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    Chapter 1   
 Gold Nanostar Synthesis and Functionalization 
with Organic Molecules       

       Piersandro     Pallavicini    ,     Elisa     Cabrini    , and     Mykola     Borzenkov    

    Abstract     This chapter is devoted to the synthesis and functionalization of gold 
nanostars. The physical-chemical characterization and singular features of gold 
nanostars with respect to other types of gold nanoparticles are provided. Various 
methods of GNS synthesis as well as of the functionalization of GNS with PEG, 
organic dyes, and bioactive compounds are discussed.  

  Keywords     Gold nanostars   •   Seeded growth process   •   PEGylation   •   Fluorescence   • 
  Bioactive molecules  

     Before starting the review, Table  1.1  summarizes the information collected in this 
chapter.

1.1       Gold Nanoparticle Synthesis: Brief Introduction 

 A brief survey of the general techniques of GNP synthesis is required before we can 
analyze the different approaches to the gold nanostar synthesis. 

 The chemical reduction of transition metal salts in the presence of stabilizing 
agents with the subsequent generation of zerovalent metal colloids in aqueous or 
organic media is one of the most common and powerful synthetic methods in this 
fi eld [ 1 ]. The simplest and by far the most commonly used protocol for the prepara-
tion of gold nanoparticles is the aqueous reduction of gold salt by sodium citrate at 
refl ux [ 1 ,  2 ]. Generally, GNPs are synthesized in a liquid by reduction of chloroau-
ric acid (HAuCl 4 ). During this process Au 3+  ions are reduced to neutral gold atoms, 
the solution becomes supersaturated, and gold gradually starts to precipitate in the 
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form of sub-nanometer particles [ 1 ,  3 ]. In general, the preparation process of GNP 
by chemical reduction contains two steps: (1) reduction using agents such as boro-
hydrides, aminoboranes, hydrazine, formaldehyde, hydroxylamine, saturated and 
unsaturated alcohols, citric and oxalic acids, polyols, sugars, hydrogen peroxide, 
sulfi tes, carbon monoxide, hydrogen, acetylene, and monoelectronic reducing 
agents including electron-rich transition-metal sandwich complexes, and (2) stabili-
zation by agents such as trisodium citrate dihydrate, sulfur ligands (in particular 
thiolates), phosphorus ligands, nitrogen-based ligands (including heterocycles), 
oxygen-based ligands, dendrimers, polymers, and surfactants [ 4 ]. The particle size 
depends on a large number of parameters; for example it can be controlled by the 
initial reagent concentrations [ 1 ,  3 ]. 

 The preparation of GNP by reduction of HAuCl 4  and citrate-stabilized gold 
nanoparticles has been regarded as the most popular one for a long time, since their 
introduction by Turkevich [ 5 ]. The HAuCl 4  solution is boiled, and the trisodium 
citrate dihydrate is then quickly added under vigorous stirring. After a few minutes, 
the wine-red colloidal suspension is obtained, and the GNP size is about 20 nm 
[ 4 ,  5 ]. This technique was improved later by Frens, who obtained a broad size range 
of gold nanoparticles (from 15 to 150 nm) by controlling the trisodium citrate to Au 
ratio [ 2 ]. Nowadays the “in situ” Turkevich-Frens method has been further improved 
for reproducible preparation of citrate-stabilized gold nanoparticles [ 6 – 9 ]. 

 The two-phase Brust-Schiffrin method, published in 1994, was the fi rst method 
that allows to prepare the thiolate-stabilized gold nanoparticles via in situ synthesis 
using NaBH 4  as reduction agent, since it met great success [ 4 ,  10 ]. This method is 
performed in ambient conditions with relative high stability of the resulting GNPs. 
This method is suitable for obtaining particles in organic solvents. The GNPs are 
stabilized by relatively strong Au-S bonds and their diameters are in the 2–5 nm 
range, with the size much smaller than that of Turkevich [ 4 ]. Later this technique 
was improved by various research groups introducing thiolate-liganded gold 
nanoparticles [ 11 – 13 ]. 

 The seed growth method is another popular technique for GNP synthesis. Compared 
with the in situ synthesis, the seed growth method enlarges the particles step by step, 
and it is easier to control the sizes and shapes of resulted gold nanoparticles. 
Therefore, this method is widely used in the most recent size- and shape- controlled 
GNP syntheses. Generally this process involves two steps. In the fi rst step, small-size 

   Table 1.1    Synthesis and functionalization of gold nanostars (summary of this chapter)   

 Synthesis of GNS  • In situ methods 
 • Seed growth methods 
 • Non-“seed-mediated” method 
 • One-pot methods 
 • Electron beam lithography technique 

 Functionalization of GNS  • PEGylation of GNS 
 • Functionalization with dyes 
 • Functionalization with DNA, proteins, aptamers, etc. 
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AuNP seeds are prepared. In the second step, the seeds are added to a “growth” solution 
containing HAuCl 4  and the stabilizing and reducing agents. The newly reduced Au 0  
grows on the seed surface starting from small gold crystals to form then large-size 
AuNPs. The reducing agents used in the second step are always mild ones that reduce 
Au 3+  to Au 0  only in the presence of Au seeds as catalysts; thus the newly reduced Au 0  
can only assemble on the surface of the Au seeds, and no new particle nucleation 
occurs in solution [ 4 ]. The initial procedures of preparation of GNP by seed growth 
were modifi ed by El-Sayed using hexadecyltrimethylammonium bromide (CTAB) as 
the stabilizer instead of citrate [ 14 ]. These Au seeds with a diameter smaller than 4 nm 
were used to promote the narrow dispersity of GNP. GNPs with various shapes have 
been synthesized using the seed growth method [ 14 ].  

1.2     Synthesis of Gold Nanostars 

1.2.1     General Characterization of Gold Nanostars 

 As it has been already mentioned the optical properties of gold nanoparticles are of 
the great importance for application in various fi elds, especially for biomedical pur-
poses. For anisotropic GNP it has been demonstrated that the presence of sharp 
edges and tips provides a very high sensitivity to local changes in the dielectric 
environment, as well as larger enhancements of the electric fi elds around the 
nanoparticles [ 15 ]. These features constitute the basis of LSPR- and surface 
enhancement Raman scattering (SERS)-based detections [ 16 ]. Hence, besides the 
main synthetic techniques described previously, an increasing number of synthetic 
routes are being developed, aiming at a simultaneous control of the size and shape 
of gold nanoparticles. Therefore, nonspherical gold nanoparticle synthesis has been 
the subject of numerous publications recently. 

 Among the various types, gold nanostars and in general multibranched gold 
nanoparticles have received much attention [ 17 ,  18 ]. Star-shaped GNPs have plas-
mon bands that are tunable into the NIR region, and the structure contains multiple 
sharp branches that act as “lightning rods” to greatly enhance the local EM fi eld. 
The fabrication of gold nanostars has been driven by the interest on the LSPR 
response to the environment. This is particularly connected to GNS that display 
sharp tips and edges, where light can be highly concentrated [ 18 ,  19 ], and their 
structure is shown in Scheme  1.1 . GNS colloids display two wide but distinct LSPR 
features including an intense band typically centered around 650–900 nm and a 
weaker band/shoulder located at ca. 500–600 nm [ 18 ]. When laser irradiated at the 
wavelength of their NIR band, GNS exhibit excellent transduction of absorbed light 
into heat [ 20 ]. Therefore, these types of gold nanoparticles could serve as effective 
tools for nanomedicine application. Moreover, nanostars display stronger SERS 
activity than spheres or even rods [ 21 ].

   The following subchapter is devoted to the overview of different strategies of 
synthesis of different types of multibranched gold nanoparticles (see Scheme  1.1 ).  
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1.2.2     Synthesis of Gold Nanostars: An Overview 
of Synthetic Strategies 

 A wide variety of synthetic methods is available for the preparation of anisotropic 
gold nanoparticles with narrow size and shape distribution, and with specifi c branching 
degree. The choice of one or another of these preparative methods for star- shaped 
GNP depends on a number of relevant experimental parameters that determine the 
nucleation and growth steps of the particle synthesis, providing fi ne control over 
size and degree of branching of the nanoparticles [ 18 ,  22 ]. Both in situ and seed 
growth methods have been proposed during last 10 years for the synthesis of GNS. 
A recent review by Liz-Marzan et al. summarizes various synthetic approaches, 
optical properties, and application of GNS [ 18 ]. 

 The most common method of GNS synthesis adopts seeded growth process, 
also widely employed for the synthesis of gold nanorods [ 14 ]. This process involves 
the reduction of chloroauric acid with ascorbic acid at ambient temperature on pre- 
synthesized gold nanoseeds and in the presence of surfactants (in most cases CTAB) 
[ 18 ,  23 ,  24 ]. These capping agents (surfactants or polymers) have preferential adsorp-
tion on certain crystalline facets of the metal seeds and have been claimed to trigger 

  Scheme 1.1    The 
schematic structures of 
monocrystalline GNS 
(MNS) and penta-twinned 
asymmetric GNS (ANS) 
obtained by seed growth 
method assisted by the 
LSB surfactant. Protective 
surfactant and thiolated 
layers are also shown 
(reproduced from Casu 
et al. [ 17 ])       
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the anisotropic growth process, through alteration of the growth rates along specifi c 
crystallographic directions [ 25 ]. It was shown for example that addition of AgNO 3  at 
different stages of nanocrystal growth increases the degree of control of the shape for 
penta-twinned gold nanoparticles [ 26 ]: penta-branched gold nanocrystals were 
obtained with sizes ranging from 70 to 350 nm and comprising single- crystalline tips 
with {111} outer faces. This study allowed not only to control the fi nal nanostar 
morphology, but also to increase dramatically the yield of branched particles. In 2004 
Murphy and coworkers studied the infl uence bromide ions by replacing CTAB with 
its chloride equivalent (CTAC) and adding different amounts of NaBr to achieve a 
better control over bromide concentration [ 24 ]. 

 The nature of reducing agent was also studied. For example, in the paper 
 published in 2006 in  Nanotechnology , hydroxylamine sulfate was used in the prepa-
ration of polycrystalline-branched gold nanoparticles with sizes ranging from 47 nm 
up to 185 nm in a stepwise growth approach [ 27 ]. It has been reported that highly 
branched nanoparticles can be obtained upon addition of HAuCl 4  in the presence of 
15 nm poly(vinylpyrrolidone) (PVP)-coated gold seeds, when the concentration of 
PVP in solution is high [ 28 ]. This process can be performed at room temperature in 
very short time. It was also observed that no signifi cant changes in size and shape of 
nanostars were induced by changing the molecular weight of PVP. A simple one- 
step synthesis protocol for stable gold nanostars was recently reported [ 29 ], based 
on the reduction of a gold precursor in a basic environment using hydroxylamine as 
a reducing agent. These star-shaped gold nanostructures showed a higher amplifi ca-
tion of the Raman scattering of rhodamine 6G molecules relative to spherical 
nanoparticles of the same dimension. 

 Khoury and Vo-Dinh reported in 2008 the controlled synthesis of high-yield gold 
nanostars ranging from 45 to 116 nm [ 30 ]. GNS were synthesized by extending the 
protocol reported by Liz-Marzan et al. [ 15 ], in order to enable size control of the 
stars from approximately 45 to 116 nm in size. This size range translates to tuning 
capabilities of the longitudinal plasmon peak in the NIR region from around 725 to 
over 850 nm. The authors used 20 nm PVP-coated gold seeds in ethanol and inves-
tigated the growth of GNS as a function of time during the synthesis by monitoring 
the spectrum of the GNS suspension and by imaging stars’ morphological changes 
over time via TEM. As it was stated previously most nanostar synthesis requires the 
use of a surfactant (e.g., CTAB or PVP). In the paper published in  Nanotechnology  in 
2012 [ 31 ] Khoury and coworkers presented a new, surfactant-free synthesis method 
of biocompatible gold nanostars with adjustable geometry that allows to tune the 
plasmon band into the near-infrared (NIR) region “tissue diagnostic window,” 
which is most suitable for in vivo imaging [ 31 ]. Nanostars were prepared by a seed-
mediated growth method within 1 min in high yield without the use of the toxic 
surfactant. To obtain nanostars of similar sizes and concentrations but of different 
geometries, authors investigated multiple factors, including pH, stirring speed, and 
concentration ratios of AgNO 3 , ascorbic acid, HAuCl 4 , and seed. In general, nanostars 
synthesized under lower pH, moderate vortexing speed, and ascorbic acid/HAuCl 4  
ratio of 1.5–2 produced the most red-shifted plasmon. 

1 Gold Nanostar Synthesis and Functionalization with Organic Molecules
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 Osinkina et al. reported a two-step approach for the fabrication of quasi- 
hexagonal ordered arrays of star-shaped gold nanoparticles for SERS spectroscopy 
by a combination of block-copolymer micelle nanolithography and electroless 
deposition [ 32 ]. Arrays of single-gold nanoparticles were fabricated by block- 
copolymer micelle nanolithography. Gold nanostars were prepared by incubating 
the samples in an aqueous solution of CTAB, gold (III) chloride hydrate, ascorbic 
acid, and silver nitrate. In a second paper published in 2013, GNS with tunable 
morphology were synthesized by a seed-mediated growth method using 
poly(diallyldimethylammonium chloride) as stabilizer [ 33 ]. The number and length 
of the branches of the nanostars can be controlled by adjusting the amount of silver 
nitrate. In a similar approach Chirea in a paper published in  Catalysts  in 2013 
described gold nanostars (≈70 nm tip-to-tip distance) synthesized by seed-mediated 
method and covalently self-assembled on 1,5-pentanedithiol-modifi ed electrodes 
[ 34 ]. The average core diameters and tip length of the GNS were 50 and 19 nm. 
These gold nanostars displayed two surface plasmon bands: a dominant broad fea-
ture at the edge of the visible range (≈837 nm). The cores produce instead a surface 
plasmon band at 545 nm. Kereselidze et al. developed the synthesis protocol for 
180–300 nm GNS by means of a silver-seed-mediated method [ 35 ,  36 ]. Highly 
multibranched gold nanostars were also obtained at room-temperature synthesis 
assisted by deep-eutectic solvents (DES). DES is an ionic solvent composed of a 
mixture of quaternary ammonium salts with hydrogen donors, which shows a melt-
ing point much lower than that of the individual components. The advantages of 
DES-mediated synthesis are the high viscosity, polarity, thermal stability, ease of 
preparation, and low cost of the products. In addition, DES forms a highly struc-
tured “supramolecular” solvent, because of the extended hydrogen-bond network in 
the liquid state. The concentration of the ascorbate ions and the presence of water in 
the solution were found to have a profound infl uence on the formation of branches 
[ 37 ]. Stassi et al. investigated the relationship between the particle diameter, the 
protuberance size and shape, and the easiest and cost-effective reaction conditions. 
The corresponding gold nanostars were prepared by mild reduction of HAuCl 4 ·3H 2 O 
with  L -ascorbic acid in the presence of DES, prepared from choline chloride and 
urea in a 1:2 mixture. 

 Interesting methods of GNS synthesis were developed by Pallavicini et al. By 
replacing CTAB with the zwitterionic lauryl sulfobetaine (LSB) surfactant in the 
classical seed growth synthesis, monocrystalline gold nanostars and penta-twinned 
gold asymmetric nanostars were obtained instead of nanorods [ 17 ]. The main prod-
uct under all synthetic conditions was asymmetric nanostars, which have branches 
with high aspect ratios, thus leading to LSPR absorptions in the 750–1150 nm 
range. The position of their LSPR absorption can be tuned up simply by regulating 
the concentration of reductant, the concentration of surfactant, or the concentration 
of the “catalytic Ag + ” cation. A growth mechanism that involves the direct contact 
of the sulfate moiety of LSB on the surface of the nano-object was proposed, 
thereby implying preferential coating of the {111} Au faces with weak interac-
tions. Another benefi t of using LSB surfactant instead of CTAB is that CTAB is 
cytotoxic and strongly bound to GNP. Therefore, the removal or substitution of 
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CTAB from GNP surface could be tricky or incomplete. In the next paper of the 
same research group published in 2013 fi ve-branched gold nanostars were obtained 
using nonionic Triton X-100 surfactant in a seed growth synthesis [ 38 ]. The synthe-
sized nanoparticles have the uncommon feature of two intense localized LSPRs in 
the NIR range 600–900 and 1100–1600 nm, besides the common visible LSPR 
ranges. Au nanoseeds were generated from AuCl 4  by means of NaBH 4  in the solu-
tions of high surfactant concentration (0.05–0.15 M). The absorption spectra of 
growth solutions obtained in 0.05 M Triton X-100 and TEM images of resulted 
GNS are shown in Scheme  1.2 .

   Nehl et al. described the fabrication of GNS by a modifi ed seed-mediated, 
surfactant- directed synthesis based on reduction of gold chloride [ 39 ]. This method 
was modifi ed by means of different seed particles or by increasing the growth rate. 

 Feldmann and coworkers reported instead a water-based, non-“seed-mediated” 
GNS synthesis [ 40 ] method with high yield. This method allows to change the 
number and size of the spikes and the overall size of the particles, and hence to tune 
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  Scheme 1.2    ( a ) Absorption spectra of growth solutions obtained in 0.05 M od Triton X-100 and 
increasing concentration of ascorbic acid: (1) 1.576 10 -3  M; (2) 1.773 10 −3  M; (3) 2.364 × 10 −3  M; 
(4) 2.758 × 10 −3  M; (v) 3.152 × 10 −3  M. ( b ) TEM image of GNS obtained from the solution of 
spectrum (1). ( c ) The same from the solution of spectrum (3). ( d ) The same from the solution of 
spectrum (5) (reproduced from Pallavicini et al. [ 38 ])       
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the localized surface plasmon resonances of the particles over the broad spectral 
range in the visible and NIR. CTAB was employed as the capping and growth-
regulating agent. 

 One-pot methods of preparation of gold nanoparticles involve the direct prepara-
tion of the precursor solution in the presence of suitable reducing agents and surfac-
tants at room temperature by means of a variety of reactant concentration and reaction 
times [ 18 ,  41 ]. Various one-pot syntheses to produce gold nanostars have been devel-
oped recently [ 15 ,  18 ]. These protocols are based on the use of the “green” chemical 
 N -2-hydroxyethylpiperazine- N -2-ethanesulfonic acid used as reducing and stabiliz-
ing agent. Thus, three-dimensional branched nanocrystals with 1–8 tips as well as 
fl ower-like gold nanoparticles with twinned tips were obtained in high yield [ 42 ,  43 ]. 
Examples of one-pot method of preparation of GNS assisted by surfactants and cap-
ping agents were also reported: star-shaped gold nanoparticles were obtained by 
reduction with ascorbic acid in the presence of PVP [ 44 ]. However, in this case 
star-shaped nanoparticles (7 %) and tripod or regular triangular plates (4 %) were 
observed among a large amount of spherical particles (89 %) including distorted or 
aggregated ones. In a different approach polydisperse branched GNPs were obtained 
with high yield using hydrogen peroxide and sodium citrate as reducing agents in 
combination with bis( p -sulfonatophenyl) phenylphosphine dehydrate dipotassium as 
stabilizer [ 45 ]. Very recently Hegmann and coworkers described a simple one-pot 
silver-assisted synthesis of GNS that employs AgNO 3  and a mild reducing agent, 
ascorbic acid, in the presence of a lyotropic liquid crystal (LLC) template formed 
by Triton X-100 in water either in the hexagonal phase or the micellar phase [ 46 ]. 
The LLC template is found to assist in the formation of well- defi ned nanostars with 
long, twinned thorns and provides the necessary colloidal stability that prevents the 
fi nal nanostars from irreversible aggregation. The length of the thorns on the nanostars 
can be tailored by controlling the Au/Ag ratio in the growth solution. By using 
aminosugars, a series of multipodal gold nanostructures has been obtained via a one-
pot chemical reduction method in aqueous solution and at room temperature [ 47 ]. 
The size and shape of these nanoparticles were controlled either by adjusting the 
amount of reducing agent or by quenching the reaction at a given time. 

 Other alternative methods of preparation of GNS have been reported. Notably, an 
electrochemical method was implemented in a two-electrode cell in which the 
electrochemical reduction of HAuCl 4  was carried out in the presence of PVP and 
NaOH [ 48 ]. Basic values of pH were essential to produce branched gold nanopar-
ticles. The shape control could also be achieved by using a template-directed syn-
thesis, where the template comprised a three-dimensional porous lattice of uniform 
iron nanoparticles [ 49 ]. 

 The fabrication of GNS arrays by means of electron beam lithography, in which 
the plasmon resonance energy can be tuned via the nanostar size from the visible 
into the NIR region, was also reported [ 50 ]. In a second publication of the same 
research group plasmonic nanostar-dimers, decoupled from the substrate, have been 
fabricated by combining electron-beam lithography and reactive-ion etching 
techniques [ 51 ]. The 3D architecture, the sharp tips of the nanostars, and the sub-10 nm 
gap size promote the formation of giant electric fi eld in highly localized hot spots.   
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1.3     Functionalization and Coating Approaches of GNS 

 Gold nanoparticles are widely used as sensing, targeting, imaging, and delivery 
nanobioplatforms. For these applications, surface functionalization with suitable 
ligands is essential to ensure particle stability against aggregation and for targeting 
approaches [ 52 ,  53 ]. Various conjugation methods of gold nanoparticles with bio-
molecules have been developed for specifi c targeting, for drug delivery, and for 
sensing assays [ 53 ]. Finely tuned surface functionalization of the nanoparticles, 
which determines their interaction with the environment, is required [ 54 ]. These 
interactions ultimately affect the colloidal stability of the particles, and may yield to 
a controlled assembly or to the delivery of nanoparticles to a target. The surface of 
GNS can be functionalized similar to all other gold nanostructures. However, the 
high shape anisotropy adds specifi c features to their surface decoration. Thus, in this 
subchapter the functionalization approaches of GNS with various organic mole-
cules are reviewed. 

1.3.1     PEGylation of GNS 

 For various applications of gold nanoparticles, PEGylation is one of the most widely 
used functionalization strategies as it has numerous advantages. Polyethylene glycol 
(PEG) is known to reduce reticuloendothelial system uptake and increase circulation 
time versus uncoated counterparts, by reducing the nonspecifi c binding of proteins as 
well as their cytotoxicity [ 55 ]. PEGylation is now commonly used to coat different 
kinds of nanoparticles, in order to improve their stability under physiological condi-
tions and biocompatibility [ 55 ]. PEG enhances in vitro stability of nanoparticles in 
saline buffers or culture media and it allows the coated nanoparticles to evade 
macrophage-mediated uptake and removal from systemic circulation in vivo [ 56 ]. 
PEG decoration is also advantageously employed for nanoparticle- specifi c func-
tionalization, as many commercial PEGs carry α-function suitable for grafting on 
gold (typically a thiol) and remote ω-function (e.g., –OH, –COOH, –NH 2 ) that may 
be effi ciently used for further chemical modifi cation [ 57 ,  58 ]. 

 A comprehensive study of PEGylated gold nanostars and PEGylated bipyramidal- 
like nanostructures was presented by Navarro et al. in 2012 [ 59 ]. The nanoparticles 
were prepared at high yield and their surface was covered with a biocompatible PEG 
polymer. The PEGylated gold nanoparticles were incubated with melanoma B16-
F10 cells. Dark-fi eld microscopy showed that the biocompatible gold nanoparticles 
were easily internalized and most of them localized within the cells. Jo et al. per-
formed the PEGylation of GNS synthesized by seed growth with bifunctional 
 O -[2-(3-mercaptopropionylamino)ethyl]- O ′-methylpolyethylene glycol [ 60 ]. These 
PEGylated gold nanostars were further conjugated with aptamers for the targeting of 
prostate cancer cells. The PEGylation of GNS with  ( O -[2-(3- mercaptopropionylamino) 
ethyl]- O ′-methylpolyethylene glycol for in vivo particle tracking and photothermal 
ablation was also reported [ 61 ]. 

1 Gold Nanostar Synthesis and Functionalization with Organic Molecules
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 Surface modifi cation of gold nanostars by means of PEGs with terminated thiol 
group (PEG-SH) with different molecular weights prevents the aggregation of the 
nanoparticles, due to the amphiphilic characteristic of the polymer (it is soluble both 
in water and organic solvents) [ 62 ]. Pallavicini et al. coated the GNS synthesized in 
the presence of the LSB surfactant with PEG 2000 -SH [ 17 ]. Upon coating the long and 
intermediate LSPR bands shifted to the red (10 nm and 5 nm, respectively) due to 
the substitution of LSB on GNS surface with PEG 2000 -SH. These functionalized 
GNS have an exceptional stability in acidic and base media, PBS solution, and ISO- 
sensitest broth (a defi ned medium suitable for use in antimicrobial susceptibility). 
Noticeably, if not coated with PEG these nanoparticles aggregate both in PBS and 
ISO-sensitest broth media within a few minutes. Almost negligible variation of 
absorption intensity was observed if larger thiolated PEG is used. These PEGylated 
GNS can be stored either in water or organic solvents due to amphiphilic nature of 
PEG. During the storage in organic solvents the LSPR position of the long and 
intermediate band displays a red shift that correlates linearly with solvent refractive 
index. In a following paper by the same research group, GNS were prepared in the 
presence of surfactant Triton X-100 and were coated with PEG 2000 -SH [ 37 ]. The just 
synthesized GNS were poorly stable and the addition of PEG 2000 -SH at the end of 
the growth promoted the displacement of surfactant. The whole GNS surface was 
coated yielding the extremely stable PEGylated nanostars. They can be dried, han-
dled as powder, and redissolved in water or solvents ranging from ethanol to tolu-
ene, with both LSPRs shifting to the red. Also these PEGylated GNS display a 
photothermal behavior on both the intermediate (NIR) and long (SWIR) LSPR. 

 Wang et al. reported a new therapeutic strategy using chlorin e6-PEG- 
functionalized gold nanostars (GNS-PEG-Ce6) to couple photodynamic therapy 
with plasmonic photothermal therapy under single continuous wave laser irradia-
tion [ 63 ]. GNS were conjugated with thiol-PEG-amine through the Au-S bonds. 
The PEGylated GNS exhibited excellent dispersivity and stability in a range of 
solutions including ultrapure water, dimethylformamide, phosphate-buffered saline 
(PBS), and cell medium with serum. PEGylated GNS were easily purifi ed by cen-
trifugation and conjugated with Ce6 (a commonly used photosensitizer) by NHS-
EDC reaction in DMF. For further conjugation of GNS with fl uorescence probes for 
in vivo imaging, bifunctional SH-PEG-NH 2  was employed [ 64 ]. PEGylated gold 
nanostars have been tested as contrast agents for photoacoustic imaging of blood 
vessels in the brain [ 65 ]. Moreover, anticancer drugs (e.g., DOX) were loaded into 
PEG-coated gold nanostars. Systematic administration of DOX-loaded PEG-GNS 
followed by NIR irradiation showed greater antitumor activity in a xenograft model 
of breast cancer than free Dox, PEGylated GNS, or NIR laser alone [ 65 ].  

1.3.2     Functionalization of GNS with Dyes 

 The modifi cation of nanoparticles with various fl uorescent dyes is widely used 
because of the potential use of these systems for photosensing, light harvesting, and 
biosensing applications [ 66 – 69 ]. The immobilization of dye molecules onto 
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nanoparticles induces dramatic changes in its optical properties for chemical and 
biological applications, including fl uorescence quenching of small dye molecules 
on gold nanoparticles. This effect can be exploited, for example, for protein sensing 
approaches [ 70 ]. Complementary oligonucleotides for single-stranded DNA-linked 
metal nanoparticles or bar-coded metal nanowires and fl uorescent-dye-doped 
nanoparticles have been developed for medical diagnostics and labeling. 

 The reason for this success is clear. Fluorescent organic dyes are widely used for 
the detection of nucleic acids, proteins, and saccharides [ 71 ,  72 ]. However, these 
dyes suffer from photobleaching and can only be detected through highly sensitive 
techniques. On the other hand, gold nanoparticles are not susceptible to photo-
bleaching and their absorption and scattering cross sections are larger than those of 
conventional dyes. Numerous methods have been utilized for detecting GNPs such 
as colorimetric, scanometric, fl uorescence, surface-enhanced Raman scattering and 
electrochemical techniques [ 73 ]. These unique aspects have permitted the develop-
ment of novel GNP-based assays for molecular diagnostics which promise increased 
sensitivity and specifi city, multiplexing capability, and short turnaround times [ 73 ]. 
But also the interactions between nanoparticles and organic dyes have gained con-
siderable interest for biochemical assays because they provide additional parame-
ters to modulate the quenching effi ciency and the photostability over classical 
dye-quenching system. Gold is also particularly effective in quenching or enhanc-
ing fl uorescence emission of organic compounds, depending on the mutual distance 
between these and the gold surface [ 74 ,  75 ]. The corresponding dyes could be con-
jugated with gold nanoparticles due to adsorption process resulting in formation of 
non-covalent bond, covalent bond, and ionic interaction of positively charged 
groups with negatively charged surfaces of particles [ 76 ]. The main disadvantage of 
such hybrid systems is that the surface exposure of the dyes promotes their photo-
oxidation. Another approach consists in the decoration of GNP dyes via bifunc-
tional spacers, such as PEG or carboxylic acids, with subsequent chemical 
interaction of dyes with proper functional groups [ 53 ,  77 ]. 

 The gold nanoparticles conjugated with dye molecules are very attractive because 
they can be studied by fl uorescence-based techniques in addition to electron micros-
copy. If gold nanoparticles can successfully enhance the fl uorescent signal of dyes 
to a signifi cant degree, they would be useful in many areas of biochemistry and 
biology. For instance, dye-labeled gold particles could track the movements of 
drugs in cells and could act as a kind of molecular probe. Moreover, fl uorescent- 
labeled gold nanoparticles are really highly selective imaging probes also because 
in contrast to scattering probes, their detection is not limited by the Rayleigh scat-
tering conditions. 

 Besides direct effect on the transition strength, the reason to conjugate GNS 
with organic dyes is their successful application in SERS and fl uorescence reso-
nance energy transfer (FRET) assays. These application fi elds are discussed in 
Chaps.   2     and   3    . 

 The GNS functionalized with dyes are schematically shown in Scheme  1.3 .
   Regarding fl uorescence, quenching and energy transfer depend critically on the 

dye-gold distance. Navarro et al. reported in 2013 the synthesis, functionalization, and 
photophysics of luminescent hybrid gold nanostars prepared using a layer-by- layer 
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(LbL) deposition method to tune the chromophore-to-particle distances, and studied 
the impact of the spectral overlap between the plasmon and the emission/absorption of 
the dyes on quenching [ 78 ]. Several luminescent dyes with different optical signatures 
were selectively adsorbed at the nanoparticle surface. The optimized systems, exhibit-
ing the highest luminescence recovery, showed clearly that overlap must be as low as 
possible. The fl uorescence intensities were quenched in close vicinity of the metal 
surface and revealed a distance dependence with almost full recovery of the emission 
when the dye was replaced by the 11 LbL layers, which corresponded to 15 nm dis-
tances evaluated on dried samples. 

 SERS-active probes were prepared by C. Khoury and Tuan Vo-Dinh by direct 
conjugation of p-mercaptobenzoic acid, a Raman-active dye, with synthesized GNS 
for potential use as SERS substrates in sensing [ 30 ]. In a more recent publication 
these authors presented a novel approach for the preparation of gold nanostar- 
functionalized substrates that show high sensitivity for chemical sensing based on 
surface-enhanced Raman spectroscopy [ 79 ]. Gold nanostars immobilized on a gold 
substrate via a Raman-silent organic tether serve as the SERS substrate, and facili-
tate the chemical sensing of analytes that can either be chemisorbed or physisorbed 
on the nanostars. For quantitative chemical detection based on SERS analysis, 
 p -mercaptobenzoic acid is widely used as the model molecule. This is a Raman- 
active molecule with a relatively low-scattering cross section and  p - mercaptobenzoic  
acid could be conjugated to GNS via its pendant thiol moiety as well as through  π  
system interaction. In 2014 Khoury et al. presented also an effective method to dis-
tinguish intracellular from extracellular nanoparticles by selectively quenching the 
SERS signals from dye molecules absorbed onto star-shaped gold nanoparticles that 
have not been internalized by cells [ 80 ]. The conjugation of the fl uorophores to the 
gold nanostars was achieved by fi rst forming a cysteamine-Alexa 750 complex and 
then incubating it with PVP-capped GNS overnight. The dye-GNS conjugation 
effi ciency was monitored through the observation of strong SERS signals from 
Alexa 750 at 789 nm [ 80 ]. 

 An overview of recent developments and applications of surface-enhanced 
Raman scattering nanosensors has been published recently in  Nanomedicine and 

  Scheme 1.3    Schematic 
representation of GNS 
functionalized with dyes 
via direct bounding ( A ), 
via bifunctional spacer ( B ), 
and through absorption 
onto surface ( C )       
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Nanobiotechnology  [ 81 ]. The functionalization of GNS with different types of dyes 
and the properties of resulted systems were thoroughly discussed. For example, the 
functionalization of GNS with NAFTA6 dye, a derivative of 4-methoxy-1,8- 
naphthalimide bearing at the imide N-atom a long aliphatic chain with an SH termi-
nal group, was reported [ 82 ]. In a second work, cyclic RGD peptide-modifi ed GNS 
were subsequently labeled with a hydrophilic indocyanine green derivative (NIR 
fl uorescent probe), to investigate the biodistribution of GNS and to assess the selec-
tive uptake of Au NS in tumors after attachment of cRGD [ 83 ]. The dye was acti-
vated with DCC and NHS before conjugation with cRGD-modifi ed GNS. Vo-Dinh 
and coworkers reported in 2011 the synthesis and characterization of SERS label- 
tagged gold nanostars, coated with a silica shell containing methylene blue photo-
sensitizing drug for singlet-oxygen generation [ 84 ]. The gold nanostars were tuned 
for maximal extinction in the NIR spectral region and tagged with an NIR dye 
(DTTC) for surface-enhanced resonance Raman scattering (SERRS). The use of an 
NIR dye further enhanced the SERS signal due to better spectral superposition. The 
protocol involving the silica coating was used by these authors to encapsulate the 
photosensitizer methylene blue in a shell around the nanoparticles as it is known 
that mesoporous silica shell can be used to encapsulate various dye molecules onto 
a metallic core. Methylene-blue-encapsulated nanoparticles showed a signifi cant 
increase in singlet-oxygen generation as compared to nanoparticles synthesized 
without methylene blue. 

 In a different approach Melnikau et al. developed a hybrid system consisting of GNS 
and J-aggregates of the cyanine dyes and brought into evidence the coherent coupling 
between the localized plasmons of the metal component and the excitons of the 
J-aggregates through the Rabi splitting with the energy up to 260 meV [ 85 ]. J-aggregates 
were formed from the following two dyes: JC1 (5,5 ′ ,6,6 ′ -tetrachloro- 1,1 ′ ,3,3 ′ -tetraethyl-
imidacarbocyanine iodide) and S2165 2-[3-[1,1-dimethyl-3-(4- sulfobutyl)-1,3-dihydro-
benzo[e]indol-2-ylidene]-propenyl]-1,1-dimethyl-3-(4-sulfobutyl)-1H-benzo[e]
indolium hydroxide. Hybrid structures of gold nanostars and the J-aggregates of the JC1 
dye were produced by the addition of the concentrated ethanol solution of the dye to an 
aqueous solution of gold nanostars in the presence of ammonia at pH 8. Interactions 
between nanostars and JC1 molecules of J-aggregates resulted in the formation of chain-
like tightly bound agglomerates of gold nanostars interconnected by an organic matter. 

 It is worth noting that in 2009 a comparison study was published in which rele-
vant photophysical properties of single-fl uorescent molecules and single-SERS- 
active surface-coated gold nanostars tagged with the Raman reporter molecule 
4-mercaptopyridine were compared for imaging purposes [ 86 ]. The nanostar-based 
SERS NP presented in this paper eliminates the traditional challenges of signal 
consistency and strength and demonstrates the viability of SERS probes for imaging 
applications. By comparing populations at the single-probe level, it was found 
that the count rate variance from a SERS NP is at least as good as that observed for 
fl uorescent emission of Alexa Fluor 633. The preparation of gold nanostars modi-
fi ed with FITC-labeled chitosan was also reported later [ 87 ]. These modifi ed GNS 
had a higher colloidal stability at physiological pH and they are more suitable medi-
ators in cell photothermolysis due to the slower aggregation.  
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1.3.3     Other Examples of Functionalization of GNS 

 Functionalization of nanostructures GNS with biological molecules has many appli-
cations in biomedical imaging, clinical diagnosis, and therapy. A summary of the 
strategies of functionalization of GNS is shown in Scheme  1.4 .

   In most cases the functionalization of GNS aimed at the optimization of their 
intracellular delivery and photothermolysis effi ciency. In order to increase the accu-
mulation of nanoparticles at the tumor site and lower the side effects on normal 
tissues, many investigators have functionalized nanoparticles with ligands such as 
aptamer, peptide, and oligosaccharide for active tumor targeting. Moreover, besides 
the biological molecules, the functionalization of GNS with bifunctional spacers is 
also widely used for self-assembling monolayer formation and for further conjugation 
approaches. 

 The functionalization of gold nanoparticles, including GNS, with  peptides  is 
widely used. It was shown that  TAT-peptide -functionalized gold nanostars enter cells 
signifi cantly more than bare or PEGylated nanostars [ 88 ]. To fabricate stable con-
structs that resist aggregation in physiological environment and multiple washing 

  Scheme 1.4    General strategies of functionalization of GNS       
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cycles, GNS were decorated with cysteine-terminated TAT peptide and thiolated 
polyethylene glycol. The resulting constructs displayed enhanced intracellular deliv-
ery and effi cient photothermolysis of TAT-modifi ed nanostars and are considered 
promising agents in cancer therapy.  Biotin-functionalized  GNS were prepared by 
partial replacement of CTAB with biotinylated bovine serum albumin [ 89 ]. These 
functionalized GNS were used for detection of streptavidin. Nehl et al. bound mer-
captohexadecanoic acid and  bovine serum  albumin to gold nanostars to create molec-
ular sensors [ 38 ]. The observed shifts are consistent with the effects of these molecular 
layers on the surface plasmon resonances in continuous gold fi lms. Vo-Dinh with 
coworkers presented the development of a theranostic system that combines Raman 
imaging and the photodynamic therapy effect [ 90 ]. The theranostic nanoplatform 
was created by loading the  photosensitizer ,  protoporphyrin IX , onto a Raman-labeled 
gold nanostar. The co-decoration with a cell-penetrating peptide, TAT, enhanced 
intracellular accumulation of the nanoparticles and improved their delivery and 
effi cacy.  TAT  conjugation was achieved by passive adsorption. 

  Aptamer -conjugated nanoparticles, especially gold nanoparticles, are promising 
for applications in bioanalysis and medical therapy, including early diagnosis and 
drug delivery. Novel valuable therapeutic complexes, namely  dual-aptamer - 
modifi ed  gold nanostars, for the targeting of prostate cancers have been developed 
recently [ 60 ]. The aptamers were conjugated to PEGylated GNS via disulfi de bonds. 
Nanoconstructs composed of nucleolin-specifi c aptamers and gold nanostars were 
actively transported to the nucleus and induced major changes to the nuclear pheno-
type via nuclear envelope invaginations near the site of the construct [ 91 ].  AS1411 
aptamers  containing thiol groups were grafted to GNS by capping molecule replace-
ment, to create Apt–GNS nanoconstructs. To determine the number of aptamers 
attached to each GNS, the authors compared differences in fl uorescence intensity 
of a solution of Cy5-labeled aptamer before and after conjugating the GNS. In an 
 alternative application, highly selective, and reagent-free aptamer-based biosen-
sor has been developed for quantitative detection of adenosine triphosphate [ 92 ]. 
The sensor contains a SERS probe made of gold nanostar-Raman label-SiO 2  core–
shell nanoparticles in which the Raman label (malachite green isothiocyanate) mol-
ecules are sandwiched between a gold nanostar core and a thin silica shell [ 92 ]. The 
corresponding dye was chosen as the Raman label due to its nonfl uorescent charac-
teristic and its isothiocyanate (–N═ C ═S) group that can bind to the gold surface 
and is compatible with the SiO 2  encapsulation process as well. SiO 2  was employed 
as a protective layer because of its long-term stability and easy bioconjugation. 
These gold nanostars were fi nally functionalized with DNA. Firstly this process 
involved functionalization with 3-triethoxysilylpropyl succinic anhydride, and then 
the functionalization of DNA with carboxyl terminated constructs was carried out 
by the carbodiimide chemistry. 

 Dam et al. reported recently the design of a nanoconstruct that targets the ubiquitous 
protein nucleolin and that is largely independent of the cell phenotype [ 93 ]. Gold 
nanostars loaded with high densities of  nucleolin-specifi c DNA aptamer AS1411  pro-
duced anticancer effects in a panel of 12 cancer lines containing four representative 
subcategories. Thiolated AS1411 was attached to the AuNS surface via gold–sulfur 
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bonds in a 2-day “salt-aging” process. It was found that high loading densities of Apt 
on the AuNS increased the overall stability of aptamers in physiological environments, 
similar to other reports of nucleic acids on spherical gold particles. 

 The conjugation of  antibodies and RNA moieties  to gold nanoparticles is also 
widely used in a range of approaches. Liz-Marzan et al. developed an inverse sensi-
tivity assay based on the detection of the plasmon resonance shift induced by the 
growth of silver crystals on the gold nanostars [ 94 ]. To control crystal growth the 
authors used the enzyme glucose oxidase (GOx), which generates hydrogen perox-
ide that reduces silver ions. Only when the enzyme is present at low concentration 
the reducing agent is in short supply and the crystal growth is slow, favoring the 
formation of a homogeneous silver coating on the gold nanostars with respect to 
single-silver nanocrystals. Once proved this inverse sensitivity mechanism, the GNS 
were modifi ed with polyclonal antibodies against prostate-specifi c (rabbit) antigen 
and used as the label in a classical enzyme-linked immunoassay. This mechanism 
was demonstrated on polyclonal anti-PSA (rabbit) antibody. 

 Wege et al. described an RNA-directed bottom-up assembly procedure yielding 
bioinorganic hybrid nanostars with a central gold core and a surface-saturating 
number of virus-derived arms. These constructs are not gold nanostars but branched 
gold-based organic nano-objects with an exceptionally high and tunable ratio of the 
virus-based surface arms to the metal cores [ 95 ]. This was achieved by binding on 
the gold beads short oligonucleotides complementary for the initial sequence of the 
tobacco mosaic virus (TMV)  RNA . The TMV RNA triggers the formation of the 
virus coat protein assembly in the peculiar rodlike shape of the TMV. The specifi c-
ity of RNA hybridization to oligo-deoxynucleotides exposed on gold nanoparticles 
of different diameters allowed the simultaneous fabrication of star colloids with 
distinct predetermined arm-length distributions in single-batch processes [ 95 ]. 

 Surface functionalization of GNS with ethylene glycol-modifi ed Raman reporter 
derivatives Ra 1  and Ra 2  was adopted for both hydrophilic stabilization and subse-
quent biofunctionalization [ 96 ]. The two organic compounds Ra 1  and Ra 2  were 
synthesized from the Raman reporter molecule 5,5′-dithiobis(2-nitrobenzoic acid) 
by the formation of the corresponding amides with a short hydrophilic monoethylene 
glycol spacer (H 2 N–MEG–OH for Ra 1 ) and a longer hydrophilic triethylene glycol 
spacer (H 2 N–TEG–COOH for Ra 2 ), respectively. Bioconjugation of the SERS label 
to the anti-p63 antibody was achieved via activation of the COOH groups in Ra 2  
using standard EDC/s-NHS chemistry. 

 In the paper published in 2009 a dynamic mode of optical contrast based on 
gyromagnetic imaging, in which gold nanostars with superparamagnetic cores are 
driven by a rotating magnetic fi eld gradient to produce periodic variations in NIR 
scattering intensities, was presented [ 97 ]. These GNS were functionalized with 
oligoethyleneglycol-conjugated folic acid derivatives by in situ dithiocarbamate 
formation, followed by membrane dialysis. 

 For many purposes the functionalization with several species is also widely used. 
For example in previously cited paper gold nanostars were conjugated with  cyclic 
RGD  and NIR fl uorescence probe or  anticancer drug  ( DOX ) to obtain multifunc-
tional nanoconstructs [ 82 ]. Using tumor cells and tumor-bearing mice, these imaging 
nanoparticles demonstrated favorable tumor-targeting capability mediated by RGD 
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peptide binding to its over-expressed receptor on the tumor cells. The nanostars 
functionalized with RGD and DOX integrated targeting tumor, chemotherapy, and 
photo-thermotherapy into a single system. The synergistic effect of photothermal 
therapy and chemotherapy was demonstrated in different tumor cell lines and 
in vivo using S180 tumor-bearing mouse models. Gold nanostars have been assem-
bled via electrostatically assisted  3-aminopropyltriethoxysilane  (APTES)-
functionalized surface assembly method [ 98 ] to produce a substrate with SERS 
activity. The most attractive advantage of electrostatically assisted APTES- 
functionalized surface assembly method is that a substrate with a very homoge-
neous SERS signal and large area can be fabricated without sophisticated equipment. 
Plasmonic gold nanostars were also modifi ed with a biopolymer  chitosan  [ 87 ]. 
The chitosan-modifi ed nanostars dispersed in a medium with pH = 7.5 had higher 
stability than those of chitosan-capped nanorods because of the slower aggregation 
of GNS. At pH = 7.5 the chitosan-modifi ed GNS formed aggregates with highly 
nonuniform sizes. 

 Wei et al. presented in 2012 a new surface-enhanced Raman spectroscopy 
platform suitable for gas-phase sensing based on the extended organization of  poly-N- 
isopropylacrylamide   (pNIPAM)-coated nanostars over large areas [ 99 ]. The authors 
reported the preparation of optically active gold nanostars coated with pNIPAM 
and their controlled assembly into highly ordered linear structures. Au-pNIPAM 
core–shell particles were prepared by precipitation polymerization of the monomer 
NIPAM in the presence of functionalized, spherical gold nanoparticles. pNIPAM- 
coated gold nanoparticles were dispersed in solution with PVP, and the solution was 
incubated overnight to allow diffusion of PVP to the Au surface. Nanostars were 
formed by adding to the resulted solution an aqueous solution of HAuCl 4 . 

 A highly sensitive SERS-based sandwich immunoassay employed two deriva-
tives of gold nanostars simultaneously [ 100 ]. One was densely packed self- 
assembled substrates of gold nanostars and the other was made of immune-labeled 
nanostar aggregates. 4-Mercaptobenzoic acid-labeled immune-labeled gold nano-
star aggregates were obtained by successive Raman reporter replacement, aggrega-
tion, immune immobilization, and blocking. Gold nanostar multilayers were formed 
by the self-assembly between polyelectrolytes and gold nanostars through electro-
static interaction. 

 The GNS could also be decorated with mixed  lipid-polymer  coatings by exploiting 
thiol chemistry [ 101 ]. This multiple decoration would increase/modify their interac-
tion with skin and enable the nanoparticles’ drug delivery capabilities. Polymers 
capable of trapping and releasing drugs under temperature control obtained by NIR 
laser irradiation may in fact be employed for this purpose. 

 The integration of metal nanoparticles within cross-linked polymeric microgels, 
in a well-defi ned core–shell structure, offers unique possibilities in various fi elds 
due to the potential to introduce multiple functionalities by tailoring the properties 
of the inorganic and the organic components [ 102 ]. Recently the encapsulation of 
gold nanoparticles within pNIPAM (poly- N -isopropylacrylamide) microgels has 
been reported for different particle sizes, including nanostars. All strategies start from 
initial modifi cation of the metallic surface with molecules containing vinyl groups, 
which serve as starting points for the polymerization and thus facilitate the 
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encapsulation. The resulted colloidal nanocomposites based on a metallic core and 
a pNIPAM shell preserve the main properties of both components, i.e., the optical 
response from the plasmonic nanoparticle and the thermosensitive behavior of the 
polymer shell [ 102 ]. The synthesis and application of such composites are described 
in an interesting highlight of Liz-Marzan et al. [ 103 ]. 

 Esentruk and Walker produced  iron oxide-coated  gold nanostars by fi rst synthe-
sizing gold nanostars (ca 150 nm), and then introducing a PVP coating followed by 
reducing iron(II) and iron(III) salts on the nanoparticle (NP) surface [ 104 ]. Having 
both magnetic and plasmonic properties in one NP system makes these particles 
suitable for various bio-analytical applications such as biomolecule separation, 
sensing, and magnetic imaging. 

 A novel synthetic methodology for star-shaped  gold-coated magnetic  nanoparti-
cles was reported in a paper published in 2014 in RCS Adv [ 105 ]. The coating was 
performed in two steps: formation of gold nuclei at the surface of magnetite nanopar-
ticles followed by growth of the gold nuclei into a complete star-shaped shell. The 
star-shaped gold-coated magnetic nanoparticles thus obtained preserve the magnetic 
properties of the precursor magnetite nanoparticles; for example they can be easily 
separated with a magnet. In addition, the gold coating provides interesting optical 
properties while simultaneously allowing for biofunctionalization that may be advan-
tageous for biological applications, such as (bio)detection via SERS. As a proof of 
concept, the GNS were modifi ed with a capping agent terminated with a nickel(II)-
nitrilotriacetate group that shows high affi nity for histidine. The resulting star-shaped 
nanoparticles were used to selectively capture histidine- tagged maltose-binding 
protein from a crude cell extract. The performance of  star- shaped gold-coated mag-
netic nanoparticles as SERS platforms was demonstrated through the detection of 
Raman-active dye (Astra Blue). 

 It has been already mentioned that a mesoporous  silica shell  can be used to 
encapsulate various dye molecules onto a metallic core. Vo-Dinh and coworkers 
developed and characterized label-tagged gold nanostars, coated with a silica shell 
containing methylene blue [ 84 ]. Silica encapsulation on GNS and their intracellular 
SERS detection were also reported by the same research group [ 106 ]. 

 Gold nanostars due to a range of properties are promising platforms for applica-
tions in medicine and biology. The techniques used for their synthesis were reviewed 
in this chapter. Since for a variety of applications surface functionalization of 
GNS is essential, different functionalization approaches were also discussed here. 
The next chapter focuses on physical properties giving an explanation of righteous 
reinforced attention to these types of gold nanoparticles.      
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