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ABSTRACT: 

The coating of gold nanorods with a silica shell (AuNR@SiO2) is an effective way to extend 

their use in a wide variety of biomedical applications. A silica shell offers numerous advantages 

as it provides more stability, frees the surface from toxic cetyltrimethylammonium bromide 

(CTAB), and preserves the rod shape under photothermal conditions. We introduce herein a 

new strategy to perform this coating based on dissociation of tetraethylorthosilicate (TEOS) 

hydrolysis and condensation reactions. This dissociation is achieved by a pH modulation of the 

reaction medium, and, depending on selected pH conditions, AuNR@SiO2 with thick silica 

shell having an organized mesoporosity aligned either parallel (AuNR@//m-SiO2) or 

perpendicular (AuNR@⊥m-SiO2) to the AuNR surface were generated. Moreover, when 

mercaptopropyltrimethoxysilane (MPTMS) was used as a surface primer prior to TEOS 

condensation, ultrathin and homogeneous silica shells (AuNR@t-SiO2) of controllable 

thickness in the range 2-6 nm, are produced. These protocols proved robust enough to prevent 

contamination with core-free silica particles. While formation, at high TEOS concentration of 

these nanoparticles, is evidenced by TEM analysis before the purification procedure, their total 

elimination during the purification step was achieved by addition of a suitable amount of CTAB 

to ensure the colloidal stability of the core-free and core-shell nanoparticles. Complete 

elimination of CTAB was demonstrated by SERS when ligand exchange of CTAB by MPTMS 

is first carried out. In a preliminary study, AuNR@t-SiO2 particles were used to build up a 

nanoprobe aimed at the label-free plasmonic immunodetection of a model target in solution.  
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Introduction 

Gold nanorods (AuNRs) are now, and over several decades, established as central items for 

biological applications. Their ability to absorb light upon irradiation originates from the 

collective oscillation of electrons in the conduction band of the gold surface; it results in two 

localized Surface Plasmon Resonance (LSPR) bands called the transversal and longitudinal 

bands, t-LSPR and l-LSPR, respectively; they correspond to the resonance along the short and 

long axes of the particle, respectively.1,2 The position of l-LSPR band can be finely tuned from 

600 and up to 1800 nm by controlling the particle aspect ratio.3,4 This versatility is of high 

interest for biomedical applications such as photothermal therapy because of the minimal 

absorption of blood and human tissues in this region.5 Moreover, the position of l-LSPR band 

displays a higher sensitivity to the variation of the local dielectric environment compared to the 

LSPR band of spherical nanoparticles, making AuNRs of particular interest for the development 

of LSPR biosensors.6–9  The extensive development of synthesis protocols enables the 

preparation of particles with desired and controlled properties, mainly using 

cetyltrimethylammonium bromide (CTAB) as surfactant, surface stabilizer, and shape inducing 

agent.10 However, the cytotoxicity of CTAB and its interferences with biological processes, 

restrict the biomedical applications of AuNRs.11–16 Besides the damaging effect of CTAB, 

AuNRs are not stable under irradiation and reshape into spherical nanoparticles17. To overcome 

these limitations, the growth of a silica shell on AuNRs, also referred as silica coating, is the 

most promising route and has expanded tremendously over the last decade as it allows to 

eliminate or screen CTAB while preserving AuNRs’ shape and therefore, their optical 

properties. Few materials are as universal and versatile as silica in terms of porosity, controlled 

thickness and surface modification.18 Silica coating of AuNRs to generate core-shell particles 

(AuNR@SiO2) has proven to reduce aggregation and toxicity,16,19,20 enhance the thermal 

stability,21–23 the photoacoustic signal24 via faster heat transfer to the environment25, and provide 

a convenient surface for subsequent functionalization 9,26,27. 

Depending on the desired application, the specifications for the silica shell can be radically 

different. Indeed, the growth, on AuNRs, of a thick mesoporous porous shell (AuNR@m-SiO2) 

is preferred for drug delivery applications as it enables drug encapsulation within the pores and 

its release through light irradiation of the gold core.28 On the other hand, for applications such 

as LSPR biosensing, the proximity of the bioreceptor to the gold core is mandatory,29,30 therefore 

a thin homogeneous layer is required to maintain the ability of AuNR@SiO2 to transduce 

binding events.9  

Over the last decades, several methods were reported for AuNRs coating with silica. The Stöber 

process, initially used to synthesize monodisperse silica spheres via a base-catalyzed hydrolysis 

and condensation of tetraethylorthosilicate (TEOS), provides the basis for silica coating on 

inorganic nanoparticles.31 Gorelikov and Matsuura were the first to adapt this procedure to 

directly coat CTAB-stabilized AuNRs with a mesoporous silica shell.32 Since then, numerous 

articles have been published on the coating of AuNRs with silica either directly,33–38 or using a 

surface primer such 3-aminopropyltrimethoxysilane (APTMS),39 3-

mercaptopropyltrimethoxysilane (MPTMS),40–42 O-[2-(3-Mercaptopropionylamino)ethyl]-O′-

methylpolyethylene glycol (mPEG-SH)43 or polyelectrolyte layers44 prior to silica shell 

formation. We have recently surveyed the variety of synthetic methods that have been 

developed to encapsulate AuNRs with silica shell and discussed the multiple issues left to 

overcome. Among other issues, further improvements of the coating protocols are still needed 

to master the shell homogeneity, precisely predict its thickness, control its porosity, and avoid 
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contamination of the samples with core-free silica NPs formed by homogeneous nucleation of 

silica.9 We have therefore undertaken to set up simple and robust methods to coat AuNRs with 

silica, as part of our endeavors to develop LSPR biosensors. 

In what follows, we report new protocols intended to control both pore organization and shell 

thickness of silica-coated gold nanorods (AuNR@SiO2) based on a pH modulation of the 

reaction medium during the coating step. In fact, all the previously published papers dealing 

with the coating of AuNRs with silica were based on the simultaneous hydrolysis and 

condensation of TEOS that both quickly occur at high basic pH (pH range 10-11). Our approach 

rather relies on the fact that the pH of the reaction medium determines the rates of the two sol-

gel reactions responsible for deposition of SiO2, that is TEOS hydrolysis and condensation. In 

acidic conditions, the kinetics of TEOS condensation reaction is slow, while it is fast under 

basic conditions.45 We show here, for the first time, the impact of a kinetically-controlled 

condensation of silica on shell formation and on pores organization. Different Au/TEOS ratios 

were investigated and the in-depth analysis at each step of the synthesis, including before 

purification, allowed us to analyze the coating process and master its dependency to the pH. 

This approach was applied to the production of AuNR@SiO2 with controlled thicknesses and 

porosities. In the protocols developed herein, mesoporous silica shells, with a thickness tunable 

in the range 13 to 21 nm were successfully produced, and, depending on the pH conditions, we 

can direct the orientation of the silica porosity to be either perpendicular to the AuNR surface 

(AuNR@⊥m-SiO2) or, for the first time, to the best of our knowledge, parallel to the surface 

(AuNR@//m-SiO2). With the same approach we also synthesized ultrathin silica shells 

(AuNR@t-SiO2) of tunable thickness in the range from 2 to 6 nm, using MPTMS as a surface 

primer prior to TEOS condensation. The mechanisms of silica growth are well-investigated 

here relying on a very large set of characterization techniques and allow us to precisely discuss 

several aspects among which the fate of CTAB and homogeneous nucleation of silica 

nanoparticles. We believe that through the protocols optimized in this work, the specification 

sheet for the silica shell can be fulfilled whatever the intended application of the final 

AuNR@SiO2 nanomaterials. 

EXPERIMENTAL SECTION 

Materials: Hydrogen tetrachloroaurate (III) trihydrate (≥99.99%; HAuCl4·3H2O) was 

purchased from Alfa Aesar. Sodium borohydride (98%; NaBH4), Sodium hydroxide (NaOH), 

Cetyltrimethylammonium bromide (BioUltra ≥99.0%; CTAB), (3-Mercaptopropyl) 

trimethoxysilane (95%; MPTMS), Tetraethyl orthosilicate (≥99.0%; TEOS) were purchased 

from Sigma-Aldrich. Silver nitrate (≥99%; AgNO3), Ascorbic acid (≥99.0%) were purchased 

from Honeywell, Fluka. Sodium oleate (≥97.0%; NaOL) was purchased from TCI Chemicals. 

Hydrochloric acid (37%; HCl) was purchased from VWR chemicals. Millipore ultrapure water 

(18.2 MΩ cm) was used throughout the experiments. For the experiments performed at room 

temperature, the value in our experimental room is 20 ± 2°C. 

 

Gold nanorods synthesis: AuNRs were synthesized following a seed-mediated growth method 

using a binary surfactant system, a protocol that has proved to lead to monodisperse AuNRs 

with negligible shape impurities.46 Briefly, the seed solution was prepared by mixing 5 mL of 

0.50 mM HAuCl4·3H2O with 5 mL of 0.2 M CTAB aqueous solutions. Then, 0.6 mL of freshly 

prepared ice cold 10 mM NaBH4 solution was diluted to 1.0 mL with water and then injected 

to the AuIII – CTAB solution under vigorous stirring (1000 rpm) for 2 min to form the gold 
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seeds. The seed solution was matured at 30 °C for 30 min before use. The growth solution was 

then prepared by dissolving 9 g of CTAB (~ 99 mM) and 1.234 g of NaOL (~16 mM) in 250 mL 

of water at 50 °C. This solution was allowed to cool down to 30 °C and then 18 mL of a 4 mM 

AgNO3 solution were added and the resulting solution was kept without stirring for 15 min at 

30 °C. Then, 250 mL of 1 mM pre-heated (30 °C) HAuCl4·3H2O aqueous solution was 

introduced into the above solution and allowed to react for 90 min at 700 rpm. Next, 1.5 mL of 

HCl 37 wt % was added to lower the pH to 1.5 and stirring was maintained at 400 rpm for 

another 15 min. 1.25 mL of a 64 mM ascorbic acid aqueous solution was added afterwards, and 

the solution was briefly stirred for 30 s. Finally, 50 μL of the seed suspension were injected 

under vigorous stirring (1000 rpm) in 30 s to initiate the growth. The resulting suspension was 

then aged undisturbed overnight (12 h) at 30 °C. It was centrifuged the next day at 5600 rcf 

(relative centrifugal force) for 20 min to remove the excess reactants. The obtained AuNRs 

were collected (~ 4.2 mL after centrifugation) and sonicated in an ultrasonic bath (50-60 kHz, 

90 W) until complete redispersion (10-20 min). AuNRs were diluted to 20 mL with pure water 

[CTAB] ~ 10 mM) and stored at 30 °C. Multiple syntheses of AuNRs have been carried out for 

this study (20 mL per batch). As previously reported,7 the AuNRs from these batches differ 

slightly, although the exact same protocol has been followed, (see Figure S 1 for TEM and UV-

Vis absorption spectra and Figure S 2 for morphological distribution, DLS and zeta potential, 

in SI). Extended description regarding the synthesis and characterization of the obtained AuNRs 

is also provided in SI. 

The yield of gold salt reduction to metallic gold was estimated to ca. 65  % by monitoring the 

absorbance intensity of AuNRs “raw” solutions at 400 nm (see the part of the experimental 

section dealing with the analysis of the UV-Vis spectra). Hence, metallic gold concentration 

was evaluated to [Au0] ≈ 8.1 mM. Based on this concentration in reduced gold and assuming 

that no AuNRs were lost during the centrifugation steps, it is possible to estimate the molar 

concentration of AuNRs using a rough estimation of the mean volume of a particle (considered 

as a cylinder ended with two half spheres) and the average dimensions of the AuNRs obtained 

from the analysis of the TEM micrographs. This estimated concentration is [AuNR] ≈1.0 nM 

for AuNR. This value is given as an indication and we will refer to the reduced gold 

concentration as this value remains constant regardless of the batch of AuNRs.  

Silica shell growth on gold nanorods (AuNR@SiO2): Prior to SiO2 coating, 3.8 mL of the 

obtained AuNRs were concentrated to 500 L by centrifugation (5600 rcf; 15 min) and then 

diluted to a final volume of 5 mL with pure water to adjust the CTAB and Au0 concentrations 

respectively to 1.1 mM and 6.2 mM (i.e. [AuNR] = 0.8 nM). Then the pH of the suspensions 

(depending on the synthesis 3.5 to 4.5) was adjusted to 4.0 by adding small amounts of 0.1 M 

NaOH or HCl solution using micropipette, these suspensions were stirred for 20 min at 

400 rpm. Several protocols were used for silica shell growth as described below. 

Protocol A, Coating at pH 4 without primer: 125 μL of 20 % TEOS in MeOH (i.e. final 

Au/TEOS molar ratio 1/3.6) were added to 5 mL of the above-described aqueous suspension of 

AuNRs, then the suspension was stirred 20 min at 400 rpm and kept for 1 -19 days at room 

temperature without stirring. The resulting core-shell NPs are referred to as (AuNR@//m-SiO2). 

Protocol B, Synthesis with pH-swing and without primer: A volume x of 20 % TEOS in MeOH 

(where x = 31, 62 or 124 μL for a final Au/TEOS mole ratio of 1/0.9, 1/1.8 or 1/3.6, 

respectively) was added to 5 mL of an aqueous suspension of AuNRs (CTAB concentration: 

either 1.1 or 1.6 mM) and the solution was stirred 1 h at 800 rpm. Initial gold concentration and 

initial pH were kept at 6.2 mM and pH = 4, respectively. Then, the pH was increased to 8 by 
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adding 0.1 M NaOH, the solution was stirred for 20 min at 400 rpm and then kept for 20 h at 

room temperature without stirring. The pH change was done by injecting 0.1 M NaOH with a 

syringe pump at a constant flow rate of 5 μL/min until reaching pH 8.0. The resulting core-shell 

NPs are referred to as (AuNR@⊥m-SiO2). 

Protocol C, synthesis with pH-swing and with primer:  41 μL of 100 mM MPTMS solution in 

EtOH were added to 5 mL aqueous solution of AuNRs at pH = 4 and with CTAB concentration 

of 1.6 mM, and the solution was stirred 3 h at 400 rpm. Then, a volume x of 20 % TEOS in 

MeOH (where x = 31, 62 or 124 μL for a final Au/TEOS mole ratio of 1/0.9, 1/1.8 or 1/3.6, 

respectively), was added and the suspension was stirred 1 h at 800 rpm. The pH was then 

increased by injecting 0.1 M NaOH with a syringe pump at a constant flow rate of 5 μL/min 

until reaching pH 8.0. The suspension was then stirred for 20 min at 400 rpm and kept 

afterwards for 20 h at room temperature without stirring. The resulting core-shells NPs are 

referred to as (AuNR@t-SiO2) 

Purification: The day after synthesis, the solutions were sonicated then centrifuged at 7060 rcf 

for 15 min at room temperature. The supernatant was removed, leaving a minimum of liquid in 

the centrifuge tube; then the sedimented particles were redispersed four times with 25 mL of 

EtOH and twice with 25 mL of water; particles were collected by centrifugation after each of 

these redispersions. After the last cycle, the purified core-shell nanostructures were dispersed 

in 5 mL of water. 

Nanoimmunoprobe synthesis: Affinity-purified goat anti-rabbit Antibody (Ab) (12 µg/mL 

final concentration) was added to a suspension of AuNR@t-SiO2 in 5 mM phosphate pH 7.4 

(1.5 ml; Optical Density at λmax, ODλmax ~ 0.6). The solution was stirred for 90 min at RT and 

solid BSA was added to a final concentration of 0.5% (w/v). The suspension was stirred for 

another 45 min and submitted to 4 cycles of centrifugation at 9000 rpm for 10 min and dilution 

with 5 mM phosphate pH 7.4 containing 0.25% BSA (w/v).  

LSPR biosensing of rabbit IgG: AuNR@t-SiO2-Ab in 5 mM phosphate pH 7.4, 0.25% BSA 

(0.4 ml; ODlmax ~ 0.9) was dispensed in a plastic cuvette and the target, a rabbit IgG, was added 

at a concentration of 500 ng/mL. The extinction spectrum of the mixture was measured after 1 

h. A negative control experiment was performed by replacing the specific target, rabbit IgG, by 

mouse IgG (non specific target). 

UV-Vis Spectroscopy. UV-Visible (UV-Vis) extinction spectra were recorded on a Cary 50 

spectrophotometer (Varian, Inc.) and the analysis of colloidal dispersions was performed in the 

range 400–1100 nm using a cuvette with 1 cm optical path length. Water was used as the blank. 

According to refs.47,48 the OD400 linearly correlates with the Au0 concentration and an 

absorbance of 1.2 at 400 nm corresponds to 100 % reduction of a 0.5 mM gold salt solution. 

According to this relation, the reduction yield of Au3+ was estimated.  

Dynamic light scattering (DLS) and Electrophoretic Light Scattering (ELS). DLS and ELS 

measurements were performed using a Litesizer™ 500 apparatus (Anton Paar) equipped with 

a 658 nm laser operating at 40 mW. The scattered light collection angle was set to 90°. The zeta 

potential (ELS) was measured in a Ω-shaped capillary tube cuvette with an applied potential of 

150 V.  

Electron microscopy. TEM images of AuNRs and AuNR@SiO2 were obtained using a JEOL 

JEM 1011 transmission electron microscope (TEM) operating at an accelerating voltage of 
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100 kV. The samples were prepared by depositing a drop of water-diluted (x 20) particle 

suspension onto a carbon-coated copper grid and drying the grid at room temperature before 

imaging. The size distribution of AuNRs and the silica shell thickness of AuNR@SiO2 was 

established by counting a minimum of 200 particles and 200 shells by TEM using Image J 

Software. 

SEM. Scanning electron microscopy images were obtained using a SEM‐FEG Hitachi SU‐70 

scanning electron microscope (Hitachi High‐Technologies Corporation, Tokyo, Japan) with an 

accelerating voltage of 5 kV; the working distance is around 3.5 mm; in lense secondary 

electron detector SE(U) was used. The samples were prepared by depositing a drop of water-

diluted (x 20) particle suspension on an alumina SEM support with a carbon adhesive tape 

without being coated. 

SERS. Surface Enhanced Raman Scattering spectra were recorded in the 100 - 3450 cm−1 range 

on a modular Raman spectrometer (Model RXN1, Kaiser Optical Systems, Inc.). It includes a 

high-powered near-IR laser diode working at 785 nm and a 1024×256 pixels CCD detector 

showing a 4 cm-1 resolution.  Spectra were collected on 1.5 mL of undiluted colloidal 

suspension in a quartz cuvette. The laser output power was 300 mW. For each spectrum, 10 

acquisitions of 90 s were recorded to improve the signal-to-noise ratio. 

XPS. X-Ray photoelectron spectrometry analyses were performed using a Scienta Omicron 

Argus X-ray photoelectron spectrometer equipped with an Al Kα monochromatic radiation 

source (hν = 1486.6 eV) operating at 280 W power. The analysis is performed under Ultra High 

Vacuum (≤ 10-9 mBar). The photoelectrons are analyzed in a direction making an angle of 45° 

to the surface. The spectra were performed with a passing energy of 100 eV for the general 

spectrum and 20 eV for the N 1s regions. Spectrum analysis were performed using Casa XPS 

v.2.3.15 software (Casa Software Ltd, U.K.). 1.5 mL of the purified colloidal suspensions of 

AuNR@//m-SiO2; AuNR@⊥m-SiO2 and AuNR@t-SiO2 were concentrated by centrifugation 

(10 min at 9000 rpm) to a volume of 30 L. The resulting suspensions were then deposited as 

10 L drops on indium substrates and dried in air for 2 h before analysis. 

 

RESULTS AND DISCUSSION 

Gold nanorods synthesis and characterization: The AuNRs used in this study were 

synthesized following a seed-growth process. Several batches were prepared to assess the 

reproducibility of the synthesis and characterized by TEM, UV-Vis spectroscopy, DLS and zeta 

potential measurements (Figures S1 and S2). Despite some changes in both width and length 

from batch to batch, the resulting l-LSPR bands were always located around 750 nm and the 

AR was close to 2.6 (Figure S1). A more detailed discussion on the reproducibility of the 

synthesis is given in SI section. AuNRs were also characterized by DLS and zeta potential 

measurements (Figure S2). DLS measurements evidence a colloidal stability and a positive zeta 

potential (+47 mV) was measured, consistently with the presence of the charged head groups 

of the CTAB bilayer on the particle surface. Finally, AuNRs were analyzed by SERS (Figure 

S3). The spectra were dominated by CTAB bands (see table S1 for a detailed assignment of 

Raman bands).  

Silica growth on gold nanorods: silica formation mechanism is governed by the reactions of 

hydrolysis and condensation of alkoxysilane (Figure S4). These two reactions are catalyzed at 
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acidic and basic pH (Figure S5), while most existing protocols stipulate strictly basic conditions 

(pH=10-11).32,34,36,38 At these high-pH conditions, both hydrolysis and condensation reactions of 

the alkoxysilane take place simultaneously with fast kinetics. However, by tuning the pH 

values, it is possible to separate these two reactions and achieve a better control of silica shell 

growth around AuNRs. These conditions were explored in the three protocols developed herein 

and are depicted precisely in Scheme 1. These three protocols are labeled A, B, and C and lead 

to samples referenced AuNR@//m-SiO2, AuNR@⊥m-SiO2, and AuNR@t-SiO2, respectively. 

Scheme 1: Pathways adopted for the three protocols developed to grow a silica shell on AuNRs, 

A, B, and C for AuNR@//m-SiO2, AuNR@⊥m-SiO2, and AuNR@t-SiO2, respectively. 

Silica growth on gold nanorods following Protocol A, AuNR@//m-SiO2: In Protocol A, the 

coating reaction was performed without a primer at pH 4 (Scheme 1), a pH at which the 

condensation kinetics is significantly slowed down, while the hydrolysis rate is fast (Figure S 

5). Moreover, we used a high TEOS concentration (i.e. final Au/TEOS mole ratio 1/3.6) and a 

CTAB concentration of 1.1 mM. The CTAB-capped AuNRs used for this study have average 

dimensions of 102 × 40 nm (AR = 2.6). The morphology of the silica shell vs. the time of 

reaction was monitored through the analysis of TEM micrographs from samples obtained at 

different reaction times (Figure 1). Images of the obtained core-shell materials (Figure 1-a, b, 

c) show a progressive thickening and an improved shell organization when reaction time 

increases. The mesoporosity of the silica shell is clearly observable and oriented parallel to gold 

core, hence the AuNR@//m-SiO2 designation. At day 2, the silica shell only partially covers 

the gold cores. This partial coating is not sufficient to maintain the colloidal stability of the 

core-shell nanoparticles as we did observe the aggregation of the particles upon their washing 

in ethanol (the color due to the plasmonic bands disappears). At day 5, the colloidal stability is 

improved after washing. However, the silica shell order and homogeneity seem still poor 

(Figure 1-a). A higher organization is observed starting from day 13 (Figure 1-b, and Figure S 

6-a for high resolution large size images). Indeed, TEM micrographs show an ordered silica 

shell with a thickness of approx. 13.5 (± 5.3) nm displaying an “onion shaped” porosity. At day 

17, the thickness of the silica shell is not significantly increased but additional protrusions of 

approx. 6.0 nm can be observed (Figure 1-c and e). Similar protrusions were reported by Wang 

et al. and assigned to an important depletion of CTAB and silicate in solution.49  

Figure 1: Results for protocol A, AuNR@//m-SiO2: a, b, and c, TEM images taken at different reaction times: 5, 

13, and 17 days, respectively. Scale bar in the insert corresponds to 100 nm. (d) Extinction spectra of the original 

AuNRs and AuNR@//m-SiO2 before and after washing for 17 days reaction time. (e) SEM images for (c). 

The extent of the reaction was also monitored by measuring the extinction spectrum of the crude 

AuNR@//m-SiO2 sample (Figure 1-d and Figure S 6-b). Negligible displacement of the l-LSPR 

band during the first two days confirms the slow kinetics of silica condensation around the 

AuNRs in these conditions. A red-shift of the l-LSPR band from 742 nm (day 1) to 758 nm 

(day 17) is observed (Figure 1-d) that can be attributed to a higher refractive index at the AuNR 

surface upon formation of a silica shell whose thickness increases upon aging.42,50 The l-LSPR 

band position seems to stabilize around day 13. DLS measurements shown in Figure S6-c 

confirm the colloidal stability. After purification, a large blue shift of the LSPR band from 758 

nm to 738 nm is observed (Figure 1-d) possibly due to the removal of CTAB. Indeed, zeta 

potential measurements recorded before purification of AuNR@//m-SiO2 show a positive value 

(+32 mV) indicating the presence of CTAB molecules adsorbed on top of the silica layer 

(Figure S6-d). Once purified, the zeta potential of AuNR@//m-SiO2 becomes negative, -30 mV, 

consistently with silica surface charge and CTAB removal (Figure S6-d). CTAB removal was 
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further confirmed by SERS (Figure S3 and Table S1). SERS data show a drastic decrease in 

CTAB signal corroborating the previous assumptions. Finally, XPS analysis was performed to 

check the presence of residual nitrogen atoms due from the ammonium groups of CTAB, and 

here again, the obtained spectrum (Figure S7-a) evidences the absence of nitrogen and further 

confirms the successful removal of CTAB allowing for the use of these nano-objects within 

body fluids without suffering from CTAB toxicity. 

To better understand the mechanism of silica growth, we undertook to calculate the amount of 

TEOS involved in the shell growth. Prior to our calculations, we performed a TEM analysis 

before purification of the core-shell AuNR@//m-SiO2 NPs to see whether TEOS also led to a 

homogeneous nucleation of silica nanoparticles. The images in Figure S 6-e and f clearly show 

that almost no core-free silica particles were formed. Consequently, the amount of TEOS 

consumed by the formation of the shell was estimated from the thickness of the silica shell 

assuming a density of 1.2 g.cm-3 (similar to the density of ordered mesoporous materials such 

as MCM-41) number of silica shells equal to the number of AuNRs in the sample, as no 

uncoated AuNR were observed. TEOS consumption was estimated to 25 % on day 17 

(thickness of the silica shell: 14 nm). This calculation is very rough but it still clearly indicates 

that a large fraction of initially introduced TEOS does neither participate to the formation of 

the silica shell, nor results in the homogeneous nucleation of core-free silica particles. 

The growth of a silica shell at pH=4 is therefore possible but slow due to the very slow TEOS 

condensation at this pH. It leads, not only to core-shell particles with thick and homogeneous 

silica shell that exhibits an unconventional porosity, but also prevents homogeneous SiO2 

nucleation. 

Silica growth on gold nanorods following Protocol B, AuNR@⊥m-SiO2: In Protocol B, the 

coating is done without primer and with pH-swing (from 4 to 8), the resulting core-shell NPs 

exhibit a mesoporosity perpendicular to the gold core and are labelled AuNR@⊥m-SiO2 

(Figure 2). The AuNRs used for this study have average dimensions of 108 × 48 nm (AR = 

2.3). As mentioned above, at pH 4, hydrolysis of TEOS is fast, while the condensation reaction 

is very slow at pH 4 and fast at pH 8 (Figure S 5). Hence, with this protocol these two reactions 

will occur separately: TEOS will be fully hydrolyzed first (pH=4) with negligible condensation. 

Then, the condensation of pre-hydrolyzed TEOS will occur rapidly upon increasing the pH to 

8. This pH modulation was first done by quickly adding NaOH using a micropipette after TEOS 

hydrolysis. For this first series of experiments the CTAB concentration was set at 1.1 mM and 

the results are shown in Figure S 8. At low TEOS concentration (i.e. Au/TEOS mole ratio = 

1/0.9), the obtained AuNR@⊥m-SiO2 have a poorly structured silica shell (Figure S 8-a), while 

higher TEOS concentrations (corresponding to 1/1.8 and 1/3.6 Au/TEOS mole ratios) result in 

the formation of a uniform silica shell around the AuNRs along with homogeneous nucleation 

of core-free SiO2 (Figure S 8-b and c). Silica shell formation led to very small shift of l-LSPR 

band (Figure S 8-d) and to no visual color change of the solution (inserts in Figure S 8-a, b, and 

c). Noteworthily, the purification procedure did not allow to remove the core-free SiO2 particles 

from the final mixture (Figure S 8-b and c). 

Alternatively, in view of improving the protocol, the CTAB concentration was increased to 1.6 

mM and pH modulation was automated using a syringe pump for NaOH addition. The AuNRs 

used for this study have average dimensions of 117 × 43 nm (AR = 2.7). The resulting 

AuNR@⊥m-SiO2 synthesized at low TEOS concentration (corresponding to Au/TEOS mole 

ratio = 1/0.9, Figure 2-a) show a poorly structured silica shell as previously observed, while 

higher TEOS concentrations (corresponding to 1/1.8 and 1/3.6 Au/TEOS mole ratios) provide 
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a thick and uniform silica shell of 18.4 ± 3.1 and 22.5 ± 3.3 nm, respectively (Figure 2-b,c, and 

e for SEM; see Figure S 9, for a high resolution large size micrograph) with a porosity oriented 

perpendicularly to the AuNR surface. Moreover, using these experimental conditions, core-free 

silica particles are absent from the purified samples for all Au/TEOS ratios (Figure 2-a, b, c 

compared to Figure S 8-a, b, c). 

The extinction spectra of the AuNR@⊥m-SiO2 before and after the purification procedure are 

shown in Figure 2-d. On the spectra recorded before purification, the l-LSPR band position is 

red-shifted when TEOS amount increases, as observed for protocol A. In addition, and again as 

seen for protocol A, purification induces a blue-shift of the l-LSPR band position that stabilizes 

at 751 nm, independently from silica shell thickness. This blue shift is here again attributed to 

CTAB removal, further evidenced by the negative zeta potential, -27 mV vs. +40 mV before 

washing (Figure S 9-c), and by Raman and XPS analyses that show a decrease of CTAB bands, 

and absence of N1s photopeak, respectively (Figure S 3 and S 7-b). 

Figure 2: Results for protocol B, TEM images of AuNR@⊥m-SiO2 synthesized with controlled NaOH addition 

and [CTAB] = 1.6 mM using different Au/ TEOS ratios. (a) 1/0.9, (b) 1/1.8 and (c) 1/3.6. Scale bar in the insert 

correspond to 100 nm. (d) Extinction spectra of the original AuNRs and AuNR@⊥m-SiO2 using different Au/ 

TEOS ratios before and after washing. (e) SEM image for (c). 

As for protocol A, prior to the estimation of the amount of TEOS involved in the shell growth, 

TEM images of core-shell AuNR@⊥m-SiO2 were recorded before purification. The images 

shown in Figure S 9 reveal the occurrence of core-free silica particles for Au/TEOS values of 

1/1.8 and 1/3.6 (Figure S 9-e and f), but not for Au/TEOS=1/0.9 (Figure S 9-d), as expected 

from the fact that homogeneous nucleation of silica requires monomers concentration to be 

higher than a critical value. Moreover, the fraction of these particles visibly increases upon 

increasing TEOS concentration. As these core-free silica particles are not observed after 

purification (Figure 2-b and c and Figure S 9-h and i), one can conclude that they have been 

removed by centrifugation, thanks to their colloidal stability, their small size and their low 

density. Their complete elimination is ensured by setting the CTAB concentration high enough 

(i.e. 1.6 mM) to prevent their agglomeration (Figure S 8-b and c). 

The amounts of TEOS solely consumed by shell formation and calculated on the basis of the 

above described hypotheses were ca. 40 % and 28 % for 1/1.8 and 3.6 Au/TEOS mole ratios, 

respectively, that is slightly higher than the one calculated for protocol A, despite the 

consumption of TEOS in core-free silica nanoparticles. 

Silica growth on gold nanorods following Protocol C, AuNR@t-SiO2: Several groups have 

reported the use of MPTMS (Mercaptopropyltrimethoxysilane) as a surface modifier to displace 

adsorbed CTAB thanks to the formation of strong Au-S bonds at the gold rod surface, while 

exposing reactive SiOMe and/or SiOH groups at the AuNR surface. In previously reported 

protocols, this primer was added prior to hydrolysis and condensation of sodium silicate and 

this type of protocol usually aimed at producing a thin silica shell.41,42 We have applied the 

previously described pH-swing method to MPTMS-capped AuNRs. The concentration of 

CTAB was set at 1.6 mM and AuNRs used for this study have approximate dimensions of 113 

× 42 nm (AR = 2.7). MPTMS was first added to the AuNRs suspension at pH 4. Under these 

conditions, MPTMS displaces CTAB from the gold surface, while the three methoxy groups 

may undergo hydrolysis to form silanols. This hydrolysis occurs without significant 

modification of the pH of the suspension. TEOS was then added to the solution allowing its fast 

hydrolysis. The pH was then increased up to 8 by addition of NaOH with a syringe pump, 

allowing the condensation reactions to occur.  
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Figure 3-a, b, and c show representative TEM images of AuNR@t-SiO2 obtained with 

increasing TEOS concentrations (1/0.9, 1/1.8 and 1/3.6 Au/TEOS mole ratios, respectively), a 

SEM micrograph for the highest TEOS amount is also shown (Figure 3-f). Using this protocol, 

well defined silica shells of increasing thickness (2.1 (± 0.4), 3.4 (± 0.5) and 5.7 (± 0.9) nm) 

were obtained.  

Figure 3: TEM images of AuNR@t-SiO2 synthesized using MPTMS primer and pH monitoring with different 

Au/ TEOS ratios and measurement of silica shell thickness. (a) 1/0.9, (b) 1/1.8 and (c) 1/3.6. Scale bar in the 

insert corresponds to 100 nm. Extinction spectra and first derivative in the insert of the obtained AuNR@t-SiO2 

(d) Before purification and (e) After purification. (f) SEM image for (c). 

The optical properties of these AuNR@t-SiO2 were investigated by UV-Vis spectroscopy, 

before and after purification (Figure 3-d and e), maximum of the l-LSPR band is indicated in 

the legend next to the corresponding sample. Before the washing cycle (Figure 3-d), a blue shift 

of the l-LSPR band upon MPTMS addition suggests ligand exchange with replacement of the 

CTAB double layer by a MPTMS layer at the particle surface. Adding increasing amounts of 

TEOS led to a gradual red shift of the l-LSPR band with increasing thickness of the silica shell, 

as previously observed for protocols A and B. Here again, purification resulted in a blue shift 

of l-LSPR band, assigned to CTAB removal, for all AuNR@t-SiO2 samples (Figure 3-e). Zeta 

potential measurements of AuNR@t-SiO2 dispersions before and after washing (Figure S 10-a 

and b) confirmed the silica coating of the nanorods, as the charge surface of AuNRs@SiO2 

changed from positive (+ 44 mV) to negative (- 30 mV) after three washing cycles in EtOH and 

two cycles in water. Such zeta potential at pH 6.5 matches with the zeta potential of silica 

particles under the same conditions and thus supports the complete removal of CTAB.51 CTAB 

removal for this protocol was also confirmed by SERS and XPS (Figures S 3 and S 7-c).  

TEM images of the reaction mixtures before purification of the AuNR@t-SiO2 are shown on 

Figure S 10-c, d, and e. For the lowest Au/TEOS ratio, no core-free silica particles were formed 

(Figure S 10-c). In contrast, the solutions with 1/1.8 and 1/3.6 Au/TEOS mole ratios clearly 

show the presence of homogeneous silica particles (Figure S 10-d and e). For all Au/TEOS 

ratios, these particles were removed during purification (Figure S 10-f, g and h). When Protocol 

C was carried out with 1.1 mM CTAB, TEM images, shown in Figure S 11-a clearly show the 

presence of silica nanoparticles after purification, while with 1.6 mM CTAB, no free silica are 

present after purification while the supernatant is solely composed of silica particles (Figure S 

11-b and c, respectively). Therefore, as observed for protocol B, 1.6 mM CTAB allows for the 

total removal of silica nanoparticles. 

The silica shell thickness being too thin to allow the appreciation of its porosity by TEM, silica 

densities of 2.2 g.cm-3 (corresponding to dense silica) and 1.2 g.cm-3 (corresponding to MCM-

41-type porous silica) were used to evaluate the amount of TEOS consumed upon formation of 

the shell. The yield was ca. 5.0 % (Au/TEOS=0.9), 4.5 % (Au/TEOS=1.8) and 4.0 % 

(Au/TEOS=3.6) for a porous shell of increasing thickness and to 10.0 %, 8.0 % and 7.0 % for 

a non-porous shell.  

The robustness of the coating protocol was eventually demonstrated by synthesizing AuNR@t-

SiO2 of approx. 3 nm shell thickness from CTAB-capped AuNRs having different sizes using 

1/1.8 Au/TEOS mole ratio (Figure 4). The TEM pictures of core-shell AuNR@t-SiO2 with 3.2 

(± 0.5), 3.3 (± 0.6) and 3.6 (± 0.6) nm uniform shell thickness synthesized from AuNRs with 

approximate dimensions of respectively 109 × 49, 94 × 39 and 102 × 36 nm, show the 

reproducibility of the protocol regardless of particle size. 
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Figure 4: TEM images of AuNR@t-SiO2 synthesized using MPTMS primer and pH monitoring at 1/1.8 

Au/TEOS ratio with different AuNR dimensions: (a) 109×49 nm, (b) 94×39 nm and (c) 102×36 nm 

Discussion on the three protocols: The AuNR@SiO2 engineered herein have silica shells of 

controlled thicknesses and pore organization. We summarized in Table 1 the main features of 

the silica shells resulting from the three protocols. The pH of the working medium determines 

the hydrolysis and condensation rates of TEOS. Consequently, it significantly affects the final 

structure of the shell. It not only determines the kinetics of silica growth (on the AuNR surface 

and as core-free silica particles by homogeneous nucleation in solution) but also the final pore 

morphology of the shell. As long as the pH is maintained around 4.0, as for protocol A, the 

hydrolysis rate is high, and the hydrolyzed species can undergo slow condensation. During the 

early stages of the reaction (less than five days), due to the slow condensation kinetics, neither 

silica particles nor silica shell are detected around the AuNRs. After 5 days, an inhomogeneous 

silica shell becomes clearly visible indicating the onset of silica formation and, after extended 

reaction time (13 days or more), a mesoporous and thick silica shell is formed. Moreover, for 

this protocol, no core-free silica particles are detected on the TEM images prior or after 

purification despite the relatively small fraction of TEOS consumed for silica shell generation 

(ca. ¼). The absence of homogeneous nucleation of silica particles (despite the high TEOS 

concentration), suggests that, under conditions that lead to a very slow kinetics of condensation, 

the homogeneous nucleation of silica is sufficiently delayed to be suppressed in the time frame 

of our experiments. Surprisingly enough, the silica coating formed at pH=4 develops an 

unexpected porosity, with pores aligned parallel to the nanorods surface. This is, to the best of 

our knowledge, the first report of this type of porosity on AuNR@SiO2. As this coating follows 

the initial orientation of the CTAB bilayer on the AuNR surface, one can postulate that, under 

acidic conditions, the original CTAB bilayer controls the growth of the CTAB/silicate 

mesostructure. The reason why this initial orientation is preserved still needs to be investigated. 

One can however exclude that it originates from the difference in speciation of silicate species 

in acidic and basic conditions. Indeed, at pH 4, a pH close to the point of zero charge of silica, 

the density of charge of silicate species is much lower than at pH 8. But, a low density of charge 

is, on the contrary, expected to favor a high curvature at the silica/surfactant surface and to 

favor the formation of a hexagonal over a lamellar phase. Therefore, one can propose that this 

uncommon orientation of the mesostructure is either related to the slow kinetics of condensation 

or to a low mobility of CTAB under these experimental conditions. 

Table 1: Summary of the main characteristics of the AuNR@SiO2 particles depending on the experimental 

conditions 

Synthesis 

protocol 

Au/TEOS 

ratio 

[CTAB] 

(mM) 

Reaction 

time 

Shell 

Thickness  

(nm) 

Porosity 
Nucleation of 

SiO2 NP 

Presence of 

SiO2 NP after 

washing 

A  

//m-SiO2 
1/3.6 1.1 17 days 14 

// to the 

Surface 
No no 

B 

⊥m-SiO2 

1/0.9 1.1 

18h 

__* 

⊥ to the 

Surface 

no no 

1/1.8 1.1 13 yes yes 

1/3.6 1.1 19 yes yes 

1/0.9 1.6 

18h 

__* 

⊥ to the 

Surface 

no** no 

1/1.8 1.6 17  yes no 

1/3.6 1.6 21 yes no 
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C 

t-SiO2 

1/0.9 1.6 

18h 

2.1 

Non porous 

no** no 

1/1.8 1.6 3.4 yes no 

1/3.6 1.6 5.7 yes no 

* Non Homogeneous layer 

** [TEOS] is, in these conditions, likely to be below the critical value for homogeneous nucleation 

When the condensation reaction is performed under mildly basic conditions (pH 8), after an 

initial hydrolysis step at pH 4, as in Protocol B, silica growth is much faster and the silica 

coating is formed overnight. The pH-swing method was initially proposed by Brinker et al. for 

the formation of silica gels52–54 and, more recently investigated in detail by Fidalgo et al.55–57 to 

produce highly porous silica xerogels. The pH conditions of this pH-swing protocol differ 

significantly from those traditionally used in AuNR coating processes derived from the initial 

work of Gorelikov et al. (which are also similar to those used in the classical Stöber process). 

Indeed, for all these protocols it is necessary to set the pH for which both hydrolysis and 

condensation reactions are fast, and these conditions can only be obtained at relatively high pH 

(pH=10-11) because hydrolysis is very slow at moderately basic pH (pH=7-9) and, according 

to Abadeer et al., the growth of a silica shell at moderate pH (pH≤9) is not possible.34 Using the 

pH-swing method, as TEOS is hydrolyzed first at acidic pH, the condensation reaction can be 

performed in milder conditions (pH 8) and governs the kinetics of formation of the silica shell. 

Moreover, as explained by Fidalgo et al., this two-step process favors the formation of highly 

cross-linked silica (with few residual silanol groups) because both acid-catalyzed hydrolysis 

and basic-catalyzed condensation favor cross-linking.56 These changes in the sol-gel chemistry 

of TEOS may be at the origin of the different morphologies of the pores of the silica shell in 

our work compared to previously published results (aligned pores with an orientation 

perpendicular to the AuNR surface for protocol A compared to a more disordered pore 

morphology in previous works), but the precise origin of this higher pore organization remains 

unclear.  

In the present work we have associated this pH-swing protocol to two different concentrations 

of CTAB: 1.1 mM (corresponding to the concentration used by Wu et al. in their work36) and 

1.6 mM. For samples prepared from the same TEOS concentration, the thickness of the silica 

coating is in the same range: 13/19 and 17/21 nm for 1.1 and 1.6, respectively (Table 1) and 

these samples differ only for the presence of core-free silica particles in the purified samples 

for Au/TEOS ratios of 1/1.8 and 1/3.6. A high CTAB concentration seems therefore mandatory 

for the successful removal of core-free silica particles, possibly due to a better colloidal stability 

of these particles when surrounded by CTAB. 

The last series of AuNR@SiO2 associates MPTMS as primer with the pH-swing method, 

protocol C. A thin and extremely homogeneous silica coating was obtained for all Au/TEOS 

ratios with a regular increase of the thickness of the silica coating with increasing the amount 

of TEOS. For the samples synthesized with [CTAB] = 1.6 mM, the core-free silica particles 

observed on TEM images of the raw samples for Au/TEOS = 1.8 and 3.6, are fully removed in 

the purified samples.  

On the basis of calculations and the absence of core-free silica particles by TEM, Wu and Tracy 

have concluded that all of the TEOS molecules were consumed to form the silica shells.36 

However, their calculation assumes a silica density of 1.7 g.cm-3 which, without being 

impossible, is higher than that expected for a mesoporous material similar to MCM-41 (pore 

volume between 0.5 and 1 cm3.g-1, which corresponds to much lower apparent densities 
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(between 0.8 and 1.2)). If a density of 1 instead of 1.7 is considered, a non-negligible amount 

of silica is not integrated into the silica shells surrounding gold particles and could be in the 

form of silica nanoparticles that would have been removed during washing. 

For most of the experimental conditions reported herein, we observed silica particles formed 

by homogeneous nucleation. Interestingly, according to the classical model of nucleation and 

growth, these ultra-small and monodisperse silica nanoparticles are likely formed during a 

single burst of nucleation with limited further growth due to rapid consumption of all silica 

precursors.58 Hence, during these syntheses, silica particles and the silica coating may form 

simultaneously. This may appear as a drawback compared to the classical protocols. However, 

formation of undesired core-free silica particles has already been observed for many of the 

protocols derived from the initial work of Gorelikov.33,34,38,59,60 Moreover, these particles, which 

were observed on the TEM images of the purified samples, may represent only a small fraction 

of the initially formed core-free silica particles because, as already stated by Abadeer et al., 

most of them are, thanks to their lower weight, removed from the samples by differential 

centrifugation.34 Several protocols successfully produced AuNR@SiO2 samples devoid of silica 

particles, usually by a careful control of the amount of added TEOS (the formation of these 

particles is favored at high TEOS concentration) and the speed of addition of the TEOS solution 

(stepwise33,38,42,60 or slow36 addition of TEOS is often used as a means to keep the silica 

concentration in solution below the homogeneous nucleation threshold). However, while these 

protocols require a very careful control of the experimental conditions, our work suggests that, 

rather than preventing the homogeneous nucleation of silica, an easier approach could be to 

choose synthesis conditions allowing their total elimination upon purification. In this approach, 

CTAB concentration plays a key role: with a CTAB concentration of 1.1 mM, the purified 

samples still contain core-free silica particles while they do not when [CTAB]=1.6 mM. This 

CTAB concentration is higher than the values suggested in many protocols (usually below 1.2 

mM).33,34,36 CTAB not only acts as a soft template (leading to the formation of the porous silica 

coating) but also as a stabilizer of the colloidal particles (AuNR@SiO2 and core-free SiO2 

particles) present in the solution. With an appropriate amount of CTAB, the positive charge of 

CTAB molecules present at the surface of core-free and core-shell silica particles leads to a 

strong electrostatic repulsion between all colloidal particles and prevents aggregation. The 

lighter core-free silica particles can then be readily removed by differential centrifugation. In 

what follows we explore the potentialities of AuNR@ t-SiO2 in LSPR immunosensing.  

Toward the development of AuNR@ t-SiO2-based immunosensor: The underlying principle 

of gold nanoparticle-based LSPR biosensors relies on the sensitivity of the plasmon band 

position to the refractive index of the surrounding medium and the distance dependence of the 

band shift. These properties enable separation-free bioassays since only binding events that 

occur at close proximity of the nanoparticles will contribute to the plasmon band shift.9 

Surprisingly, very few examples of AuNR@SiO2-based LSPR immunosensors have been 

reported to date.61,62 

As a preliminary experiment to the setup of a solution-phase LSPR biosensor based on AuNR@ 

t-SiO2, its refractive index sensitivity was determined by measuring the shift of the LSPR band 

position in aqueous solutions containing an increasing proportion of glycerol (Figure 5 a-c). A 

sensitivity value of 326 nm/RIU (Refractive Index Unit) was calculated, in excellent agreement 

with values reported in the literature for thin shells of SiO2 on AuNR62. Of note, this sensitivity 

value is also larger by ca ~ 30% than that of the starting AuNR which is 274 nm/RIU which 

suggests a higher efficiency for the silica coated materials in biosensing.  
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Figure 5: Normalized extinction spectra of (a) CTAB-capped AuNR and (b) AuNR@t-SiO2 in water-glycerol 

mixtures of varying fractions; (c) Dependence of the longitudinal plasmon shift of CTAB-capped AuNR (black 

squares) and AuNR@t-SiO2 (red squares) on refractive index of liquid mixtures. (d) and (e) Normalized 

extinction spectra of the nanoimmunoprobes before and after target recognition and their derivatives. 

A nanoimmunoprobe was next constructed by physisorption of goat anti-rabbit IgG antibody 

(Ab) to AuNR@ t-SiO2 with the objective of setting up a solution-phase, homogenous and 

label-free immunoassay of the model antigen rabbit IgG (Target) as described in Figure S12 a. 

The binding of the target to the nanoimmunoprobe should result in a change of the refractive 

index at the vicinity of the nanoparticles and in turn to a shift of the LSPR band position 

measurable by a UV-visible spectrometer. The construction of the nanoimmunoprobe was 

performed through successive additions of Ab and BSA to a colloidal solution of AuNR@ t-

SiO2. These additions resulted in a shift of the LSPR band position from 716 to ca. 730 nm (see 

Figure S12 b). This red shift is related to the higher refractive index of proteins as compared to 

water. Simultaneously, the zeta potential increased from -32.0 ± 1.9 to -15.0 ± 0.7 mV. The 

average number of Ab bound to AuNR@ t-SiO2 was 135 ± 48 as indirectly assayed by 

spectrofluorimetry with a fluorescein-labeled Ab following a previously reported method63. 

Finally, the target, a Rabbit IgG, was added to a suspension of the nanoimmunoprobe in 

phosphate buffer pH 7.4 at a concentration of 500 ng/mL. Figure 5 d and e show the extinction 

spectra measured before and after target addition and their first derivatives. A clear shift of the 

LSPR band position to the red was observed corresponding to a ∆λLSPR of 5 nm. This band shift 

was unambiguously assigned to the successful binding of the target to the nanoimmunoprobe 

inducing a change of the refractive index since so such shift was noticed when the 

nanoimmunoprobe was incubated with a non-specific target (data not shown). These results 

clearly show that the AuNR@t-SiO2 nanoparticles can be applied for antibodies immobilization 

and that the silica shell is thin enough to preserve the plasmonic sensitivity and allow LSPR 

readout of target recognition. 

 

CONCLUSIONS 

In summary, we have reported a versatile method for the synthesis of core-shell AuNR@SiO2 

nanoparticles with tailored shell thickness and porosity. By modulating the pH of the reaction 

medium, control over the silica growth rate and morphological parameters of the shell was 

achieved. Different silica shell thicknesses, from 13 to 21 nm, were produced by varying the 

Au/TEOS ratio. Depending on the pH set for TEOS condensation, the orientation of the silica 

porosity was tailored to be either perpendicular, or, more unexpectedly, parallel to AuNRs 

surface. Finally, the use of a surface primer allowed the formation of ultrathin non porous silica 

shells with a thickness precisely tunable between 2 and 6 nm by varying Au/TEOS ratio. In all 

the synthesis methods optimized here, the colloidal stability and optical properties of the 

plasmonic core were preserved. In addition, we show that the formation of SiO2 nanoparticles 

cannot be avoided in alkaline medium when homogeneous nucleation threshold is reached. 

CTAB concentration was shown to play a major role to efficiently remove SiO2 nanoparticles 

during the purification steps. By combining XPS, Raman and zeta potential measurements, we 

evidenced the total removal of CTAB during washing steps, which will facilitate the potential 

use of these AuNR@SiO2 in biological media. The formation of ultrathin silica shell showed a 

promising potential for the development of LSPR biosensors. Indeed, their RI sensitivity factor 

was 30 % higher than that of bare AuNRs. In addition, preliminary immunosensing experiments 
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allowed the successful adsorption of antibodies and the further recognition of a model target 

and clearly showed the silica shell was thin enough to preserve the plasmonic sensitivity of the 

nanoimmunoprobes. Furthermore, we expect the original onion-shaped porosity parallel to 

AuNRs surface developed here to provide interesting vehicles for drug delivery and further 

release of embedded molecules and intend to explore these potentialities in our upcoming 

studies. 
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ABBREVIATIONS 

APTMS : 3-aminopropyltrimethoxysilane 

AR: Aspect ratio 

AuNRs: Gold nanorods 

AuNR@SiO2: Silica-coated gold nanorod 

AuNR@//m-SiO2: Gold nanorod coated with a mesoporous silica shell having pores oriented 

parallelly to the gold surface 

AuNR@⊥m-SiO2: Gold nanorod coated with a mesoporous silica shell having pores oriented 

perpendicularly to the gold surface 

AuNR@t-SiO2: Gold nanorod coated with a thin silica shell 

BSA: bovine serum albumin 

CTAB: Cetyltrimethylammonium bromide 

DLS: Dynamic light scattering 

ELS: Electrophoretic Light Scattering 

IgG: immunoglobulin G 

LSPR: Localized surface plasmon resonance 

l-LSPR: Longitudinal localized surface plasmon resonance 

mPEG-SH: O-[2-(3-Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol 

MPTMS: 3-Mercaptopropyltrimethoxysilane 

NaOL: Sodium oleate 

RI: Refractive Index 

RIU: Refractive Index Unit 

SEM: Scanning electron microscopy 

SERS: Surface enhanced Raman scattering 

TEM: Transmission electronic microscopy 

TEOS: Tetraethylorthosilicate 

t-LSPR: Transverse localized surface plasmon resonance 

UV-Vis: UV-Visible 

XPS: X-ray photoelectron spectroscopy 
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Scheme 1 

 

Scheme 1. Pathways Adopted for the Three Protocols Developed to Grow a Silica Shell on 

AuNRs: (A) AuNR@//m-SiO2, (B) AuNR@⊥m-SiO2, and (C) AuNR@t-SiO2  
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Figure 1 

 

Figure 1. Results for protocol A, AuNR@//m-SiO2: (a–c) TEM images taken at different 

reaction times: 5, 13, and 17 days, respectively. Scale bar in the inset corresponds to 100 nm. 

(d) Extinction spectra of the original AuNRs and AuNR@//m-SiO2 before and after washing 

for 17 days reaction time. (e) SEM images for (c).  
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Figure 2 

 

Figure 2. Results for protocol B, TEM images of AuNR@⊥m-SiO2 synthesized with controlled 

NaOH addition and [CTAB] of 1.6 mM using different Au/TEOS ratios: (a) 1/0.9, (b) 1/1.8, 

and (c) 1/3.6. Scale bars in the inset correspond to 100 nm. (d) Extinction spectra of the original 

AuNRs and AuNR@⊥m-SiO2 using different Au/TEOS ratios before and after washing. (e) 

SEM image for (c).  
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Figure 3 

 

Figure 3. TEM images of AuNR@t-SiO2 synthesized using MPTMS primer and pH monitoring 

with different Au/TEOS ratios: (a) 1/0.9, (b) 1/1.8, and (c) 1/3.6. Scale bars in the inset 

correspond to 100 nm. Extinction spectra of the obtained AuNR@t-SiO2 (d) before purification 

and (e) after purification. (f) SEM image for (c).  
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Figure 4 

 

Figure 4. TEM images of AuNR@t-SiO2 synthesized using the MPTMS primer and pH 

monitoring at a 1/1.8 Au/TEOS ratio with different AuNR dimensions: (a) 109 × 49 nm2, (b) 

94 × 39 nm2, and (c) 102 × 36 nm2. 
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Figure 5 

 

Figure 5. Normalized extinction spectra of (a) CTAB-capped AuNR and (b) AuNR@t-SiO2 in 

water–glycerol mixtures of varying fractions; (c) dependence of the longitudinal plasmon shift 

of CTAB-capped AuNR (black squares) and AuNR@t-SiO2 (red squares) on the refractive 

index of liquid mixtures. (d) Normalized extinction spectra of the nanoimmunoprobes before 

and after target recognition and their derivatives (e). 
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Table 1. Summary of the Main Characteristics of the AuNR@SiO2 Particles Depending on the 

Experimental Conditions 

synthesis 

protocol 

Au/TEOS 

ratio 

[CTAB] 

(mM) 

reaction 

time 

shell 

thickness 

(nm) 

porosity nucleation 

of SiO2 NP 

presence of 

SiO2 NP 

after 

washing 

(A) //m-

SiO2 

1/3.6 1.1 17 days 14 // to the 

surface 

no no 

(B) ⊥m-

SiO2 

1/0.9 1.1 18 h a ⊥ to the 

surface 

no no 

1/1.8 1.1 13   yes yes 

1/3.6 1.1 19   yes yes 

1/0.9 1.6 18 h a ⊥ to the 

surface 

nob no 

1/1.8 1.6 17   yes no 

1/3.6 1.6 21   yes no 

(C) t-SiO2 1/0.9 1.6 18 h 2.1 nonporous nob no 

1/1.8 1.6 3.4   yes no 

1/3.6 1.6 5.7   yes no 
aNonhomogeneous layer. 
b[TEOS] is, in these conditions, likely to be below the critical value for homogeneous 

nucleation. 
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