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Applying the Stober method to directly coat noble metal nanoparticles (NPs) such as gold (Au) and silver
(Ag) NPs with silica shells presents challenges, since the noble metal NPs are not stable in alcoholic solution
and have low chemical affinity for silica. This paper describes a method which uses 11-mercaptoundecanoic
acid (MUA) as a linker molecule between the silica shell and the noble metal NPs. MUA binds strongly to the
surface of the NPs via a metal-S bond by replacing the standard capping agents on the surface of the
NPs. Upon MUA stabilization, the NPs can be transferred into alcohol solution and show chemical
affinity for silica. The MUA-modified NPs can be directly coated with thickness controlled, smooth and
homogeneous silica shells via the standard Stober method by varying the amount of tetraethoxysilane
(TEOS). Compared with methods reported in the literature for the coating of such particles, this method

can not only be used to successfully coat citrated-stabilized Au or Ag NPs, but can also be extended to

Received 18th June 2013
Accepted 30th July 2013

encapsulate oleylamine (OA)-stabilized Au NPs and cetyltrimethylammonium bromide (CTAB)-stabilized

Au nanorods (NRs) by using MUA to displace the original ligand on the surface of the NPs. Additionally,
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1 Introduction

Noble metal NPs have found significant potential applications
in the fields of catalysis," optics,”> and biosensing.* A prereq-
uisite for these applications is suitable surface functionaliza-
tion which determines their interaction with the environment,
since it is directly related to the colloidal stability of the NPs,
and controls the assembly or targeting of the NPs. In this
respect, silica coating is one of the most popular methods,®
mainly due to the anomalously high stability of silica, especially
in aqueous media. This method is superior in its easy regulation
of the coating process, chemical inertness, controlled porosity,
good processability, and optical transparency. On top of that,
silica shells are easily labeled with various functional groups.”
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1 Electronic supplementary information (ESI) available: The influence of
MUA-modified Au or Ag NPs and silica encapsulation on the UV-vis absorption
spectra, the effect of different ‘»’ for SH—-(CH,),~COOH compounds on the
encapsulation of Au NPs with silica, FE-SEM images of silica-coated Au NRs
with different silica shell thicknesses. See DOI: 10.1039/c3tc31171f
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the obtained metal@SiO, core-shell NPs have been successfully applied as plasmonic nanoantennas for
fluorescence enhancement in metal @SiO,@fluorophore NPs.

In particular, metal nanostructures exhibit remarkable optical
properties due to excitation of their surface plasmons by inci-
dent light, which results in a significant enhancement of the
electromagnetic field at the NP surface. This leads to various
optical enhancement effects, such as enhanced lumines-
cence.®” Previous investigations of plasmon-enhanced fluores-
cence were carried out on metal NP films.' Core-shell
nanostructures consisting of metallic NPs coated with a shell of
silica doped with a suitable fluorophore that display enhanced
luminescence were reported recently.*® These core-shell NPs
provide several advantages. For example, the metal core
improves excitation efficiency and enhances the emission rates,
ensuring the reduced self-quenching of the fluorophores. The
silica shell can provide a versatile surface for functionalization.
Importantly, the silica shell separates the fluorophore from the
metal core in order to avoid quenching by metal core.®®

The Stober method has become a popular approach to coat
noble metal NPs with silica shells.*'* However, applying the
Stober method to directly coat silica shells on metal NPs has
long been hindered because noble metal NPs are not stable in
alcoholic solutions and have low chemical affinity for silica.™
Therefore, most of the reported silica coating routes are based
on the surface modification of the metal NPs. Mulvaney et al.
and Matijevic et al. first reported that noble metals, such as
citrate-stabilized Au and Ag, could be coated with a silica shell
using a silane coupling agent to induce the formation of a thin

J. Mater. Chem. C, 2013, 1, 6355-6363 | 6355
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silica shell by sodium silicate condensation prior to solvent
exchange and subsequent growth by means of the Stober
method."»* Graf et al. coated noble metal NPs with silica by
adsorbing poly(vinyl pyrrolidone) onto the NP surface as a
primer.** Surfactants, polyelectrolytes, enzymes, and gelatin
were also used for the construction of metal@silica core-shell
NPs.”>™® The synthesis of metal@silica core-shell NPs has also
been reported without the use of primers.>** However, these
methods were only valid for coating relatively large colloidal
particles (>50 nm) of noble metals, because smaller particles
were unstable and tended to aggregate during the Stober
process.”* In addition to hydrophilic metal nanoparticles,
hydrophobic metal nanoparticles have also been interfaced by
ligand-exchange followed by silica growth.?* For all the above
methods, the role of the surface priming is not only to increase
the affinity of the metallic surface towards silica, but also to
provide the colloids with sufficient stability to be transferred
into ethanol or isopropanol so that the classical Stober method
can be used. Today, it is desirable to develop a more versatile,
reproducible coating strategy independent of the phase and
morphology of the noble metal NPs.

Due to the strong metal-S bond reaction, thiols can replace
the standard capping agents from the surfaces of metal NPs.*
The adsorption of thiols on the surface of noble metals, such as
Au or Ag, has been intensely studied and widely used.>*?* Au
and Ag NPs synthesized with oleylamine (OA) in toluene could
be transferred to an aqueous phase when OA was replaced by a
thiol compound.” The same principles were also applied to Au
rods, where the replacement of the CTAB double layer with
thiol-containing PEG was reported.**® So using thiol
compounds as a primer has the potential to allow the devel-
opment of a more versatile, reproducible silica coating strategy,
independent of the sizes, shapes and phases of the metal NPs,
if the other end of the thiol compound has an affinity for silica.
3-Mercaptopropyl triethoxysilane was used as a primer to
successfully coat Au NPs with a silica shell.*> However, a
subsequent article has demonstrated the method was not
general.'® Liz-Marzan et al. also used a thiol-modified PEG as
primer to replace the standard capping agents of Au NPs with
different sizes and shapes.** However, the thiol-modified PEG
was not typical of thiol compounds. Firstly, obtaining the thiol-
modified PEG required a complicated synthesis procedure.
Secondly, the thiol-modified PEG was very expensive. Thirdly, in
the core-shell NPs a thick and poorly defined interface layer was
present because of the bigger molecular weight of PEG. Thiol
compounds with the structure HS-(CH,),~COOH are much
more common and cheaper. Importantly, a recent study
demonstrated that the ~-COOH groups show chemical affinity
for silica,* which indicates that HS-(CH,),~-COOH may be a
good primer for silica coating of noble metal NPs.

In this work, MUA was proposed and validated as a bifunc-
tional molecule to successfully encapsulate noble metal NPs in
different phases and/or different morphologies and/or with
different surfactants. Here, MUA was bound to the noble metal
surface via a metal-S bond, and the -COOH group was used as
the active group to facilitate the hydrolysis/condensation of
tetraethoxysilane (TEOS). It was demonstrated that MUA could
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be used to coat a thickness-adjustable, homogeneous silica
shell not only on citrate-stabilized Au and Ag NPs, but also on
CTAB-stabilized Au nanorods (NRs) and OA-stabilized Au NPs,
based on the fact that the weakly absorbed OA or CTAB on the
NPs can be readily displaced by thiols from MUA. The experi-
mental results from varying the ‘n’ for SH-(CH,),,~COOH (n = 2,
10 or 15) of the primer demonstrated that the affinity of carboxyl
to silica was related to the value of ‘»’. To the best of our
knowledge, this is the first report of successfully using MUA as
the linker molecule to coat noble NPs with silica. We have
applied the metal NPs as plasmonic nanoantennas to enhance
the fluorescence of fluorescein isothiocyanate (FITC) by
synthesizing metal@SiO,@fluorophore NPs, proving that the
present NPs acted as excellent plasmonic nanoantennas.

2 Materials and methods
2.1 Materials

3-Mercaptopropionic acid (MPA), 11-mercaptoundecanoic acid
(MUA), 16-mercaptohexadecanoic acid (MHA), HAuCl, (99.99%)
and 3-aminopropyl-trimethoxysilane (APS) were purchased
from Aldrich. Tetraethyl orthosilicate (TEOS, 98%) and FITC
(90%) were purchased from Fluka. Sodium citrate (A.R.) was
obtained from Beijing Chemical Plant. Fluorescamine was
obtained from Shanghai Aladdin Industrial Corporation.
Hexadecyltrimethylammonium bromide (CTAB, ~99%) and
t-ascorbic acid (=99.5%) were purchased from Sigma. Silver
nitrate (AgNO;, =99%) was purchased from Fluka. All the
chemicals were used as received without further purification.
Deionized water was purified using a Milli-Q water purification
system, and the resistivity was 18.2 MQ cm.

2.2 Synthesis

The general procedure to coat noble metal NPs with silica
consists of two steps: synthesis of thiol-coated NPs and growth
of the silica shell after transfer of the NPs to ethanol. An outline
of the synthesis is shown in Fig. 1.

<:> Alcohol solution %

B [mua

‘ Alcohol solution ‘ ‘

Nanoparticle

- (noble metal)

ligand

[ (citrate, 0A, or HIl MuA [ siO,

CTAB)

Fig. 1 Diagram of the general procedure for coating silica on NPs. (A) The
original NPs cannot be dispersed in alcoholic solution. (B) MUA is exchanged with
the ligand on the NPs' surface, followed by growth of the silica shell because of
the chemical affinity of -COOH for silica.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3tc31171f

Published on 31 July 2013. Downloaded by Universiteit van Amsterdam on 12/05/2014 16:25:12.

Synthesis of the colloids

Gold NPs with a diameter of 15 nm. Au NPs were prepared
according to the standard sodium citrate reduction method.
Typically, 50 mL deionized water and 1 mL HAuCl, (1%)
aqueous solution were mixed in a three-neck flask and heated to
100 °C. Subsequently, 0.8 mL of 5% sodium citrate solution was
quickly added to the flask. The color of the solution rapidly
changed from a yellow tint to deep red. After one hour, the Au
NPs were cooled down to room temperature and kept ready for
modification with MUA.

Gold NPs with a diameter of 40 nm. In order to grow larger Au
NPs we used a seeded growth method.** Specifically, 30 mL of
the solution of 15 nm Au seeds was mixed with 20 mL of H,O
and 2.4 mL of 5% sodium citrate in a 100 mL flask and heated to
70 °C. Then 3 mL 1% HAuCl, solution was slowly added to the
mixture. 60 min later, the solution was cooled down to room
temperature.

Synthesis of oleylamine (OA)-coated Au NPs in oil phase. OA-
coated Au NPs were prepared following the reported proce-
dure.” 50 mg (0.15 mmol) of HAuCl, in 1.0 g of oleylamine and
1.0 mL of toluene were added to a boiling solution of 1.7 g of
oleylamine in 49 mL of toluene. Heating was stopped after 2 h,
followed by cooling down to room temperature.

Synthesis of Au nanorods (NRs). The synthesis of Au NRs was
a seed-mediated growth procedure,® in which Au salt was
reduced initially with a strong reducing agent in water at room
temperature. In brief, the Au seed particles were prepared by
reduction of HAuCl, (0.25 mM) in CTAB solution with ice-cold
sodium borohydride as the reducing reagent. Subsequent
reduction of more metal salt with a weak reducing agent in the
presence of structure-directing additives, lead to the controlled
formation of gold nanorods. Briefly, a 25 mL growth solution
was prepared by reduction of 0.5 mM HAuCl, in a solution

10 LA H,O/EtOH
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Fig.2 Normalized optical absorption spectra of Au NPs (15 nm in diameter) with
different ratios of water to ethanol: (A) citrate-stabilized Au NPs; (B) MUA-
modified Au NPs.
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Fig. 3 FE-SEM of silica-coated Au NPs 15 nm in diameter produced by varying
the amount of TEOS (A)—(C). The shell thicknesses were 7 nm (A), 15 nm (B) and
22 nm (C). (D) FE-SEM of silica-coated Au NPs with Tween 20 and MUA purified
only once by centrifuge. The scale bar is 60 nm.

containing CTAB, 0.05 mM silver nitrate and 176 uL of ascorbic
acid. The color of the solution rapidly changed from golden to
colorless after the introduction of ascorbic acid. 36 uL of the
seed solution was then added to the growth solution, and the
color of the solution slowly changed from colorless to deep
purple. Ultimately, bilayer CTAB-coated gold nanorods were
obtained after several hours' stirring.

Synthesis of Ag NPs. The synthesis of Ag NPs was a stepwise
reduction method. We used NaBH, to control the nucleation
stage of the reaction, and sodium citrate as a reducing agent
in the growth process. The particle size decreased with the

Fig. 4 FE-SEM of silica-coated Au NPs (the diameter of the Au NPs is 40 nm)
produced by altering the amount of TEOS added. The shell thicknesses are 15 nm
(A), 20 nm (B), 30 nm (C) and 60 nm (D). The scale bar is 60 nm.

J. Mater. Chem. C, 2013, 1, 6355-6363 | 6357
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Fig.5 FE-SEM of silica-coated Au NRs (A) and OA-modified Au NPs (B). The scale
bar is 60 nm.

H,O/EtOH

Abs

Abs

400 500 600 700 800
Wavelength (nm)

Fig. 6 Normalized optical absorption spectra of Ag NPs with different ratios of
water to ethanol: (A) citrate-stabilized Ag NPs; (B) MUA-modified Ag NPs.

Fig.7 FE-SEM of silica-coated 20 nm Ag NPs produced by varying the amount of
TEOS. The shell thicknesses are 20 nm (A) and 60 nm (B). The scale bar is 60 nm.

increase of NaBH, concentration due to the increasing
concentration of silver nuclei reduced by NaBH,. Typically, in a
50 mL deionized water solution, the concentrations of AgNO;,
sodium citrate and NaBH, were 1 x 10 °M, 7 x 10 °>Mand 1 x
10~ M, respectively. The above solution was stirred rapidly at
4 °C for 1 min. Then, the solution was heated to 100 °C. The
heating was stopped after half an hour and cooled down to

6358 | J. Mater. Chem. C, 2013, 1, 6355-6363
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room temperature, and the NPs were kept ready for modifica-
tion with MUA.

Synthesis of thiol-coated Au NPs. The synthesis of thiol
compounds-coated NPs was a two step method.*® Importantly,
in this method, before performing the chemisorption of MUA
on the Au NPs' surface, Tween 20 was firstly physisorbed onto
the citrate-stabilized Au NPs. Direct surface modification using
thiol chemistry results in particle aggregation, which can be
avoided by forming a physisorbed monolayer of the nonionic
surfactant Tween 20 on the surface prior to the chemisorption
of alkanethiols. The adsorbed layer of Tween 20 prevents the
NPs from aggregating in the subsequent reaction. MUA pene-
trated through the Tween 20 layer and displaced the underlying
anionic citrate and chloride. When the new protection layer had
been established, Tween 20 was removed and the NPs remained
stable.*® 40 mL of Au NPs and 8 mL of Tween 20 (2% v/v) were
gently mixed and allowed to stand for a minimum of 20 min to
allow the physisorption of Tween 20 onto the Au NPs. The thiol
solution was then added and the final mixture (final concen-
trations: [Au NPs] = 0.27 nM, [alkanethiols] = 0.54 pM) was left
to stand for up to 12 h. Excess thiols and Tween 20 were
removed from the surface-modified colloids by centrifugation
for 15 min at 11 500 rpm, followed by decantation of the
supernatants and resuspension in water. All solutions con-
taining colloids were stored in glass tubes in the dark to prevent
light-induced flocculation of the colloids and oxidation of the
alkanethiolates.

Synthesis of thiol-coated Ag NPs. The synthesis of MUA-
coated Ag NPs was as same as for the Au NPs. 40 mL of Ag NPs
and 16 mL of Tween 20 (2% v/v) were gently mixed and allowed
to stand for a minimum of 20 min to allow the physisorption of
Tween 20 onto the Ag NPs. The MUA in ethanol solution was
then added and the final mixture (final concentrations:
[Ag NPs] = 0.27 nM, [alkanethiols] = 1.08 uM) was allowed to
stand for up to 12 h. Excess thiols and Tween 20 were removed
from the surface-modified colloids by centrifugation for 15 min
at 11 500 rpm, followed by decantation of the supernatants and
resuspension in water. All solutions containing colloids were
stored in glass tubes in the dark to prevent light-induced floc-
culation of the colloids and oxidation of the alkanethiolates.

Synthesis of thiol-coated Au NPs (OA-coated Au NPs). MUA-
coated Au NPs were obtained by adding 4 mg of Au NPs dis-
solved in 2.0 mL of toluene to a boiling solution of 5-10 mole
equivalents of the ligand (MUA) in toluene. The reaction was
protected by an Ar environment. Excess MUA was removed from
the surface-modified colloids by centrifugation for 15 min at
11 500 rpm, followed by decantation of the supernatants and
resuspension in water.

Synthesis of thiol-coated Au NRs (CTAB-coated Au NRs). The
solubility of the CTAB-stabilized Au NRs was much lower than
that of the citrate-stabilized Au NPs, and they started to aggre-
gate when the ratio of ethanol to water was greater than 0.25.
Due to the relatively strong binding of the surfactant to the
CTAB-stabilized Au NRs compared to citrate-stabilized ones, the
coupling reaction of MUA to the Au NR surface was different
from the approach for the citrate-stabilized Au NPs. MUA dis-
solved in ethanol was added directly to the aqueous solution of

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Emission spectra of (A) Ag@SiO,—FITC with a FITC-metal distance of 20 nm, and (B) Au@SiO,—FITC with a FITC-metal distance of 25 nm. Distance dependent

enhancement factors of the FITC by Ag and Au NPs are shown in the insets.

Au NRs, and the ratio of ethanol : water was set at 1 : 9. After
12 h, the solution was centrifuged once for 15 min at 8000 rpm.

Encapsulation of the thiol-coated noble metal nanoparticles
with silica shells. The growth of silica shells on colloidal
particles by the Stober method is usually performed in an
ethanol-ammonia mixture. If the total surface area of the seed
particles per volume is large enough compared to the added
amount of TEOS, the formation of new silica particles can be
completely suppressed and therefore the thickness of the silica
shell can be precisely controlled by the amount of TEOS added.

The as-prepared thiol-coated nanoparticle solution (20 mL)
was mixed with isopropanol (80 mL) in a 150 mL glass conical
tube. Under vigorous stirring, ammonia (1.92 mL, 30 wt%) was
added to the mixed solution, followed by the addition of TEOS
in isopropanol (0.6 mL, 10 mM) four times within 6 h (at time
intervals of 2 h). After stirring for 18 h, the reaction mixture was
then centrifuged at 8000 rpm for 15 min and the colloid-SiO,
NP precipitate was redispersed in ethanol for further washing.
After washing three times, colloid-SiO, NPs were obtained and
redispersed in deionized water or ethanol (5 mL) for charac-
terization and further functionalization. The shell thickness of
the colloid-SiO, particles could be easily controlled by the
amount of TEOS added.

Of course, controlling the thickness of silica could be per-
formed by changing the reaction time. However, this method is
not reproducible. So in our work we controlled the thickness of
silica shell by changing the amount of TEOS. For different kind
of NPs, the amount of TEOS added depended on the surface
area of the NPs.

Synthesis of metal@SiO,@FITC NPs. Approximately 10 mg
of NPs were dispersed in 1 mL of deionized water with sonica-
tion and mixed with 20 pL of glacial acetic acid. 10 uL of APS was
added with sonication, and the suspension was stirred for 4 h.
The NPs were washed three times using ethanol and then
dispersed in ethanol.

4 mg of FITC was first dissolved in 3 mL of ethanol, followed
by the addition of APS-modified metal@SiO,. The reactants were
allowed to react in the dark for 24 h under stirring. The reaction
was purified by centrifugation at 11 500 rpm for 15 min.

2.3 Characterization

The size and morphology of the colloids were characterized by
field emission scanning electron microscopy (FE-SEM, Hitachi,

This journal is © The Royal Society of Chemistry 2013

S-4800). Ultraviolet-visible (UV-vis) absorption spectra were
measured at room temperature using a UV-3101 spectropho-
tometer. The fluorescence spectra were measured at room
temperature by a Jobin-Yvon LabRam Raman spectrometer
system equipped with 600 grooves mm ™" holographic gratings
and a Peltier air-cooled CCD detector.

3 Results and discussion

Fig. 1 is a schematic illustration of the synthesis of the nano-
particle-silica core-shell nanostructures using MUA as a linker.
Without MUA, the Au NPs start to aggregate immediately when
the citrate-stabilized Au NPs are transferred from water solution
to alcohol solution, and finally precipitate at the bottom, which
makes them not suitable for coating. With MUA, the citrate-
stabilized Au NPs will react with MUA, as MUA can strongly bind
to the Au NP surface via Au-S bonds by replacing the Au-citrate.
Because MUA is soluble in alcoholic solutions, the MUA-modi-
fied metal NPs will be stable in alcoholic solutions. In the
meantime, the carboxyl-terminated surfaces are active for the
nucleation and deposition of silica.*® Therefore, the deposition
of silica shells on the surface of the MUA-functionalized Au NPs
can be easily performed in a water and alcohol mixed solution
via the Stober method.

It is important to stress that this procedure is reproducible
and versatile, and can be used for silica coating on Ag NPs,
CTAB-stabilized Au NRs, OA-stabilized Au NPs, etc., in either
water or oil phase. The following are several examples.

Coating of Au colloids

As mentioned previously, directly applying the Stober method to
coat citrate-stabilized Au NPs is valid only for large colloidal
particles (>50 nm) of noble metals, because smaller particles are
unstable and tend to aggregate during the Stober process.'>*
Therefore, a detailed discussion of the method for using MUA
as a linker molecule to coat noble metals is presented for the
coating of small Au particles.

Following the Stober method, the coating of silica on the Au
NPs can only be performed in an ethanol-water mixture, and
the ratio of ethanol to water must be greater than 3, which
requires that the Au NPs must be stable in an ethanol-water
mixture. A prevalent and efficient method to investigate the
state of NPs in solution is the measurement of the UV-visible

J. Mater. Chem. C, 2013, 1, 6355-6363 | 6359
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extinction spectrum.*® Relevant UV-vis spectra were measured
to monitor the stability of the synthesized citrate-stabilized Au
NPs in ethanol-water mixture solutions, as shown in Fig. 2A.
The absorption spectra of the freshly prepared Au NPs solution
presented a strong extinction band with a maximum at 520 nm,
characteristic of the collective excitation of the free conduction
band electrons of the NPs, known as the surface plasmon
resonance. With the increase of the ratio of ethanol to water
from 0 to 4, a significant change in the absorption spectra was
observed. A new broad band appeared on the red side of the
spectra from 600 to 700 nm, moving gradually towards longer
wavelength. At the same time, the surface plasmon resonance
band at 520 nm tailed off and showed a red shift. This was a
consequence of small aggregate clusters of the nanoparticles, as
predicted by Mie theory.”” The morphology of the aggregates
was observed by FE-SEM, where the formation of linear arrays
rather than compact clusters of NPs was confirmed. Clearly, the
new long wavelength band (600-700 nm) was associated with
the longitudinal mode of the electronic plasma oscillation
along the long axis of the linear colloidal aggregates. The
transverse mode retained a location similar to the sphere
resonance mode. Liao et al. also observed the linear aggregation
phenomenon of Au NPs in an ethanol-water mixture solution,
which was ascribed to the addition of ethanol which destroyed
the surface charge of Au NPs and resulted in the aggregation of
the Au NPs.*® The above results demonstrated that the Stober
method was not applicable for the direct silica coating of citrate-
stabilized Au NPs.

Therefore, prior to silica coating, a new interface has to be
designed by using a bifunctional molecule as a primer, which
not only facilitates the hydrolysis/condensation of tetraethyl
orthosilicate (TEOS), but also provides the colloids with suffi-
cient stability to be transferred into ethanol.

It is well known that thiols can be linked on the surface of Au
NPs via the Au-S bond, and the -COOH group shows chemical
affinity for silica.*® The following work was to research whether
SH-(CH,);0~COOH (MUA) could be used as a new primer. Here
we characterized the influence of MUA-modification on the Au
NPs from the absorption spectra, as shown in Fig. S1.t The
spectra revealed an absorption maximum of MUA-modified Au
NPs, Amax = 523 nm, which meant that ligand exchange caused
the absorption maximum to shift towards the red by 3 nm. This
was in agreement with previously reported SPR shifts resulting
from local dielectric constant changes near the metal core.*®
Additionally, the spectral shift was not accompanied by broad-
ening of the spectrum, indicating a lack of NP aggregation.**

The stability of the MUA-modified Au NPs in ethanol-water
mixed solution was confirmed by UV-vis absorption spectra, as
shown in Fig. 2B. Little difference was observed in the UV-vis
absorption spectra when the ratio of ethanol to water varied
from 0 to 4, except for a slight red shift. The red shift is corre-
lated directly with the change in the dielectric constant of the
medium around the NPs. The lack of spectral broadening sup-
ported the conclusion that the as-synthesized NPs remained
monodisperse.

Finally, we turned to follow the Stober method to produce a
silica shell, using TEOS, on the MUA-modified Au NPs. This
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method involved the base-catalyzed hydrolysis of TEOS to
generate silica sols, followed by nucleation and condensation of
these sols on the surfaces of the Au NPs. In our experiment,
ammoniawas added as a catalyst to speed up the hydrolysis of the
TEOS precursor. In fact, if the amount of TEOS could be precisely
added according to the total surface area of the seed particles by
volume, the formation of the isolated silica particles would be
completely suppressed, i.e. the thickness of the silica shell on the
seed can be accurately controlled in this way. Here, we controlled
the thickness of silica shell simply by repeatedly adding TEOS
into the reacting solution at time intervals of 2 h. Fig. 3A-C show
the FE-SEM images of Au NPs coated with different thicknesses of
silica shells by varying the TEOS amounts. For all three samples,
no secondary nucleation of small silica colloids was observed,
confirming the sufficiently high total particle surface per volume.
It is worth noting that the silica shell was homogeneous on each
individual Au particle, regardless of its original morphology. As a
result, the shape of each Au NP was essentially retained during the
silica coating, especially when the shell was relatively thin
(Fig. 3A). In this case, the polydispersity of the original NPs was
also maintained. As the thickness of silica coating increased, the
core-shell NPs became more monodisperse because of a reduc-
tion in the relative size distribution. In the following work, we
researched the influence of Tween 20 in solution on the silica
encapsulation. Fig. 3D shows the FE-SEM image of silica-coated
Au NPs when the Tween 20 and MUA were only purified once by
centrifugation. This image confirmed that the Au NPs only
aggregated when they were not coated with silica. Moreover,
isolated silica NPs were not formed, demonstrating that the
superfluous Tween 20 in the solution interfered with the nucle-
ation of silica. Therefore the MUA-modified Au NP solution had to
be purified before encapsulation with the silica shell. The
generation of Au-silica core-shell NPs with a homogenous silica
shell structure indicated that the core surface presented strong
chemical affinity between -COOH and silica.

At the same time, the influence of the number of —CH,-
groups in HS-(CH,),~COOH on the silica encapsulation was
also studied by using the other ligands, such as MPA (SH-
(CH,),~COOH) or MHA (SH—(CH,),5—~COOH) (see Fig. S27). The
results showed that the affinity of the carboxyl group for silica of
the SH-(CH,),,~COOH (n = 2, 10 or 15) ligand is also related to
the value of ‘n’.

We have also studied the influence of the silica shell on the
optical properties of Au NPs in ethanol (see Fig. S37). Initially,
with increasing shell thickness, a red shift was observed in the
absorption maximum due to the increase in the local refractive
index around the NPs. When the silica shell was sufficiently
thick, the scattering became non-negligible, resulting in an
enhancement at the longer wavelength side. However, there was
no significant change in the peak position, and the colors of the
dispersions before and after coating remained essentially
the same. Further increasing the silica thickness did not alter
the absorption spectrum any more. This observation was
consistent with the observation of Mulvaney et al.*>

In the above experiments, the diameter of the Au NP was
15 nm. To further demonstrate the feasibility and universality of
this method, a bigger size Au NPs, 40 nm in diameter, were also
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coated. The obtained Au NPs became quite unstable when
transferred into alcoholic solution for silica coating. Within
seconds to minutes, the Au NPs started to aggregate and even-
tually formed a dark blue solution. The behavior was the same
as that of the 15 nm Au NPs. Following the same procedure of
MUA modification for the 15 nm Au NPs before silica coating,
and varying the thickness of silica shell by controlling the
addition amount of TEOS, homogeneous silica coated NPs were
readily obtained. Fig. 4 shows the Au-SiO, NPs with a 40 nm
core and different shell thicknesses. For all four samples, no
secondary nucleation of small silica colloids was observed,
resulting from the sufficiently high total particle surface per
volume. Due to the bigger size, the FE-SEM images can clearly
show the homogeneous shell of each individual Au particle,
regardless of its original morphology (Fig. 4A). In this case, the
polydispersity of the original NPs was also maintained.

A similar method was used to coat Au NRs. Au NRs are
elongated NPs with distinctive optical properties that depend
on their shape.”” In particular, they possess two principal
plasmon absorption bands: one is the transverse plasmon
band, corresponding to light absorption and scattering along
the short axis of the particle, and the other is the longitudinal
plasmon band, that along the long axis of the particle. The
former is located in the visible region of the electromagnetic
spectrum at ca. 520 nm, while the latter can be tuned by the
aspect ratio of the Au NRs from the visible to the near-IR region.
Additionally, the elongated NPs have an inherently higher
sensitivity to the local dielectric environment as compared to
similar sized spherical NPs.** The above properties make them
more interesting for a wide variety of applications compared
to Au NPs. The surface ligands of Au NRs are cetyl-
trimethylammonium bromide (CTAB), which prevent Au NRs
from further modification and forbid their application. More-
over, the stability of Au NRs is dependent on the presence of
CTAB molecules in a narrow concentration range close to its
critical micelle concentration.' Silica coating of Au NRs is an
attractive alternative for their manipulation and for providing
enhanced colloidal stability. Several procedures have been
developed for the silica coating of Au NRs, such as the poly-
electrolyte layer-by-layer (LBL) technique.*® There are a couple of
methods for silica coating of citrate-stabilized gold NPs using
surface primers, such as aminopropyltrimethoxysilane (APS)
and poly(vinylpyrrolidone) (PVP).'>'* These methods, however,
have been found to fail for the coating of Au NRs.*® The poly-
electrolyte multilayer and mPEG remain in the core-shell
particle as a thick and poorly defined interface layer.'**°

The solubility of the CTAB-stabilized Au NRs was much lower
than that of citrate-stabilized Au NPs, and they started to
aggregate when the ratio of ethanol to water was greater than
0.25. Due to the relatively strong binding of the surfactant to the
CTAB-stabilized Au NRs compared to the citrate-stabilized ones,
the coupling reaction of MUA on the Au NR surface was
different from the approach for citrate-stabilized Au NPs. Using
the above method for MUA-modified citrate-stabilized Au NPs,
4 MUA molecules per nm® proved that MUA-modified Au NRs
could not be coated with silica. In a systematic study, it was
found that complete homogeneous silica shells could be
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obtained when a significant excess of MUA molecules was used,
corresponding to 60 molecules per nm®. The FE-SEM image in
Fig. 5A shows the effectiveness of this method for the deposi-
tion of silica shells. A uniform thickness of silica shells
appeared around all facets of the NRs. Similar to the case of
NPs, the thickness of the silica shell could easily be adjusted by
controlling the amount of TEOS. Fig. S4f shows another two
Au-SiO, core-shell nanostructures with different shell thick-
nesses. As the amount of TEOS increased, the silica shell
thickness increased from 30 nm to 60 nm. The effect of these
silica shells on the optical response of these particles is dis-
played in Fig. S5.1 Whereas the longitudinal surface plasmon
band is found to red shift by as much as 13 nm because of the
local refractive index increase, the transverse plasmon band
remains basically unaltered at 518 nm. This result agrees with
previous reports and with the higher sensitivity of Au NRs as
compared to spheres.*

So far we have demonstrated that the MUA-assisted silica
coating method was effective for water-phase Au NPs. In the
following work, the procedure was also demonstrated to coat OA-
stabilized Au NPs synthesized in an oil phase. For the citrate
reduction method, the difficulty in controlling the nucleation
and growth steps occurs at the intermediate stages of particle
formation, resulting in a broad particle size distribution,
whereas the Au NPs synthesized in the oil phase possess lower
polydispersity. However, in order to extend the application of Au
NPs synthesized in oil phase to, e.g. biological and medical fields,
the NPs need to be hydrophilic, and silica coating is a popular
approach. Similar to the procedure for water-phase NPs, the Au
NPs synthesized in oil phase can also be coated with silica by
using MUA as a primer. A coating of 60 MUA molecules per nm?>
was shown to grow silica on the Au NP surface. The experimental
procedure for the encapsulation by silica was the same as for
citrate-stabilized Au NPs. The FE-SEM images in Fig. 5B show the
effectiveness of this method for coating with a silica shell.

Other noble metal particles — Ag NPs

Silver NPs, as an important member of the noble metal nano-
materials, have also been studied in depth because of their
promising applications in various fields such as biological
catalysis, detection, sterilization, electronics and optics.*” It is
necessary to develop or utilize robust surface chemistry that will
not only protect the silver NPs from aggregation but also render
them amenable to further application. It is desirable to coat the
silver NPs with a shell of pure silica to permanently preserve
their optical properties for effective functionalization.

The absorption spectra of the freshly prepared Ag NPs
solution presented a strong absorption band with a maximum
at 405 nm, and the full width at half-maximum (FWHM) was
only 67 nm, which was much smaller than that of those
prepared by the citrate reduction method (120 nm FWHM).*?
Similar stability problems to those of the Au NPs were found in
ethanol-water mixed solution from the UV-vis absorption
spectra. On increasing the ratio of ethanol to water from 0 to 4, a
significant change in the absorption spectrum was observed, as
shown in Fig. 6A. As the ratio of ethanol to water increased, a
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new broad band gradually appeared on the red side of the
spectra, moving towards longer wavelength from 500 to 700 nm,
accompanying the decrease and blue shift of the surface plas-
mon resonance band at around 405 nm. Similarly, the above
explanation for the aggregation phenomenon of Au NPs in an
ethanol-water mixture could also apply to the Ag NPs.

MUA was used as a linking molecule to modify the surface of
Ag NPs by a similar procedure to that for Au NPs. The optical
properties of Ag NPs are shown in Fig. S6.f The absorption
maximum was located at around 410 nm. After ligand exchange,
the absorption maximum shifted to the red by 5 nm, which was
a greater shift than that of Au NPs (3 nm), indicating that the Ag
NPs were more easily influenced by the environment. The lack
of aggregation was also supported by the negligible spectral
broadening.*®

Using the same procedure as that for the Au NPs, MUA-
stabilized Ag NPs in ethanol-water mixed solution with were
obtained. Fig. 6B shows the UV-vis absorption spectra of MUA-
modified Ag NPs in ethanol-water solutions with different
ratios. Little difference was observed from the UV-vis spectra as
the ratio of ethanol to water was increased from 0 to 4, except for
a slight red shift which was correlated with the change of the
dielectric constant of the medium around the NPs.** The red
shift (9 nm) of Ag NPs was bigger than that of the Au NPs (2 nm).

The above experiments proved that the MUA-stabilized Ag
NPs could be transferred into ethanol solution. In the past,
many studies of the encapsulation of Ag NPs with silica have
shown that Ag NPs are etched by ammonia. To solve this
problem, dimethylamine was used as an alternative to
ammonia to catalyze the growth of silica shells on the Ag
NPs.*>** However, similar to the Au NPs using ammonia as a
catalyst, a silica shell was readily formed on the MUA-modified
Ag NPs. The resulting monodisperse Ag NPs with homogeneous
shells are shown in Fig. 7. The results indicate that the MUA on
the Ag NP surface can hinder the etching effect of ammonia.

The influence of the silica layer on the optical properties of
Ag NPs with a diameter of 20 nm is shown in Fig. S7.f The
thickness of the silica shells varied in the range of 20 to 60 nm.
Compared to the peak position of the Ag NPs (see Fig. 6B), the
absorption maximum shifted to the red from 410 nm to 420 nm,
resulting from the increase in local refractive index around the
particles.** When the silica shell thickness changed from 20 nm
to 60 nm, scattering became significant. All these effects are
accounted for by Mie's theory for core-shell particles.

As discussed above, realization of the coating of NPs with
silica shells by the Stober method must satisfy two conditions:
the colloids should be stable in a water-ethanol mixed solution,
and the surfaces of colloids must have significant chemical
affinity with silica. The main role of the MUA modification is to
enhance the colloidal stability so that the NPs can be dispersed
in an ethanol-ammonia mixture without aggregation and silica
coating can be carried out through the Stober method. Addi-
tionally, MUA can serve as a primer to facilitate the condensa-
tion of silica on the metal surface.

So far, we have described a general strategy to coat spherical
and rod-shaped Au NPs with silica shells. Moreover, this method
can also coat OA-stabilized Au NPs dispersed in an oil phase. We
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suggest that this method might be readily extended to any MUA-
coated colloid. An another advantage of this method over
reported ones is that it readily provides fine control over the
thickness of the silica shells by simply varying the amount of
TEOS. This is clearly demonstrated by the FE-SEM images in
Fig. 3 and 4 for multistep silica coating of Au NPs.

Synthesis of metal@SiO,@FITC NPs

In the following, we demonstrate that these metal@SiO, NPs
are suitable candidates as plasmonic nanoantennas to enhance
the fluorescence of fluorophores. In this kind of composite NPs,
Au or Ag cores provide the high electromagnetic field necessary
to enhance the fluorescence signal of a given fluorophore. The
silica shell additionally provides the colloid with high colloidal
stability as well as an ideal surface for functionalization. More
importantly, the silica shell can separate the fluorophore from
the metal core to avoid quenching by the metal core and tune
the enhancement effect.** A demonstration of this capability
was carried out with 15 nm Au spheres and 20 nm Ag spheres.
The enhancement factor was measured by titration experiment.
Firstly, FITC was dispersed in 5 mL of ethanol solution with a
concentration of 50 nM. Then the APS-modified metal@SiO,
NPs were added to the FITC solution. Finally, when the
measured fluorescence intensity was almost unchanged, the
obtained intensity was taken to be the biggest enhancement.
The emission spectra of Ag@SiO,-FITC and Au@SiO,-FITC, as
well as the comparison with their FITC reference control are
presented in Fig. 8. All fluorescence spectra were measured
with an excitation wavelength of 488 nm from an Ar" laser. The
fluorescence enhancement factor was defined as the ratio of
the fluorescence intensity of Ag@SiO,-FITC and Au@SiO,-FITC
to the fluorescence intensity of the control. Fig. 8 presents the
best fit enhancement fluorescence for different metal cores. As
shown in Fig. 8, the fitted enhancement factors for Ag@SiO,-
FITC and Au@SiO,-FITC are 4.21 and 2.07, respectively. The
fitted silica shell thicknesses for Ag@SiO,-FITC and Au@SiO,-
FITC are 20 nm and 25 nm, respectively.

4 Conclusions

We have developed a reproducible and versatile approach to
effectively coat a thickness-adjustable and homogeneous silica
shell on noble metal NPs of different morphologies and in
different phases, including citrate-stabilized Au and Ag NPs,
CTAB-stabilized Au NRs and OA-stabilized Au NPs. The chemical
process of silica deposition was facilitated by a monolayer of MUA
on the surface of the noble metal NPs. The MUA layer effectively
prevented the aggregation of noble metal NPs in water-alcohol
mixed solutions and provided chemical affinity to silica. A high
degree of monodispersity and homogeneous shell thickness of
the coatings were readily obtained, and were characterized by FE-
SEM images and absorption spectra. This new method can be
applied to a broad range of nanocolloids onto which the thiol
base can be adsorbed. The results of the synthesized metal@-
SiO,@FITC NPs proved that the Au and Ag NPs could be used as
plasmonic nanoantennas to enhance the fluorescence of FITC.
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The biggest enhancement factors for Ag@SiO,-FITC and
Au@SiO,-FITC were 4.21 and 2.07, respectively.
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