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ABSTRACT

Hexagonal and triangular Au microplates extending over an area of ~12,000 um? with thickness in the range
30-1000 nm have been synthesized using a single step thermolysis of (AuCl,)”—tetraoctylammonium bromide
complex in air. The microplates are self-supporting and can be easily manipulated using a sharp pin, a property
which enables them to serve as substrates for living cells. The microplate surface is non-toxic to living cells and
can enhance the fluorescence signal from fluorophores residing within the cell by an order of magnitude. In
addition, the microplates are smooth and single-crystalline, and ideal as microscopy substrates and molecular
electrodes. The growth of the microplates in the initial stages is interesting in that they seem to grow perpendicular

to the substrate, as evidenced by in situ microscopy.
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1. Introduction

Anisotropic gold nanostructures have attracted a great
deal of attention in recent years due to shape-induced
properties of interest in catalytic, electrical and
optical applications [1-3]. As a triumph of bottom-up
approaches using chemical methods, there is much
emphasis on growing polygonal plate-like structures
[4, 5] with projected applications as infrared absorbing
optical coatings [6], surface plasmon resonators [7],
high activity electrocatalysts [8], STM substrates [9], and
as substrates for surface enhanced Raman spectroscopy
[10]. For such applications it is desirable to have
plates as large as possible, but of submicron thickness,
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without compromising with the flatness and surface
smoothness. Towards this end, there have been close
to 100 reports of such gold materials during the last
decade (see Table S-1 in the Electronic Supplementary
Material (ESM)). Most of them report sub-micron and
few-micron sized Au hexagonal and triangular plates,
and wider plates with sides extending over tens of
microns are not commonly found; in the reported
instances [11-14], the plates seem fragile, contain
defects, and are mingled with other nanostructures.
The separation of the desired plates from the mass is
like removing a needle from haystack! Thus, the
manipulation and organization of the as-made plates
has proved rather difficult. In one recent instance, the
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separation and assembly of small gold triangles was
made possible by selective precipitation [15]. Top-
down methods too, have aimed at producing faceted
structures for use as a substrate in scanning tunneling
microscope (STM) studies [16]. Generally, these
structures have unfriendly geometries and macroscopic
thickness, making them unsuitable for many app-
lications. Thus, it has not been trivial to produce metal
microplates with the requisite qualities. Here, we
report a simple method involving thermolysis of a
gold—organic complex in air, which affords unusually
large (>150 um) hexagonal, triangular and related
polygonal Au microplates on flat substrates such as
glass. We have monitored the growth of the particles
in situ and examined their crystallinity using high
resolution electron microscopy (HRTEM). We also
demonstrate their utility in fluorescence enhancing
platforms for living cells.

2. Results and discussion

The precursor was (AuCl,)” ions stabilized by tetraoc-
tylammonium bromide in toluene [17] (25 mmol/L),
denoted Au-ToABr. The synthesis process involved
two steps, drop coating or spin coating of Au-ToABr
precursor onto a given substrate and subsequent
thermolysis at 130 °C in air to give reduced Au (see the
scheme in Fig. 1(a)). After thermolysis, the unreacted
Au-ToABr was washed off with toluene. The substrate
can be Si, glass, stainless steel, polyimide, polydime-
thylsiloxane (PDMS), mica or highly oriented pyrolytic
graphite (HOPG)—almost anything that can withstand
the temperature and remain insoluble in the solvent.
After thermolysis for 24 h, the reduced gold was in the
form of microplates, with many of them having edge
lengths above 100 pm. The Au microplates are visible
even to the unaided eye. The optical microscopy images
of a few typical plates are shown in Fig. 1(b). As
shown in the histogram in Fig. 1(c), microplates with
areas of 5000-10,000 pm?* were commonly seen. The
thickness was most commonly sub-100 nm (Fig. 1(d)).
The area and thickness had no definite relation: in
the two cases shown in Fig. 1(e), the smaller hexagon
(top) is ~1 pm thick while the thickness of the bottom
truncated triangle is only ~100 nm. Figure 1(f) shows a

typical low magnification scanning electron microscopy

(SEM) image with several microplates covering the
substrate; there are very few particulates. Importantly,
they maintain smoothness (~1 nm) even over large
areas as revealed by optical profilometry (Fig. S-1 in
the ESM). The smoothness should render them suitable
for microscopy studies. Moreover because of their large
size, they are easily identifiable without the aid of
markers. Some control over size distribution is possible.
A higher synthesis temperature (250 °C) was found to
narrow down the distribution, but the mean size was
also reduced (Fig. S-2 in the ESM). Another attractive
feature is that the plates can be detached from the
substrate rather easily. A sharp pin carrying an Au
microplate is shown in Fig. 2(a). Shown in Fig. 2(b) is
a pattern of the microplates organized using the sharp
pin. The transferred microplates are quite mobile on
a PDMS surface, requiring little force (Fig. S-3 in the
ESM). In one report, manipulation of a nanowheel
made from a Au nanoplate was shown using a nano-
manipulator inside a focused ion beam (FIB) system
[18]. In the present case, the process is greatly simplified
by virtue of the large size of the microplates, such that
no sophisticated instrumentation is required for
manipulation. These microplates can also be dropped
into microwells as shown in Fig. 2(c).

The surface of the microplates is devoid of possible
contaminants such as carbon as revealed by energy
dispersive spectroscopy (EDS) mapping data (Fig. S-4
in the ESM). X-ray photoelectron spectra in the C1s
core-level region (284 eV) had negligible intensity.
The Au 4f;, core level spectrum was intense, with the
peak position at ~84 eV being typical of metallic Au.
Figure 3(a) shows transmission electron microscopy
(TEM) image of a truncated triangular plate. The con-
tours seen in the image originate from the diffraction
effects arising due to slight bending of the thin plate
on the TEM grid surface [19]. The selected area electron
diffraction (SAED) pattern shown in the inset is
hexagonally symmetric and corresponds to the face-
centered cubic (FCC) Au crystal lattice viewed along
the (111) direction. The spots representing {220}, {422},
and {440} Bragg planes are clearly visible. Importantly,
we do not see any kinematically forbidden spots such
as 1/3{422}, which have been attributed in other
systems to the presence of two or more twin planes in
the nanoplates [19, 20]. The HRTEM image along the
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Figure 1 (a) Schematic illustration of the procedure for making Au microplates. First, Au-ToABr solution is coated onto the desired
substrate and then thermolysed at 130 °C for 6 h. (b) Optical image showing the microplates, with a large one with an area of
~12,000 um? shown in the inset. Histograms of (c) the area of the plates and (d) the thickness of the plates. (¢) AFM topography images
of a thick microplate (top) and a thin one (bottom). (f) A low magnification SEM image showing several Au microplates on the substrate
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100 um

Figure 2 (a) Optical image of a sharp pin carrying a Au microplate.
(b) Au microplates arranged in a pattern on a PDMS substate. For
this purpose, the as-made Au microplates were dispersed in toluene,
and then a drop of toluene containing Au microplates was placed
on a PDMS surface. The plates were manipulated using a pin.
(c) Microplates placed in microwells formed between a stencil and
a glass substrate. A drop of toluene containing Au microplates was
spread on a stencil. As the solvent evaporated, Au microplates
became arranged in the wells, one in each, presumably because the
size of the wells was chosen to be similar to that of the microplates

(111) zone axis in Fig. 3(b) reveals Au atoms (white
dots) in hexagonal packing with a spacing of ~1.4 A
between the rows, which corresponds to the {220}
planes. This observation is consistent with the geo-
metric model of an FCC crystal, when viewed along
the (111) direction. The overall crystallinity of the

microplates distributed on a substrate is further
supported by the X-ray diffraction (XRD) data, which
showed preferential (111) orientation (Fig. S-5 in the
ESM). The relative diffraction intensity of the (200)
reflection with respect to (111) is found to be 0.02. We
believe that this is the lowest value obtained in the
literature for such microplates (Fig. S-5 in ESM).

(b)

Figure 3 (a) TEM image of the Au microplate, with the SAED
pattern shown as an inset. The SAED is hexagonally symmetric
and the spots marked by a square, triangle, and circle correspond
to {220}, {422}, and {440} planes, respectively. (b) HRTEM image
of the microplate; the corresponding fast Fourier transform (FFT)
is shown as inset. The bright dots are Au atoms, with the spacing
marked in the inset
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We have monitored the growth of Au microplates
at two different length scales using SEM and optical
microscopy (Fig. 4). After thermolysis for just one
minute, the resulting Au nanoparticles are arranged
in the form of very tiny (<100 nm) triangle shaped
plates, as shown in Fig. 4(a). The nucleation and growth
of these embryonic structures take place in a con-
fined boundary defined by the drop of the precursor
(Fig. 4(b)). A halo around the growing structure is
commonly seen (Fig. 4(c)), which may arise from the
Au-ToABr feedstock continuously supplying Au
atoms. Under an optical microscope, we have seen

100 nm

Area of the microplate (Um?)

100 nm

something very interesting. As thermolysis of Au-
ToABr begins, a large number of tiny microplates are
seen all over the substrate, often perpendicular to the
substrate (Fig. 5-6 in the ESM). As shown in Fig. 4(d),
the triangular microplate appears as if one of the
corners of the microplate is pinned to the substrate.
The growth proceeds out from the free standing corners
and, as a result the two corners seem to move away
from each other (Movie S-1 in the ESM). After a certain
amount of growth, the microplate falls flat (Fig. 4(e))
and continues to grow outward from the same corners.
It now looks brighter as it lies flat on the substrate.

25004
2000
. L
1500+ a
1000+
500+
0 — \ \ T -
0 50 100 150 200 250
Time (min)

Figure 4 SEM images of the products formed after thermolysis of the Au-ToABr complex on a Si substrate for (a) 1 min, (b) 2 min,
and (¢) 5 min at 250 °C. Optical images (d)—(f) of a triangular Au microplate as it grew, with schematic illustrations alongside. The darker
shade of the microplate in (d) is due to its angle with respect to the optical axis. (g) Plot of the area of the triangular microplate versus the
thermolysis time. A slight deviation from linearity is seen around 150 min. This coincides with the beginning of truncation of the microplate

corners as seen in (e)
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Another tiny microplate is seen to nucleate in the
neighborhood. In such circumstances, the neighboring
plates usually come closer and reorient as shown in
Fig. 4(f) (also see Movie S-1 in the ESM). The synthesis
of Au microplates using our method does not seem
to involve the mediation of the solvent, as the
minimum temperature required is greater than the
boiling point of the solvent (toluene has a boiling point
of 110 °C, whereas a thermolysis temperature of 130 °C
was employed). There is essentially a direct conversion
of the metal precursor in the liquid-crystalline state
to metallic Au. As seen in the dynamic optical
microscopy images, the Au nucleus which forms the
vertex of the growing microplate is surrounded by
the liquid-crystalline precursor which serves as a
feedstock for Au. The viscous nature of the precursor
does not seem to favor in-plane growth but rather
forms a supportive matrix on either side of the growing
plate. Around 60% to 70% of the plates tend to grow
perpendicular to the substrate. Those which grow
in-plane, are restricted in size. The crystal structure
of the substrate surface has no direct bearing on the
growth of the plates, although the surface morphology
may influence the overall size. A rough substrate
surface may also restrict steady supply of the precursor
to the growing plate. As seen in Fig. 4(g), the area of
the triangular plate increased linearly with the time
of thermolysis, implying that the growth is diffusion
limited [21]. The slope may depend on the local con-
centration of the precursor and the temperature, among
other conditions. A slight deviation from linearity seen
around 150 min, is concomitant with the microplate
corners becoming rounded and truncated (Fig. 4(e)).
The microplates presented above have some unique
properties: they are large, flat, clean, and movable.
These qualities prompted us to explore their utility as
platforms for hosting living cells. Previously, Ishihara
et al. [22] have fabricated mobile Parylene microplates
which could host adherent cells. Transparent SiO,
microplates [23] have also been employed for the same
purpose. Such surfaces generally require chemical
modification by a plasma pretreatment before attaching
the cell. There have been reports of cell patterning on
Au substrates by surface engineering [24, 25] with
extracellular matrix proteins. The cellular behavior in
terms of adaptation and signaling depends crucially

on the environment. In the present study, we have used
coverslips coated with Au microplates for growing
three different cell lines—KB (human oral cancer),
H1299 (human lung carcinoma) and 3T3 (mouse
fibroblast) cells. The cells were seen attached to the
microplates as well as on other regions of the
coverslips (Fig. 5). Importantly, they were as healthy
on the plates as on the coverslip surface itself, implying
that there is no cellular toxicity arising from the
microplates. Here, it should be stressed that no
surface chemical modification was required in order
to attach the cells. Electrostatic interactions between
the cell membrane and the Au surface, as well as
specific interactions involving amine groups in cell
surface proteins, may be responsible for the attachment
of cells to the microplates. Thus, the microplates
provide an opportunity to carry out cellular studies,
free of any of the effects which inevitably arise after
surface modifications. Brunetti et al. [26] have recently
shown the possible role of nanoroughness in deter-
mining the cytophilic or cytophobic nature of a surface
for neuronal cells. The cells are directed preferentially
towards the flat regions of the surface (cytophilic).
Although the cell line used here is different, the surface
smoothness of the microplate would be advantageous
in terms of attracting live cells. The microplate is also
seen to enhance the fluorescence of Hoechst 33528
dye in the nucleus, as shown in Figs. 5(a) and 5(b).
This is akin to metal-enhanced fluorescence [27] (MEF)
which increases the fluorescence emission from a
fluorophore. MEF arises because of the increase in the
electric field near the metal surface in the presence of
the incident light [28]. It is being increasingly used
for cell imaging as the chosen fluorophores may possess
low quantum yields, making them difficult to visualize,
particularly at lower concentrations [28]. As shown in
Figs. 5(a) and 5(b), the cell situated in the middle of
the plate is seen with a bright contrast while the cells
around the plate resting on the coverglass are seen
lightly colored. Comparing the relative sizes, it is clear
that the microplate can essentially act as a single cell
platform (Figs. S-7 and S-8 in the ESM). Another cell
is placed half on the plate and half on the coverglass.
Fluorescence enhancement by the microplate surface
is clearly evident. The extent of enhancement is
quantitatively expressed in Figs. 5(c) and 5(d). In some
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Figure 5 (a) and (b) Confocal images showing a Au microplate hosting H1299 cells in which chromosomal DNA in the nucleus has been
stained by Hoechst 33528 dye. (c) and (d) Two microplates hosting KB cells with Hoechst 33528 staining. The fluorescence enhancement is
shown quantitatively in the plots below, with points a—k being a guide to the trace. (e) and (f) Confocal images of a Au microplate hosting
mouse 3T3 cells, stained with Hoechst and Alexa 488 in order to visualize the nucleus and the acetylated histone H3, respectively
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cases, the enhancement is nearly 10 times relative to
plain regions of the coverglass, with the average enhan-
cement factor being 5. Another important observation
is that the blue emission is from the intracellular parts.
As Hoescht 33528 dye is known to stain specifically
the chromosomal DNA in the nucleus, what we see
in Figs. 5(b)-5(d) clearly refers to the cell nuclei, of
course within the MEF range. The excitation of plasmon
modes at the metal surface is known to yield intense
optical fields at short distances from the metal surface
(a few tens of nanometers, typically) which may not
play a significant role in case of micrometer-sized
samples [26]. In the context of this study, the microsized
fluorophore object (part of the stained cell) is held
beyond the distance relevant for surface plasmon effects
(> 30 nm, as the cell membrane is typically thicker than
this), hence, only classical effects seem to influence the
fluorescence. In a previous study where plasmonic
structures were employed, little or no enhancement
was observed from nuclear dyes [29]. Another note-
worthy advantage is that the ‘mirror-type’ classical
enhancement is applicable to all visible wavelengths,
unlike plasmonic enhancement which is wavelength-
dependent. Figures 5(e) and 5(f) illustrate 3T3 cells
on the microplate, with the fluorescence enhancement
evident for Hoechst 33528 and Alexa 488 dye. Further,
we used another dye (Alexa 568)-conjugated secondary
antibody to visualize tubulin protein in the cell. Impor-
tantly, the observed fluorescence signal was better from
cells present on the Au plates (Fig. S-9 in the ESM).

3. Methods

3.1 Synthesis and characterization

The precursor, denoted Au-ToABr, was prepared by
phase transfer of AuCl; ions from an aqueous solution
(25 mmol/L, 3.2 mL) to toluene (8 mL) using tetraocty-
lammonium bromide (50 mmol/L) as phase transfer
agent. Since the first report [17] of its use in colloidal
Au preparation, this complex is being widely used,
together with a variety of reducing and stabilizing
agents. The two-phase mixture was vigorously stirred
until all the (AuCly)” ions were transferred into the
organic layer. As the phase transfer proceeded, the

yellow colored bottom aqueous layer became colorless

and the top organic layer developed a red color. The
organic layer was separated and drop coated onto the
chosen substrate. Thermolysis was carried out in air
at 130 °C for 1-12 h. In our experience, the thermal
treatment was more effective in producing microplates
than using external reducing or stabilizing agents; all
such attempts led to nanoparticle formation. Following
thermolysis, a gentle wash in toluene was carried out
to remove any undecomposed precursor. The resulting
Au microplates were examined using an optical
microscope (Laben, India) and a scanning electron
microscope (Nova NanoSEM 600 instrument, FEI Co.,
The Netherlands). Atomic force microscopy (AFM)
measurements were obtained using a Dimension 3100
scanning probe microscope (SPM) with a NanoScope
IV controller (Veeco, USA) in the contact mode.
Standard Si;N, cantilevers were used for the normal
topography imaging. For TEM microscopy, microplates
were dispersed in toluene and a drop was placed
on a holey carbon grid. This grid was used for TEM
and SAED analysis in a Titan® transmission electron
microscope with an accelerating voltage of 80-300 kV.
High resolution TEM (HRTEM) image were recorded
in an aberration corrected mode with a negative Cs of
~=30 um and a positive defocus Af of ~ +8 nm (bright
atom imaging contrast) [30]. Figure 2(b) displays the
HRTEM image after Fourier filtering the underlying
amorphous carbon specimen support film. PDMS
used as a substrate for manipulating Au plates was
prepared as follows: Sylgard 184 curing agent (Dow
Corning) and its elastomer were mixed in the ratio
1:10 by mass. The mixture was then degassed under
vacuum for 30 min. PDMS was poured onto a polycar-
bonate flat surface and then cured in an oven at 70 °C
overnight.

3.2 Cell culture and immunofluorescence

The KB or H1299 or 3T3 cells were grown continuously
as a monolayer at 37 °C and 5% CO, in Dulbecco’s
Modified Eagle Medium (DMEM) (Sigma). The
DMEM medium was supplemented with penicillin
(100 units/mL), streptomycin (100 mg/mL), and 10%
heat-inactivated fetal bovine calf serum (FBS) before
use. To visualize the effect of gold microplates onto
the cellular system KB, H1299 or 313, cells were
cultured as a monolayer on cover slips (coated with
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gold microplates) in DMEM medium. Cells were
grown for 24 h and immunofluorescence was carried
out as previously described [31]. Fixed cells were
probed with anti-acetylated histone H3 (Calbiochem)
polyclonal antibodies followed by secondary antibodies
conjugated with Alexa 488 (Invitrogen). In the case
of tubulin, fixed cells were probed with anti-tubulin
monoclonal antibody (Calbiochem) followed by secon-
dary antibodies conjugated with Alexa 568 (Invitrogen).
Hoechst 33528 (Sigma) was used to stain the chro-
mosomal DNA. The images were recorded using a
Zeiss LSM 510 laser scanning confocal microscope.

4. Conclusions

We have made Au microplates using a single step
thermolysis of a simple Au-organic precursor. The
microplates routinely bear edge lengths of ~100-150 pm
amounting to area of > 10,000 pm?, with the thickness
being in the range 30 nm-1 pum. Interestingly, the plates
seem to grow perpendicular to the substrate from a
nucleation site, with the precursor feedstock supplying
Au atoms from both sides. We have been able to
capture images of their embryonic state, as well as of
later stages as they grow in size into microplates. They
are atomically smooth and highly crystalline with the
Au(111) face forming the polygonal surface, a property
which should qualify them as ideal microscopy
substrates and electrodes in molecular electronics. We
have found that the microplate surface is non-toxic to
living cells and can enhance the fluorescence signal
from a cell nucleus (Hoechst 33528 dye) by an order
of magnitude. Importantly, the plates can be picked
up using a pin and placed at a desired location and
organized. This experimental platform hence offers
exciting opportunities for single cell-based studies and
in probing the complex and dynamic relationships
between cells and their local environment. In addition,
the above unique properties of the Au microplates
should be of interest to researchers in molecular
electronics and surface science.

Acknowledgements

The authors thank Professor C. N. R. Rao for his con-
stant encouragement. Support from the Department

of Science and Technology, India is gratefully acknow-
ledged. The authors acknowledge Dr. Basavaraj,
Veeco Lab, JNCASR, India for technical assistance.
B. Radha thanks the Council of Scientific and Industrial
Research, India for financial assistance.

Electronic Supplementary Material: Supplementary
material (summary of the literature describing the
synthesis of Au plate-like structures, optical profiler
images, SEM images, optical images of the mani-
pulation, energy dispersive spectroscopy (EDS)
mapping, XRD, movie illustrating the growth of a Au
triangular microplate, confocal images of Au micro-
plates hosting single 3T3 cells, z-slices and KB cells
stained with Alexa 588 dye used to visualize tubulin)
is available in the online version of this article at
http://dx.doi.org/10.1007/s12274-010-0040-6 and is
accessible free of charge.

Open Access: This article is distributed under the terms
of the Creative Commons Attribution Noncommercial
License which permits any noncommercial use,
distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

[1] Eustis, S.; El-Sayed, M. A. Why gold nanoparticles are more
precious than pretty gold: Noble metal surface plasmon
resonance and its enhancement of the radiative and nonradiative
properties of nanocrystals of different shapes. Chem. Soc.
Rev. 2006, 35, 209-217.

[2] Tapan, K. S.; Andrey, L. R. Nonspherical noble metal
nanoparticles: Colloid-chemical synthesis and morphology
control. Adv. Mater.2010, 22, 1781-1804.

[3] Sajanlal, P. R.; Pradeep, T. Mesoflowers: A new class of
highly efficient surface-enhanced Raman active and infrared-
absorbing materials. Nano Res. 2009, 2, 306-320.

[4] Shankar, S. S.; Rai, A.; Ankamwar, B.; Singh, A.; Ahmad,
A.; Sastry, M. Biological synthesis of triangular gold
nanoprisms. Nat. Mater. 2004, 3, 482—488.

[5] Sun, X.; Dong, S.; Wang, E. Large-scale synthesis of
micrometer-scale single-crystalline Au plates of nanometer
thickness by a wet-chemical route. Angew. Chem. Int. Ed.
2004, 43, 6360-6363.

[6] Shankar, S. S.; Rai, A.; Ahmad, A.; Sastry, M. Controlling
the optical properties of lemongrass extract synthesized gold
nanotriangles and potential application in infrared-absorbing

Nano Research W | ______________________________________________|



Nano Res. 2010, 3(10): 738-747

747

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

optical coatings. Chem. Mater. 2005, 17, 566-572.

Wiley, B. J.; Lipomi, D. J.; Bao, J.; Capasso, F.; Whitesides,
G. M. Fabrication of surface plasmon resonators by nano-
skiving single-crystalline gold microplates. Nano Lett. 2008,
8, 3023-3028.

Li, W.; Ma, H.; Zhang, J.; Liu, X.; Feng, X. Fabrication of
gold nanoprism thin films and their applications in designing
high activity electrocatalysts. J. Phys. Chem. C 2009, 113,
1738-1745.

Dahanayaka, D. H.; Wang, J. X.; Hossain, S.; Bumm, L. A.
Optically transparent Au{111} substrates: Flat gold nano-
particle platforms for high-resolution scanning tunneling
microscopy. J. Am. Chem. Soc. 2006, 128, 6052—-6053.
Sabur, A.; Havel, M.; Gogotsi, Y. SERS intensity optimization
by controlling the size and shape of faceted gold nano-
particles. J. Raman Spec. 2008, 39, 61-67.

Li, C. C.; Cai, W. P.; Cao, B. Q.; Sun, F. Q.; Li, Y.; Kan, C.
X.; Zhang, L. D. Mass synthesis of large, single-crystal Au
nanosheets based on a polyol process. Adv. Funct. Mater.
2006, 16, 83-90.

Zhu, J.; Shen, Y.; Xie, A.; Qiu, L.; Zhang, Q.; Zhang, S.
Photoinduced synthesis of anisotropic gold nanoparticles in
room-temperature ionic liquid. J. Phys. Chem. C 2007, 111,
7629-7633.

Li, Z.; Liu, Z.; Zhang, J.; Han, B.; Du, J.; Gao, Y.; Jiang, T.
Synthesis of single-crystal gold nanosheets of large size in
ionic liquids. J. Phys. Chem. B 2005, 109, 14445-14448.
Kawasaki, H.; Yonezawa, T.; Nishimura, K.; Arakawa, R.
Fabrication of submillimeter-sized gold plates from thermal
decomposition of HAuCl, in two-component ionic liquids.
Chem. Lett. 2007, 36, 1038-1039.

Ha, T. H.; Kim, Y. J.; Park, S. H. Complete separation of
triangular gold nanoplates through selective precipitation
under CTAB micelles in aqueous solution. Chem Comm.
2010, 46, 3164-3166.

Voigtlander, B.; Linke, U.; Stollwerk, H.; Brona, J. Preparation
of bead metal single crystals by electron beam heating. J.
Vac. Sci. Tech. 2005, 23, 1535-1537.

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J;
Whyman, R. Synthesis of thiol-derivatised gold nanoparticles
in a two-phase liquid-liquid system. J. Chem. Soc., Chem.
Commun. 1994, 801-802.

Yun, Y. J; Park, G.; Ah, C. S.; Park, H. J.; Yun, W. S.; Ha,
D. H. Fabrication of versatile nanocomponents using single-
crystalline Au nanoplates. Appl. Phys. Lett. 2005, 87, 233110.
Bai, X.; Zheng, L.; Li, N.; Dong, B.; Liu, H. Synthesis and

characterization of microscale gold nanoplates using Langmuir

[20]

(27]

(28]

[29]

[30]

(31]

monolayers of long-chain ionic liquid. Cryst. Growth Des.
2008, 8, 3840-3846.

Xie, J.; Lee, J. Y.; Wang, D. I. C. Synthesis of single-
crystalline gold nanoplates in aqueous solutions through
biomineralization by serum albumin protein. J. Phys. Chem.
C2007,111,10226-10232.

Yukselici, M. H. Growth kinetics of CdSe nanoparticles in
glass. J. Phys.—Condens. Mat. 2002, 14, 1153-1162.
Ishihara, H.; Kuribayashi, K.; Takeuchi, S. Arraying single
adherent cells by microplate self-assembly. In Micro Electro
Mechanical Systems. IEEE 22nd International Conference
on MEMS, 25-29 Jan. 2009, pp. 367-370.

Onoe, H.; Takeuchi, S. Microfabricated mobile microplates
for handling single adherent cells. J. Micromech. Microeng.
2008, 78, 095003.

Veiseh, M.; Wickes, B. T.; Castner, D. G.; Zhang, M.
Guided cell patterning on gold-silicon dioxide substrates
by surface molecular engineering. Biomaterials 2004, 25,
3315-3324.

Yousaf, M. N.; Houseman, B. T.; Mrksich, M. Using
electroactive substrates to pattern the attachment of two
different cell populations. Proc. Natl. Acad. Sci. USA 2001,
98, 5992-5996.

Brunetti, V.; Maiorano, G.; Rizzello, L.; Sorce, B.; Sabella,
S.; Cingolani, R.; Pompa, P. P. Neurons sense nanoscale
roughness with nanometer sensitivity. Proc. Natl. Acad. Sci.
USA 2010, 107, 6264—6269.

Moal, E. L.; Fort, E.; Levque-Fort, S.; Cordeli¢res, F. P.;
Fontaine-Aupart, M. P.; Ricolleau, C. Enhanced fluorescence
cell imaging with metal-coated slides. Biophys. J. 2007, 92,
2150-2161.

Aslan, K.; Gryczynski, I.; Malicka, J.; Matveeva, E.;
Lakowicz, J. R.; Geddes, C. D. Metal-enhanced fluorescence:
An emerging tool in biotechnology. Curr. Opin. Biotech.
2005, 16, 55-62.

Zhang, J.; Fu, Y.; Liang, D.; Zhao, R. Y.; Lakowicz, J. R.
Enhanced fluorescence images for labeled cells on silver
island films. Langmuir 2008, 24, 12452—12457.

Jia, C. L.; Lentzen, M.; Urban, K. Atomic-resolution imaging
of oxygen in perovskite ceramics. Science 2003, 299,
870-873.

Selvi, B. R.; Jagadeesan, D.; Suma, B. S.; Nagashankar, G.;
Arif, M.; Balasubramanyam, K.; Eswaramoorthy, M.; Kundu,
T. K. Intrinsically fluorescent carbon nanospheres as a nuclear
targeting vector: Delivery of membrane-impermeable molecule
to modulate gene expression in vivo. Nano Lett. 2008, 8,
3182-3188.

Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /Basemic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /E-B1
    /E-B1X
    /E-B2
    /E-B2X
    /E-B3
    /E-B3X
    /E-B4
    /E-B4X
    /E-B5
    /E-B5X
    /E-B6
    /E-B6X
    /E-B7
    /E-B7X
    /E-B8
    /E-B8X
    /E-BD
    /E-BKB
    /E-BKBX
    /E-BKH
    /E-BKHX
    /E-BX
    /E-BZ
    /E-DY
    /E-F1
    /E-F1X
    /E-F2
    /E-F2X
    /E-F3
    /E-F4
    /E-F4X
    /E-F5
    /E-F5X
    /E-F6
    /E-F6X
    /E-F7
    /E-F7X
    /E-F8
    /E-F9
    /E-F9X
    /E-FX
    /E-FZ
    /E-H1
    /E-H1X
    /E-H2
    /E-H2X
    /E-H3
    /E-H3X
    /E-H4
    /E-H4X
    /E-H5
    /E-H5X
    /E-H6
    /E-H6X
    /E-H7
    /E-H7X
    /E-HD
    /E-HT
    /E-HT1
    /E-HT2
    /E-HX
    /E-HZ
    /E-KY
    /E-SXT
    /E-TT
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /E-X1
    /E-X1X
    /E-XF1
    /E-XFX
    /E-XFZ
    /E-XT
    /E-XY
    /E-YB
    /E-YT1
    /E-YT2
    /FencesPlain
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /GBK_S
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Black-SemiBold
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black-Se
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light-Li
    /Helvetica-Condensed-Light-Light
    /Helvetica-Condensed-Oblique
    /Helvetica-Condensed-Thin
    /Helvetica-Conth
    /HelveticaExt-Normal
    /HelveticaExtObl-Heavy
    /HelveticaExtObl-Light
    /HelveticaExtObl-Normal
    /HelveticaInserat-Roman-SemiB
    /HelveticaInserat-Roman-SemiBold
    /Helvetica-Light-Light-Italic
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /HelveticaNarrowBoldLefty
    /Helvetica-Narrow-BoldOblique
    /HelveticaNarrowLefty
    /Helvetica-Narrow-Oblique
    /HelveticaObl-Heavy
    /Helvetica-Oblique
    /HelveticaObl-Thin
    /Helvetica-Roman-SemiB
    /Impact
    /Kingsoft-Phonetic
    /LucidaConsole
    /LucidaSansUnicode
    /MicrosoftSansSerif
    /MingLiU
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MSOutlook
    /MT-Extra
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Regular
    /NSimSun
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PMingLiU
    /SimHei
    /SimSun
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TrueFrutigerLight
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.12500
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.12500
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




