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In this study, we observed the formation of flower-like
microstructures by the hierarchical self-assembly of random mica
nanosheet (RMN)-stabilized silver nanoparticles (AgNPs) without
organic stabilizers. The SERS spectra of adenine molecules from
DNA were measured as functions of the AgNP sizes and
microstructures with substrates formed using various RMN/AgNP
precursor ratios. The AgNP@RMN substrates significantly
contributed to the high SERS sensitivity to adenine molecules with
an SERS enhancement factor (EF) of 1.5 x 10°. These novel
AgNP@RMN hybrid microstructures can be utilized as SERS
substrates for biological sensing applications.

Introduction

In recent years, the study of nano-manipulating
technologies has enabled the self-assembly of molecular units
into highly ordered structures.” Self-assembly is a promising
bottom-up process for the fabrication of next-generation
nanomaterials, which have been shown to exhibit unique
physical and chemical properties compared to bulk analogs.z‘3
Synthetic self-assembled nanomaterials with different shapes,
such as cubes,4 spheres,5 wires,6 tubes,7 fibers,8 rings,9 discs,10
and rowers,11 have been extensively reported recently. Such
bottom-up syntheses are typically driven by non-covalent
bonding forces, such as ionic charge interactions, dipole-dipole
forces, hydrogen bonding, van der Waals forces, -t stacking,
and hydrophobic interactions.”> ™

The synthesis of nanoparticles (NPs) with controlled sizes
and shapes is an important research issue. Common organic
surfactants and amphiphilic polymers are frequently employed
for stabilizing the generated NPs. The presence of organic
surfactants provides templates for tailoring silver NP (AgNP)
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shapes into spherical, triangular, and fibrous morphologies.15

AgNPs are of particular research interest because they possess
unique properties for conduction,16 catalysis,17 biosensing,18
and as additives in composite fibers.’ Recent developments in
electronic devices include the decrease in thickness of
conductive films and the width of printed circuits, requiring
the synthesis of AgNPs in different forms such as conductive
pastes.20 The catalytic activity of AgNPs has been found to
depend on the particle size distribution,21 structure,22 shape,23
and support.24

Surface-enhanced Raman spectroscopy (SERS) is a newly
developed spectroscopic technique based on the signal
enhancement of Raman scattering via chemical effects and
localized surface plasmon resonance.”® Powerful signals
from molecules attached to Ag or Au NPs can provide high-
sensitivity structural information on the molecules; the non-
destructive detection of single molecules is possible by this
method. The technique has been demonstrated in large-scale
bio-sensing applications, exhibiting the rapid detection of
molecules from DNA, viruses, bacteria, and cells. 3!

Previously, we demonstrated an exfoliation process that
allowed the randomization of a smectite Na‘-mica layered
structure using polyamine quaternary salts; the randomized
mica nanosheets (RMN) were subsequently isolated in an
aqueous suspension.32 The random platelets had a surface
area of 720 mz/g and ~18,000 ionic charges per platelet. We
additionally reported the self-assembly of RMN into ordered
arrays with dendrite-, cubic-, rod-, and fiber-like
microstructures.®

In this study, inorganic plate-like mica clays were used to
support the formation of colloidal AgNPs in the absence of
organic stabilizers. Without the contamination of organic
surfactants, the generated AgNPs and RMN nanohybrids
(AgNP@RMN) could self-assemble into substrates with various
morphologies, such as rod- and flower-like microstructures, by
controlling the weight fraction of AgNPs on the nanosheets.
These observations were made using field-emission scanning
electronic microscopy (FE-SEM) micrographs. The flower-like
hybrid microstructures were tested as SERS substrates, and
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were shown to allow the highly efficient detection of adenine
molecules from DNA. While the design of SERS substrates
using only AgNPs remains problematic, the AgNP@RMN hybrid
design exhibited greater stability than monometallic AgNPs.
This stability may overcome certain difficulties, such as the
sensitivity of Ag to oxidation in air. Therefore, this new class of
SERS  substrates based on AgNP@RMN flower-like
microstructures could be applied in biomedical devices.

Experimental

Materials

The synthetic fluorinated Na*-mica clay (mica, SOMASIF ME-
100, CO-OP Chemical Co., Japan) used in this study had a
layered silicate structure composed of 26.5 wt% Si, 15.6 wt%
Mg, 0.2 wt%, 8.8 wt% F, 4.1 wt% Na, and 0.1 wt% Fe with the
balance being O. The mica had a layered structure of 2:1
silicate/aluminum oxide, with two tetrahedral sheets
sandwiching an edge-shared The
aluminosilicate mica had exchangeable Na* counter-ions with a
cationic exchange capacity (CEC) of 120 meq/100 g. AgNO;
(purity 99.9%) was purchased from Aldrich Chemical Co.
Ethanol (purity >99.5%, SHOWA) was additionally utilized as a
reducing agent for AgNOs. Adenine powder (purity 99.9%) was
purchased from Sigma-Aldrich.

octahedral sheet.

One-step exfoliation of layered mica into RMN in water
suspension

The one-step exfoliation of the Na'-mica clay to prepare
delaminated mica nanosheets using poly(oxypropylene)-
amine-salt has been previously reported.gz'33 The exfoliated
sheets were dispersed in water and purified by a solvent-
extraction process. The RMN were characterized as featureless
using X-ray powder diffraction (XRD) and zeta potential
analysis to determine the surface ionic character. The ionic
RMN were hydrophilic, dispersible in water, and estimated at
approximately 300—1000 nm in diameter and 1 nm in thickness
via atomic force microscopy (AFM) and transmission electron
microscopy (TEM).

Synthesis of AgNPs in the presence of RMN

An RMN slurry (0.04 g of RMN in 4 g ethanol; 1 wt%) was
first prepared by agitation and soaking the RMN in ethanol at
25 °C for 30 min, followed by the addition of 1 wt% AgNO;
solution in deionized water at the designed weight ratios of
RMN/AgNO; of 1:0, 10:1, 5:1, and 1:1. The mixture was stirred
vigorously at 300-600 rpm and 60 °C for 12 h. The reaction
progress was monitored by observing the color change from
yellow to dark yellow, indicating the reduction of Ag’ to Ago.
The UV absorption was measured at the sample concentration
of 0.1 g product in 3.0 g distilled water. The products were
further analyzed by TEM.
Self-assembly of AgNP@RMN hybrids into microstructured
SERS substrates

The AgNP@RMN hybrid suspensions were dispersed in co-
solvents of water and ethanol at a concentration of 1 wt%. The
resulting solution was drop-coated on a 2 cm x 2 cm clean
glass substrate and then evaporated in an oven at 80 °C for 8 h

2| J. Name., 2012, 00, 1-3

to form a thin film. The self-assembled morphologies in the
dried film were monitored by FE-SEM, energy dispersive
spectrometry (EDS), and XRD analyses.

Preparation of SERS samples

In a typical synthesis, 2 pL adenine solution at various
concentrations (1.0 x 102 M, 1.0 x 10° M, and 1.0 x 10™ M)
was drop-coated onto the various AgNP@RMN hybrid
substrates and dried under ambient conditions. The substrates
were washed thoroughly with ethanol to remove unbound
adenine molecules and then dried at room temperature to
evaporate all ethanol. The final samples were then observed
by Raman spectromicroscopy measurements.

Characterization and instruments

The AgNP solution was characterized by UV-vis absorption
using a Shimadzu UV-2450 spectrophotometer. TEM was
performed on a Zeiss EM 902A operated at 80 kV. The samples
(1 wt% in deionized water) were deposited onto a C-coated Cu
grid. FE-SEM was performed on a Zeiss EM 902A operated at
80 kV. The samples were prepared by dropping the
AgNP@RMN suspension onto clean glass surfaces, followed by
8 h dehydration in an oven at 80 °C. The samples were then
fixed onto a FE-SEM holder with conductive C paste and
coated with a thin layer of Au prior to measuring. Surface
element analysis was performed using EDS (OXFORD INCA
ENERGY 400). The XRD (Schimadzu SD-D1 diffractometer)
measurements were performed in a 2-theta scan configuration
in the range of 20-90°. Raman scattering spectra were
recorded with a ProMaker confocal Raman microscope system
and integrated by the Protrustech Corp., Ltd, Taiwan. A laser
operating at A = 532 nm was used as the excitation source with
a laser power of 20 mW and a 10-s exposure time. The laser
line was focused onto the substrate in backscattering
geometry using a 50x objective lens providing an excitation
area of ¥4 umz.

Results and discussion

Synthesis of AgNPs by the associated RMN for converting
AgNO; to AgNPs

The one-step exfoliation of the Na‘'-mica layered structure
by polyamine into RMN resulted in a suspension of nanosheet
platelets with high surface ionic charges of 18,000
ions/platelet and thin geometries of 300-1000 nm diameters
and 1 nm thicknesses.***® The uniform formation of AgNPs
was stabilized through the ionic charge interactions between
Ag’ and RMN (Fig. 1a). The synthesis of AgNPs supported on
RMN surfaces was performed using ethanol as a reducing
agent.34 The mechanism for reduction may have involved the
binding of Ag” ions to RMN, which possessed oxygen ions and
reduction functionality. The redox reaction with ethanol
occurred as:
Ag"+NO; + Na'RMN™ = (Ag" + RMN) + Na" + NO;~ (1)
where (Ag" + RMN") represents Ag" bound to the oxygen ions
on the surface of RMN. The resulting Ag0 species was free to
migrate and aggregate into AgNPs, as follows:

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) Schematic of the one-step exfoliation of the Na'-mica layered structure into random mica nanosheets (RMN) by the addition of

polyamine salt and of the surface ionic charges on the resulting thin platelets. The AgNP@RMN hybrid is stabilized by ionic charge
interactions. (b) UV-vis absorption spectra, (c) TEM micrographs, and (d) particle size histograms based on the TEM micrographs of colloidal
AgNPs in a complex of RMN and AgNO; at different precursor weight ratios of (1) 10:1, (2) 5:1, and (3) 1:1.

(Ag" + RMN") + ethanol + Na" + NO; - AgNP@RMN hybrid +
acetaldehyde + Na’ + NO;~ (2)

To identify the stabilization of AgNP@RMN, the synthesis of
AgNPs was performed by mixing aqueous solutions of RMN
and AgNO; with 10:1, 5:1, and 1:1 weight ratios (henceforth
referred to as the precursor weight ratios) at 60 °C (Fig. 1b,
with results summarized in Table 1). Through the in situ
reduction of AgNO; to AgNPs in the presence of RMN as the
stabilizer, the AgNP solution developed a golden-yellow color.
The UV-vis spectra of the various solutions indicated the

This journal is © The Royal Society of Chemistry 20xx

presence of nanometer-scale Ag particles by the characteristic
absorption peak at 420-430 nm after 12—13 h stirring. Through
this reduction, ethanol effectively converted AgNO; to stable
AgNPs on the surface of RMN. The reduction of Ag" formed Ag0
clusters that ultimately became AgNPs. The RMN, which
possessed groups, first
formed complexes with Ag’ and subsequently served as a
stabilizer for the generated AgNPs. The presence of RMN
effectively bound the Ag species and controlled the growth of
Ag° clusters.

oxygen-ion-containing functional
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Table 1. UV-Vis absorption, Ag particle size, SERS EF values, and observations of self-assembly of the AgNP@RMN nanohybrids at different

precursor weight ratios.

SERS EF values”

Sample Weight ratio UV-Vis absorption  Average Ag particle size Observed self-assemblages
(w/w) (nm) (nm)* by FE-SEM
RMN/AgNO; 1:0 - - Highly ordered long rod microstructure (10-15 -
um in length and 300-1000 nm in width)
10:1 426 14.1 Less-ordered short rod microstructure (1-5 um 1.5x10°
in length and 300-1000 nm in width)
5:1 427 14.8 Flower-like microstructure 4.8x10*
1:1 430 30.6 Flower-like microstructure 3.9x 10
Na'-mica - - - - -

? As measured by TEM.

®The enhancement factor (EF) of SERS activity based on calculations by the equation EF = (lsgrs/Csers)/ (Ire/Cref)-

36738 | this equation, C.¢ (1.0

M) and Cgs represent the concentrations of adenine on the AgNP@RMN substrate, while lsgzs and |, represent the signal intensities
obtained from adenine on AgNP@RMN and glass substrates, respectively.

The AgNP@RMN nanohybrids are finely dispersed in water
as observed by TEM (Fig. 1c). The AgNPs on the RMN surface
are observed to have particle diameters of ~15 nm, and are
located on the RMN platelet rims. During the reduction
reaction, AgNPs experience simultaneous nucleation and
growth while adhered to the sheet surface. As summarized in
Fig. 1d and Table 1, the average particle sizes and dispersity of
the AgNPs depend on the relative amount of RMN. The

average size of the AgNPs clearly decreases from 30.6 to 14.1
nm, and the size distribution narrows as the ratio of mica
sheets is increased. The different stabilities of the AgNP
colloids on RMN are attributed to the strong interactions
between the AgNPs and the RMN matrix. Therefore, the
AgNP@RMN hybrid solution with a 10:1 precursor weight ratio
shows the highest stability of dispersed AgNPs on the RMN
surface.

Increasing Ag content

. z

i
= == == == ==
I ES S S ey
< I —

RMN/AgNPs: (1) 1:0 (2) 10:1 (3) 5:1 and 1:1

Highly ordered long rod Less ordered short rod Ag@RMN flower-like
microstructure microstructure microstructure

Fig. 2 FE-SEM micrographs at different magnifications of rod- and flower-like microstructures from the self-assembly of AgNP@RMN
nanohybrids at different precursor weight ratios of (a and b) 1:0 (control), (c and d) 10:1, (e and f) 5:1, and (g and h) 1:1. (i) Conceptual
illustration of the AgNP@RMN self-assembly routes of various microstructures with varied AgNP concentrations.

4| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx



BMN Element  Weight%  Atomic%
3 o a1 sser
R 122 064
Na 2722 24.96
Mg 292 253
Si 1786 11.59
cl 694 41
AgNP Ag 142 0.28
Total 10000 10000

BMN Element  Weight% _ Atomic%
fhasst ) 313 462
. i F 501 588
Na 693 672
Mg 1562 1434
b si 383 2499
AgNP ¢ 174 11
[ Ag 374 077
h EX Total 10000 100.00
WAL s
i A

Fig. 3 EDS analyses of the rod- and flower-like AgNP@RMN
nanohybrid microstructures at precursor weight ratios of (a) 10:1
and (b) 5:1.
Self-assembly into rod- and flower-like microstructures
Because of the high-aspect-ratio geometric shapes and
intense ionic charges of the platelets, RMN has a tendency to
self-assemble.® Mica sheets at 1 wt% in water were
evaporated at 80 °C to produce powdered solids. The FE-SEM
micrographs in Fig. 2a and b show the resulting rod-like
microstructures, which have lengths of 10-15 um and widths
of 300-1000 nm, from the self-assembly of AgNP@RMN
hybrids at the 1:0 precursor weight ratio. In control
experiments, the pristine mica demonstrated amorphous or
irregularly aggregated morphologies after the evaporation of
water (see ESI Fig. S1). At the 10:1 precursor weight ratio, the
AgNP@RMN hybrids self-align into short arrays with 1-5 pum
lengths and 300-1000 nm widths (Fig. 2c and d). At 5:1 and 1:1
precursor ratios, the nanohybrids demonstrate self-assembled
flower-like microstructures after water evaporation (Fig. 2e—h
and Fig. S2).

- RSC Advances

COMMUNICATION
The self-assembly mechanism for the rod-like
microstructures results from face-to-face platelet piling
through ionic charge attraction (Fig. 2i). Single mica sheets are
self-piled lengths that
depend on the precursor weight ratios. The observation of

into rod-like microstructures with

uniform rod-like structures shows that random sheets self-
select for platelets with similar sizes within a given rod. When
the precursor weight ratios are changed to 5:1 and 1:1, the
formation of novel flower-like AgNP@RMN microstructures
occurs, indicating that the strong stacking propensity triggers
assembly with AgNPs acting as nucleating agents. The non-
covalent interactions of AgNPs and RMN control the
directional flower-like morphologies.

EDS analyses indicated element distributions of 42.41% O, 1.22%
F, 27.22% Na, 2.92% Mg, 17.86% Si, 6.94% Cl, and 1.42% Ag for the
rod-like AgNP@RMN microstructures at the 10:1 precursor weight
ratio (Fig. 3a), and 33.13% O, 5.01% F, 6.93% Na, 15.62% Mg,
33.83% Si, 1.74% Cl, and 3.74% Ag for the flower-like AgNP@RMN
microstructures at the 5:1 precursor weight ratio (Fig. 3b). The XRD
patterns of the AgNP@RMN hybrids are shown in Fig. S3 (see ESI).
The AgNPs are crystalline, as the XRD patterns showed peaks at 26
=38°, 44°, 64°, and 77°, which correspond to the (111), (200), (220),
and (311) planes of fcc Ag, respectively. This confirms the presence
of metallic Ag in the nanohybrids.

Relationship between SERS intensities and AgNP@RMN
hybrids

Fig. 4 and Table 1 show a series of SERS spectra of adenine
molecules adsorbed onto different assembled AgNP@RMN
substrates. The typical ring breathing mode resonance of
adenine is indicated at the wavenumber of 733 cm'l;
additionally, bands are attributed to modes from the SERS
measurements obtained in the previous study.35 The

AgNP@RMN hybrid SERS substrates were produced from
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Fig. 4 The relationship between SERS signal intensity and AgNP particle size AgNPs using adenine molecules. (a) SERS spectra of 1.0 x 102

M adenine molecules adsorbed on AgNP@RMN hybrid substrates at the wavenumber of 733 cm'l, measured using substrates with various
precursor weight ratios. (b) SERS EF values of adenine as a function of the particle size and microstructure. (c) SERS spectra of various

concentrations of adenine solutions on AgNP@RMN with a 1:1 precursor weight ratio. (d) Signal intensity of adenine as a function of the
adenine solution concentration. (e) Schematic of the AgNP@RMN hybrid SERS substrate interacting with adenine molecules. (A laser

operating at A= 532 nm was used as the excitation source at 20 mW power. All Raman spectra were obtained with 10 s exposure time.)
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drop-coating the hybrid suspensions onto glass, followed by
evaporating the aqueous solvent at 80 °C to form thin films.
Adenine solutions of 1.0 x 10 M, 1.0 x 103 M, and 1.0 x 10™
M were drop-coated onto the synthesized SERS substrates.
The relationship between the SERS spectra and enhancement
factor (EF) values for the adenine molecules and AgNP@RMN
hybrids is illustrated in Fig. 4a and b. No significant signal
appears in the SERS spectrum in the absence of the rod-like
AgNP@RMN nanohybrids formed at the 1:0 precursor weight
ratio. As the Ag loading is increased, Raman bands at 733 em™
occur that correspond to adenine molecules. When the
precursor weight ratio of the AgNP@RMN is 1:1, the SERS
signal attains the EF value of 1.5 x 10°. Fig. 4c and d show a
series of SERS spectra from adenine molecules adsorbed on
the AgNP@RMN substrates with different adenine
concentrations. As the adenine concentration and Ag loading
on the substrate increase, both the areal density of AgNPs and
the number density of adenine molecules adsorbed per unit
area of the nanohybrid substrate increase. In these spectra,
the intensities of the Raman peaks correspondingly increase.
This demonstrates the production of a novel SERS substrate
with a highly significant sensitivity to adenine by immobilizing
AgNPs on the double-edged sides of nanometers-thick mica
sheets (Fig. 4e). The AgNP@RMN nanohybrids produced SERS
substrates that allowed the highly efficient detection of
adenine molecules because of the arrangement of
AgNP@RMN in the high-surface-area flower-like
microstructures. A significant SERS signal enhancement was
observed in the bio-detection of adenine molecules from DNA.
The novel morphologies of the AgNP@RMN SERS bio-devices
could be extended to applications with microorganisms and
larger biological units, such as fungi and cancer cells.

Conclusions

We fabricated SERS substrates using hierarchical self-
assembled flower-like microstructures of AgNPs on RMN
templates. The homogenous AgNP@RMN hybrids were
synthesized by the in situ reduction of AgNO; using ethanol as
a reducing agent. The narrow size distribution of spherical ~15
nm AgNPs on the rim of the RMN sheets resulted from the
inherent uneven charge distribution over the RMN platelets.
After the fine dispersion of AgNP@RMN in water and the
controlled evaporation of the solvent, the AgNPs acted as
nucleating agents to change the morphology of the rods into
flower-like microstructures. The shape and high surface area of
these hierarchical AgNP@RMN microstructures exhibited
excellent SERS enhancement abilities. When the precursor
weight ratio of AGNP@RMN was 1:1, the observed Raman
bands in the SERS signal were attributed to adenine molecules
at the wavenumber of 733 cm™. The signal was observed with
the highly significant EF value of 1.5 x 10°. The flower-like
AgNP@RMN microstructures could have potential applications
in anti-bacterial sensors, catalysts, and gas sensors.
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