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he use of Au nanoparticles as an op-

tical label, a near-field optical probe,

and an active substrate for surface-
enhanced Raman scattering (SERS) lever-
ages heavily upon their size and shape-
dependent surface plasmon resonance
(SPR) properties.'* There is, therefore,
strong interest in the synthesis of nanogold
in various controlled shapes. While there
are good recipes for the synthesis of zero-
dimensional (0D, e.g., spheres* and cubes®),
one-dimensional (1D, e.g., rods®”), and two-
dimensional (2D, e.g., plates®®) Au nano-
structures, the same cannot be said about
the synthesis of nanogold with complex
three-dimensional structures (3D, e.g., den-
drites, multipods, and highly branched hy-
perpods such as nanoflowers (NFs)). On the
other hand, since experimental measure-
ments'® and theoretical calculations’ '3
have shown strong enhancement of the
electromagnetic field near the surface of
these complex Au nanostructures, their syn-
thesis is of interest to SERS spectroscopy
and some other related optical applications.

The synthesis of branched and flower-

shaped nanometals is a fairly recent
development.'' ' There are three princi-
pal strategies for generating these complex
nanostructures. Template-based synthesis
is the first approach. For example, liposome
may be used as the soft template to guide
the formation of dendritic Pt sheets.'*'®
The second approach is based on the phe-
nomenon of oriented attachment of pri-
mary nanoparticles when surfaces with
similar atomic arrangements approach each
other. The synthesis of dendritic PtRu nano-
particles from faceted PtRu primary nano-
particles was based on this principle.'® The
third approach relies on the use of specific
capping agents to induce anisotropic
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ABSTRACT This paper reports a simple, one-pot, template-free synthesis of flower-like Au nanoparticles

(three-dimensional branched nanoparticles with more than 10 tips) with high yield and good size monodispersity

at room temperature. The size of the Au nanoflowers could be tuned by controlling the composition of the starting

reaction mixture. The key synthesis strategy was to use a common Good’s buffer, HEPES, as a weak reducing and

particle stabilizing agent to confine the growth of the Au nanocrystals in the special reaction region of limited

ligand protection (LLP). Time-course measurements by UV —vis spectroscopy and TEM were used to follow the

reaction progress and the evolution of the flower-like shape. The Au nanoflowers exhibited strong surface-

enhanced effects which were utilized in the design of an efficient, stable, and nontoxic Raman-active tag for in

vivo applications.

KEYWORDS: gold - nanoflowers - SERS - limited ligand protection - Raman

tags - living cells

growth. The syntheses of Pt'” and Au'"'8"°
multipods in the presence of poly(vinylpyr-
rolidone) (PVP) or cetyltrimethylammonium
bromide (CTAB) are examples. Recently, we
have also reported a “green chemistry” ap-
proach where a common Good’s buffer,
2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid (HEPES),
was used as the reducing cum shape-
directing agent to form Au multipods with
one to eight tips.?° Thus far, these methods
are able to produce Au multipods with a
limited number of tips (less than 10);' 8~ 2°
the formation of highly branched (>10
tips) complex 3D (flower-like)
nanoparticles'>'32'22 and the control of
the size of these particles remain as a
challenge.

Recently, Peng and co-workers re-
ported the synthesis of nanoflowers of a
few metal oxides by coupling 3D oriented
attachment with particle growth in the spe-
cial reaction region of limited ligand protec-
tion (LLP). Compared to the sufficient ligand
protection (SLP) reaction region, the LLP do-
main could not provide enough protection
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Figure 1. Representative FESEM (A and B) and TEM (C-E) images of Au nanoflowers synthesized
by the reduction of AuCl,™ ions (0.5 mM) in HEPES solution (10 mM). The inset in (A) shows the his-
togram of distribution of sizes of Au nanoflowers. (F) The SAED pattern of the Au nanoflowers.

The diffraction ring pattern is characteristic of polycrystalline Au.

for the crystal growth by the ligands, which could in-
duce crystal aggregation or oriented attachment.
Herein, we present a modified HEPES reduction method
to produce metallic (Au) nanocrystals with flower-like
structures in high yield and good size monodispersity.
We will show that, by confining the growth of Au
nanocrystals in the LLP domain, the primary nanocrys-
tals could agglomerate to form intermediate particles
which can then grow anisotropically into crystalline Au
nanoflowers with 10 or more tips per particle. The size
of the nanoflowers could be tuned by controlling the
reaction conditions at room temperature. The HEPES
coating on the Au nanoflowers imparts good biocom-
patibility and considerable environmental and cost ad-
vantages. The coating also provides a relatively “clean”
surface where postsynthesis surface modifications may
be carried out easily for biological applications. The as-
synthesized Au nanoflowers are ideal SERS substrates
because of the abundance of “hot” spots generated by
their special surface topography which could result in
substantial local electromagnetic field enhance-
ment.'®” '3 We will demonstrate this by using Au nano-
flowers as a stable SERS-active tag for living cells. Pre-
sented below are the details of this investigation.

RESULTS AND DISCUSSION

Size-Controlled Synthesis of Au Nanoflowers. The current
method of preparation is an extension of our previous dis-
covery?° that HEPES could be used as a reducing cum cap-
ping agent in Au nanoparticle synthesis. HEPES, a com-
mon Good'’s buffer in chemistry and biochemistry
laboratories,?>?° is a weak reducing agent for the Au
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ions (AuCl, )*>*” and a weak cap-
ping agent for the Au nanocrystals
formed. The Au nanoflowers in this
work were synthesized by confining
the crystal growth in the LLP region.
In a typical experiment, 0.25 mL of
20 mM HAuCl, was added to 10 mL
of HEPES solution (pH 7.4) of a
known initial condition (10, 15, 20,
or 40 mM; corresponding to HEPES

886%
ﬁ to HAuCI, mole ratios (Ryepesy/iau)

of 20, 30, 40, and 80, respectively).
The initially light yellow mixture
changed to a color ranging from
blue ([HEPES] = 10 mM) to purple
([HEPES] = 40 mM) in 30 min. The
product nanoparticles were recov-
ered by low speed centrifugation
(3000 rpm for 10 min).

Figure TA—D shows typical
FESEM and TEM images of the Au
nanoflowers synthesized in 10 mM
HEPES solution. The as-synthesized
nanocrystals were quasi-spherical,
consisting of a solid core with many
(>10) short, irregular, and obtuse branches. The aver-
age overall dimension of these quasi-spherical nanof-
lowers was 88 = 12 nm (see inset in Figure 1A for the
histogram of size distribution), and the branches had a
variety of shapes and sizes. The TEM image (Figure
1C,D) of individual nanocrystals exhibits regions of vary-
ing contrast starkly different from the uniformly dark
particles of spherical Au nanocrystals of the same over-
all size.?® The high-resolution image (Figure 1E) shows
the branches as single-crystalline protrusions from the
core of the nanoflower. Selected area electron diffrac-
tion (SAED, Figure 1F) shows that the nanoflowers were
crystalline and randomly oriented. In addition, the elec-
tron diffraction pattern could be indexed by the face-
centered cubic (fcc) structure of Au. When an extrane-
ous protecting agent (e.g., PVP) was added to the
reaction mixture in a control experiment, only spheri-
cal nanoparticles (see Figure S1 in the Supporting Infor-
mation for the TEM image) were formed. This indicates
that LLP is a necessary condition for the growth of
flower-like nanocrystals.

When the concentration of HEPES was increased to
15 and 20 mM, smaller nanoflowers with overall diam-
eters of 65 = 8 (Figure 2A,B) and 48 *= 6 nm (Figure
2C,D) were formed, respectively. Further increase in
the HEPES concentration to 40 mM produced nanopar-
ticles with spherical and irregular shapes approximately
5—35 nm in size (Figure 2E,F). These observations indi-
cate that, at the fixed Au precursor concentration of 0.5
mM, a relatively high HEPES concentration (40 mM,
Rinepesyiaw = 80) was required for the weakly stabiliz-
ing HEPES ligands to operate in the SLP region. HEPES
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concentrations lower than 40 mM
(between 10 to 20 mM; Riyiepesy/iaul
from 20 to 40), on the other hand,
would place the nanoparticles in the
LLP region where unstable nanocrys-
tals agglomerated and grew into 3D
nanoflowers.

Optical Properties of Au Nanoflowers.
The formation of flower-like Au
nanocrystals was also corroborated
by UV—vis spectroscopy (Figure 3).

The SPR of nanoflowers ~88 nm in

Diameter (nm)
diameter was located at 626 nm

20 40 60 80 100120

(spectrum 1). For smaller nanoflow-
ers, the SPR shifted progressively to
shorter wavelengths (to 582 nm for
the 65 nm particles (spectrum 2) and
to 569 nm for the 48 nm particles
(spectrum 3)). The SPR of the irregu-
lar Au nanoparticles formed in the

SLP region, on the other hand, was
located at 548 nm (spectrum 4). Rela-
tive to Au nanospheres of the same
size, the SPR of nanoflowers was sub-
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average diameter of ~66 nm would E :‘ ® o -t
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This can be understood qualitatively — [4 * ~ < ®,. * *
in the framework of plasmon hybrid- |« * " w fs * ‘
ization theory."' ~'32° Morphologi- -f.'..-_ ’ e .
cally, nanoflowers may be regarded et LY T
as hybrids of spheres and branched o 2 T : :'
particles. According to the theoreti- .
cal calculations of Hao et al,’ Autri- | 0.2 um ° ° %
pods with a tip length of 27 nm have =

plasmon resonance at ~700 nm.
The hybridization of ~540 nm for

Figure 2. Representative FESEM and TEM images of Au nanocrystals formed by reducing aqueous
AuCl,™ solution (0.5 mM) with HEPES solutions of different concentrations: (A and B) 15 mM, (C and
D) 20 mM, and (E and F) 40 mM. The insets in (A) and (C) show the histogram of distribution of

spheres (~66 nm) and ~700 nm for sizes of as-synthesized Au nanoflowers.

branched particles should result in

SPR between these limits, and the experimental
value of ~582 nm for the nanoflowers fell within
this range.

Development of Flower-like Nanostructures. The progress
of reaction and the evolution of Au nanoflowers (~88
nm) as the final product were followed by time-course
measurements of the UV—vis spectra (Figure 4A) and
TEM images (Figure 4B). A hypothesized growth pro-
cess reconstructed from these measurements is pre-
sented in Figure 4C. This particular scheme identifies
three distinguishable stages: reduction of Au(lll) ions to
primary Au nanocrystals (stage 1), agglomeration of
the primary Au nanocrystals into intermediate agglom-
erates (stage 2), and the anisotropic growth of the ag-
glomerates into flower-like nanostructures (stage 3).

Www.acsnano.org
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Figure 3. UV—vis spectra of Au nanocrystals formed by re-
ducing 0.5 mM aqueous AuCl,~ solution with HEPES solu-
tions of different concentrations. Spectra 1—4 correspond to

HEPES solutions of 10, 15, 20, and 40 mM, respectively.
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Figure 4. (A) UV—vis spectra as a function of time of reaction between aqueous AuCl,™ solution (0.5 mM)
and HEPES (10 mM). (B) Representative TEM images of the products harvested at 8, 12, 20, and 24 min
into the reaction. All scale bars are 20 nm. (C) Schematic illustration of the proposed mechanism for Au

At long reaction times,
the rate of reduction de-
creased because of the deple-
tion of the limiting reactant
(the Au precursor salt),
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thereby allowing the deposi-
tion of Au to follow more en-
ergetically favorable direc-
tions, resulting in the
anisotropic growth of the ag-
glomerates. Branches would
protrude from the surface of
the agglomerates and extend

Nanoflowers

nanoflower formation in HEPES solution.

The color of the reaction mixture changed slowly
from light yellow (0 min) to colorless (4 min), pink (8
min), purple (12 min), blue (20 min), and turbid blue fi-
nally (24 min). The pink solution after 8 min of reaction
showed a weak absorption peak at 550 nm (Figure 4A),
which could be attributed to the incipient formation of
Au nanoparticles. The solid product recovered at 8 min
was found to consist of primary Au nanocrystals 2—20
nm in size (Figure 4B). This reaction period corresponds
to stage 1 of nanoflower formation: nucleation of pri-
mary Au nanocrystals. Since 10 mM HEPES solution did
not provide sufficient protection for these primary Au
nanocrystals (crystal growth was in the LLP region), the
unstable primary nanocrystals underwent agglomera-
tion in order to reduce the overall surface energy, sig-
naling the beginning of stage 2. Agglomeration contin-
ued for the next 4 min, resulting in gradual changes in
the solution color from pink to purple, and the red-
shifting of the SPR peak (from 550 nm at 8 min to 585
nm at 12 min, Figure 4A). The morphology analysis of
the product collected at 12 min, where agglomerates
consisting of tens of primary crystals proliferated in the
TEM image (Figure 4B, 12 min), was strong supporting
evidence.

aqueous AuCl,~ solution with 40 mM HEPES. The insets show three multipods with 3, 5, and 7
tips, respectively. All scale bars are 20 nm. (B) Schematic illustration of the effect of Rjepes)/iau; ON
product morphology.
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in length, forming the ob-
served flower-like nanostruc-
tures. This was stage 3 of the
growth process. TEM pro-
vided the supporting evidence for the anisotropic
growth of the agglomerates between 12 and 24 min
into highly branched Au nanostructures (Figure 4B). The
growth of flower-like Au nanostructures from 12 to 24
min (from diameter ~38 nm @ 12 min to ~50 nm @ 20
min and to ~88 nm @ 24 min) agrees well with the
red shifting of the SPR in the visible light region (585
nm @ 12 min, 608 nm @ 20 min, and 626 nm @ 24 min).
The reaction was completed in approximately 24 min,
as shown by no further changes in the spectra of nano-
flowers recovered after 24 min of reaction and thereaf-
ter (Figure 4A). The complete reduction of Au(lll) ions
was also confirmed by atomic emission spectroscopy of
the Au precursor solution.

In the above hypothesis, the anisotropic growth of
agglomerated Au nanocrystals occurred under the con-
dition of low residual Au ion concentration prevailing
in the reaction mixture in stage 3. Low Au precursor
concentration is indeed a condition generally required
for the growth of branched Au nanoparticles. To prove
this, a control experiment was carried out using a very
low initial Au precursor concentration (0.2 mM). We
used a sufficiently high concentration of the HEPES so-
lution (40 mM, corresponding to Ryepesy/iay O 200) to
keep the reaction in the SLP region,
which would normally inhibit the
agglomeration of primary nanopar-
ticles during crystal growth (stage
2). A typical FESEM image is given
in Figure 5A, which shows branched
particles with 1—8 tips had been
formed. Evidence for the three-
dimensionality of the branched par-
ticles was provided by, for instance,
TEM images of particles with 3, 5,
and 7 branches (see insets of Fig-
ure 5A, where the dark spots are tips
radiating either inward or outward
from the planes of the figures; the
number of branches was confirmed

Wwww.acsnano.org
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Figure 6. Typical SERS spectra of pure RhB (powder, black

line), RhB on 65 nm spherical AuNPs in aqueous solution (blue
line), and RhB on 88 nm AuNFs in aqueous solution (red line).

SERS intensity (a.u.)

by tilting the samples). However, the number of
branches that could be grown in the SLP region was
limited. The development of flower-like structures with
more than 10 branches was induced by applying a low
Au precursor concentration in the LLP region condition
(stage 3). The detailed study on the synthesis of
branched Au nanocrystals with less than 10 (typically
1—8) tips has been published elsewhere.?®

The effect of the Ry gpesy/iay Fatio on product mor-
phology is summarized in Figure 5B. Our experimental
conditions spanned two distinct reaction regions (LLP
and SLP). Flower-like nanoparticles were formed in the
LLP region at Ryepesyian = 40, whereas single crystal
nanoparticles with spherical or multipod structures
were formed in the SLP region at Rj gpes)/iau = 80.

Design and Characterizations of dBSA-Capped SERS Tags. Ra-
man spectroscopy is a highly specific technique that de-
tects and identifies molecules based on their vibra-
tional energy levels and corresponding Raman
fingerprints.>°~ 32 However, spontaneous Raman scat-
tering is very weak. Colloidal Au nanoparticles have
been used to increase the scattering efficiencies of
Raman-active molecules by as much as 10'*—10">-
fold.>® Since Au nanoparticles are particularly suitable
for biological applications because of their good bio-
compatibility and low cyctotoxicity, they may be used
in the Raman spectroscopy of living cells for targeting
and assaying species of interest.

Previous studies have shown that Au nanospheres
(NSs) with sizes around 60—80 nm have the highest ef-
ficiency for SERS using red (633 nm) or near-infrared
(785 nm) excitation.>* Compared to these AuNSs with
smooth surfaces, the as-synthesized AuNFs with an
overall size of 65 or 88 nm may be a better candidate
for fabricating SERS-active tags for a number of reasons:
(i) tips of the nanoscale bumps or the tiny cavities on
the AuNF surface are potential “hot” spots for localized
near-field enhancement effects;'®~ "2 (ii) a larger total
surface area because of the roughness of the AuNF sur-
face; (iii) the SPR peaks of the AuNFs (e.g., 626 nm for
88 nm AuNFs) are nearer to the excitation wavelength
(633 nm). The closeness between the excitation and SPR
wavelengths incites stronger enhancement effects.

www.acsnano.org

A comparison of the Raman spectra of Rhodamine
B (RhB) only (in powder form), RhB on AuNFs (using 88
nm AuNFs as an example) in aqueous solution, and RhB
on AuNSs with smooth surfaces and similar particle
size (~65 nm) in aqueous solution is shown in Figure
6. It is well-known that pure RhB has Raman vibrations
at 1200, 1282, 1360, 1510, 1530, and 1648 cm ™' in the
1200—1700 cm ™" region.?*3* Distinctively, Raman fea-
tures were detected in RhB on AuNFs (red line) and RhB
on AuNSs (blue line). The AuNFs also exhibited more
than 10-fold increase in SERS intensity than the AuNSs,
even though the latter were present in a concentration
approximately four times that of the AuNFs.

A recent study showed that 60 nm AuNSs are much
brighter (>200 times) than near-infrared-emitting
quantum dots on a particle-to-particle basis.® In addi-
tion, nanogold has greater biocompatibility and lower
cytotoxicity than quantum dots that are currently used
in living cells. Thus nanogold can serve as the alterna-
tive to quantum dots for biological applications. The as-
synthesized AuNFs could be turned into stable SERS-
active tags with the use of a common protein, bovine
serum albumin (BSA). BSA is the most abundant plasma
protein and a model globular protein widely used for
bionanotechnology applications.®” It is a single
polypeptide chain with a molecule weight of ~66 kDa
consisting of 583 amino acid residues.®® Figure 7A
shows the design and preparation of denatured BSA
(dBSA) protected AuNFs with embedded RhB as the Ra-
man probe. The original AuNFs weakly protected by
HEPES molecules (HEPES-capped AuNFs) were first
overcoated with the Raman probe (RhB@AuNFs) and
then stabilized by a layer of dBSA (RhB@dBSA-capped
AuNFs) via the 35 thiol groups of the latter (from 35 cys-
teine residues®®). The structure of AuNFs was not al-
tered by these treatments, as confirmed by the similar-
ity between the UV—vis spectra (Figure 7B) and FESEM
images (Figure S2 in the Supporting Information) of
treated and untreated Au NFs.

The intense SERS signal from RhB@dBSA-capped
AuNFs (Figure 7C) may seem counter-intuitive given
the possibility of probe molecule displacement by the
thiol groups present in dBSA, which are strong binders
for gold. The tortuous surface topology of AuNFs (i.e.,
tips and cavities), the bulkiness of the dBSA molecules
which increases the steric hindrance in the displace-
ment reaction, and the delocalized  electrons in posi-
tively charged RhB which enhances the RhB binding to
gold surfaces®® are some of reasons for retaining the
RhB molecules in the dBSA-capped tags. The prepara-
tion protocol is also applicable to other Raman probes,
such as crystal violet, brilliant Green, etc. Compared to
the original AuNFs capped by HEPES molecules, which
may precipitate after long time incubation (~24 h), the
as-prepared tags protected by dBSA have much better
stability in solutions over a broad pH range (4—12), in
various buffer solutions (e.g., 50 mM HEPES buffer with
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Figure 7. Design and spectroscopic properties of dBSA-capped SERS tags. (A) Preparation of dBSA-protected AuNFs as SERS
tags. (B) UV—vis spectra of the HEPES-capped AuNFs (black line), RhB-capped AuNFs (blue line), and dBSA-capped SERS tags
(red line). (C) Typical SERS spectrum of dBSA-capped SERS tags.

pH of 7.65), and in highly concentrated salt solutions
(e.g., T M NaCl). It is believed that the dBSA-protected
AuNFs were stabilized by the combination of Au—S
bonding with the protein (via the 35 Cys residues in
BSA) and the bulkiness of the protein which imparts
good steric protection.>® In addition, we measured the
charge of these AuNFs protected by dBSA at pH 7.4 and
compared to the original AuNFs capped by HEPES mol-
ecules. The charge of dBSA-protected AuNFs is about

—— pure tags (in solution)

e ——— tags in macrophage cells
z macrophage cells
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Figure 8. Live cells of a macrophage cell line (RAW264.7) before
(A) and after uptake of dBSA-capped SERS tags (B). Particle accu-
mulations are visible as black dots inside the cells (see arrows in
(B)). (C) Typical SERS spectra of dBSA-capped SERS tags (black
line), tags in living cells (red line), and living cells without tags
(blue line).
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—30 mV, which is much bigger than HEPES-capped
AuNFs (~ —15 mV). This can provide additional evi-
dence for the good stability of AuNFs protected by
dBSA. The stability of dBSA-capped tags under various
environmental conditions should improve their usabil-
ity in both in vitro and in vivo applications. Moreover,
the presence of an outer-layer of dBSA molecules also
offers a convenient platform for further bioconjugation
reactions with suitable functional ligands.

We investigated the behavior of the dBSA-capped
tags in living cells, as a proof of concept for the poten-
tial application of these tags in in vivo applications. The
delivery of nanoparticles to the cellular interior, as well
as the targeting of cellular compartments, can be
achieved in various ways, depending on the cell type
and the physiochemical properties of the particles.®'*°
Many cells can uptake foreign nanostructures without
any induction. For example, macrophage cells can eas-
ily internalize structures smaller than 1 pm in size, with
the highest efficiency shown for particles several tens
of nanometers in size.>' A common macrophage cell
line, RAW264.7 (Figure 8A), was used to explore the
SERS activity of the as-prepared tags in living cells. The
tags were delivered into cells grown on coverslips after
12 h of incubation, as shown in Figure 8B. At positions
in the cells where the tags were present (black dots
highlighted by arrows in Figure 8B), surface-enhanced
Raman scattering could be detected (red line, Figure
8C), showing intensity which is characteristic of these
tags in solution (black line, Figure 8C). Macrophage cells
without internalization of tags showed a complete si-
lence of the SERS signal (blue line, Figure 8C). The con-
servation of the SERS effects in living cells suggests that

Wwww.acsnano.org



the RhB@dBSA-capped AuNFs are suitable for the in
vivo detection and targeting of tumors.

CONCLUSIONS

A simple one-pot synthesis, based on crystal growth
in the LLP region, was used to produce Au nanocrys-
tals with flower-like structures in high yield and good
monodispersity. The average size of the Au nanoflow-
ers was tunable by controlling the composition of the
initial reaction mixture. The preparation could be eas-
ily scaled up to gram-quantity production. The forma-
tion of flower-like particles went through three identifi-

EXPERIMENTAL METHODS

Nanoparticle Synthesis. All chemicals were purchased from Sigma-
Aldrich and used as received. Ultrapure Millipore water (18.2 M()
was used as the solvent throughout. All glassware was cleaned with
Aqua Regia (HCI/HNO; in 3:1 ratio by volume) and rinsed with eth-
anol and ultrapure water (Caution! Aqua Regia is a very corrosive oxi-
dizing agent which should be handled with great care). Aqueous
stock solution of HEPES with a concentration of 100 mM was pre-
pared with ultrapure water, and its pH was adjusted to ~7.4 at 25
°C by adding 1 M NaOH solution. In a typical experiment to synthe-
size Au nanoflowers, 1T mL of 100 mM HEPES (pH 7.4) was mixed
with 9 mL of deionized water, followed by the addition of 250 p.L
of 20 mM HAuCl, solution. Without shaking, the color of solution
changed from light yellow to pink and finally to turbid blue at room
temperature within 30 min.

Preparation of dBSA-Capped Raman Tags. As-synthesized Au nanof-
lowers (~88 nm) were recovered from a 10 mL solution by cen-
trifugation (3000 rpm for 10 min) and rinsed three times with wa-
ter. The AuNFs were then added to a 0.1 mM Rhodamine B
aqueous solution. RhB-capped AuNFs were recovered 12 h later
by centrifugation and dispersed in 1 mg/mL denatured BSA so-
lution followed by 12 h of incubation. Denatured BSA was pre-
pared by chemically treating BSA with NaBH, accordingly to a
previously published procedure.*’ In brief, 165 mg of BSA was
dissolved in 50 mL of deionized water, and 10 mg of NaBH, was
added as a reducing agent under vigorous stirring. The reaction
was allowed to proceed at room temperature for 2 h and then
between 60 and 80 °C until no more gas (H,) was liberated. BSA
denatured under these conditions would have most of its disul-
fide bonds converted into thiol groups.

Material Characterizations. The examination of nanoparticle mor-
phology and size was carried out on a 25 kV JEOL JSM-6700F
field emission scanning electron microscope (FESEM) and on a
200kV JEOL JEM-2010 transmission electron microscope (TEM).
A 200 kV JEOL JEM 2010FE was occasionally used to collect the
high-resolution images. UV —vis spectroscopy made use of a Shi-
madzu UV-2450 spectrometer operating at 1 nm resolution.
The residual Au ion concentration in the synthesis mixture was
determined by atomic emission spectroscopy (AES) using a
Perkin-Elmer Optima 3000DV inductively coupled plasma (ICP)
spectrometer. The emission line at 242.8 nm was used to mea-
sure the concentration of elemental Au. Zeta potential measure-
ments of AuNFs were obtained with a ZETAPALS zeta potential
analyzer (Brookhaven Instruments Corporation). Raman spectra
were recorded by a Renishaw inVia Raman microscope using a
633 nm laser excitation source.

Acknowledgment. J.X. acknowledges the Singapore—MIT Alli-
ance (SMA) program for his research scholarship.

Supporting Information Available: Representative TEM images
of Au nanoparticles synthesized in the presence of PVP and
AuNFs protected by dBSA. This material is available free of
charge via the Internet at http://pubs.acs.org.

www.acsnano.org

able stages: reduction of Au(lll) ions to Au primary
nanocrystals (stage 1), agglomeration of the primary
particles to form intermediate agglomerates (stage 2),
and the anisotropic growth of the agglomerates into
flower-like extended structures (stage 3). The as-
synthesized AuNFs exhibited strong surface-enhanced
Raman scattering effects. The AuNF particles could also
be developed into Raman-active tags by packaging
RhB@AUNF particles with denatured BSA molecules.
The application of these Raman-active tags in living
cells was then demonstrated by using the RAW264.7
macrophage cell line.
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