.?” Static fluores-
cence quenching was confirmed in nanoassembly of AuNPs
core and Au,,@histidine or Au,s@BSA NCs satellites, using
steady-state and time-resolved spectroscopic measurements.
We demonstrated that the electron/energy transfer within the
core-satellite nanoassemblies is absent and that is signifi-
cantly different from the results in the larger nanoparticle
satellite reported by Yoon et al.” The Au NP-NC core-satellite
nanoassemblies have potential to be used as a tool to gather
information about biochemical systems."**®

2. Experimental section

2.1 Synthesis of Au NCs and Au NPs

The gold NCs used in this study, Au,;, and Au,s which consist
of 10 and 25 gold atoms/ions in each nanocluster, were
synthesised using a biomineralized approach. Typically, 5 mL
of 10 mM HAuCI, was mixed with 5 mL of 50 mg mL™ " bovine
serum albumin (BSA, 66.7 kDa) and kept at 37 °C overnight in
a incubator while the pH was at 11 for Au,s; NCs.*’ For
Au, @histidine synthesis,** 1 mL of 10 mM HAuCl, was mixed
with 3 mL of 0.1 M histidine and kept at 25 °C for two hours in
the incubator (ca. 250 uM). Citrate capped gold nanoparticles
was synthesized using Turkevich approaches.*’ The as-
synthesized Au NPs’ concentration of 18.9 nM was determined
from the absorbance at the maximum and molar extinction of
coefficient (¢; = 2.4 x 10* M~ ' em™").*

2.2 Spectroscopic measurements

Absorption and fluorescent spectra were recorded using the
JASCO UV/Visible (V-670) and fluorescent (FP-6300) spectro-
photometer, respectively. The microsecond (us) PL lifetimes
were measured by the time correlated single photon counting
(TCSPC) technique on Microtime-200 (Picoquant). The excita-
tion source is a 467 nm laser with a tunable repetition rate.
The femtosecond (fs) time-resolved photoluminescence (TRPL)
experiments were performed on an up-conversion fluorimeter
(Fluomax, IB Photonics).>*** The excitation source is a 400 nm
pulsed laser with 100 fs duration and an 80 MHz repetition
rate.

3. Results and discussions

It has been shown that Au,s NCs comprise 13 neutral Au atoms
in the icosahedral core and the semiring which consists of six
dimeric -S-Au(1)-S-Au(1)-S- staples. Each Au,s; NC was
completely wrapped and stabilized by the large number thiol
group of cysteine in a single BSA.>*> On the other hand,
Au, @histidine NCs are composed of Au atoms and stabilized
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Fig. 1 The photograph and extinction spectrum of (a) Au,s@BSA and (b)
Auqo@histidine mixed with various concentrations of Au nanoparticles. (c)
Schematic representation of Au,s@BSA and Aujo@bhistidine NCs mixed with Au
nanoparticles. The Au,s @BSA and Auo@histidine NCs will adsorb onto Au NPs
and form core-satellites nanoassemblies. The AUNP-Auqo@histidine NCs
nanoassemblies will aggregate in the solution.

by the amine group of monolayer histidine.>* Fig. 1 shows the
absorption spectra of Au,s@BSA and Au;,@histidine NCs
mixing various concentrations of AuNPs. The extinction
spectra of Au,s@BSA NCs and Au;,@histidine NCs show a
monotonous decrease from UV into the visible and NIR,
similar to the bidentate DHLA*® and PEG®” protected Au NCs.
In contrast, alkylthiol monolayer-protected Au,s has unique
absorbance peaks.’® Upon increasing the concentration of
AuNPs, the absorption peak of Au NPs’ surface plasmon
resonance (LSPR) evidently increases around 518.5 nm. When
AuNPs mixed with Au,;@BSA, the LSPR peak shifts from 518.5
nm to 524 nm because the Au,;@BSA NCs can adsorb onto
AuNPs and form a core-satellite assembly of nanoparticle-
nanoclusters, as shown in Fig. 1c. The LSPR peak of NPs is
constant during the entire experimental period, indicating
that the mixture is stable with no aggregation. Similarly,
Karthikeshwar et al. demonstrated the LSPR peak showed a
redshift of several nanometers after the Au NPs mixed with
BSA due to protein adsorption and without further aggregation
within 3 days.’® Some researchers attributed the interactions
between BSA and citrate-reduced Au NPs mainly to the
electrostatic interactions between positive charged lysine
groups and the negatively charged citrate-coated Au NPs."°
Many studies showed that the binding constants of BSA and
Au NPs were 10°-10"" M~ '.3>*' However, others studies
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Fig. 2 The fluorescence spectrum of (a) Auo@histidine and (c) Au,s@BSA NCs mixed with various concentrations of Au nanoparticles, respectively. The Stern—-Volmer
plots of (b) Aujo@histidine and (d) Au,s@BSA NCs corresponding to the peak intensity with various concentrations of Au NPs.

suggested the binding occurs through covalent interactions of
cysteine sulfer groups and the Au NP surface.”” On the other
hand, the LSPR peak shifts immediately to longer than 600 nm
as soon as the Au NPs were mixed with Au;,@histidine NCs,
indicating Au;,@histidine adsorption will induce aggregation
of Au NPs. This is similar to the organothiols induced NP
aggregation due to high binding affinities to Au nanoparti-
cles.*® Fig. 1c schematically shows the core-satellite nanoas-
semblies through protein-nanoparticle interactions occurring
in mixtures of Au,;@BSA-AuNPs and Au,,@histidine-AuNPs,
respectively.

The solutions of Au;,@histidine and Au,s;@BSA NCs
exhibit an emission band at 500 nm and 650 nm, respectively.
The PL intensity of both Au;, and Au,s decreases with
increasing the concentration of Au nanoparticles (~10 nm),
as shown in Fig. 2a and 2c. A small blue shift of PL peak was
observed only in Au;,@histidine NCs. The blue shift may arise
from the aggregation of nanoparticles which results in
reduced polarity in the local environment of the emitting
species.*® In order to obtain the insight into the mechanism of
PL quenching, the Stern-Volmer (S-V) plots, the peak intensity
as a function of concentration of Au NPs, were shown in
Fig. 2b and 2d. It is evident that the plots show linear and

This journal is © The Royal Society of Chemistry 2013

upward exponential behavior for Au,s and Au;, NCs satellite,
respectively. In general, for linear S-V behaviour, PL quench-
ing can be arisen from either a dynamic (collisional) or static
mechanism. It is well known that dynamic quenching is arisen
from the collision between the fluorescent sample and the
quencher, whereas the static quenching results from binding
between the fluorescent sample and the quencher. In static
quenching a complex is formed which has a nonfluorescent
ground state. However, the upward curvature of the Stern-
Volmer plots here can be attributed to either combined
dynamic and static quenching or solely static quenching with
a large extent.*! The latter was usually interpreted in terms of a
“sphere of action” and described by the modified Stern-
Volmer equation:

FolF = (1 + Kp[Q])exp([Q]V) 1)

where [Q] is the concentration of AuNPs; Ky, is the dynamic
quenching constant and V is the static quenching constant. In
the sphere of action, the apparent static component is due to
the quencher being adjacent to the fluorophore at the moment
of excitation. These spatially closed fluorophore-quencher
pairs are immediately quenched, and are referred to as dark
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complexes. It is noteworthy that the fluorophore and quencher
do not actually form a ground-state complex. The long range
static quenching was observed in P3HT and MWCNT,** as well
as rthodamine B and CNTs pairs.*®

To distinguish the static quenching from the dynamic
quenching in these experiments one can examine their
absorption spectra of the fluorophore.** Dynamic quenching
only affects the excited states of the fluorophore, and thus no
change was expected in the absorption spectra. In contrast, a
ground state complex formation (nonfluorescent complex of
the fluorophore) will result in perturbation of the absorption
spectrum, which shifts the UV absorption maximum and
indicates a strong probability of static quenching.
Unfortunately, as aforementioned, the absorption of NCs is
featureless and hidden by strong plasmon of AuNPs in this
experiment. Alternatively, the most definitive method is the PL
lifetime measurement. For dynamic quenching, the decrease
in lifetime occurs because quenching is an additional
relaxation process that depopulates the excited state (Fo/F =
79/7). On the contrast, the static quenching does not decrease
the lifetime because only the fluorescent NCs were observed,
and the uncomplexed fluorophores have the unquenched
lifetime 7,. (to/7 = 1).

To determine the mechanism of the quenching by gold
nanoparticles, fluorescence lifetime measurements were car-
ried out using the ultrafast upconversion technique. Firstly,
the fluorescence evolution was shown in Fig. 3a in a
picosecond (ps) time scale at 500 nm, corresponding to the
peak maximum of Au;,@histidine NC. A very fast rise was
observed, which suggests the transient equilibration of hot
electrons via electron-electron scattering on the fs time scale.
The evolution can be fitted by a three-exponential function and
the fitting parameters were listed in Table 1. A sharp decay (4
= 2.98 ps, 84%) is observed with a very large amplitude. In
addition, a relatively slow component (t,) was observed, 30.0
ps. There are several possible processes responsible for the fast
decay: electron-phonon coupling, carrier trapping or Auger
recombination.”” Here, we performed intensity dependent
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measurements to elucidate the ps decay process (see Fig. S2,
ESIf). The Auger recombination could be ruled out since the
time constants do not depend on the pump fluence and
remain almost constant. Therefore, we proposed the ps decays
in Au;,@histidine NCs are due to trapping of charges into
defect states (1) and the electron-acoustic phonon scattering
(t2), respectively. In quantum confined Au NCs, it is found that
the phonon coupling is significantly weaker than that in
nanoparticles.”** Moreover, the slowest component with
lifetime >200 ps can be ascribed to the nonradiative
recombination (t3) and such a slow component was also
observed in Au;; NCs.*® The nanosecond fluorescence lifetime
of Au,;,@histidine was further measured by TCSPC technique.
Essentially, the lifetime represents the recombination rate of
the electron and hole and is determined by their wavefunction
overlapping. As shown in Fig. 3b, the fluorescence evolution
can be fitted by a biexponential function, which indicates two
decay components. The fast one can be ascribed to the
nonradiative recombination with lifetime of 600-700 ps,
similar to the aforementioned slowest component in ultrafast
measurements. The slow component should correspond to the
radiative recombination. Table 1 shows that there is no
observable change in the Au,;,@histidine fluorescence decay
profile (either ps or ns time scales) at 500 nm before and after
addition of AuNPs.

Fig. 4 shows the fluorescence evolution in the ps time scale
at 650 nm, corresponding to the peak of Au,s@BSA NCs. A very
fast rise was observed, which suggests the transient equilibra-
tion of hot electrons via electron-electron scattering on the
femtosecond time scale. The evolution can be fitted by a
biexponential function and the fitting parameters are tabu-
lated in Table 2. A sharp decay component of 2.07 ps was
observed. Similar to Au;, NCs, these ultrafast decays can be
attributed to the surface/defect trapping. Moreover, the slow
component with lifetime ~30 ps can be ascribed to the
electron-acoustic phonon scattering (z3).

The microsecond fluorescence lifetime measurements were
carried out using the TCSPC technique. The fluorescent
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Fig. 3 The fluorescence evolution of Aujo@bhistidine and mixed with various concentrations of Au nanoparticles at 500 nm measured by (a) up-conversion
(picosecond time scale) technique and (b) fs-TCSPC technique (nanosecond time scale).
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Table 1 Fitting parameters of fluorescence time traces of Au;o@histidine and mixed with various concentrations of Au nanoparticles at 500 nm measured by the fs-

TCSPC and up-conversion techniques

Up-conversion TCSPC
71 (ps) 72 (ps) 73 (ps) 71 (ns) 72 (ns)
Au,,@histidine 2.98 (84%) 34.38 (12%) 614.13 (4%) 0.67 3.13
[AuNP] = 4.72 x 10°°M 2.99 28.88 265.11 0.69 3.18
[AuNP] = 2.36 x 10°°M 2.67 27.26 235.01 0.67 3.14
[AuNP] =1.18 x 10°° M 2.41 28.02 267.44 0.69 3.17
[AuNP] = 5.90 x 107°M 3.09 28.37 247.33 0.66 3.13
Au_@BSA experiment confirms that AuNPs do not alter the lifetimes of
= both PF and DF decay components. Obviously, all the spectra
- ——4.72x10°M . :
= 1t 2 36x10°M lie over one another before and after formation of AuNP core
—— 2.36x oo . .
2 1.18x10°M and Au,,@histidine/Au,;@BSA NCs satellites nanoassemblies.
3 ’ 10 The PL decay times remain constant with formation of
c ——5.90x10°"M LT o .
= nanoassemblies, indicating that the contribution of dynamics
g quenching could be completely ruled out. Therefore, the
= dynamic quenching constant (Kp) can be negligible in eqn (1);
£ and the quenching process becomes purely static and thus
S follows simple exponential growth. The static quenchin,
p p g q g
Z 041 constants are determined as V = 2.06 x 10°* M~ ' and 8.10 x
: . ; . : 10’ M ' for Au,;,@histidine and Au,;@BSA NCs satellites,
0 10 . 20 30 respectively. It is noteworthy that similar static quenching
Delay Time / ps constants derived from the sphere of action model were

Fig. 4 The fluorescence evolution of Au,s@BSA and mixed with various
concentrations of Au nanoparticles at 600 nm measured by up-conversion
(picosecond time scale) technique.

dynamics of BSA-protected Au,s cluster exhibits three decay
components: intersystem crossing (ISC, singlet to triplet) and
prompt fluorescence (PF) are in the ns scale, and delayed
fluorescence (DF) is in the ps scale.>® Upon excitation of NCs,
the excited electrons can recombine with a hole in the singlet
state via prompt fluorescence or becomes localized in the
triplet state through efficient ISC processes. Repopulated
electrons from the triplet to singlet state will emit fluorescence
with the same spectra with a much longer decay component.
In Fig. 5, there were no evident changes of the fluorescence
decay profile at various concentrations of AuNPs. The

Table 2 Fitting parameters of fluorescence time traces of Au,s @BSA and mixed
with various concentrations of Au nanoparticles at 600 nm measured by up-
conversion and TCSPC measurements

Up-conversion TCSPC

T (ps) T (ps) ti(ns) 12 (ns) 75 (ps)
Au,;@BSA 1.8 28.3 1.16 8.05 1.32
(46%)  (54%)
[AUNP] =472 x 10 °M 1.8 33.6 1.07 911 1.37
[AuNP] =236 x 10°°M 2.3 28.1 114 114 135
[AuNP]=1.18 x 10°°M 2.1 32.5 1.01 7.97 135
[AUNP] =5.90 x 107'°M 2.6 27.5 133 104  1.37

This journal is © The Royal Society of Chemistry 2013

observed in semiconducting polymer nanoparticles and Au
nanoparticles (~10® M™"),"® but are much larger than those
reported from Aug@PAMAM NCs and 2-pyridinethiol (2-PyT)
pair, that is, V = 5.0 x 10> M~ ".?® According to a sphere of
action model, the quenching radius can be obtained from
equation:

VINA = 4nr?/3 (2)

where r is the static quenching radius and N, is Avogadro’s
number. The quenching radius () was estimated to be ~434
nm for AuNP-Au,,@histidine core-satellite nanoassemblies,
which was 70 times larger than the sum of radii of AuNPs and
Au, @histidine (i.e. ~6 nm). The value is significant larger
than those reported from Aug@PAMAM NCs and 2-PyT pair,
that is, 7 = 5.8 nm.>® The large quenching radius implies that
the PL quenching can take place while Au NCs and AuNPs are
not close to each other. In general, Forster resonance energy
transfer (FRET) results from dipole-dipole interactions and
the length scale is on the order of maximum 10 nm. Recently,
several groups demonstrated that surface energy transfer
(NSET) pairs can be used to measure several tens of
nanometers distance,’® and the coupled plasmonic particles
rulers have sub-100 nm distance.”® Therefore, such a large
quenching radius seems unreasonable. Instead the upward
exponential S-V plot may originate from the aggregation of
AuNPs-Au,,@histidine nanoassemblies. As the AuNPs con-
centration increases, the aggregation of nanoassemblies
increases the PL quenching, and the sphere of action model
is not suitable for this case.

RSC Adv., 2013, 3, 19609-19616 | 19613
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Fig. 5 The fluorescence evolution of Au,s@BSA mixed with various concentrations of Au nanoparticles at 650 nm measured by TCSPC technique (nanosecond time

scale). Arrow indicates the increase of the concentration of AuNPs.

Recently, Yoon et al. studied the plasmon coupling between
AgNPs core and AuNP satellites as the core-to-satellite gap
distance varies from 2.3 to 0.7 nm.” The gap distance of AuNP
core and protein wrapped AuNC satellites is estimated to be
smaller than 1 nm and a charge transfer was observed ata ~1
nm gap. Ultrafast singlet electron transfer was observed in
Au,;-PySH system.”> More recently, effective triplet electron
transfer was confirmed in Au,s-Hg" system and could be used
for a selective and sensitive detection of Hg".'> On the other
hand, the energy transfer was observed in AuNP-BSA-CdS QD
nanoassemblies by Mandal et al.>* From TEM measurements,
a short gap distance of ~1.7 nm was confirmed between the
QD and Au NPs. In our experiments the interaction between
AuNP and AnNC is confirmed as static quenching due to
formation of stable core-satellite nanoassembly in which the
distance between AuNP core and AuNC satellite is relatively
large, most likely owing to the effect of ligands. It should be
emphasized that neither charge transfer nor energy transfer
occurs within the AuNP-AuNCs nanoassemblies. Apparently,
the interaction in the AuNP-AuNC nanoassembly is different
from the large NP-NPs nanoassemblies and metal-semicon-
ductor nano-hybrids. We anticipate such AuUNP-AuNC nanoas-
semblies have potential to be used as a tool to gather
information about biochemical systems. Further theoretical
and experimental studies should be conducted to obtain
deeper detailed insight.

4. Conclusions

We have produced the core-satellite nanoassemblies of a ~10
nm AuNPs core covered by Au,;@BSA or Au,,@histidine NCs
satellites using the well-developed protein-nanoparticle inter-
action techniques. Fluorescence quenching was observed in
of Au,;@BSA and
Au,,@histidine NC-AuNP core. The quenching was confirmed
as static quenching due to formation of a dark complex. The

the core-satellite nanoassemblies

19614 | RSC Adv., 2013, 3, 19609-19616

large static quenching constants were determined as V = 2.06
x 10° M~ ' and 8.10 x 107 M ' for Au,;@BSA and
Au, @histidine NC satellites, respectively. We observed
experimentally that the AuNPs do not alter either the radiative
decay or the nonradiative decay in both Au;, and Au,s
nanoclusters. It is interesting to point out that a unique
interaction occurs between AuNP cores and AuNCs by
formation of a dark complex. Neither electron transfer nor
energy transfer was observed in the core-satellite nanoassem-
blies. This is apparently different from the results in larger
NP-NPs core-satellite nanoassemblies and NP-semiconductor
QD nanohybrids.
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