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Coating gold nanorods with silica prevents the generation of 
reactive oxygen species under laser light irradiation for safe 
biomedical applications 
Sarra Mitichea, Syrine Gueffrachea, Sylvie Marguetb, Jean-Frédéric Audibertc, Robert Bernard 
Pansua, Bruno Palpanta* 

Gold nanoparticles can produce reactive oxygen species (ROS) under the action of ultrashort pulsed light. While beneficial 
for photodynamic therapy, this phenomenon is prohibitive for other biomedical applications such as imaging, photo-thermal 
drug release, or targeted gene delivery. Here, ROS are produced in water by irradiating gold nanorods and silica-coated gold 
nanorods with near-infrared femtosecond laser pulses and are detected using two fluorescent probes. Our results 
demonstrate that a dense silica shell around gold nanorods inhibits the formation of singlet oxygen (1O2) and hydroxyl radical 
(OH•) efficiently. The silica coating prevents the Dexter energy transfer between the nanoparticles and 3O2, stopping thus 
the generation of 1O2. In addition, numerical simulations accounting for the use of ultrashort laser pulses show that the 
plasmonic field enhancement at the nanoparticle vicinity is lessened once adding the silica layer. With the multiphotonic 
ejection of electrons being also blocked, all the possible pathways for ROS production are hindered by adding the silica shell 
around gold nanorods, making them safer for a range of biomedical developments.

Introduction 
Reactive oxygen species (ROS) are highly reactive and 
cytotoxic chemical molecules.1,2  They include singlet oxygen 
(1O2), superoxide anion (O2

−), hydroxyl radical (•OH), and 
hydrogen peroxide (H2O2). When exploited in the Photo-
Dynamic Therapy (PDT), ROS are generally produced from the 
interaction of light and photosensitizing molecules. However, 
recent works have shown that it is possible to generate ROS 
efficiently from the interaction of noble metal nanoparticles 
and light, especially in the form of ultrashort laser pulses.3–7 
Hence, gold nanoparticles illuminated at their localized surface 
plasmon resonance (LSPR) wavelength can generate ROS that 
may, in a living environment, induce necrosis and apoptosis of 
cells.3,4,8–12 Indeed, a nanoplasma can be created through the 
multiphotonic ejection of electrons from the nanoparticles to 
the surrounding environment and/or by plasmon-enhanced 
electromagnetic breakdown, leading to •OH and H2O2 
production. 1O2 is sensitized by Dexter energy transfer between 
the “hot” electrons and the dissolved triplet oxygen (3O2) at the 
very vicinity of the nanoparticles. O2

− can also be produced by 

hot-electron transfer from the nanoparticles to the dissolved 
oxygen.6 While these mechanisms make gold nanoparticles 
efficient for use in PDT, they have to be avoided for other 
applications in biology and biomedicine where the biological 
environment of the nanoparticles and/or their 
biofunctionalization need to be preserved under illumination. 
For instance, when plasmonic nanoparticles are used for gene 
therapy, based on siRNA or antisense DNA delivery, it is highly 
important to prevent the cells from being filled with ROS. 
Indeed, ROS may interact with DNA in the nucleus, forming 
adducts, either leading to mutagenesis, or directly being 
detrimental for cell survival by blocking the progression of 
DNA/RNA polymerases. Alternatively —and depending on their 
nature or location—, ROS may also have a direct effect on the 
integrity of membranes (plasma membrane or inner 
mitochondrial membrane) causing cell necrosis or apoptosis. 

Silica-coated gold nanoparticles hold great promises for a 
wide range of applications in biomedicine and biology. Thanks 
to their high thermodynamic and chemical stability, they are 
used for photoacoustic imaging,13–15 cell tracking,16 and 
photothermal therapy.17,18 The silica shell prevents gold 
nanoparticles from shape modification under high light 
intensity levels13 and reduces the plasmon resonance coupling 
between nanoparticles, preserving thus their optical 
properties.16 Silica-coated gold nanoparticles are also exploited 
for drug delivery,19 biosensing,20 and dual-mode/multimodal 
imaging21 thanks to the porosity of the silica shell. Indeed, the 
mesoporous silica shell can be loaded with drugs, dyes, or 
imaging agents through physical adsorption or covalent 
attachment. In addition, the silica shell makes gold nanorods 
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(AuNRs) biocompatible by removing the usual highly cytotoxic 
stabilizing molecules, CTAB (hexadecyltrimethylammonium 
bromide), from their surface. Further, it has been shown to 
prevent the formation of a protein corona around the 
nanoparticles.22,23 Finally, numerous studies reported in the 
literature have demonstrated that silica-coated gold 
nanoparticles are efficiently internalized in different types of 
cells.16,22,24–27 It has been shown that the uptake of gold 
nanoparticles is enhanced by a factor 5 after coating with a silica 
layer, without abnormal cytotoxicity and proliferation.14 Some 
groups even developed strategies based on the engineering of 
the AuNP surface chemistry to add the selectivity of the uptake 
process for specific cells.28–30 

In this article, we demonstrate that the silica shell prevents 
ROS production by the nanoparticles in addition to the above 
benefits. This makes silica-coated gold nanoparticles, on the 
one hand, not suitable for use as direct photosensitizers in PDT, 
but on the other hand, safe for many other applications in 
biomedicine and biology. 

Materials and methods 
Synthesis of gold nanorods and replacement of CTAB by PEG-SH in 
water  

Gold nanorods (AuNRs) are synthetized using a seeded growth 
method in the presence of the CTAB surfactant, following the 
method proposed by Murray’s group.31 As-synthesized AuNRs 
are then centrifuged three times at 9000 g to remove excessive 
CTAB and chemicals and finally dispersed in an aqueous solution 
containing 1 mM CTAB for long-term stability. The surfactant 
exchange, i.e., the replacement of CTAB by HS-PEG (thiolated 
polyethylene glycol) (5-kDa, from TCI), is performed following 
the multi-stage protocol developed by Mehtala et al.32 in order 
to obtain a drastic reduction, down to trace levels, of the 
number of CTAB molecules bound to the gold surface. In this 
work, we have used the same protocols (synthesis and 
surfactant exchange from Refs. 22 and 23) as those detailed in 
a recent study.33 The PEG-stabilized AuNRs obtained in this way 
are used as reference materials for measuring ROS production. 

Synthesis of AuNR@SiO2 nanorods  

Many sol-gel methods can be found in the literature for coating 
gold nanoparticles with a silica shell. Indeed, depending on the 
surfactant at the surface of the gold nanoparticle, the reaction 
medium (alkaline alcohol-water mixture or pure water) and the 
alkoxysilane derivatives used as the silica precursor, various 
silica thicknesses and porosities can be obtained (see recent 
reviews20,34–36). Here, the coating of CTAB-stabilized AuNRs 
(AuNR@CTAB) is performed using the 3-mercaptopropyl 
trimethoxysilane derivative (MPTMS) as the silica precursor and 
following the recommendations presented in Refs. 37 and 38. 
The CTAB surfactant acts as a structure-directing agent for the 
silica shell formation on the surface of AuNRs. Specifically, 10 μL 
of a 5 vol % MPTMS in ethanol and 50 μL of a 0.1 M aqueous 
NaOH solution are added successively to 3.8 mL of a AuNRs 
solution (1 mM CTAB). After the mixture is left to react for 2 

hours at 50 °C, the resultant silica-coated gold nanorods, 
AuNRs@SiO2, are washed by centrifugation and dispersed in 
water. Scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) are used to visualize the NPs at 
different scales.   

Sample preparation  

The samples are prepared by sucking into a square borosilicate 
capillary (CM Scientific, Product n◦ 8100-100, length 100 mm, 
Square ID: 1.00 x 1.00 mm², wall thickness 0.2 mm)39 a solution 
containing AuNRs (respectively AuNRs@SiO2) and a fluorescent 
probe specific to the ROS tracked. The capillary is then sealed 
with two putty plugs to limit the gas exchanges between the 
external environment and the solution. The method for 
introducing the solution into the capillary is described in detail 
in the electronic supplementary information (ESI).  

The fluorescent reagents used to detect specific ROS are 
Singlet Oxygen Sensor Green (SOSG) and Dihydrorhodamine 
123 (DHR). The SOSG probe is highly sensitive to singlet oxygen 
(1O2).40 The DHR reagent detects both 1O2

41 and hydroxyl radical 
(•OH)42

 while being insensitive to superoxide (O2
-) and 

hydrogen peroxide (H2O2) in the absence of ROS interconverting 
substrates.42–44 The SOSG and DHR probes turn from dark to 
fluorescent molecules upon oxidation by ROS. SOSG and DHR 
are provided in vials containing receptively 100 μg and 2 mg of 
solid product.45,46 The aqueous SOSG is prepared by dissolving 
100 μg of solid SOSG in 33 μL of methanol.47 The solutions used 
for the experiments with AuNRs and AuNRs@SiO2 are obtained 
by adding 4 μL of aqueous SOSG to 2 mL of AuNRs stabilized by 
HS-PEG ligand in water (respectively AuNRs@SiO2 in water). The 
concentrations of AuNRs and of AuNRs@SiO2 correspond to an 
optical density of ∼1 at 1030 nm wavelength through a 1-cm 
optical path length. The final SOSG concentration is 10 μM. We 
use PEG rather than CTAB as a nanoparticle stabilizer because 
CTAB alters the emission properties of SOSG and its response 
to 1O2, as recently demonstrated.33 Concerning DHR, 2 mg of 
the solid product are dissolved in 2 mL of dimethyl sulfoxide 
(DMSO). The solutions for the experiments are prepared by 
mixing 1 mL of PEGylated AuNRs in water (respectively 
AuNRs@SiO2 in water) with 10 μL of aqueous DHR.48 The 
concentration of DHR in the final solutions is 28.9 μM. 

Experiment  

Fluorescence measurements are carried out using the 
experimental setup previously described,33 the working 
principle of which is recalled in Fig. 1. The sample is positioned 
at the objective focal plane (CFI Plan Apo DM Lambda 60XC, N.A. 
0.94) of an epifluorescence microscope (TE2000-U, Nikon) and 
illuminated in widefield mode. The longitudinal LSPR of the 
AuNRs (respectively AuNRs@SiO2) is excited at 1030 nm 
wavelength (1.2 eV photon energy) using the pulsed output of 
a femtosecond Yb:KGW laser (t-pulse 200, Amplitude Systèmes, 
repetition rate 10 MHz, pulse width 400 fs). The polarization of 
the laser beam is circular in order to excite the randomly-
oriented nanoparticles. A laser beam at 515 nm wavelength (2.4 
eV) is also generated by focalizing the 1030-nm beam into a 
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nonlinear crystal of β-BaB2O4. The 515-nm laser beam is used to 
excite the SOSG and the DHR fluorescent probes. The diameters 
of illumination profiles at the sample plane are 25 μm@1/e² and 
45 μm@1/e² for 1030 nm and 515 nm, respectively. The peak 
intensity at the sample surface for the 515 nm laser beam is 
about 1.35 MW cm-², and that of the 1030 nm beam is adjusted 
from 152 to 640 MW cm-². Real-time visualization of the sample 
fluorescence is achieved by sending the collected light to a CCD 
camera (Retiga R1, QImaging). 

Simulation of the optical properties 

Numerical calculations of the extinction cross-section and the 
optical near-field enhancement are carried out by the boundary 

element method (BEM)49 using the MNPBEM17 toolbox.50,51 As 
the nanorod dimensions are not negligible against the laser 
wavelength, the retarded wave effect is considered. The 
simulations are conducted for individual AuNR and AuNR@SiO2 
nanoparticles. In order to simulate the optical properties of the 
most-responding nanoparticles, we have chosen a combination 
of aspect ratio (AR = length/diameter) and silica thickness 
within the distributions observed in TEM to make the calculated 
resonance match the experimental laser wavelength (see the 
electronic supplementary information file). The stationary 
dielectric function of gold is taken from Johnson and Christy.52 
Its pulse-induced ultrafast evolution is then calculated based on 
the model previously developed in our group, accounting for 
the athermal regime for the electron distribution.53 At each 
time step, the instantaneous power absorbed from the pulse is 
determined from the absorption cross-section given by the BEM 
calculation of the nanoparticle properties at the preceding step. 
The AuNR and AuNR@SiO2 in water are irradiated at λ=1030 nm 
by a 400-fs laser pulse with a peak intensity I0 = 152 MW cm-². 
These parameters correspond to those used in the 
experimental investigation. Once the transient dielectric 
function of the metal is determined with a 1-fs time pitch, the 
subsequent dynamical evolution of the optical near-field along 
the pulse passage is computed by the BEM every 100 fs. In order 
to efficiently characterize the influence of different parameters 
(position in space, thickness of the silica layer), we define the 
effective optical near-field enhancement, similarly as was done 
previously for the effective absorption cross-section,54 as the 
average value of the field enhancement factor (ratio of the 
amplitudes of the local plasmonic field, 𝐸𝐸𝑝𝑝, and the incident 
field, 𝐸𝐸0) weighted by the instantaneous value of the laser 
intensity: 

 �𝐸𝐸𝑝𝑝 𝐸𝐸0⁄ �eff = ∫
�𝐸𝐸𝑝𝑝 E0⁄ �(𝑡𝑡) 𝐼𝐼(𝑡𝑡) 𝑑𝑑𝑡𝑡

∫ 𝐼𝐼(𝑡𝑡)𝑑𝑑𝑡𝑡
   (1) 

where 𝐼𝐼(𝑡𝑡) is the instantaneous laser intensity. The near-field 
enhancement is then monitored at its maximum value in space, 
i.e., at the nanorod tip, where the plasmonic field amplification 
may induce the highest effects on the ROS production. 
 

Fig. 1. Schematic representation of the experimental setup. SHG: 
Second Harmonic Generation, BS: Beam Splitter. Emission dichroic 
mirrors bandwidth: 523-780 nm. 

Fig.2. (a) SEM image and (b) TEM image of AuNRs@SiO2 12.2 ± 1.3 nm thick and 73.0 ± 8.3 nm long. The average thickness of the silica 
coating is 8.7 ± 1.3 nm. (c) Optical extinction spectra of AuNRs stabilized by HS-PEG ligand in water (orange curve) and of AuNRs@SiO2 in 
water (green curve) with longitudinal LSPR peaks observed at 1013 nm and 1082 nm, respectively. 
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Results and discussion 
SEM and TEM images [Figs. 2(a) and 2(b)] show a rather 
homogeneous silica coating of 8.7 ± 1.3 nm average thickness. 
Let us first underline that a too thin silica coating (<3-4 nm) 
would not be suitable because a certain percentage of rods 
would exhibit bare tips (without silica), due to the fact that the 
coating is not perfectly homogeneous all around the gold 
[thinner at the ends, see Fig. 2(b)]. Contrary to the coating 
procedures leading to mesoporous silica, in the present study, 
the silanisation reaction leads to a dense silica coating with 
small pores impeding on purpose the effective diffusion of 
molecules across the shell [see TEM images on Figs. 2(b) and 
S1].37 This silica coating induces a redshift (∼65 nm) of the LSPR 
compared with PEGylated AuNRs and increases the molar 
extinction coefficient, as displayed in Fig. 2(c), due to the higher 
refractive index of amorphous silica (1.46) than that of water. 

The silica layer is chosen thin enough so that the spectral 
redshift of the longitudinal LSPR still enables a strong 
absorption at the excitation wavelength (1030 nm).  

The SOSG and DHR emission intensities are recorded in the 
presence of PEGylated AuNRs, and compared under identical 
conditions with AuNRs@SiO2, acting as ROS photosensitizers. 
The results obtained are depicted in Figs. 3 and 4, respectively. 
The samples are first illuminated for 10 s with a laser beam at 
515 nm wavelength to record the initial emission of the two 
probes. A laser beam at 1030 nm is added for 10 s to excite the 
longitudinal LSPR of nanoparticles and generate ROS. The 
wavelength of the IR laser beam is close to the longitudinal LSPR 
peaks of the PEGylated AuNRs and AuNRs@SiO2, which are 
registered at 1013 nm and 1082 nm, respectively [Fig. 2(c)]. The 
emission intensity is collected for IR power densities ranging 
from 152 MW cm-² to 641 MW cm-². At last, the IR laser is turned 

Fig. 4. DHR emission intensity in the presence of (a) PEGylated AuNRs and (b) AuNRs@SiO2 acting as ROS photosensitizers, in water. The DHR 
reagent detects 1O2 and •OH. The DHR fluorescence is recorded before, during and after the excitation of the longitudinal LSPR of the 
nanoparticles (λ = 1030 nm, IR) with pulse peak intensities ranging from 156 to 641 MW cm-². The DHR probe is excited at 515 nm wavelength 
(Vis). The peak intensity for the 515 nm laser pulses is 1.35 MW cm-². 

Fig. 3. SOSG emission intensity in the presence of (a) PEGylated AuNRs and (b) AuNRs@SiO2 acting as ROS photosensitizers, in water. The 
SOSG reagent detects 1O2 . The SOSG fluorescence is recorded before, during and after the excitation of the longitudinal LSPR of the 
nanoparticles (λ = 1030 nm, IR) with pulse peak intensities ranging from 152 to 608 MW cm-². The SOSG probe is excited at 515 nm wavelength 
(Vis). The peak intensity for the 515 nm laser pulses is 1.35 MW cm-². 
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off, leaving only the 515 nm one, to record the fluorescence of 
SOSG and DHR after the excitation of the surface plasmons. 

An initial SOSG fluorescence [Figs. 3(a) and 3(b)] is observed 
before the excitation of the PEGylated AuNRs and AuNRs@SiO2. 
This initial emission is due to the presence of oxidized SOSG 
molecules,33 which most probably stems from the synthesis of 
1O2 by SOSG itself upon the irradiation at 515 nm wavelength.55 
In the case of DHR [Figs. 4(a) and 4(b)], the constant increase of 
the fluorescence background at 515 nm before the excitation of 
the nanoparticle LSPR results from the oxidation of DHR by the 
laser and dioxygen.48 The SOSG and DHR fluorescence increase 
is observed while exciting the PEGylated AuNRs with the laser 
beam at 1030 nm wavelength, indicating the generation of 1O2 

and •OH by the PEGylated AuNRs. In contrast, the rise of both 
the SOSG and DHR emissions is negligible for AuNRs@SiO2, 
indicating that the silica shell prevents 1O2 and •OH production 
under IR excitation. After turning off the irradiation at 1030 nm, 
the SOSG emission intensity decreases and returns gradually 
back to its initial value due to the diffusion of the oxidized SOSG 
molecules outside the field of view and/or the reversibility of 
the anthracene peroxidation.56 The DHR emission also 
decreases following the diffusion of the DHR molecules oxidized 
by ROS, but the oxidation of unreacted DHR molecules by the 
515-nm laser and dioxygen quickly offsets this decrease. 
Additional data are provided in the ESI to ensure the 
reproducibility of the results. 

1O2 is produced by Dexter energy transfer57 between the 
dissolved triplet oxygen (3O2) and the hot electrons generated 
by the plasmon excitation.6,11 This process requires significant 
overlap of the relevant electronic wave functions; as a result, 
the electron exchange can only occur at short distances, 
typically within 1 nm. Since the thickness of the silica coating is 
8.7 ± 1.3 nm, the Dexter electron exchange between the 
nanoparticle and the dissolved 3O2 cannot occur, and 1O2 is not 
produced. In addition, the longitudinal LSPR wavelengths of the 
PEGylated AuNRs and AuNRs@SiO2 are outside the 3O2 → 1O2 

absorption band (1270 nm); a direct excitation of 1O2 by the 
plasmon field is then not expected.58 All of this explains the 
negligible increase of SOSG emission during the excitation of the 
AuNRs@SiO2 longitudinal LSPR. In contrast, the authors of Ref. 
59 reported enhanced production of 1O2 in cellulo under 
plasmonic excitation of gold nanospheres after coating with a 
silica layer, which was attributed to the much weaker 
aggregation of the coated nanoparticles than that of bare gold 
nanospheres. However, in these irradiation experiments, lasting 
for 3 to 16 hours, the porosity of the 5-nm silica layer (possibly 
enabling the insertion of the liquid medium in close contact with 
gold) was not assessed.  

Let us now discuss the case of hydroxyl radical. The generation 
of •OH is induced by the breaking down of water molecules by 
electron emission from the nanoparticles and/or by direct 
plasmon-enhanced electromagnetic breakdown.6 In the one 
hand, in the case of AuNRs@SiO2, the electron ejection from the 
nanoparticles to the surrounding environment is blocked by the 
silica shell. Such a blocking was already demonstrated and used 
in other contexts, where the emission of hot charge carriers 

from plasmonic nano-objects needs to be inhibited.60–62 
Besides, when irradiated by X-rays, high-Z nanoparticles in 
water can emit electrons by different mechanisms; this 
phenomenon is used in sensitisation (aka enhancement) of 
radiotherapy. In this context, it was shown that coating 
nanoparticles with a silica layer blocks the short-traveling low-
energy electron emission, while high-energy electrons, 
traveling for microns, can still be emitted.63 These examples all 
support the hindering of electron ejection from our AuNR@SiO2 
nano-objects due to the silica shell, as the multiphotonic 
processes in metal provide electrons with a few eV kinetic 
energy only.53  

On the other hand, BEM-based numerical simulations of the 
optical near-field around the AuNRs and AuNRs@SiO2 are also 
conducted to evaluate the effect of the silica shell on the optical 
field enhancement resulting from the plasmon excitation. The 
simulations are carried out for a single AuNR and a single 
AuNR@SiO2 as described in the Materials and Methods section. 
The calculated extinction cross-sections are given in the ESI and 
show a longitudinal LSPR at 1014 nm and 1030 nm, respectively. 
The dynamics of the field enhancement factor throughout the 
laser pulse passage and the maps of the optical near-field 
enhancement around the nanoparticles are displayed in Fig. 5. 
First, it can be seen in Fig. 5(a) that the instantaneous field 
enhancement factor decreases with time for both 
nanoparticles. This is due to the progressive quenching of the 
absorption cross-section upon further energy input from the 
light pulse, as demonstrated earlier.54 Besides, the results show 
a decrease in the optical near-field enhancement after adding 
the silica shell. The effective field enhancement factor at the tip 
of the rod [red arrow on Fig. 5(b)] (see the Materials and 
Methods section) for the AuNR@SiO2 is worth 5.9, which is six 
times weaker than the value obtained for the AuNR (35.1). As a 
result, the probability of inducing the plasmon-enhanced 
electromagnetic breakdown of water decreases. In addition to 
the electron emission blockage, this explains the significant 
decrease in the •OH production after coating AuNRs with silica. 
Let us notice that the efficiency of such a coating for reducing 
the production of free radicals was already demonstrated in 
cellulo.22 The authors interpreted this result as due to the 
absence of a protein corona around the AuNRs@SiO2, contrary 
to the case of bare AuNRs. We demonstrate here that invoking 
the protein corona is not necessary to explain the inhibition of 
ROS generation from AuNRs@SiO2 under laser light irradiation. 

These findings are further reinforced by the equivalent set of 
results obtained with AuNRs coated with a 5.0-nm SiO2 layer, 
presented in the ESI file (§ III and IV). The production of ROS is 
hindered by at least one order of magnitude when coating bare 
AuNRs with a 5.0- or 8.7-nm silica layer, whatever the laser 
power within our range of investigation. Furthermore, the 
thicker the silica shell, the better the inhibition of ROS 
generation (see ESI, § IV). The potential barrier for the possibly 
photo-emitted electrons to be extracted out of the 
nanoparticles is slightly lower for the thinner silica shell. In 
addition, the near-field enhancement at the nanoparticle tips is 
larger for the thinner silica shell than for the thicker one, as 
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shown by the BEM calculation reported in Fig. 5(a). However, 

the field enhancement in the two cases remains far weaker than 

that in the case of the bare AuNRs. This explains that the optical 

breakdown of water and dioxygen molecules in the enhanced 

plasmonic near-field is much less probable with these silica 

coatings. 

Conclusions 

We have shown through fluorescence imaging that a dense 

silica shell with small pores prevents the generation of 1O2 and 

•OH by gold nanoparticles under irradiation at their plasmon

resonance. Indeed, the silica layer separates the dissolved 3O2

from the nanoparticle surface, hindering thus the production of
1O2 by Dexter energy transfer between the 3O2 and the hot

electrons generated by the plasmon excitation. In addition, it

has been shown through BEM numerical simulations that the

silica shell lessens the optical field enhancement resulting from

the plasmon excitation. As the silica shell also prevents electron

emission, the two possible ways of production of •OH are

blocked. Consequently, silica-coated gold nanoparticles are not

suitable for use as direct photosensitizers in PDT but are safer

than pure gold nanorods for a range of other applications in

biology and biomedicine.
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