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ABSTRACT Silica-coated Ag nanostructures usable as magnetic nanoparticle-based Raman barcode materials were developed. Initially,
283 nm sized spherical magnetite particles composed of 13 nm sized superparamagnetic Fe;O4 nanoparticles were synthesized, and
silver deposition was conducted using butylamine as the reductant of AGNOs in ethanol. The Ag-deposited Fe;O, (FesOs@Ag) particles
are found to be efficient surface-enhanced Raman scattering (SERS) substrates with the enhancement factor at 632.8 nm excitation
to be about 3 x 10°. After SERS markers such as benzenethiol, 4-mercaptotoluene, 4-aminobenzenethiol, and 4-nitrobenzenethiol
were adsorbed onto the silver surface, poly(allylamine hydrochloride) (PAH) was coated onto them using the layer-by-layer deposition
method such that a subsequent base-catalyzed silanization could readily form a 60 nm thick silica shell around the PAH layer by a
biomimetic process. The cross-linked silica shells effectively prevented the SERS-marker molecules from being liberated from the
surface of the Fe;0,@Ag particles. Although the gram magnetization decreased nearly to one-half of the initial value because of
coating with silver and silica, the remaining magnetization was nonetheless strong enough for the silica-coated Fe;O,@Ag particles
to be used as barcode materials operating via SERS.
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1. INTRODUCTION

agnetic nanoparticles are a class of nanoparticle

that can be manipulated using magnetic fields

(1, 2). Such particles commonly consist of mag-
netic elements such as iron, nickel, and cobalt and their
chemical compounds (3, 4). These particles have been the
focus of much research recently because they possess
attractive properties that could see potential use in catalysis,
biomedicine, magnetic resonance imaging, data storage,
and environmental remediation (5—8). Nonmagnetic metal
nanoparticles have also attracted a great deal of interest
today (9—13). Among others, gold and silver nanoparticles
are receiving great attention because of their unique optical
properties associated with surface plasmon resonance
(14—18). Because of the latter characteristics, Ag and Au
nanostructures exhibit surface-enhanced Raman scattering
(SERS) phenomena that can be used as a means for analyz-
ing organic adsorbates at submonolayer coverages: SERS is
a phenomenon in which the scattering cross-sections of
molecules adsorbed onto gold and silver surfaces are dra-
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matically enhanced. In general, two enhancement mecha-
nisms—one referred to as a long-range electromagnetic (EM)
effect and the other a short-range chemical effect—are
believed to be simultaneously operational in SERS (19, 20).
Ag- or Au-deposited magnetic particles would then be useful
especially in the Raman spectroscopic analysis of chemical
species dissolved in aqueous solutions because the magnetic
particles could readily be recovered from the solution phase
using a magnet without centrifugation and/or filtering
(21—=25).

We recently demonstrated that Ag-deposited Fe,Os nano-
particles are efficient SERS substrates for the vibrational
spectroscopic characterization of molecular adsorbates pre-
pared in a similar way on silver surfaces (5, 25). The Fe,05
(hematite) particles used earlier were commercial products
with very irregular shape and size distribution. Accordingly,
it was difficult to enjoy fully the properties of superparamag-
netism of nanometer sized magnetite particles. In this work,
we have first synthesized spherical Fe;O4 (magnetite) par-
ticles with a mean diameter of 283 nm, but are actually
composed of ~13 nm superparamagnetic particles onto
which Ag nanoaggregates are finally assembled to endow
them with both the superparamagnetism and SERS activity.
Ag-deposited magnetic nanoparticles would then be used as
a core material of molecular sensors and barcodes both of
which are operating via SERS. One difficulty in the latter
application is the necessity for the stabilization of SERS
marker molecules adsorbed on Ag nanoaggregates. It is well-
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known that silica shells are biocompatible and stable (26—28).
The fabrication of silica shells would then be an effective
strategy to protect SERS marker molecules, and silica shells,
once fabricated, can further be derivatized to possess bio-
functional groups (29—34). Regarding silicification, however,
a large amount of information has been gathered recently
from bioinspired silica studies that have led to the develop-
ment of silica films via soft matter routes (35—37). We
demonstrated that once the SERS marker molecules are
coated with aliphatic polyelectrolytes such as poly(allylamine
hydrochloride), the base-catalyzed silanization can be readily
carried out to form stable silica shells around the polyelec-
trolyte layers by a biomimetic process (29).

In this work, we have succeeded in coating Ag-deposited
magnetite particles smoothly with silica overlayers, without
affecting the SERS spectral features of various marker
molecules assembled on the Ag nanoaggregates. At first,
superparamagnetic magnetite particles with a mean diam-
eter of ~300 nm were prepared, and then SERS-active Ag
nanoaggregates were fabricated onto them by a very simple
electroless-deposition method. This method requires only
the incubation of magnetite particles in a solution of silver
ions with butylamine at moderate temperatures. SERS-active
Ag nanostructures are then formed exclusively on magnetite
particles by the reduction activity of butylamine. Because
butylamine is a very mild reductant, bulk reaction does not
take place. Various aromatic thiol molecules were subse-
quently adsorbed, as SERS markers, onto the Ag nanoag-
gregates by a self-assembly method. In the final stage, a
biomimetic base-catalyzed silanization was carried out to
form stable silica shells around the SERS markers following
the layer-by-layer deposition of cationic and anionic aliphatic
polyelectrolytes onto them. The method is cost-effective and
is suitable for mass production, so that the silica coated
SERS-active magnetic particles can be expected to find
application in a variety of fields including smart barcodes
for product tracking, document protection, and multiplexing
of biological molecules (38, 39). In particular, the widespread
dissemination of counterfeit products and documents has
led to growing demands for efficient analytical tools for
identifying those items. In addition, major health and security
concerns have generated urgent needs for screening multiple
analytes in a single assay. Encoded nanomaterials, with a large
number of readily distinguishable barcode patterns, are there-
fore particularly attractive for meeting the requirements of
product tracking and multiplexed biodetection.

2. EXPERIMENTAL PROCEDURES

Chemicals. Ferric chloride six hydrate (FeCls - 6H,0), silver
nitrate (AgNOs), sodium acetate, tetraethyl orthosilicate (TEOS,
98 %), butylamine (99 %), benzenethiol (BT, 99+ %), 4-ami-
nobenzenethiol (4-ABT, 97 %), 4-nitrobenzenethiol (4-NBT, 80 %),
4-mercaptotoluene (4-MT, 98 %), rhodamine B isothiocyanate
(RhBITC, 97 %), polyethylene glycol (MW ~3400 Da), poly(al-
lylamine hydrochloride) (PAH, MW 70 kDa), poly(acrylic acid)
(PAA, MW 100 kDa)), and silver powder (uAg, 99.9+ %) with a
particle size of 2.0—3.5 um were purchased from Aldrich and
used as received. Ammonia solution (28—30 wt %) was ob-
tained from Sanchun Pure Chemical Company. Other chemi-
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cals, unless specified, were of reagent grade, and highly purified
water, of resistivity greater than 18.0 MQ cm, was used
throughout the experiments.

Synthesis of FesO, Particles. Spherically shaped Fes;O,
particles were synthesized following the protocols of Deng et
al. (40). Initially, FeCl; - 6H,O (1.35 g, 5 mmol) was dissolved
in ethylene glycol (40 mL) to form a clear solution, followed by
the addition of sodium acetate (3.6 g) and polyethylene glycol
(1.0 g). The mixture was stirred vigorously for 30 min and then
refluxed at 200 °C for 24 h. After being cooled to room
temperature, the black products were washed several times
with ethanol and then dried at 60 °C for 6 h. The formation of
Fe;04 was confirmed by X-ray diffraction (XRD). According to
transmission electron microscopy (TEM) images, the size of
Fe;O, particles was approximated to be ~283 nm in diameter.

Preparation of Ag-Deposited FesO, (Fe;0,@Ag)
Particles. To deposit silver onto the magnetite particles, we
placed the cleaned 1 mg FesO, powder in a polypropylene
container into which 10 mL of an ethanolic silvering solution
was added and then incubated it for 50 min at 50 °C with
vigorous shaking. As a silvering mixture, the concentration of
AgNO;5 was maintained at 4 mM, whereas that of butylamine
was subject to change from 0.4 to 4 mM. The polypropylene
container was used to avoid nonspecific silvering of the reaction
vessel. After being rinsed with ethanol, the Ag-deposited FesO,
(FesO4@Ag) particles were redispersed in ethanol under soni-
cation for 5 min.

Derivatization of Fe;O;@Ag with Raman Markers
(FesO,@Ag/Raman). In order to use FesO,@Ag particles as a
core material for nanoparticle-based barcode operating via
SERS, aromatic thiol molecules such as BT, 4-MT, 4-ABT, and
4-NBT were assembled as a Raman marker onto the FesO,s@Ag
particles and then three bilayers of PAA and PAH were depos-
ited onto the FesO,@Ag/Raman particles as a spacer layer
before silanization. Specifically, 20 mg of Fe;O,@Ag particles
was placed first in a vial into which 10 mL of 1 mM ethanolic
BT (or 4-MT, 4-ABT, 4-NBT) solution was added. After 3 h, the
Fe;O0,@Ag/Raman particles were separated from the mixture
by using a neodium magnet and then rinsed with ethanol to
remove the excess Raman markers. Polyelectrolyte layers were
formed by the sequential dipping of the Fes;O,@Ag/Raman
particles into the PAA and PAH solutions (2 mg mL™") for 10
min at room temperature; the pH of the PAH solution was 5.0,
while that of PAA solution was 4.2. In the interim, to change
the polyelectrolyte solution, magnetite particles were intensively
rinsed with water. In the final state, the outermost layer, PAH,
was subjected to silanization as described below.

Further Silanization of Fe;O0j;@Ag/Raman Particles. Si-
lanization was performed using a method similar to that
described by Xia and co-workers (41). Initially, 20 mg of PAH-
capped FesO,@Ag/Raman particles was weighed and then
poured, under sonication, into a mixture composed of 5 mL of
water and 35 mL of ethanol. To this mixture were added 0.5
mL of ammonia (9.4 M) and 0.5 mL of TEOS (4.4 M), and the
whole mixture was then left to react for 2 h at room tempera-
ture. The reacted particles were collected using a permanent
magnet, and rinsed with water and ethanol.

Instrumentation. UV—vis spectra were obtained with a
SINCO S-4100 UV—vis absorption spectrometer. The magnetic
properties were measured using a Quantum Design SQUID
Magnetometer. TEM images were obtained on a LIBRA-120
transmission electron microscope at 120 kV. XRD patterns were
obtained on a MAC Science Co M18XHF-SRA powder diffrac-
tometer for a 260 range of 30—80° at an angular resolution of
0.05° using Cu Ka (1.5406 A) radiation. Zeta potential mea-
surements were carried out on a Zetasizer 3000HS (Malvern
Instruments, U.K.), using Zetasizer 3000 Advanced Zeta Mode
v1.61 software for data acquisition. Infrared spectra were
obtained using a Bruker IFS 1 13v FT-IR spectrometer equipped
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FIGURE 1. (a) XRD pattern and (b) TEM image of Fe;O, particles synthesized in this work. (c) XRD pattern and (d) TEM image of Fe;0,@Ag

particles prepared in a 1:1 mixture of AgNO; and butylamine.

with a Globar light source and a liquid-N,-cooled wide-band
mercury cadmium telluride detector. Raman spectra were
obtained using a Renishaw Raman system model 2000 spec-
trometer. Either the 514.5 nm line from a 20 mW Ar" laser
(Melles-Griot model 351MA520) or the 632.8 nm line from a
17 mW He/Ne laser (Spectra Physics model 127) was used as
the excitation source. Raman scattering was detected over 180°
with a Peltier cooled (=70 °C) charge-coupled device (CCD)
camera (400 x 600 pixels). The data acquisition time was

usually 30 s, and the measured intensity was normalized with

respect to that of a silicon wafer at 520 cm™".

3. RESULTS AND DISCUSSION

Characterization of Fe;O,@Ag Particles. All the
XRD peaks of iron oxides synthesized in this work could be
indexed to the magnetite structure of FesO4 (JCPDS 75—1609),
as in Figure 1a. The average size of the Fe;O4 nanoparticles
deduced from Sherrer’s formula is about 13 nm. According
to the TEM image (see Figure 1b), Fe;O4 particles were
spherical, but with a mean diameter of 283 4+ 39 nm. The
discrepancy between the XRD and TEM data could be
understood by assuming that the 283 nm sized particles
were actually composed of 13 nm sized Fe;O,4 nanoparticles.
This suggests that Fe;O4 nanoparticles have self-assembled
into spherical aggregates. In fact, a close look at the TEM
image (inset of Figure 1b) indicated that the large particles
consisted of agglomeration of smaller particles. Disordered
pores existed among the primary nanoparticles but within
spherical aggregates.

Figure 2a shows the magnetization curve of Fe;O, par-
ticles measured at room temperature. The curve presents a
small hysteresis loop, and the magnetic saturation value is
~78 emu/g. From a magnified view of the magnetization
curve at low applied fields, the remnant M, defined as the
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FIGURE 2. (a) Magnetization curve of the as-prepared Fe;O, particles
measured at room temperature: inset shows a magnified view at low
applied fields. (b) Similar magnetization curve measured for si-
lanized Fe;0,@ASg particles.
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magnetization at H = 0 is about 0.22 emu/g, whereas the
coercity H. defined as the field magnitude necessary to
obtain M = 0 is about 2.5 Oe. It has been reported that the
magnetic Fe;O, particles exhibit superparamagnetic behav-
ior when the particle size decreases to below a critical value,
generally around 20 nm. The relatively high M value with
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FIGURE 3. UV—vis spectra of Fe;O, particles dispersed in ethanol
taken (a) before and (b—e) after silvering onto them at molar ratios
of (b) 1:0.1, (c) 1:0.25, (d) 1:0.5, and (e) 1:1 of AGNO5 and butylamine.
The concentration of AGNO; was maintained at 4 mM in all silvering
processes.

relatively low H. and M, values in this work can then be
attributed to the small primary particle size of about 13 nm
in dimension, as well as to the oriented attachment of
primary particles in large spherical aggregates.

A zeta potential measurement indicates that Fe;O,4 par-
ticles are negatively charged in absolute ethanol, i.e., —=16.3
+ 1.6 mV, suggesting that their surface sites are occupied
by oxygen atoms rather than iron atoms. As silver ions are
added into the solution, the negative charges are gradually
neutralized, suggesting that oxygen atoms are bound by Ag*
ions. In the presence of butylamine, the surface-bound Ag*
ions are reduced and the silver particles thus formed sub-
sequently function as seeds for the growth of Ag shells on
FesO4 particles. In the actual deposition of silver onto FesO,,
the concentration of AGNO5 was maintained at 4 mM, while
that of butylamine was subject to change. When very dilute
butylamine was used, Ag nanoparticles with sizes of 5—20
nm formed over the FesO, surfaces, but increasing the
concentration of butylamine resulted in much larger Ag
nanoparticles being formed. Figure 1d shows the TEM image
taken after the deposition of silver at 1:1 molar ratio of
AgNOs5 and butylamine. The deposition of silver onto Fe;O4
can be confirmed from the corresponding XRD data shown
in Figure 1c. The four peaks appearing at 26 values of 38.1,
443, 64.4, and 77.3° can be attributed to the reflections of
the (111), (200), (220), and (311) crystalline planes of cubic
Ag, respectively (42). According to the Debye—Scherrer
equation, the size of the Ag nanoparticles is estimated to be
~24 nm (43).

Figure 3b—e show the UV—vis spectra of Fe;0.@Ag
particles prepared at molar ratios of 1:0.1, 1:0.25, 1:0.5, and
1:1 of AgNOs5 and butylamine, respectively. For reference,
the UV—vis spectrum of unmodified Fe;O, particles is shown
in Figure 3a. We have to mention that prior to taking the
UV—vis spectra, the Fe;O.@Ag particles were isolated from
the reaction mixture using a magnet and redispersed into
fresh ethanol, and then subjected to gentle sonication. The
UV—vis spectra of the remaining reaction mixtures were
featureless, indicating that silver nanoparticles were not
formed, at least not in the bulk solution. The reduction of
silver must have occurred only on the surfaces of Fe;O4
particles. Butylamine is a very weak reductant, so it seemed
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FIGURE 4. SERS spectra of BT adsorbed on Fe;0,@Ag particles that
have been prepared from solutions of AgNO5:butylamine ratios of
(@) 1:1 and (b) 1:0.1. (c) SERS spectrum of BT adsorbed on uAg
powders taken for comparison. Inset: SERS intensity of the ring
breathing band of BT at 1573 cm™! versus the samples corresponding
toa—c.

that nucleation centers hardly ever form in the solution.
However, once silver ions are bound to the oxygen sites of
the Fe;O,4 particles as described previously, silver nitrate will
be reduced by butylamine, anchoring onto modified Fe;O4
surfaces.

It is seen from Figure 3 that the UV—vis spectral feature
of Fe504 changes as it is treated with the silvering medium.
Upon the deposition of silver, not only the absorbance at
shorter wavelengths but also the absorbance at longer
wavelengths is noticeably increased. The absorbance in-
crease around 400 nm is presumed to be due to a Mie
plasmon resonance excitation from the silver nanoparticles.
Evidently, the surface plasmon absorption (SPA) band of Ag
deposited on FesO4 surface broadened as the amount of
butylamine increased. We believe that the plasmon coupling
between the deposited Ag nanoparticles, as well as the
interface structure between the Ag and Fe;O, of the hybrid
particles, may play a crucial role for the red shift and
broadening of the SPA band. Consulting the electromagnetic
mechanism of SERS, those Fe;O,@Ag particles must be
efficient SERS substrates under the irradiation of a visible
laser. We thus evaluated their performance as SERS sub-
strates, using BT as the model SERS marker.

SERS of Fe;0,@Ag/Raman Particles. Spectra a
and b in Figure 4 show the two typical SERS spectra of BT
adsorbed on Fe;O.@Ag particles that have been prepared
from solutions of AgNOs5:butylamine ratios of 1:1 and 1:0.1,
respectively. As expected from the UV—vis spectra, the SERS
peaks in Figure 4a are very intense while the peaks in Figure
4b are comparatively weak. This clearly reflects the different
optical absorption characteristics of the two samples. For
reference, Figure 4c shows the SERS spectrum of BT ad-
sorbed on uAg powders, which are effective substrates for
the IR and Raman spectroscopic characterization of molec-
ular adsorbates (44, 45). The reason for taking the latter
spectrum was first simply to compare its SERS activity with
that of FesO4@Ag particles, but it was intended, if possible,
to figure out the enhancement factor (EF) of Fe;O.@Ag
particles indirectly by comparing their SERS activities under
the same experimental conditions. It is seen that the SERS
peaks in Figure 4a are an order of magnitude stronger than
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FIGURE 5. (a) Diffuse reflectance infrared spectrum taken after three
bilayers of PAA/PAH were deposited onto the BT adsorbed Fe;0,@Ag

particles and (b) that taken further after silanization onto the PAA/
PAH layer.
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the corresponding ones in Figure 4c. Recalling the fact that
the EF of BT (with 632.8 nm excitation) adsorbed on uAg
powders was determined to be 3.8 x 107 (46), the EF factor
of BT on Fe;04@Ag particles should well be more than 3 x
10°. Another noteworthy point is that the SERS peak of BT
at 632.8 nm excitation shown in Figure 4 is more intense
than that at 514.5 nm excitation (data not shown). This may
be attributed to greater electromagnetic enhancement due
to the larger absorbance of Fe;O,@Ag particles at 632.8 nm
than at 514.5 nm with respect to that of neat Fe;Oy, as can
be seen in UV—vis spectra a and e in Figure 3.
Silica-Coated Fe;O,@Ag/Raman Particles. Sub-
sequently, the silanization reaction is carried out to protect
the SERS markers assembled onto FesOs@Ag particles. The
silica coating cannot be performed directly onto the SERS
markers, however. When it was possible, the SERS spectral
feature of the marker molecules was degraded too much by
their direct contact with the siloxane groups. We found
recently that once the SERS marker molecules are coated
with aliphatic polyelectrolytes such as PAH, the base-
catalyzed silanization can be readily carried out to form
stable silica shells around the polyelectrolyte layers by a
biomimetic process. The SERS spectral feature of the marker
molecules is not deteriorated in this case. Hence, three
bilayers of PAA and PAH were deposited, before silanization,
onto the FesO,@Ag particles following the adsorption of
marker molecules. The successful deposition of PAA and
PAH polyelectrolytes was confirmed from the growth of the
COO™ stretching bands in the IR spectrum: the bands around
1402 and 1573 cm™" in Figure 5a are due to the symmetric
and antisymmetric stretching vibrations of the carboxylate
groups of PAA, respectively (47, 48). The successful silaniza-
tion can also be confirmed from the IR spectrum shown in
Figure 5b. The two strong bands appearing at ~1230 and
~1120 cm™', as well as a somewhat weaker band at ~801
cm™!, can be attributed to the vibrational modes involving
the bridging oxygen atoms in Si—O—Si moieties, whereas
the peak at ~948 cm™' is due to the Si—O stretching
vibration of the Si—OH bonds (49, 50). The formation of
silica shells must have proceeded by adsorption of nuclei and
small particles from solution onto the Fe;O.@Ag particles
due to the electrostatic attraction between the positively
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FIGURE 6. (a) TEM image of silica-coated Fe;0,;@Ag particles. (b)
Raman spectra of silica-coated Fe;0,@Ag particles containing BT,
4-MT, 4-ABT, and 4-NBT as SERS markers (from bottom to top) taken
after soaking them in 0.1 mM ethanolic RhBITC solution for 24 h.

charged amine groups of PAH and the anionic silica species,
followed by particle growth.

According to the TEM image (see Figure 6a), the silica
shell thickness is estimated to be about 58 nm. From the
TEM image alone, it is not evident, however, whether or not
the Fe;O,.@Ag particles are covered fully with silica shells
without any defect. We thus conducted a place exchange
reaction to occur on FesOs@Ag particles with RhBITC.
RhBITC is a very strong Raman scatterer and is also known
to adsorb to such an extent on Ag that BT on Ag, for instance,
can be exchanged with RhBITC. The RhBITC peaks are
identified immediately when FesO,@Ag/BT particles are
soaked in the dye. However, we do not observe any RhBITC
peak when silanized Fe;O,.@Ag/BT particles are subjected
to the place exchange reaction with RhBITC for 24 h. A
similar experiment is repeated with samples containing
4-MT, 4-ABT, and 4-NBT as SERS markers. As shown in
Figure 6b, the observed spectra all are due to SERS-marker
molecules used initially to modify FesO,@Ag particles. These
Raman spectral data clearly illustrate that all FesO.@Ag
particles are fully coated with silica shells without any defect.

The exclusive appearance of the Raman peaks due to BT,
4-MT, 4-ABT, and 4-NBT in Figure 6b is not surprising
because aliphatic polyelectrolytes such as PAA and PAH and
inorganic materials such as silica are weak Raman scatterers,
and the SERS signal must be derived mostly from the
adsorbate that is in direct contact with the SERS substrates
in accordance with electromagnetic and chemical enhance-
ment mechanisms. To use silica-coated Fe;O,@Ag particles
as barcode materials, these SERS peaks have to be main-
tained for an extended time period. In this regard, we have
examined the extent to which the SERS spectra are subjected
to change when silica-coated Fe;O.@Ag particles are left in
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an ambient condition or soaked in Millipore water, ethanol,
or phosphate-buffered saline (PBS) solution for up to 30 days.
In all cases, the SERS spectral features were invariant (data
not shown). We also confirmed that once silica-coated
Fe;0,@Ag particles are spin-coated on bulk magnetic discs,
they remain intact even in wet environments. This must be
due to the superparamagnetic property of Fe;O, particles.
As shown in Figure 2b, the magnetic saturation value per
gram obviously decreases to one-half of the initial value after
coating with silver and silica. The decrease in the magnetiza-
tion is due to the additional masses of silver and silica
deposited onto Fe;O4, coupled with their diamagnetic shield-
ing. In any case, the apparent magnetic moment is strong
enough for the silica-coated FesO4@Ag particles to be used
as nanoparticle-based barcode materials operating via SERS.
The particles were able to be magnetically concentrated and
picked up readily using a small magnet.

4. CONCLUSIONS
First of all, we have successfully synthesized spherically

shaped magnetite particles. According to the XRD and
magnetization data, the 283 nm sized spherical particles
were composed of 13 nm sized superparamagnetic Fe;O0y
nanoparticles. To endow them with SERS activity, we con-
ducted silver deposition using butylamine as a reducing
agent of AGNOs in ethanol. The most SERS-active particles
were manufactured in a 1:1 solution of AgNO; and buty-
lamine. Comparing the SERS peaks of BT on Fe;0,@Ag and
commercial uAg powders, the EF factor of Fe;0,@Ag par-
ticles was estimated to be more than 3 x 10° (with 632.8
nm excitation). After Raman markers (BT or 4-MT, 4-ABT,
4-NBT) were adsorbed on Ag, three bilayers of PAA and PAH
were deposited onto them by the layer-by-layer (LbL) depo-
sition method, and then enclosed further by a silica shell
~60 nm in thickness. The latter silanization was readily
accomplished at room temperature as in living systems due
to the facile LbL deposition of polyelectrolytes irrespective
of the kind of SERS markers. Thereby, the cross-linked silica
shells prevented the SERS-marker molecules from being
liberated from the surface of the Fe;O0,@Ag particles for an
extended time period in air or soaked in water, ethanol, and
PBS solution. Upon coating with silver and silica, the gram
magnetization has, however, decreased nearly to one-half
of the initial value, but the remained magnetization was still
strong enough for the silica-coated FesO,@Ag particles to
be used as nanoparticle-based barcode materials operating
via SERS.
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