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ABSTRACT: We report the synthesis of branched gold
nanoshells (BGNS) through a seeded-growth surfactant-less
method. This was achieved by decorating chitosan-Pluronic
F127 stabilized poly(lactic-co-gycolic) acid nanoparticles
(NPs) with Au seeds (NP-seed), using chitosan as an
electrostatic self-assembling agent. Branched shells with
different degrees of anisotropy and optical response were
obtained by modulating the ratios of HAuCl4/K2CO3 growth
solution, ascorbic acid (AA) and NP-seed precursor. Chitosan
and AA were crucial in determining the BGNS size and
structure, acting both as coreductants and structure directing
growth agents. Preliminary cytotoxicity experiments point to
the biocompatibility of the obtained BGNS, allowing their potential use in biomedical applications. In particular, these
nanostructures with “hybrid” compositions, which combine the features of gold nanoshells and nanostars showed a better
performance as surface enhanced Raman spectroscopy probes in detecting intracellular cell components than classical smoother
nanoshells.

KEYWORDS: hybrid nanoparticles, nanoshells, surfactant-less synthesis, controlled topography, surface enhanced Raman scattering,
cell viability

1. INTRODUCTION

Obtaining metal nanoparticles (NPs) through highly efficient
and controlled synthetic methodologies has been a very active
area of research during the past two decades due to their
unique size- and shape-dependent properties.1−3 In particular,
gold (Au) NPs exhibit remarkable optical properties due to
their localized surface plasmon resonance (LSPR) absorption
with peak positions that are largely dependent on the NP size,
shape, composition and the dielectric constant of the medium.4

Also, the strong electromagnetic field generated by LSPR
excitation can drastically enhance the fluorescence and Raman
signals of nearby molecules.5−7 Hence, all these extraordinary
properties have increased the potential applications of these
nanoscaled materials in different fields such as in catalysis,8,9

photonics,10,11 sensing12,13 or nanomedicine,14,15 among others.
Au NPs have been produced to different shapes, such as

spheres,16,17 rods,18,19 prisms,20 cubes,21 plates,22 nanoshells,23

hollow24 and branched25 NPs. Nonspherical NPs and nano-
shells can exhibit, for example, important shifts of their LSPR
bands to the red and near-infrared region (NIR) of the
electromagnetic spectrum. Thanks to their great energy
absorption capabilities, they can generate considerable heat
under red and near-infrared (NIR) radiation, becoming
excellent photothermal agents; they possess unique catalytic
and surface enhanced Raman spectroscopy (SERS) properties

in comparison to spherical NPs due to the their larger surface
area, more availability of reactive metal sites and the anisotropic
distribution of the electromagnetic field near their surface,
respectively. In addition to the former properties, the hollow
architecture of Au nanoshells also enables the encapsulation of
different cargo molecules to provide further functionalities,
which opens up their special utility in the fields of diagnosis and
therapy.26,27

On the other hand, both theoretical calculations and
experimental data indicate that a large electromagnetic field
enhancement exists at the tips of branched particles, leading to
stronger SERS and photothermal activities, provided that their
larger specific surface areas facilitate a higher photohermal
transduction efficiencies and an easier penetration of the
electric field in comparison to smoother nanostructures.28,29

Hence, the combination of a branched surface structure and
cargo loading capability in a single nanostructure can open the
door to develop a new class of exciting multifunctional
nanomaterials for sensing and biomedical applications. In this
regard, Halas et al. have synthesized nanoshells with a
roughened surface by treating presynthesized nanoshells with
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an aqueous solution containing cetyltrimethylammonium
bromide (CTAB), HAuCl4 and ascorbic acid (AA) followed
by chemical etching of the presynthesized nanoshells.30,31

However, this methodology did not give rise to highly surface
anisotropic structures, and the far-field scattering properties of
these roughened nanoshells were similar to those of smoothed
ones except for small differences in the angular light scattering
distributions; in addition, the used postsynthesis chemical
etching approach is not ideal because it can lead to particle
destabilization and does not allow control of the surface
topography. To solve this issue, very recently, Park et al.
developed a high yield synthetic method to radially arranged
gold spikes on the surface of polymeric NPs, the so-called
“spiky nanoshells”.32,33 The synthetic procedure is based on the
CTAB-assisted seed-growth method29,30 on negatively charged
polymer templates in the presence of silver (Ag) ions. This
methodology leads to Au nanospikes organized at a radial
position determined by the size of the polymer template. The
presence of CTAB and/or metal halide salts, in particular NaBr,
plays a key role in the formation and regulation of the spiky
shell morphology.34 However, this process has still several
drawbacks as (i) the use of toxic cationic surfactants (CTAB)
during the particle synthesis, which can be a severe problem for
intended biomedical applications if their full elimination is not
completely achieved; or (ii) it is composed of several reduction
steps, i.e., the reduction of deposited Ag ions on the polymeric
template surface by NaBH4, followed by the CTAB-assisted
growth of branches/spikes on the Ag seeds by reduction of an
Au growth solution by AA, and subsequent exploitation of the
preferential binding of bromide ions (from CTAB) to selective
facets of Au NPs.35

Here, we report an alternative methodology to synthesize
branched gold nanoshells (BGNS) in high yield based on a
simpler seed-reduction method. In this approach, preformed
citrate-stabilized Au seeds were attached on the surface of
chitosan-Pluronic F127 stabilized poly(lactic-co-gycolic) acid
(PLGA) NPs and subsequently anisotropically grown by the
addition of a growth solution exclusively composed of Au salt,
potassium carbonate (K2CO3) and AA. By altering the feeding
ratio of different raw components, the structure of the
anisotropic metal nanoshells can be tuned and, as a
consequence, their associated optical properties too. Finally,
the biocompatibilty of the as-obtained nanoshells was tested in
vitro to decipher future use in biological applications as
biomedical nanoplatforms. Also, a preliminary test of the SERS
detection capability of intracellular components of the present
spiky nanoshells was performed and compared to that of
smoother nanoshells.

2. MATERIALS AND METHODS
2.1. Materials. Poly(D,L-lactic-co-glycolic) (PLGA) of 40−75 kDa

with a 50:50 lactide−glycolide ratio, Pluronic F127, hydrogen
tetrachloroaureate(III) trihydrate (HAuCl4·3H2O), low molecular
weight chitosan (LMW-chitosan, MW = 111 kDa), potassium
carbonate anhydrous, sodium borohydride, sodium citrate tribasic,
resazurin (7-hydroxy-3H-phenoxazin-3-one 10-oxide) and ascorbic
acid were purchased from Sigma-Aldrich (St. Louis, MO, USA).
ProLong Gold antifade reagent with DAPI, Dulbecco’s modified Eagle
medium, fetal bovine serum (FBS), L-glutamine, penicillin/strepto-
mycin, sodium pyruvate and MEM nonessential amino acids (NEAA)
were purchased from Invitrogen (Carlsbad, USA). Dialysis membrane
tubing (molecular weight cutoff ∼ 3500) was purchased from
Spectrum Laboratories, Inc. (Rancho Dominguez, California). Thiol-
PEG (HS-PEG, molecular weight 5000 Da was from Polymer Source

(Ontario, Canada). All other chemicals and solvents were of reagent
grade (purchased from Sigma-Aldrich). Milli-Q water was used for all
aqueous solutions. All glassware was washed with aqua regia and HF
5% (v/v) and extensively rinsed with water.

2.2. Preparation of PLGA NPs. PLGA NPs were synthesized by a
nanoprecipitation method with modifications. Briefly, a 10% (w/v)
solution of PLGA in acetone was added dropwise at a flow ratio of
0.166 mL/min to 50 mL of a cooled (10 °C, 1% (w/v) aqueous
solution of F127 copolymer (PEO98−PPO67−PEO98) under moderate
magnetic stirring (250 rpm). Then, the resulting emulsion was
homogenized with a tip sonicator (at 100 W, 20 kHz Bandelin
SonoPuls, Bandelin Electronic GmbH, Berlin, Germany) for 10 min in
an ice cold bath. The emulsion was magnetically stirred for 4 h and
then centrifuged in 10 mL tubes at 9000 rpm for 30 min at 18 °C. The
resulting pellets were dispersed in 5 mL of water, stirred for 4 h,
centrifuged and dispersed again under the same conditions. The final
PLGA NP dispersion was translucent and homogeneous with
hydrodynamic size and ζ-potential of 110 ± 20 nm and −39 ± 7
mV, respectively.

2.3. Synthesis of Au Seed NPs. Citrate-capped gold seeds were
prepared based on a method previously reported by Jana et al.18

Briefly, 10 mL of 0.026 mM trisodium citrate was mixed with 0.125
mL of 0.010 M HAuCl4·3H2O. Next, 0.3 mL of 0.1 M ice cold NaBH4
solution was added and the solution mixed. The solution turned
orange-pink immediately, indicating particle formation. The seed
dispersion was aged overnight to allow for decomposition of unreacted
NaBH4. The average particle size obtained from transmission electron
microscopy (TEM) was 3 ± 1.5 nm.

2.4. Preparation of NP-Seed Precursor. PLGA NPs have a
negative surface charge (ca. −40 mV) due to the carboxyl groups of
PLGA chains. We used chitosan, a natural biocompatible polycation,
to reverse the surface charge of NPs to positive and allow the
subsequent attachment of negatively charged Au seeds. Briefly, 5 mL
of PLGA NPs (∼4 × 1011 NPs/mL) was mixed with 1.25 mL of 1%
(w/v) chitosan (in 1% (v/v) acetic acid) and the mixture was stirred
for 4 h at room temperature, followed by centrifugation at 9000 rpm
for 30 min at 18 °C and subsequent dispersion in 25 mL of water. The
ζ-potential of chitosan-coated PLGA NPs was +15 ± 6 mV. Then, 25
mL of Au seeds (∼1 × 1014 NPs/mL) was added and the mixture was
stirred for 4 h, followed by centrifugation at 7000 rpm for 20 min at 18
°C. The supernatant was discarded and the pellets were dispersed in
25 mL of water. The NP-seed dispersion was sonicated (20 W, 20
kHz) for 5 s to avoid any kind of particle aggregation. The final NP-
seed concentration was calculated to be ca. 4.0 × 1011 NP/mL.
Control samples without chitosan as the seed-attaching element were
prepared by mixing 4 mL of PLGA NPs with 21 μM cysteamine, 21
μM EDC and 21 μM sulfo-NHS. This mixture was reacted for 4 h
followed by centrifugation at 9000 rpm for 30 min and 18 °C and
subsequent dispersion in 2 mL of water. Twenty milliliters of citrate-
capped seeds were added. Incubation and washing steps were the same
as those of NP-chitosan-seeds samples.

2.5. Preparation of Au Growth Solution. Au growth solution
was prepared by dissolving 0.05 g of K2CO3 in 98 mL of water. After
30 min of stabilization, 2 mL of 0.025 M HAuCl4·3H2O was added
and the solution aged for 24 h. The solution had a pH = 9.87 right
before the synthesis. At this pH, the predominant species of Au are
[AuClx(OH)4−x]

− (x = 0−4), with predominance of [Au(OH)4].
36

The final concentration of Au3+ in the growth solution was 0.6 mM.
2.6. Branched Gold Nanoshell Growth (BGNS). To ensure

homogeneous BGNS sizes, NP-seed precursor was first filtered with
1.2 μm filters (Merck Millipore, MA, USA) to eliminate large
aggregates formed during centrifugation. In a typical synthesis, 0.5 mL
of NP-seed precursor was mixed with 2.5 mL of the Au growth
solution under moderate stirring (400 rpm) at 25 °C. After 1 min, 5 to
75 μL of fresh 0.5 M AA (pH = 1.95) was added and the reaction
volume brought to 6.5 mL. After a few seconds, the mixture changed
from colorless to blue, indicating the formation of branched
nanoshells. A similar procedure was followed when changing the
NP-seed and the Au growth solution concentrations by adding
different volumes of the stock solution (from 0.01 to 3 mL depending
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on conditions, see below). After completion of the reduction reaction,
and in order to ensure water stability for long time, thiolated
polyethylene glycol was linked to the surface of the nanoshells. Briefly,
BGNS (optical density ∼ 1), K2CO3 (20 mM) and SH-PEG-OCH3
(0.5 mM) were mixed in a volume ratio of 2:1:2. The conjugation was
carried out at 4 °C for 4 h under moderate stirring. Pegylated BGNS
were centrifuged at 3500 rpm for 15 min at 20 °C to eliminate free
SH-PEG-OCH3, and subsequently dispersed in water.
2.7. Particle Characterization. Dynamic light scattering (DLS)

measurements were performed at 25 °C by means of an ALV-5000F
(ALV-GmbH, Germany) instrument with λ = 488 nm wavelength,
scattering angle to incident beam was θ = 90° and sampling time 120 s.
The ζ-potential measurements were performed at 25 °C in a Zetasizer
Nano ZS (Malvern Instruments, UK) using folded capillary disposable
cells and measured by triplicate. UV−vis spectroscopy measurements
were performed in a CARY 100 Bio UV−visible (Agilent
Technologies, Santa Clara, USA) spectrophotometer. UV−vis spectra
of BGNS were recorded 30 min after the growth reaction without
dilution if not otherwise stated. UV−vis kinetic experiments were
recorded with a sampling time of 5 s at 25 °C. Transmission electron
microscopy (TEM) images of PLGA NPs and BGNS were obtained
with a Philips CM-12 (Philips, The Netherlands) microscope
operating at 120 kV. HR-TEM images and selected area electron
diffraction (SAED) patterns were obtained with a transmission
electron microscope (Carl-Zeiss Libra 200 FE-EFTEM, Germany)
operating at 200 kV. Scanning electron microscopy (SEM) images
were obtained with a FESEM Ultra Plus (Zeiss, Germany) microscope
operating at 20 kV. X-ray diffraction (XRD) experiments were carried
out with a rotating anode X-ray generator (Siemens D5005,
Germany). Twin Göbel mirrors were used to produce a well-
collimated beam of Cu Kα radiation (λ = 1.5418 Å). X-ray diffraction
patterns were recorded with an imaging plate detector (AXS F.Nr. J2−
394). The gold concentration in solution was determined by
inductively coupled plasma-mass spectrometry (ICP-MS) in a Varian
820-MS instrument (Agilent Technologies, USA). The number of Au
NS was calculated assuming a sphere model of 200 nm in diameter.
For corroboration, the BGNS concentration was also calculated by the
following equation which is derived from Beer’s law:

σ
=

·
·
A

b
nanoshells

mL

2.303 peak

ext (1)

where Apeak is the experimental absorption at the peak plasmon
resonance wavelength, σext is the theoretical extinction cross section at
the peak plasmon resonance wavelength taken from Mie theory (∼2 ×
1012 M−1 cm−1) and b is the path length of the cuvette used, in
centimeters.
2.8. Cell Nanoparticle Uptake. BGNS uptake was followed by

confocal microscopy by seeding HeLa cells on poly-L-lysine coated
glass coverslips (12 × 12 mm) placed inside 6-well plates (3 mL, 1.5 ×
105 cells/well) and grown for 24 h at standard culture conditions, that

is, 5% CO2 at 37 °C) in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 1% penicillin/
streptomycin, 1 mM sodium pyruvate and 0.1 mM MEM non-essential
amino acids (NEAA). Then, 400 μL of NP solution (1 × 109 NPs/
mL) in PBS was added to cells. After 6 h of incubation, the NP-
containing cells were washed three times with PBS pH 7.4 and then
fixed with paraformaldehyde 4% (w/v) for 10 min and washed with
PBS. Samples were visualized with an oil immersion 63× objective
(NA 1.4) using a DMI6000B Leica microscope (Leica Microsystems,
Germany) in differential interference contrast (DIC) mode.

Uptake of BGNS by HeLa cells was also investigated by TEM.
HeLa cells were seeded in 6-well plates (3 mL, 1.5 × 105 cells/well)
and grown for 24 h at standard culture conditions. Then, 400 μL (1 ×
109 NPs/mL) were added to cells. After 6 h of incubation, the NP-
containing cells were washed three times with PBS, trypsinized and
centrifuged at 1500 rpm for 4 min. Cell pellets were fixed with 500 μL
of 2.5% (v/v) glutaraldehyde. The pellet was then included in agar,
postfixed with osmium tetraoxide in 0.1 M cacodylate buffer (1% (w/
v)) and finally pelletized with Eponate (Ted Pella Inc., Redding, CA,
USA). Ultrathin cuts were obtained with an ultramicrotome (UltraCut
S, Leica, Germany) and were analyzed by TEM (JEOL JEM 1011,
Japan).

2.9. Resazurin Cell Cytotoxicity Assay. HeLa cells were seeded
in a 96-well-plate at 15 000 cells/well (3 wells/sample) in 100 μL
growth medium (Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
1% penicillin/streptomycin, 1 mM sodium pyruvate and 0.1 mM
MEM non-essential amino acids (NEAA). After 24 h, cells were
incubated for 6 h with 50 μL of BGNS at different concentrations and
some cells were left without BGNS as a control (blank). Then, cells
were washed with PBS and a solution out of 10% (v/v) of resazurin
(Sigma-Aldrich) and 90% of growth medium was added to each well
(100 μL/well) and incubated for 3 h. Fluorescence spectra were
recorded with a microplate fluorescence spectrometer (FluoroLog-3,
Horiba, Japan). Spectra were recorded by exciting at 560 nm and
recording fluorescence emission in the range 572−650 nm. The
background signal (640−650 nm) was subtracted to the average
maximal fluorescence of each sample. Values were normalized and
plotted against concentration in logarithmic scale.

2.10. Surface-Enhanced Raman Spectroscopy. SERS measure-
ments were done with cells grown on quartz coverslips (0.2 mm) and
incubated with media containing 1 × 1010 NP/mL of either smooth or
spiky nanoshells for 6 h. To confirm a relative similar amount of
nanoshells internalized by cells, NP-containing cells were washed three
times with PBS, trypsinized, counted and digested in 0.5 mL of aqua
regia (one part 100% HNO3 to three parts 100% HCl). Each sample
volume was made up to 5 mL with distilled water, and the gold
content was determined by inductively coupled plasma-mass
spectrometry (ICP-MS) in a Varian 820-MS instrument (Agilent
Technologies, USA).

Scheme 1. Growth of Branched Gold Nanoshells on PLGA NPs Using Chitosan or Cysteamine as Binding Linkers for Au Seeds
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Raman spectra were measured upon excitation with a 785 nm laser
line to avoid cell damage. Inelastically scattered light was collected
with a Renishaw Invia Reflex system, equipped with a confocal optical
microscope, high resolution gratings (1200 g mm−1), a two-
dimensional CCD detector and an x,y,z motorized stage with 100
nm of resolution. Spectra were collected by focusing the laser line onto
the sample, using a 100× objective (N.A. 0.95), which provided a
spatial resolution of about 1 nm2, with accumulation times of 5 s and
laser power at the sample of 5 mW. Bulk Raman spectra of cells with
no nanoshells were acquired with a laser intensity of 75 mW and 120 s
acquisition times and averaged on more than 50 cells and background
corrected.

3. RESULTS AND DISCUSSION
The current synthesis of BGNS involved the preparation of Au
seed-decorated PLGA NPs (NP-seed) and subsequent

branched nanoshell growth by using a growth solution
exclusively containing HAuCl4, K2CO3 and AA. In this way,
avoidance of CTAB eliminates the inherent disadvantages of its
use in the synthetic process such as difficulty of clearance and
potential toxicity in biomedical applications.32,33 The reaction
of HAuCl4 and AA has been previously used to grow dendritic
patches onto polystyrene nanospheres by exploiting the
conformal surface growth of Au onto the polymeric NP surface
regulated by AA surface adsorption,37 or to obtain flower-like
gold NPs by using chitosan as a stabilizing agent.38 Silver−

polymer composites were also grown using PLGA NPs to
electrostatically attach silver ions and subsequently photo-
reduced; capping agents such as poly(vinyl alcohol) (PVA) or
sodium citrate were added prior the addition of the strong
reducing agent (AA) to complete the reduction reaction.39

However, in contrast to the methodology developed here, in
the latter approach, the addition of the capping agents was key
to attain the star-like structure; in its absence, only spheroidal-
like particles were obtained. Hence, to the best of our
knowledge, this is the first work in which the present synthetic
approach is used to obtain branched gold nanoshells.
As with most anisotropic particles, the growth of the gold-

branched shells on top of chitosan/F127-functionalized PLGA
NPs is a seed-mediated process. In a typical synthesis (see
Scheme 1), Au seeds with a diameter of ca. 3 nm were prepared
by a fast reduction with sodium borohydride in the presence of
sodium citrate as a capping agent (Figure S1a, Supporting
Information).18 Then, these seeds were electrostatically bound
to chitosan-F127 stabilized PLGA NPs (Figure S1b, Supporting
Information) (ca. 125 nm in diameter as measured by DLS and
net surface charge of +15 ± 6 mV) obtained by a
nanoprecipitation method in order to promote the heteroge-
neous nucleation onto the bound Au seeds.
To grow the branched gold nanoshells, the seed-decorated

polymeric PLGA NPs were placed into a growth solution
containing HAuCl4 and K2CO3. Because of the pH-dependent
weak reducing activity of AA, with values of −0.127 and −0.34
V for pH values of 4.0 and 7.0, respectively,40 this molecule
could only reduce Au salt in the presence of previously formed
Au seeds (with an standard reduction potential E0 = 1.002 V),
but not isolated AuI to Au0 (E0 = −1.5 V),41 leading to a
preferential reduction of Au salt on the seed surfaces. This
should directly contribute to the formation of branches on the
seed-decorated PLGA NPs used as nanotemplates presumably
because of the slow and directional diffusion of gold precursors
to the NP-attached seeds which, in the present case, is not
regulated by the presence of halide ions as reported in previous
works.34 TEM images (Figure 1) revealed that synthesized
BGNS were covered with branches in high yield, and the final
product was free of small particles and other nanostructures.
The branches formed were stable, with an average diameter and
length of 14.4 ± 4.7 and 37.5 ± 7.0 nm, respectively, and hardly
changed after several months of storage at room temperature
under common laboratory conditions. Resulting branched Au
nanoshells prepared by this process possess the advantages of

Figure 1. a) TEM images of BGNS with spikes protruding from the core (AA solution =5 μL (0.5 M), Au growth solution =2.5 mL, and NP-seeds
solution =0.5 mL). b) SEM image showing the high yield production of BGNS and negligible undesired byproducts. Scale bar is 200 nm in a) and
500 nm in b).

Figure 2. Effect of [AA]:[Au3+] molar ratio on normalized UV−vis
extinction spectra of BGNs. Volumes of Au growth solution and NP-
seed were kept constant at 2.5 and 0.5 mL, respectively. The AA
solution concentration was 0.5 M.
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being quickly and easily obtained, enabling the control of their
morphology without using toxic materials.
In this synthetic procedure chitosan plays an important role.

Chitosan is a relatively stiff polymer with a large persistence
length, causing the polymer chain conformation to resemble an
open three-dimensional scaffold. First, chitosan chains can
contribute as a reducing agent in the redox reaction of
HAuCl4

42,43 thanks to the high affinity of amine groups to Au,
possibly acting as nucleation sites. However, in the presence of
chitosan solely, 1 day is needed at least to produce a partial

roughened gold coverage around the polymeric NPs, with an
extinction peak centered at ca. 570 nm typical of aggregated Au
NPs (Figure S2, Supporting Information). The full metal
coverage of the polymeric core is not achieved, confirming that
the biopolymer does not act as a strong reducing agent. The
electrostatic interactions between chitosan’s amine groups and
primary added Au seeds and the scrolling and protrusion
capacity of vicinal chitosan chains can also triggered for
additional agglomeration and growth coalescence of primary
seeds, which may act as secondary nuclei to give larger crystals

Figure 3. TEM images showing the effect of [AA] on NP size and structure. Added AA volumes (0.5 M) were (a) 10 μL, (b) 20 μL, (c) 50 μL and
(d) 75 μL, corresponding to [AA]:[Au3+] molar ratios of 3.3, 6.7, 16.7 and 25, respectively. Au growth solution and NP-seed volumes were kept
constant at 2.5 and 0.5 mL, respectively. (e) Size distribution of BGNS observed in panel a. (f) Size distribution of BGNS observed in panel d. Scale
is 200 nm in panels a and c, and 500 nm in panels b and d.
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configuring the nanoshell spikes; that is, chitosan chains can
also act as a structure-directing agent supporting the growth of
anisotropic gold shells.44,45 TEM and HR-TEM images confirm
this point (Figure S2b,c, Supporting Information), where some
agglomerates of small particles can be observed. The HR-TEM
image exhibited regions of varying contrast much different from
the uniformly dark particles of spherical Au nanocrystals. Also,
the flat nature of these nanocrystals can be deduced by the
presence of Moire ́ patterns arising from the presence of two
superimposed, different crystal lattices.46

It is well-known that the plasmon peak position of smooth
shells can be readily controlled by changing the ratio between
the core diameter and shell thickness, and that the increased
core/shell ratio results in strong red shifts of the nanoshell’s
plasmon band.30 However, very large cores are often not
desirable, as they significantly increase the overall particle
diameter, and the preparation of very thin uniform shells can be
synthetically challenging. Hence, by coupling a shell with
branches one can readily tune the plasmon band over a wide
wavelength range without significantly changing the nanoshell
size (or the amount of gold). Trying to decipher the
mechanism/s involved in their formation, we here considered
the effect of the variation of different factors involved in the
synthesis of these spiky gold nanoshells in order to test their
influence on the reaction kinetics and on the size, shape and
optical properties of the resulting particles.

3.1. Effect of Ascorbic Acid. Experimentally, the influence
of AA concentration and, hence, of changes in the [AA]:[Au3+]
ratio on the structure and properties of BGNS was studied. As
already well-known, the reduction of the auric ion by AA is
stoichiometric at a molar ratio of ascorbic acid to gold
(AA:Au3+) of 1.5.47 All present experiments were performed at
an AA:Au3+ ratio above 1.7 so it is clear that the branched
morphology results in the presence of an excess of AA. The
increase of ascorbate ions from 0.0025 to 0.0375 mmol
(corresponding to volume additions from 5 to 75 μL of a 0.5 M
AA solution) led to a rapid change in solution color from
colorless to blue-greenish in few seconds, indicating the main
role of AA as a reducing agent.
The observed widespread heterogeneous nucleation may

result from the fact that both the gold precursor, [Au-
(OH)xCl4−x]

− and AA are expected to adsorb onto the seed-
decorated core polymeric particles, further raising the
probability of nucleation on the surface of NPs. AA might
also bind to the chitosan chains favoring the surface reduction
of Au ions in the closest vicinity of electrostatically attached
gold seeds along the biopolymer chains, which would facilitate
the anisotropic shell morphology. The observed changes in
solution color would correspond to variations in the position of
the wide plasmon absorption band of Au nanoshells spreading
over ca. 500−1000 nm, as well as in the NP size and shape. In
particular, the plasmon extinction peak first red-shifted from ca.
680 nm to more than 1000 nm for [AA]:[Au3+] molar ratios
ranging from 1.7 to 6.7, respectively, typical of the emergence
and growth of multiple spikes onto their surfaces and further
size increase of nanoshells (Figure 2a). TEM images showed
that the products of such reactions exhibited branched
structures, with the number and length of branches increasing
as the AA concentration does within this concentration range
(Figure 3a,b,e).
Conversely, upon addition of larger amounts of AA ([AA]:

[Au3+] ratios from 10 to 25), a blue shift of the plasmon peak is
observed as a consequence of the progressive formation of
more spheroidal and less roughened nanoshells, with an
apparent growth of the nanoshell core and the reduction in
the number and protrusion of spikes (Figure 3c,d,f).
The whole nanoshell diameter slightly decreased from 210 to

190 nm, as previously observed in the formation of pure gold
star-shaped NPs in aqueous solution.48 The apparent
protrusion of these gold structures demonstrates that they
were unlikely formed in the bulk and subsequently attached to
the core-PLGA nanospheres by heterocoagulation but they

Figure 4. (a) TEM image showing the presence of twinning in branches (see arrow); (b) TEM image of nanoshells grown in the absence of
chitosan, in which only small protuberances appeared. Scale bar is 100 nm.

Figure 5. Effect of NP-seed on the UV−vis absorption spectra of
BGNS. Volumes of Au growth solution and AA were kept constant at
2.5 mL and 50 μL, respectively ([AA]:[Au3+] = 16.7). As the number
of NP-seed increases, the plasmon band maximum red-shifts.
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have been, in fact, heterogeneously nucleated and grown in all
accessible dimensions (laterally as well as toward the bulk
solvent). Hence, the obvious variation of nanoshell size and
morphology by controlling the AA concentration clearly
involved that the supply of Au0 in the reaction system was a
key for generating branched nanoshells. In this regard, it is
necessary to bear in mind, on one hand, that the nature of gold
reduction strongly depends on the dissociation degree of the
AA molecule. As indicated in Figure S3 (Supporting
Information), the pH of the reduction reactions carried out
for the analyzed [AA]:[Au3+] ratios varied between 2.98 (for
[AA]:[Au3+] = 25) and 7.15 (for [AA]:[Au3+] = 1.7). With

dissociation constants pKa,1 = 4.17 and pKa,2 = 11.58 it is,
therefore, expected that mainly the nondissociated (H2Asc) and
singly deprotonated (HAsc−) forms of AA participate in the
gold reduction reaction. As has been previously noted, the
reducing strength of ascorbic acid increases with pH, i.e., with
the prevalence of the HAsc− form.49 As observed by analyzing
the reaction kinetics through spectrophotometry (see below), it
can be deduced that even at low AA concentrations, the
transformation of AuI to Au0 was sufficiently fast to induce a
branched full coverage of the nanoshell surfaces, being the
HAsc− form of AA the main reducing species. We then tried to
isolate the effect of solution pH and, thus, on metal shell

Figure 6. TEM images of BGNS showing the effect of added NP-seeds. Added volumes were (a) 0.5 mL, (b) 1 mL, (c) 2 mL and (d) 3 mL. The AA
and Au growth solution molar ratio was kept constant at [AA]:[Au3+] = 16.7. (e) Size distribution of BGNS observed in panel a. (f) Size distribution
of BGNS observed in panel d. Scale bars are 100 nm in panels a and b, and 200 nm in panels c and d).
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growth, by keeping constant the solution pH while adding
different amounts of AA. If the pH of the reaction mixture was
maintained at 4.0, it could be observed that even at low added
AA concentrations, a relatively smooth gold coverage was
obtained in contrast to the more branched structures observed
when added the same [AA] concentration without pH control,
that is, at the natural pH of the reaction solution (ca. 6.4) as a
consequence of the lower reactivity of AA under acidic
conditions. Conversely, if the solution pH was kept at 7.0,
branched shells were obtained even at [AA]:[Au3+] ratios >16.7
in contrast to much more smoother shells under the natural pH
of the reaction solution (ca. 3.5). At larger values, smoother
shells were again obtained (Figure S4, Supporting Informa-
tion). Hence, these results additionally confirm the former
statements about the role played by the activity of the reducing
species of AA. However, changes in reactivity of [Au-
(OH)xCl4−x]

− species with pH (that is, with added AA) may
also play a role. In this regard, Phothammachai and White have
already reported that the pH of the gold plating solution was
crucial for the growth of gold crystals on the surface of silica
nanoparticles, suggesting the different reactivity of gold ions
complex [Au(OH)xCl4−x]

− would influence the formation of
Au nanocrystals.50 Also, Au−Cl complexes formed by the
presence of important amounts of Cl− and H+ ions under acidic
conditions served as transport species for Ortwald ripening on
the Au layer favoring the formation of smoother gold coatings,
whereas at more basic pH, the formation of less Au−Cl
complexes due to the competition of OH− with Cl− ions in
solution involved more rough surfaces as a consequence of the
restriction of movement of Au atoms on the shell surface.51

On the other hand, the concentration-dependent facet
selectivity of Au0 onto the seed surfaces might favored the
preferential growth along certain crystalline faces of the initial
nuclei distributed along the extended and protruded chitosan
chains (polycrystalline citrate−Au seeds), in particular, along
existent twin boundaries in a kinetically controlled process as
occurred for pod and star-shaped single NPs45,47 (Figure 4a).
However, we think that the branched shell formation is

largely conditioned by the presence and the ionization and
conformation state of chitosan chains, which act as nucleation
centers and structure directing agents. In this regard, when
chitosan is absent in the reaction solution (for example, when
substituted by cysteamine molecules covalently attached to

PLGA carboxyl groups with EDC/sulfo-NHS), only slightly
roughened nanoshell surfaces were obtained (Figure 4b).
Because the pKa of chitosan is ca. 6.5, at relatively low added
AA concentrations ([AA]:[Au3+] < 6.7), the extent of
protonation of their amine groups will be largely decreased,
consequently reducing to a great extent the attachment of
seeds/gold ions to the polymer chains, which allows a localized
nucleation and crystal growth in certain orientations leading to
the anisotropic structures. On the other hand, when the added
AA concentration is larger ([AA]:[Au3+] > 6.7) an additional
pH decrease takes place, being the nondissociated form of AA,
H2Asc, the main reducing species. The lowering of solution pH
would lead to enhanced electrostatic interactions between
positively charged chitosan chains and negatively charged gold
ions (HAuCl4

−) and seeds. Regardless, H2Asc possess lower
reducing activity, the combination of a large reductant excess
concentration and a relatively large seed attachment onto
chitosan chains would favor a more uniform metal ion
deposition. Also, the AA excess might be also uniformly
adsorbed on the surface of nanoshells by means of strong N−
H···O−C hydrogen bonding between the amine groups of
chitosan chains and the vinylogous carboxylate group of AA,52

additionally favoring a more uniform shell growth as observed.
This would highlight the multifunctional role of AA, acting as
both as a reducing agent and as a stabilizer, being this effect
especially relevant at high [AA]:[Au3+] ratios ([AA]:[Au3+] >
10).
Hence, the previous experimental data demonstrated the

possibility to tune the morphology of as-prepared nanoshells by
altering, at least partially, the reduction rate of AuI to Au0 and/
or the solution pH. Because the amount of seeds was fixed to
0.5 mL, the enhanced Au0 concentration provided by excess of
reductant, in turn, increased the Au0/seed ratio, which
represented the reactivity of gold ions. This led us to investigate
the influence of other experimental variables that could improve
the Au0/seed ratio, which also allowed for tailoring the
properties of the present BGNS.

3.2. Influence of NP-Seed Precursor. The influence of
NP-seed concentration on the properties of as-prepared BGNS
was also studied. As the amount of NP-seed increased by
addition of 0.1 to 3 mL of NP-seed stock solution (with the
[AA]:[Au3+] ratio fixed at 16.7), a progressive red shift of the
wide plasmon absorption band maximum from 672 nm to
>1000 nm with no signs of particle aggregation was observed
(Figure 5).
Under TEM, complete nanoshell gold coverage was observed

accomponied with increases in the size, number and length of
the branches as the NP-seed concentration increases (Figure
6). Obviously, the addition of more seed-decorated polymeric
NPs led to lower Au0/seed ratios providing less Au0 to supply
the growth on each NP. A lower Au0/NP seed ratio then
facilitated a branched growth rather than an isotropic one,
which also relied on the AA concentration as commented
previously.
A control experiment indicated that at a relatively low added

AA concentrations (for example, after the addition of 10 μL of a
0.25 M AA solution), the as-prepared nanoshells were even
more branched in spite of NP sizes became larger with the
increase of added NP-seeds (Figure S5, Supporting Informa-
tion). As mentioned previously, regardless, a relatively fast
reduction of AuI to Au0 was achievable even at low AA
concentrations, which led to a relatively high reactivity of gold
ions; lower Au0/NP-seed proportions seem to favor the

Figure 7. Effect of Au3+ growth solution volume on UV−vis
absorption spectra of BGNS. Volumes of AA and NP-seed were
kept constant at 50 μL (0.5 M) and 1 mL, respectively.
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deposition of Au on more energetically favorable directions,
resulting in the anisotropic growth of the agglomerated
nanocrystals around the chitosan chains.
3.3. Influence of Au Growth Solution. Another factor

that changes the plasmonic properties and structure of the
BGNS was the variation of HAuCl4 growth solution
concentration. As shown in Figure 7, increases of added gold
salt at low concentrations (<0.6 μmol) led to a red shift of the
BGNS plasmon absorption band from 545 to 820 nm
associated with the progressive formation of a full metal layer
and an increase in the number and length of spikes on the

nanoshell surfaces, with whole NP sizes of ca. 188 ± 15 nm. At
larger added Au3+ concentrations (0.75−1.5 μmol), increases of
both the nanoshell core sizes and of spike widths were
observed, in agreement with previous observations in section
3.2 at similar Au0/NP-seed ratios (see Figure 6b). Thus, the
shell thickness was increased, which agreed with the blue shift
of the nanoshell’s plasmon band from 820 to 740 nm as a
consequence of the spike overlap and reduced surface
roughness (Figure 8).30

Hence, the increase of HAuCl4 at fixed AA and seed
concentrations promoted the reduction of Au3+ to Au+ and,

Figure 8. TEM images showing the effect of Au growth solution concentration. Added volumes of Au growth solution were (a) 0.01 mL, (b) 0.1 mL,
(c) 1.25 mL and (d) 2.5 mL. AA and NP-seed volumes were kept constant at 50 μL (0.5 mM) and 1 mL, respectively. (e) Size distribution of BGNS
observed in panel b. (f) Size distribution of BGNS observed in panel d. Scale bars are 200 nm.
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subsequently, a reduction of Au+ to Au0, which enhances the
reactivity of gold ions. Under these conditions (relatively high
concentrations of AA and NP-seeds), the formation of
branched structures was first favored at low gold concentrations
(hence involving lower Au0/NP seed ratios than those analyzed
in section 3.2) followed by an increase in size of the nanoshells,
i.e., the shell thickness, apparently by reducing the branch
lengths as a result of a much more uniform meatal coating.
3.4. Reaction Kinetics. The formation of branched-shell

NPs was facilitated by a large gold reactivity under certain

conditions, which was deduced as a kinetic-favored process, as
previously mentioned, because branching occurs regardless of
the growth solution/NP-seed ratio but being dependent on the
AA concentration and solution pH. We failed to catch in most
of the conditions the whole extension of the time-dependent
kinetics of branched-shell growth provided that they are almost
instantaneously formed after the addition of AA.
When possible, the spectra measured in situ during the shell

growth denote, on one hand, gradual red shifts of the plasmon
bands into the NIR region and, on the other, increases in light

Figure 9. (a) Time evolution of UV−vis absorption spectra upon addition of different volumes of AA. Au growth solution and NP-seed were kept
constant at 2.5 and 0.5 mL, respectively. (b) Time evolution of the plasmon peak wavelength position (λmax). (c) Time evolution of extinction
intensity at λmax.
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extinction with reaction time until reaching a plateau value as a
consequence of the progressive increase in shell thickness and
the number and length of spikes (Figure 9). In particular, as the
added AA concentration increases, the plasmon band addition-
ally red-shifts during the metal shell growth and the reaction
kinetics became faster. Above 20 μL of added AA (0.5 M), the
reduction reaction takes place instantaneously but a red shift of
the plasmon band with time can be also noted; however, the
absolute final position of the maximum blue-shifts due to the
observed changes in structure of the resulting nanoshells, as
mentioned previously in section 3.1. For example, we could
observe that upon injection of 5 μL of a 0.50 M AA solution,
the extinction reached its maximum within ca. 120 s (Figure 9,
row 1) and the plasmon peak is red-shifted ca. 100 nm from the
first time point measured (at 5 s). However, TEM images
obtained at short reaction times under the former reaction
conditions allowed to observe that the branch formation onto
the electrostatically attached seeds might already occur at the
earliest stages of the gold nanolayer formation, that is, when
this nanoshell is not fully developed (Figure 10a,b), in contrast
to previous observations by Wei et al.53 and Park et al.33 where
a very fast isotropic growth of gold islands takes first place
followed by the anisotropic growth of sharp branches onto

these islands. As the reaction carried on, the polymeric NPs
were fully covered with a gold shell which became thicker and
more branched after completion of the reduction reaction due
to the progressive depletion of the gold ions, which deposited
on more energetically preferred directions (Figure 10c,d).52

This fact would be additionally facilitated through the role
played by chitosan as agglomerating and directing agent of
crystal seeds in their vicinity to give intermediate particles
probably with crystal plane defects, which may additionally act
as additional nucleation growth centers for branch formation.55

It is worth mentioning that a slight blue shift of the plasmon
absorption band of ca. 30 nm is observed when the nanoshell
growth time is maintained from 3 to 8 min, followed by a
constant value if additionally prolonged (Figure S6, Supporting
Information). Within this time period, the nanoshell morphol-
ogy was slightly tuned from spiky to smoother gold nanoshells
(Figure 10f). These results would be consistent with a kinetic-
favored growth mechanism for the anisotropic gold nano-
shells.56 Namely, the kinetic-favored formation of the branched
shells should be thermodynamically unstable and tended to
transform to isotropic shells.57 Consequently, it seems that after
ca. 8 min, a thermodynamic equilibrium of the NP surfaces
structure was built up through the reorganization of their sizes
of surface atoms which, in turn, suppressed the additional
transformation of the NP morphology and, thereby, the blue
shift of absorption spectra.
The existence of highly active facets was confirmed by

powder XRD and HRTEM observation of spiky nanoshells
(Figure 11). XRD indicated that the lattice parameters of the
spiky nanoshells fitted well to the face-centered-cubic structure
of bulk gold crystal, showing reflections in the 2θ range of 25−
70° indexable to the (111), (200) and (220) reflections of fcc
Au (JCPDS, file no. 4-0784) (Figure 10a).55 SAED patterns
also confirmed that these branched nanoshells were crystalline
and randomly oriented, confirming the diffraction peaks
obtained by XRD (Figure 11b). The appearance of these
peaks meant that the spiky nanoshells were polycrystalline, in
particular, formed by a polycrystalline core with a number of
single crystal spikes branching out from the surface. Besides, the
nanoshells possessed the strongest (111) diffraction peak,
indicating that the branched growth of these hybrid particles
might be through the deposition of Au0 mainly on (111) lattice
planes. This consideration was further proved by HRTEM
(Figure 11c). Under HRTEM, interplanar distances in
elongated single branches were found to be 0.236 nm,
corresponding to (111) lattice planes, whereas in some
branches formed by several agglomerated crystals an interplanar
spacing of 0.206 nm was also found, corresponding to (200)
lattice planes. This result is reasonable because, despite that the
XRD and SAED patterns show predominace of (111) lattice
planes, peaks belonging to (200) and (220) crystal planes with
sufficient intensity are also present. For the analyzed branches,
the growth direction was vertical to the (111) plane, indicating
that this plane can be a high-energy facet and allowed
preferential deposition of gold ions.
The kinetics-favored profile of the spiky shell growth was

further proved by a stepwise addition of AA. In general, the
UV−vis spectra and, thus, the morphology of as-prepared
nanoshells were partially determined by the AA amount of the
primary addition, which did not relate to the total amount of
AA (Figure S7a−d, Supporting Information). The nanoshell
size via stepwise addition of AA was smaller than those via one-
off addition (from 200 to 180 nm, Figure S7e,f, Supporting

Figure 10. TEM images of BGNS growth. Reactants volumes were 2.5
mL of Au growth solution, 0.5 mL of NP-seed and 30 μL of AA (0.5
M), respectively. Aliquots (10 μL) of the reaction mixture were taken
at (a) 0, (b) 5, (c) 60, (d) 120, (e) 180 s and (f) 8 min. Scale bars are
50 nm in panels a, b and e, and 100 nm in panels c, d and f.
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Information). This fact revealed that the formation of the
branched shells was mostly favored by a sufficient initial
concentration of Au0 through AA reduction rather than its total
concentration during the reaction. Interestingly, the time
interval between the two injection steps also influenced the
plasmon absorption band and size of the nanoshells attributed
to the different face activity of gold seeds and particles during
the different growth time intervals (Figure 11d), as observed in
previous works.54 Similarly, it was also found that the use of
seeds stored within 1 day after preparation resulted in more
branched nanoshells than that over 1 day, provided that the
former possessed active facets with higher surface energy,
facilitating the deposition of Au0 along these facets and
therefore, the branched growth of the shells.
3.5. In Vitro Cytotoxicity Assay. To determine the

feasibility to use our BGNS for biomedical applications, we
preliminarily tested the potential biocompatibility of the as-
obtained BGNS by using the resazurin cell viability assay in
order to establish if the BGNS synthesized through the present
protocol could be potentially used in biomedical applications.
Resazurin is a blue dye, itself weakly fluorescent until it is
irreversibly reduced to the pink colored and highly red
fluorescent resorufin. Resazurin is effectively reduced in
mitochondria in the presence of diaphorase as the enzyme,
and NADPH or NADH the reductant that converts resazurin

to resorufin. Then, this conversion makes useful this test to
analyze cell viability by assaying the cell mitochondrial activity.
Cell viability of pegylated BGNS was assayed in a HeLa

cervical cancer cell line in a wide range of particle
concentrations (ca. 2 × 108−2 × 1011 NP/mL). As observed
in Figure 12a, the cell viability was above 90% in the whole
concentration range except at the largest concentration, for
which it decreases to ca. 83%. These data denote a priori a good
biocompatibility of this kind of particles. To reject possible false
positives and to confirm the effective incorporation of the NPs
inside the cells, optical and transmission electron microscopies
were performed. In this way, BGNS seem to be internalized by
the cells and are present, to a large extent, in the cell cytoplasm
and surrounding the cell nuclei but not inside, as observed from
differential interference contrast (DIC) optical microscopy
images (Figure 12b). TEM images also confirmed the
internalization of the present type of particles inside the cell
cytoplasm (in particular, inside intracellular vacuoles, see Figure
12c,d), probably occurring via a nonspecific endocytosis
pathway.
Surface chemistry of metallic nanoparticles has a strong

influence on their biocompatibility, especially when the
stabilizer/directing agent is cytotoxic. For example, phospha-
tidylcholine-stabilized or pegylated nanorods have been found
to possess much smaller or negligible toxicity as compared to

Figure 11. (a) XRD pattern and (b) SAED pattern of BGNS. (c) HRTEM of one branch with an interplanar distance of 0.236 nm corresponding to
(111) lattice planes and (d) with 0.206 nm of interplanar distance corresponding to (200) lattice planes. Scale bars in panels c and d are 5 nm.
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CTAB-stabilized nanorods, as reported by Niidome et al.58,59

To the best of our knowledge, there are no cytotoxicity results
reported for CTAB-stabilized spiky gold nanoparticles to

compare our results, but from reports for Au nanorods, it is
reasonable to conclude that CTAB-stabilized spiky nanoshells
would have much higher toxicity originated mainly from CTAB
surfactant.

3.6. Intracellular Surface-Enhanced Raman Spectros-
copy (SERS). Gold nanoshells have been found to be optimal
substrates for SERS,60−62 upon illumination with light of
suitable wavelengths, thanks to the control of the core and shell
dimensions, which enables the tunability of their plasmon
resonance frequencies to enhance the inherently weak Raman
signal of molecules in the vicinity of the particle surface. The
presence of sharp branches acting as “hot-spots” on the
nanoshell surfaces should additionally increase the Raman
signal if compared to smooth nanostructures. Hence, we
performed a preliminary experiment in order to verify that
BGNS are more suitable to acquire SERS spectra from the
intracelllular environment of living HeLa cells.
As seen previously, the present BGNS displayed localized

surface plasmon centered in the NIR region, so particle
excitation was performed with a 785 nm NIR laser, which have
excellent transmittance through tissue. Figure 13 compares the
unenhanced Raman measurements and SERS spectra enhanced
by intracellular smooth and spiky Au nanoshells in HeLa grown
on quartz coverslips. The spectra were taken in several living
cells in approximate similar locations where nanoshells were
present and averaged. Comparing the obtained spectra, we
observed that some similar features are visible, such as the peak

Figure 12. (a) Cell viability of HeLa cells after incubation with pegylated BGNS determined by the resazurin viability test. Cytotoxicity of BGNS was
negligible in a wide concentration range (2 × 108−2 × 1011 NP/mL). (b) DIC microscopy image of HeLa cells after incubation with BGNS. (c)
Internalization of BGNS into HeLa cells as visualized by TEM. (d) The formation of intracellular vacuoles suggests that BGNS are internalized via
nonspecific endocystosis. Scale bars are 20 μm in panel b, 5 μm in panel c and 500 nm in panel d).

Figure 13. Averaged Raman spectra on HeLa cell without nanoshells
(black) and averaged SERS spectra by excitation of smooth (red) and
spiky (blue) nanoshells in different cells at approximate locations
under light excitation of 785 nm.
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at ca. 930 for C−C skeletal stretch in protein, ca. 1005 cm−1 for
phenylalanine, ca. 1127 and 1175 cm−1 for C−N and C−C
stretches in polypeptide chains, ca. 1447 cm−1 for chromophore
aromatic ring stretches, ca. 1579 cm−1 for tyrosine stretching,
ca. 1604 cm−1 for bending of phenyalanine and tyrosine, or at
ca. 1658 cm−1 for amide I:α-helix. No clear DNA-related peaks
in the SERS spectra of nanoshells are found in agreement with
their cytosolic localization. In addition, it can be observed that
the SERS signal from BGNS is clearly enhanced compared to
that of smoother Au nanoshells, with a relative estimated SERS
increment of ca. 103 (see the Supporting Information).62,63

This enhancement should stem from the field concentration at
the apex of the tips of the BGNS, provided that the
internalization extent of both BGNS and smooth nanoshells
was rather similar as confirmed by ICP-MS. Finally, it is worth
mentioning that under the selected irradiation conditions, no
visible signal of damage was observed in the films, indicating
that NIR light can be a suitable source of light for SERS
experiments on biological samples.

4. CONCLUSIONS
In summary, we have synthesized branched gold nanoshells
(BGNS) with PLGA cores by means of a surfactant-less
method, using a HAuCl4/K2CO3 growth solution and
concentrated ascorbic acid as the reductant. Size and structure
(anisotropy) and, in consequence, the optical properties of
nanostructures were tuned by modulating the synthetic
conditions (feed ratios of AA and NP-seed precursor). Both
chitosan and AA played an important role as coreductants and
directing agents, resulting in the growth of branched structures
resembling geometries found in nature, such as viruses, sea
urchins or bushes. The concentration of AA was dominant to
enhance the reactivity of gold ions by reduction of AuI to Au0

on the seed surfaces onto preferred facet via a kinetics-favored
process. This process is additionally assisted by the presence of
the chitosan chains and their pH solution dependence, which
enables the formation of nanocrystal agglomerates, which can
serve as secondary nucleation centers, and can direct the crystal
growth through preferred orientations. An excessive amount of
AA promotes an instant reduction of the particles, decreasing
their anisotropy by the isotropic deposition of the gold ions and
the adsorption of excess AA on the surface of nanoshells.
Meaningfully, the as-prepared BGNS were stable in aqueous
solution for several months, and were found to be internalized
by cells in the cytoplasm and fully biocompatible, as deduced
from a cell viability test. The hollow and branched architecture
of BGNS is also advantageous because it adds another control
characteristic to tune the plasmon band position to the near-
infrared region of the electromagnetic spectrum, allowing their
potential use as intracellular surface enhanced Raman scattering
(SERS) probes. In addition, other functional materials and
molecules can be incorporated into the core to fabricate
multifunctional materials. In this way, these branched hollow
NPs hold potential applicability as multifunctional nano-
theranostic agents due to their optical properties and core-
carrying capacity.
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