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Abstract: A new synthesis strategy towards gold-coated silica nanoparticles is presented. The method
provides an efficient, reliable and facile-coating process of well-defined star-shaped shell structures,
characterized by UV-Vis, TEM, PXRD, DLS and zeta-potential measurements. A marked red shift of
the Au-based plasmonic band to the region of the first biological window is observed offering great
potential for future research of biological applications.
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Core–shell nanostructures attracted increasing attention in the late 1980s and early
1990s with the principle objectives to enhance the stability of nanoparticles, to functionalize
the particles for disease targeting and employ their optical properties, for example in
bioimaging and drug delivery [1–4]. A flurry of research activities in the following decades
led to numerous nanoconstructs with potential applications in nanobiomedicine [5–9].
In the field of nanocomposites with dielectric cores covered by a metallic shell, goldcoated silica nanoparticles (SiO2 @Au) have garnered considerable attention. In 1998,
Oldenburg et al., reported a colloid reduction process to synthesize gold nanoshells with
different core and shell diameters with extinction wavelengths in the near-infrared (NIR)
region. The synthesis is based on a stepwise growth of gold nanoparticles (AuNP) attached
to the surface of silica nanoparticles (SiO2 -NP) [10]. Subsequently, substantial research has
been carried out to obtain easily accessible gold coatings [11–14]. Presently, the scientific
community continues work on overcoming the challenges of the long aging time required
for the shell formation, to ameliorate the choice of reducing agents and to realize more
efficient synthetic pathways.
Anisotropic gold nanostructures and SiO2 @Au exhibit similar extinction properties
in the NIR [15]. For example, gold nanostars (AuNS) show unique surface plasmonic
resonances (SPR) compared to spherical gold NP of the same size, caused by the formation of sharp edges. The red-shifted SPR band allows interaction with NIR light, which
has higher tissue penetration as well as a good overlap with the first biological window
within the region 600 to 1000 nm. The absorption of tissue components, such as melanin,
oxy- and deoxyhemoglobin, reach a local minimum in this region which makes it attractive for biological applications [16]. From this perspective, both AuNS and SiO2 @Au
are of particular interest for multiple biological applications and surface-enhanced spectroscopy [17–22]. Several synthetic routes for AuNS are known using spherical AuNP
seeds [22–24]. The Liz-Marzán group synthesized high-yield AuNS using the reduction
properties of N,N-dimethylformamide (DMF) combined with poly(vinylpyrrolidone) (PVP)
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The Liz-Marzán group synthesized high-yield AuNS using the reduction properties of
N,N-dimethylformamide (DMF) combined with poly(vinylpyrrolidone) (PVP) to prepare
PVP-stabilized AuNS as well as AuNS containing a magnetite core [25,26]. In addition to
to prepare PVP-stabilized AuNS as well as AuNS containing a magnetite core [25,26]. In
PVP and DMF, other capping and reducing agents were used to synthesize spiky shells
addition to PVP and DMF, other capping and reducing agents were used to synthesize spiky
around polymer, magnetite as well as SiO2-coated magnetite nanoparticles [27–30]. Comshells around polymer, magnetite as well as SiO2 -coated magnetite nanoparticles [27–30].
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2.2. Synthesis of SiO2 @AuNP
Small, around 4 nm, citrate-stabilized AuNP were obtained by reducing chloroauric
acid, (H3 O)AuCl4 ·2H2 O, abbreviated as “HAuCl4 ”, with sodium borohydride (NaBH4 )
in the presence of sodium citrate [32]. Exchanging the citrate ligands with amine groups,
the AuNPs were immobilized on the SiO2 -NP surface to form SiO2 @AuNP seed particles.
Therefore, 25 mg of SiO2 -NH2 was dispersed in water, 15 mL of the AuNP solution was
slowly added and the mixture was allowed to react at room temperature. After centrifugation (8700 rpm, 15 min), an excess of unreacted AuNP was removed and the SiO2 @AuNP
were washed three times with water. Redispersed in H2 O (5 mg/mL), the particles act as
seeds for the core–shell synthesis.
2.3. Synthesis of SiO2 @AuNS
The star-shaped growth was obtained by adding various amounts (2.5, 5.0, 75.0,
1000 µL) of a solution of SiO2@AuNP seeds to a solution containing 10 mM PVP (MW = 24,000)
in DMF and 82 µL of 50 mM HAuCl4 in aqueous media. The core–shell particles were
stirred for 1 h and collected by centrifugation (8700 rpm, 15 min). The SiO2 @AuNS were
washed three times with ethanol to remove an excess of PVP and redispersed in ethanol
(7 mL).
3. Results and Discussion
The functionalized nanoparticles were characterized with suitable analytical methods using transmission electron microscopy (TEM), dynamic light scattering (DLS), zetapotential measurements, UV-Vis measurements and powder X-ray diffraction (PXRD). The
presence of the primary amine was confirmed via the use of the Ninhydrin test. TEM
was performed to obtain the particle size distribution and revealed that the mean particle
size of the prepared SiO2 -NH2 nanoparticles to be 81.8 ± 7.6 nm. The zeta-potential is a
measure of the magnitude of electrical repulsive forces between particles and is predictive
of colloidal stability. Particles with zeta-potential greater than +25 mV or less than −25 mV
typically have high degree of stability. This is described by the classical Derjaguin, Landau,
Verwey, Overbeek (DVLO) theory of colloidal interaction, which predicts that in the absence of van der Waals attraction, the interaction between like-charged colloidal particles is
repulsive [33,34]. The value of measured zeta-potential for the SiO2 -NH2 nanoparticles is
+19.8 mV which indicates a stable colloidal system that is absence of coagulation. In order
to investigate the influence of sulfur with higher binding affinity to the AuNP, we used
(3-mercaptopropyl)triethoxysilane (MPTS) to functionalize the SiO2 -NP and attach AuNP
in the second step. No significant change was observed and the typical AuNP coverage
of 30% that is reported in literature was not exceeded [35]. The successful synthesis of
SiO2 @AuNP was verified by TEM and PXRD. Amorphous SiO2 -NP show only one broad
diffuse peak at a value of 2θ of 10.7◦ , whereas for SiO2 @AuNP, five additional peaks appeared at 2θ of 17.3◦ , 19.7◦ , 28.5◦ , 33.6◦ and 35.1◦ which correspond to the reflections of the
(111), (200), (220), (311) and (222) crystal planes of Au (see ESI Figure S1). The values are
in good agreement with the theoretical pattern calculated from single-crystal data for the
face-centered cubic structure of metallic Au with the space group Fm-3m.
For the star-shaped nanoshells, a color change from red to purple, blue or green was
observed as a function of the concentration of the seeds (see Figure 2).
The resulting SiO2 @AuNS showed much stronger plasmonic resonance compared to
the SiO2 @AuNP or AuNP and were synthesized in high yields (see ESI Figure S2). The
nanostructures exhibit high stability over several months. The extinction spectra show
slight red-shifts of the maxima associated with narrower bands (see ESI Figure S3).
Coating of the SiO2 @AuNP requires a sufficient amount of HAuCl4 which is dependent on the surface area of the core SiO2 -NP. By adjusting the [HAuCl4 ]/[seed] mass ratio
(R), we were able to tune SiO2 @AuNS growth and the resulting properties. Table 1 summarizes the extinction maximum (λmax ), the diameter (dAu and dhyrd ) of the growing gold
nanostructures and the zeta-potentials (ζ) for different R values.
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diameter to 7.1 nm. The extinction spectra (Figure 3a, red line) show an equally shaped,
slightly red-shifted SPR band compared to the initial seeds indicating the growth of gold
nanospheres. For lower SiO2 @AuNP concentrations, equaling higher R, an anisotropic
growth occurs. When R is increased to a value of 4.3, branched nanostructures of 26.1 nm
in diameter (green line) were formed. Extinction spectra and TEM images of three more
nanostructures with R of 0.6, 3.2 and 12.8 line up perfectly in the trend shown here (see
ESI Figures S4-1–S4-3). For R of 0.6 and 3.2, AuNP growth up to 20.4 nm is observed, with
the subsequent change in the morphology of the nanoparticles (loss of spherical shape).
Star-shaped particles were observed at a R = 12.8 (dAu = 46.0 nm) with an extinction band
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center at 766.0 nm. The nanostructures start to cover the SiO2 -NP, but a non-uniform shell
was formed. A stronger bathochromic shift is observed due to the SPR resonance of the
formed sharp edges. By exceeding Rmin , the star-shaped shells are formed (blue lines)
and cause a strong red-shift of the SPR bands up to 879.5 nm indicating the formation of
highly branched core–shell structures. Therefore, the SPR of the SiO2 @AuNS is found to be
in the NIR region, similar to those of gold nanorods (AuNR) and SiO2 @Au shells [14,36].
The size of the SiO2 @AuNS is tuned by varying the ratio R. For R = 64.0, SiO2 @AuNS
with a diameter of 108 nm were generated with a core diameter of 84 nm. Doubling the
ratio produces SiO2 @AuNS with a diameter of 146 nm with a core diameter of 112 nm
(see ESI Figures S5-1 and S5-2). DLS measurements confirmed the size distribution of the
formed SiO2 @AuNS (see ESI Figure S6). With 112.4 nm and 147.2 nm, the hydrodynamic
diameters are in good agreement with the diameters determined by TEM (see Table 1).
Compared to the initial 81.8 nm SiO2 cores, the smaller SiO2 @AuNS (R = 64.0) are coated
with a gold shell of around 13 nm while a shell thickness of 32 nm was obtained for R =
128.0 including the tips of the spiky shell. Furthermore, broader extinction bands are obChemistry 2022, 4, FOR PEER REVIEWserved for the core–shell nanostructures compared to the decorated cores. This observation
5
can be traced back to the interaction of the spikes when a continuous shell is formed [37].
However, the SiO2 @AuNS show defined SPR centers in the desired NIR region and a
significant trend correlated to the growing of the metallic nanostructures.
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26.1 nm in diameter (green line) were formed. Extinction spectra and TEM images of three
more nanostructures with R of 0.6, 3.2 and 12.8 line up perfectly in the trend shown here
(see ESI Figure S4–1, Figure S4–2 and Figure S4–3). For R of 0.6 and 3.2, AuNP growth up
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemistry4030046/s1. Figure. S1 PXRD pattern of SiO2 (82nm) in black, SiO2 (82nm)@AuNP
in red and the theoretical pattern for the face-centred cubic structure of metallic Au with the space
group Fm-3m. Figure. S2 TEM image sections of SiO2 @AuNS(R = 128.0) demonstrating the high ratio
of coated SiO2 nanoparticles with 4,000 times magnification (a) and 10,000 times magnification (b).
Figure. S3 TEM images of SiO2 @AuNS(R = 64.0, light blue) (a), and SiO2 @AuNS(R = 128.0, dark blue)
(b) stored for seven month in ethanol and corresponding extinction spectra of the nanostructures (c).
Solid lines show the initial spectra while dashed lines mark the spectra of the nanostructures recorded
after seven month. Figure. S4–1 Extinction spectrum and TEM image of the SiO2 @AuNS for R = 0.6
(500.0 µL of the seed solution) with a gold nanostructure size of 11.3 ± 1.9 nm. Figure. S4–2 Extinction
spectrum and TEM image of the SiO2 @AuNS for R = 3.2 (100.0 µL of the seed solution) with a gold
nanostructure size of 20.4 ± 4.6 nm. Extinction spectrum and TEM image of the SiO2 @AuNS for
R = 12.8 (25.0 µL of the seed solution) with a gold nanostructure size of 46.0 ± 12.8 nm. Figure. S4–3
Extinction spectrum and TEM image of the SiO2 @AuNS for R = 12.8 (25.0 µL of the seed solution)
with a gold nanostructure size of 46.0 ± 12.8 nm. Figure. S5–1 Histograms of the core and the total
diameter of SiO2 @AuNS (C) with a mass ratio of 64.0 (5.0 µL of the seed solution) determined by
TEM. Figure. S5–2 Histograms of the core and the total diameter of SiO2 @AuNS (D) with a mass ratio
of 128.0 (2.5 µL of the seed solution determined by TEM). Figure. S6 Normalized number-averaged
DLS profiles of SiO2 @AuNS (R = 64.0) and SiO2 @AuNS (R = 128.0) dispersed in ethanol.
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