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Tetrapod gold nanocrystals, to be the core of Surface-enhanced Raman spectroscopy (SERS) nanoprobes, with tunable

localized surface plasmon resonance (LSPR) from 650 nm to 785 nm in Vis-NIR region have been successfully prepared by a

facile seeded growth approach. The local electromagnetic field distribution and their huge extinction cross section of

tetrapod gold nanocrystals were simulated by finite-difference time-domain method. Both the calculated and

experimental results reveal that the LSPR property of tetrapod gold nanocrystals is closely dependent on the morphology

features of their tips where strong field enhancement appears. These tetrapod nanocrystals have exhibited good capability

not only for Raman signal enhancement but also successfully utilizing as NIR SERS bioimaging nanoprobes. In vitro SERS

imaging of stained breast cancer cells has been also demonstrated. The tetrapod gold nanocrystals developed here with

precisely tunable LSPR offer advantages of enhanced signal quality, good stability and better biocompatibility in SERS

imaging, which has great potential for various biomedical applications.

1. Introduction

Recently, the applications of surface-enhanced Raman
spectroscopy (SERS) in bioimaging have attracted much
attention.” Due to the fact that the SERS nanoprobes have
minimized photobleaching, multiplexing capability and high
signal-to-noise ratio in complex biological systems compared
with conventional fluorescent probes such as dyes and
quantum dots, making SERS a great potential to be alternative
to fluorescence-based bioimaging.2 Up to now, Raman imaging
using SERS nanoprobes has been demonstrated in various
types of living ceIIs,3 tissue* and living animals.’ However, the
intrinsic poor Raman signal leads to long acquisition time and
low resolution, hindering their further application in bioimag-
ing diagnostics.6 In addition, to avoid autofluorescence
interfere and achieve deep tissue penetration, SERS measure-
ments are required to be performed in the near-infrared (NIR)
“bioimaging window”. Therefore, the key challenge to realize
clinically viable SERS labelled bioimaging hinges on the ability
to design reliable and highly sensitive NIR SERS probes.
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In general, SERS nanoprobes are constructed by attaching
Raman active molecules (Raman reporter) to the surface of
noble metal nanoparticles. According to the theoretical
prediction, the SERS signal is strongly associated with the
localized surface plasmon resonance (LSPR) property of noble
metal nanoparticle.8 Along this line of thought, numerous
studies have been devoted to the improvement of LSPR
properties of noble metal nanoparticles and maximize its SERS
signal. Gold nanoparticles are the most prevailing core used to
construct SERS nanoprobes because of their excellent optical
properties of surface plasmon resonance, the ease at chemical
modification and good biocompatibility.9 Due to the rapid
developments in synthetic chemistry, the methods of tailoring
size and shape of Au core to acquire tunable SPR and
enhanced SERS signal have been well-established.’®™ For
instance, various structure gold nanoparticles such as nano-
spheres,z’12 nanorods,13 nanoclusters,14 nanoshells,ls'17 as well
as shell-isolated nanoparticles18 have been reported. Recently,
a new class of gold nanoparticles, referred to as branched gold
nanoparticles, has drawn much interests because their sharp
tips can lead to strong localized electric field within single
particle (so called lightning rod effect)® and significant
enhancement in Raman signal.zo'23 For example, Yuan et al.
had integrated branched gold nanoparticles with NIR resonant
dyes to surface enhanced resonant Raman spectroscopy
(SERRS) probes for Multiplexing detection.”* Xie et al.
synthetized branched gold nanoparticles by a seedless one-pot
approach,25 which had been further developed by Dam et al.
for direct visualization of interactions between drug-loaded
branched nanoparticles and cancer cell nucleus.”® However,
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the Au branched nanoparticles synthesized in most of studies
have uncontrollable tip numbers and morphology, which in
turn result in uncertain SPR characteristic. This has largely
hindered the development of high efficient SERS nanoprobes
using these branched nanoparticles. Furthermore, either silver
ions or cetyltrimethylammonium bromide (CTAB) is commonly
introduced in conventional synthetic approaches to promote
the anisotropic growth of tips on gold nanoparticle, while they
are toxic and difficult to be removed completely. Therefore,
large-scale synthesis of the branched gold nanocrystals with
shape-controllable tips and precisely tunable SPR in NIR region
is strongly desirable.

In the present study, we prepared a series of tetrapod
gold nanocrystals with tunable LSPR in NIR region by a facile
seeded growth approach. The initial branched gold seeds are
grown by a modified green chemical route. By elaborately
adjusting the reaction condition, the shape of tips on the
nanocrystals could be precisely controlled, leading to the
continuous LSPR modulation from 650 nm to 785 nm. The
finite-difference time-domain (FDTD) simulations reveal that
the LSPR of the tetrapod gold nanocrystal is strongly
associated with the sharpness and length of tips, which is
consistent with experimental observation. These tetrapod
nanocrystals have been further exploited to achieve NIR SERS
nanoprobes for cellular Raman imaging. Raman measurements
indicate that the tetrapod gold nanocrystals with LSPR of 770
nm can exhibit the strongest Raman signal enhancement
under 785 nm laser. As prove of concept, in vitro SERS imaging
using stained human breast cancer cells (SK-BR-3 cell line) has
also demonstrated. This study aims to develop a facile method
to controllable synthesis of tetrapod gold nanocrystals for
various SERS bioimaging applications.

2. Experimental section
2.1. Preparation of tetrapod Au nanocrystals

All chemicals were purchased from Sigma-Aldrich and
used as received. The glassware was cleaned with Aqua Regia
(HCI/HNO; in 3:1 ratio by volume) and rinsed with deionized
(DI1) water. The samples are labeled by their extinction peaks of
LSPR such as Augyy and Au,. In a typical experiment of
tetrapod Aug;o nanocrystals, 4-(2-Hydroxyethyl)-1-piperazine
propanesulfonic acid (EPPS) with a concentration of 100 mM
was prepared and the pH of EPPS solution was adjusted to
~7.4 by adding with 1 M NaOH solution at room temperature.
Then 9 mL EPPS was mixed with 10 mL of Deionization (DI)
water, and followed by the addition of 150 pL of 20 mM
HAuClI, solution. After 120 min standing without any shaking,
the color of solution changed from light yellow, pinkish purple
to greenish blue in 120 min, indicating the formation of
tetrapod Augy nanocrystals. By adjusting the amount of EPPS
volume, the Aug,y and Augs nanocrystals were obtained. The
tetrapod Auggy Nanocrystals were prepared by adding extra 50
pL of 20 mM HAuUCI, solution into initial reaction solution of
tetrapod Aug;o nanocrystals under magnetic stirring at 35 °C
for 60 min, where the as-prepared Aug;,o nanocrystals were
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used as seeds. Following the same procedure, the Auy,9-Augs
tetrapod nanocrystals were obtained in sequence. All samples
were centrifugal separation and rinsed thrice with DI water,
and then stored at 4 °Cfridge for future use.

2.2. Preparation of SERS nanoprobes

In typical experiment, 166.6 uL of 3, 3’-diethylthiatricar-
bocyanine iodide (DTTCi) with various concentrations from 1
UM to 6 uM were added into 1 mL tetrapod Au nanocrystals
colloidal solutions (0.2 mM) and mixed by ultrasonication for
10 min. The optimized concentration of DTTCi was achieved by
estimating maximal SERS intensity. Then, the methoxy poly-
(ethylene glycol) sulfhydryl (HS-mPEG, MW 5000) solution (100
UM) was added dropwise to the each Au colloidal solution with
a minimum ratio of 30,000 HS-mPEG molecules per tetrapod
Au nanocrystals. The mixture was then shaken for 2 h under
ambient conditions. Unbound DTTCi and HS-mPEG were re-
moved by centrifugation. The obtained SERS nanoprobes were
rinsed twice with DI water and stored at 4 °C for further use.
2.3. Material characterizations

The size and morphology of tetrapod Au nanocrystals were
examined by a transmission electron microscope (TEM, JEOL
JEM-1010). Extinction spectra were taken using a UV-2401
spectrometer (Shimadzu, Kyoto, Japan). Dynamic light
scattering (DLS) measurements were performed using a
Malcern Zetasizer Nano-ZS (Malvern Instruments, Worcester-
shire, UK). Raman measurements were conducted by WITec
Alpha-500 Raman microscope system with a 785 nm laser
excitation source. A 60x objective lens with long working
distance was used.

2.4. Cellular SERS measurements

SK-BR-3 human breast cancer cells purchased from ATCC (USA)
were cultured in McCoy's 5A medium supplemented with 10%
(v/v) fetal bovine serum (FBS) at 37 °C in a humidified
atmosphere containing 5% CO,. Cells in log growing phase
were used for all experiments. SK-BR-3 cells were seeded and
grown in 12-well plates, and incubated with SERS nanoprobes
at concentrations of 450 pM for 4h at 37 °C. Untreated wells
were used as control. Following incubation, the medium was
removed and gently scrapped and resuspended in fresh cold
PBS at the cell density of 10° ceIIs/cm3 for cellular SERS
measurements.

2.5. In vitro cytotoxicity

The cell viability was determined by using 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. The
cells were seeded at a density of 12-well culture plates and
incubated overnight at 37 °C with 5% CO,. SERS nanoprobes
with the different concentrations were added to the medium,
and incubated with the cells in 5% CO, at 37 °C for 24 h in the
dark. The suspension culture medium was removed and
replaced by MTT solution followed by incubation for 4 h at
37 °C, allowing formazan purple crystals formation. The optical
density at 540 nm was measured by using ELISA reader.
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Fig. 1 (a) TEM images of the tetrapod Au nanocrystals. The scale bar is 200 nm. (b-d) TEM images of single tetrapod Au nanocrystal. The scale bars are 10 nm. (e) The HRTEM image
of a tip, where the <111> growth direction of the tip can be clearly identified. The scale bar is 1 nm. The inset is corresponding FFT pattern. (f) Typical extinction spectrum of
tetrapod Au nanocrystals. (g) Yield of Au nanocrystals as a function of the number of tips.

3. Results and discussion

Branched Au nanocrystals have been demonstrated to act as
potential SERS nanoprobes because its unique optical
properties could provide much more “hot spots” within a
single particle. Branched Au nanocrystals are usually prepared
by either seed-mediated or seedless growth, where surfactant
molecules such as CTAB,”’ poly(vinylpyrrolidone) (PVP),28 2-[4-
(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES)25
are used to realize the kinetically controlled anisotropic
growth. In this work, branched Au seeds were grown initially
by a modified solution growth approach, where EPPS is used to
replace HEPES as both reducing and shape-directing agent.
Similar to HEPES, EPPS is also a common Good’s buffer used in
chemistry and biochemistry laboratories. However, EPPS with
additional —CH,- group between the piperazine ring and the
sulfonic acid group can reduce the reaction rate and facilitate
controlled growth of branched Au nanoparticles in a reliable
and reproducible way.29 The comparison of reaction rate for
EPPS and HEPPS has been shown in Fig. S1. Fig. 1(a) shows the
TEM image of initially branched Au seeds (Aug;) prepared
using EPPS. It can be seen that the branched Au nanocrystals
are synthesized in a large scale, while the tetrapod Au
nanocrystals are the majority nanostructures (75%) identified
under the TEM observation (Fig. 1g). The Au nanocrystals have
the average size of ~40 nm. Fig. 1b-d shows the TEM images of
typical Au nanocrystals with three, four and five tips. The
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lengths of the branches are from 16 to 18 nm. High resolution
TEM images and corresponding fast Fourier transform (FFT)
analysis as shown in Fig. 1e reveals that the growth direction
of the tip is along <111>, consistent with the previous report.25
Between the two adjacent planes on tips, the lattice spacing is
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Fig. 2 (a) Extinction spectra of the Au nanocrystals obtained with the varied EPPS
volume. (b) The LSPR peaks and their FWHMs of the Au nanocrystals as a function of
the EPPS volume. Inset is the photograph of the Au nanocrystals aqueous solutions
obtained by varying EPPS volume. (c) Extinction spectra of tetrapod Au nanocrystals
obtained by adding extra Au precursors gradually (50 pL for each step). (d) The LSPR
peaks and their FWHMs of the Au nanocrystals as a function of Au precursor volume.
Inset is the photograph of the Au nanocrystals aqueous solutions obtained by adding
extra Au precursors.
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found to be 0.204 nm that is in agreement with the d spacing
of the (200) lattice planes. The extinction spectrum of as-
prepared tetrapod Au nanocrystals is presented in Fig. 1f. A
strong extinction peak at 670 nm and a weak shoulder at ~520
nm are observed, which are derived from the hybridization of
tips and core plasma.30

We further investigate the effect of reaction parameters
such as pH, temperature, the concentration of Au precursors
and EPPS on LSPR property of branched Au seeds. It is well
known that the shapes of Au nanoparticles have significant
impact on their LSPR properties, the modulation of the
reaction parameters could kinetically control the growth of Au
nanocrystals and may result in different shapes and varied
LSPR.*! The growth process of branched Au seeds has been
monitored by time-course measurements of extinction spectra
(Fig. S2a). The morphology evolution is observed by TEM (Fig.
S2c-e). The results reveal that the tiny gold nanocrystals are
initially formed and subsequently the branches appear on the
nanocrystals. The further anisotropic growth with the help of
EPPS leads to the sharp tips of tetrapod Au nanocrystals. Fig.
2a shows the extinction spectra of Au nanocrystals obtained at
different EPPS volume. It is clear that LSPR peak of Au
nanocrystals is red-shifted with the increasing volume of EPPS
from 6 to 11 mL. Further increasing the EPPS volume to 12 mL
will lead to blue shift of LSPR. In addition, at the EPPS volume
smaller than 6 mL, the morphology of nanocrystals transform

ARTICLE

from tetrapod to two-tip nanocrystals (Fig. 4a). Fig. 2b depicts
the LSPR dependence of EPPS volume and the inset shows the
photographs of obtained Au nanocrystals. The LSPR peak is
gradually shifted from gradually from 620 nm to 670 nm and
the variation of the full width at half maximum (FWHM) are
relatively small (around 20 nm). The narrow FWHM indicates
good uniformity of Au nanocrystals obtained by this modified
solution methods.”> The modulations of other reaction
parameters are presented in Fig. S3. As shown in Fig. S3a, the
Aug;o nanocrystals can be well reproduced at the temperature
between 4 and 35 °C, while only a slight red-shift is found with
the increasing temperature. However, a sharp blue-shift of
LSPR to 605 nm appears at the temperature of 40 °C,
indicating that the significant morphology change happens in
Au nanocrystals at high temperature. Similarly, increasing the
Au precursors will also lead to enhanced reaction rate and
blue-shift in LSPR as shown in Fig. S3b. With the pH value
adjusting from 6 to 9, the corresponding characteristic peak of
LSPR is red-shifted from 635 to 690 nm, but blue-shifted to 630
nm when pH value over 9.6 (Fig. S3c). Since high pH value
promote the Au reduction reaction, this sudden blue-shift of
LSPR obviously can also be attributed to faster reaction rate at
high pH value. The results reveal that the adjusting of EPPS
concentration presents a straightforward and feasible
approach to modulate LSPR of tetrapod Au nanocrystals.
Nevertheless, the LSPRs modulated by this way are limited in
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Fig. 3 (a) Extinction spectra of Au nanocrystals with tunable LSPR peaks. The inset illustrates that LSPR peaks of the Au nanocrystals can be linear modulation in NIR region. (b)
Schematic illustration of the morphology evolution of the Au nanocrystals with different LSPR peaks. The scale bars are 20 nm. (c) The mean length and apex angle of the tips on

the tetrapod Au nanocrystals as a function of LSPR peak.
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the range from 620 to 670 nm and the morphology of tetrapod
Au nanocrystals is also changed to two-tip structure at certain
condition.

In order to further tune LSPR of tetrapod Au nanocrystals
to longer wavelength without any change in morphology, a
seeded growth process was employed. To avoid self-
nucleation at high Au precursor concentration, small amount
of Au precursors (tetrapod Aug;o nanocrystals, 50 pL) was
added each time under magnetic stirring at 35 °C. Fig. 2c
shows the extinction spectra of tetrapod Au nanocrystals
obtained by seeded growth. As shown in Fig. 2d, LSPR peak of
the tetrapod Au nanocrystals increases gradually from 670 to
785 nm by adding extra Au precursors. However, when the
amount of Au precursors are greater than 300 pL, LSPR peak of
obtained Au nanocrystals appear blue-shift and broadening,
and the morphology of Au nanocrystals become uncontrolled
(Fig. S4). Fig. 2d shows LSPR peaks versus net additional
amount of Au precursors. The LSPR peak shift around 20-35
nm step by step and at the same time the FWHM slightly
increases from 125 to 200 nm. Insets of Fig. 2d shows the
photographs of tetrapod Au nanocrystals obtained by seeded
growth, in which the colour of Au nanocrystals are changed
from blue to bluish green and dark bluish green as LSPR varies
from 670 to 785 nm. The extinction spectra of all branched Au
nanocrystals from Aug,o to Au,gs obtained in this work are
shown in Fig. 3a and the LSPR peaks of the samples can be well
fitted by linear curve (inset of Fig. 3a). To better understand
the LSPR dependence of the shape of the nanocrystals, TEM
investigations have been conducted. Fig. 3b shows the typical
morphology of the nanocrystals in specific LSPR range.
According to the TEM analyses, the prevailing morphology of
the Au nanocrystals with LSPR peak below 650 nm is mainly
two-tip structure. The tetrapod Au nanocrystals become
dominant when LSPR peak greater than 650 nm. The mean
length and angle of curvature of the tips for these tetrapod
nanocrystals are plotted in Fig. 3c. The tips become longer and
sharper with the LSPR peak shifting to longer wavelength
because newly added Au precursors are likely to be reduced
and deposit on the top of the tip due to its high reactivity. The
effect of different Au seeds on the growth of tetrapod Au
nanocrystals was also investigated. Fig. 4 shows the TEM
images of different Au seeds and the branched Au nanocrystals
prepared by seeded growth. The Aug,, seeds with the two-tip
morphology (Fig. 4a) result in the branched Au nanocrystals
with many short tips (Fig. 4c). While Aug,, seeds are typical
tetrapod nanocrystals, their products maintain the tetrapod
structure but elongate tips (Fig. 4b, 4d). The fine tuning of
LSPR properties by this approach exhibit some merits that is
distinct different from these obtained by direct adjusting the
concentration of the reducing/surfactant molecules.® First,
the red-shift of LSPR is almost linear in the range of 670 to 785
nm. Therefore, theoretically we can prepare the tetrapod
nanocrystals with designed LSPR in NIR range. Second, the
FWHMs of characteristic peaks do not have obvious
broadening. In contrast, the broadening of peak has been
observed for the tetrapod Au nanocrystals obtained by directly
growth using HEPES.*? The results explicitly indicate that the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 TEM images of Au nanocrystals seeds with LSPR peak at (a) 620 nm and (b) 670
nm. The scale bars are 20 nm. (c, d) TEM images of Au nanocrystals after further
growth with seeds (a) and (b), respectively. The scale bars are 100 nm in (c, d) and 10
nm in the inset.

seeded growth process provide a rational and divinable
approach to realize precise tuning of LSPR.

The extinction properties of tetrapod Au nanocrystals and
the correlation of LSPR and geometric features of tips on
nanocrystals have been calculated and analysed by the FDTD
simulation. We designed a tetrapod nanocrystal structure
composed of a 7 nm spherical core and uniform tips with
varied lengths L, apex angles 6 and the angle a of the vertex
tip in Z direction and other three tips (Fig. 5c). The excitation
light is along the X direction. Without loss universality, there
are four tips along X, Y and Z directions, which could present
the most typical cases of the tip orientation under a linear
polarized light. Fig. 5a shows the extinction spectra of tetrapod
Au nanocrystals with the length from 12 to 30 nm and the
apex angle of 45°, 36° and 27°, respectively. It is evident that
the LSPR peak is shifted to the longer wavelength with both
increasing length and decreasing apex angle of tips. At each
fixed 6, the LSPR will be shifted fast at short length region but
slow down with the increasing length. The effect of the dipole
interaction between the tips on LSPR of the nanocrystals is
also investigated. We varied the angle a only and simulated
the extinction spectra of tetrapod Au nanocrystals with varied
angles. As shown in Fig. 5b, the LSPR peaks show small blue-
shift from 715 nm to 695 nm as the angle a increase from 90°
to 150°, while the intensities are obviously reduced possibly
due to the weakening of dipole interaction. Field distributions
of a tetrapod nanocrystal with 8 of 36° are shown in Fig. 5d-f.
The intensities of induced electromagnetic fields around the
tips surface are quite strong, consistent with the previous
studies.>* The maximum field intensity approaches to the tip
surface along X direction, which is parallel to the polarization
direction of excitation electronic field.*® These simulation

J. Name., 2013, 00, 1-3 | §
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Fig. 5 (a) Simulated extinction spectra of a tetrapod Au nanocrystal with tuning geometric parameter tips. The lengths L of the tetrapod Au nanocrystal from left to right are 12 nm

(black line), 14 nm (red line), 16 nm (blue line), 18 nm (green line), 20 nm (magenta line), 22 nm (cyan line), 24 nm (yellow line), 26 nm (olive line), 28 nm (orange line) and 30 nm

(purple line), respectively. (b) Simulated extinction spectra of a tetrapod Au nanocrystal with tuning the angle a. (c) The model of a tetrapod Au nanocrystal for simulation. L is the

length of tip. 8 is the angle of the tip. a is the angle of the vertex tip in Z direction and other three tips. (d-f) FDTD simulations of the electric field distribution in XY plane, XZ plane

and YZ plane. The excitation detection is along the X axis.

results reveal that the LSPR for a certain tetrapod Au
nanocrystals could be ideally modulated by adjusting the
length and sharpness of their tips, which are in good
agreement with our experimental observations. In addition,
we also compare the extinction cross-section of tetrapod gold
nanocrystals to that of nanosphere, nanorod and nanoshell at
same mass (Fig. S5). The results indicate that both tetrapod
nanocrystal and nanorod exhibit large extinction cross-sections
and thus a high theoretical SERS enhancement factors.
However, the tetrapod gold nanocrystal has an optimal size
between 50 and 100 nm for enhanced permeability and
retention (EPR) effect and enhanced circulation time
simultaneously.%' 3" In contrast the nanorods with the length
of ~¥63 nm at the same mass, it may be more suitable as a NIR
SERS probe for various biomedical applications. It is noted that
this rough comparison may not be applicable for all cases
because the intensity of SERS signal depends on many factors
such as excitation laser, the type of Raman reporter, the type
of metal nanoparticles, the shape of nanostructure and the
distribution of local electric field as well as how many Raman
reporter molecules locate in the area of hotspots etc.

To exploit the potential of tetrapod Au nanocrystals for
high performance NIR SERS nanoprobes, we constructed the
SERS nanoprobes by coating Raman reporter (DTTCi) and

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) The Raman spectra of tetrapod Au nanoprobes prepared by using Ausz and
varied DTTCi concentrations. (b) The normalized intensity of characteristic Raman
peaks for the Au nanoprobes prepared by using Augz and varied DTTCi concentrations.
(c) The Raman spectra of tetrapod Au nanoprobes prepared by using different tetrapod
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stabilizer (HS-mPEG 5000) on tetrapod Au nanocrystals. The
DTTCi molecules can bind to the surface of gold nanoparticles
via N atom of pyrrol.38 Fig. 6a shows the Raman spectra of
SERS nanoprobes prepared by using Aug;o and different DTTCi
concentrations under excitation (785 nm). The characteristic
peaks are observed at 490, 640, 742, 778, 842, 984, 1029, 1076,
1128, 1233, 1277, 1328, 1409, 1460, 1511 and 1579 cm ™,
which can be indexed to the Raman vibrations of DTTCi
molecules.>* The Raman peaks of 640, 742, 778, 842 and 1277
cm™" are attributed to the stretching of carbon chain of
DTTCi.*® The Raman peaks of 984 and 1233 cm-1 belong to CN
stretching vibration. The Raman peaks of 490 and 1579 cm™
are assigned to CS stretching bending and CH torsion vibration,
respectively. The Raman characteristic peaks of 1029, 1076,
1128, 1328, 1409, 1460, 1511 cm tare belong to CC stretching
vibration or bending.38 Fig. 6b shows the normalized intensity
of the Raman peaks at 778, 842, 1128 and 1460 ecm™ with
different DTTCi concentration. All peaks reach their maximums
at a same concentration, suggesting that the optimized DTTCi
concentration for SERS nanoprobes is 5 uM. The absorbed
DTTCi estimated by optical density (OD) at 756 nm is about
10.60 mol/g Au (Fig. S6). Furthermore, we also compared the
SERS spectra of the SERS nanoprobes prepared by using
different tetrapod Au nanocrystals with absorbed DTTCi of
10.6+0.25 mol/g Au. The SERS spectra and the intensities of
characteristic peaks at 778, 842, 1128 and 1460 cm™ are
presented in Fig. 6¢c-d. It is clear that the Raman signal become
much stronger when the LSPR peak is close to the 785 nm
excitation line. Because the variation of absorbed DTTCi is
quite small (<2.5%) the large Raman enhancement for Auy; is
possibly due to both resonance effect and enhanced local
field.>* The result indicates that the high performance NIR
SERS nanoprobes could be constructed by using tetrapod Au
nanocrystals with proper tuning LSPR.
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Fig. 7 (a) Hydrodynamic diameters of the Au;7, based SERS nanoprobes. (b) The
colloidal stability test of the SERS nanoprobes. (c) The Raman spectra of the SERS
nanoprobes stored for 0, 5, 10, 20 days, respectively. (d) The relative intensity of the

Raman peaks for the SERS nanoprobes with different stored time.
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Fig. 8 (a) lllustration of experimental setup for Raman imaging. The optical image (b)

and SERS image (c) of stained SK-BR-3 cancer cells. The scale bars are 10 um in (b, c).
The optical image (d) and SERS image (e) of single stained SK-BR-3 cancer cell. The scale
barsare 5 umin(d, e)

The colloidal stability and SERS signal stability of obtained
SERS nanoprobes were examined using DLS and Raman
measurements. The measured hydrodynamic size of Auyy
based SERS nanoprobes in aqueous solution is around 92.3 nm
(Fig. 7a). The measured hydrodynamic sizes in aqueous
solution are slightly larger than that of TEM observations due
to the existence of the polymer coating on the nanoparticles.
As shown in Fig. 7b, the hydrodynamic size of as-prepared
SERS nanoprobes determined by DLS do not change
significantly upon incubation in the water for 20 days, verifying
the excellent colloidal stability of these SERS nanoprobes. Fig.
7¢ shows the Raman spectra of Au;;o based SERS nanoprobes
after 5 to 20-day storage. The Raman spectra show
insignificant change over a period of 20 days. As shown in Fig.
7d, the intensities of Raman peaks are retained over 80% after
20 days. The results from stability testing of SERS nanoprobes
prove that the mPEG coated tetrapod Au nanocrystals possess
good colloidal and SERS signal stability, therefore, such probes
are suitable for in vitro/in vivo bioimaging applications.

The live-cell imaging based on the obtained SERS
nanoprobes is further demonstrated using Witec confocal
Raman system. The SK-BR-3 cells was used and incubation with
SERS nanoprobes for 4 hours at 37 °C. After incubation, the
stained cells were rinsing with PBS thrice and then placed
between two quarts slides for Raman mapping measurement.
The samples were excited with a 785 nm laser with a focal spot
of 1 um using 50 mW laser (Fig. 8a), and the intensity mapping
measurements at 1460 cm™ " were carried out as raster scans in
0.5 um steps over the specified area (approx. 60x60 umz) with
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Fig. 9 Cell viability of Aus;obased SERS nanoprobes. Error bars represent mean + SD
(n=3). *p < 0.05; **p<0.01; ***p<0.001.

1 s as the integration time per step. Fig. 8b-c show the bright-
field image and Raman image of the stained cells, respectively.
The Raman image is closely correlated with the bright-field
image. An enlarged Raman image of single cell is presented in
Fig. 8d-e. The image confirms the SERS nanoprobes are
internalized into the cell and accumulated around cell nucleus.
The results clearly indicate that the obtained tetrapod Au
nanocrystals could be used to construct high performance NIR
SERS nanoprobes for cell imaging, and it is also potential for
other biomedical application in which excellent LSPR property
in NIR region is required.

Since cytotoxicity is an important issue for nanoparticle
based bioimaging, in vitro cytotoxicity test thus carried out to
evaluate the cytotoxic profiles of SERS nanoprobes using
standard cytotoxicity tests. Fig. 9 shows the viability of SK-BR-3
human breast cancer cells after 24 h incubation with SERS
nanoprobes at 37 °C. The tetrapod Au nanoprobes exhibit
insignificant toxicity even at 50 pug/mL with a cell viability of
~86% which is comparable to other Au nanoparticles based
bioprobes.41

4. Conclusion

In summary, tetrapod Au nanocrystals with tunable LSPR
in NIR region have been synthesized by a facile seeded growth
approach. The presented method achieve precise
modulation of LSPR peaks of tetrapod Au nanocrystals from

can

650 nm to 785 nm by controlling the length and sharpness of
the tips on the nanocrystals. FDTD
experimental results consistently reveal that the both the

simulation and
sharpness and length of the tips of tetrapod Au nanocrystals
contribute to the peak shift of LSPR as well
enhancement of local electromagnetic fields. These tetrapod

as the

Au nanocrystals have further exploited as high performance
NIR SERS nanoprobes by decorating NIR Raman-active DTTCi as
Raman reporter and HS-mPEG as protective layer. Among
them, Au,;, based SERS nanoprobes show the strongest
Raman signal and has been successfully applied to SERS
imaging of SK-BR-3 human breast cancer cells. Besides high

This journal is © The Royal Society of Chemistry 20xx

Raman signal in NIR region, these SERS nanoprobes also
demonstrate high stability in both colloidal system and Raman
signal as well as good biocompatibility, indicating their great
potential for in vivo bioimaging application. Although this
study describes the of the tetrapod Au
nanocrystals as NIR SERS nanoprobes for bioimaging, we
believe that these tetrapod Au nanocrystals with controllable
LSPR in NIR region could find broad applications in
biotechnology and medicine.
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