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Plasmonic Nanoprobes for Real-Time Optical Monitoring of Nitric
Oxide inside Living Cells**
Pilar Rivera_Gil, Carmen Vazquez-Vazquez, Vincenzo Giannini, M. Pilar Callao,
Wolfgang J. Parak,* Miguel A. Correa-Duarte,* and Ramon A. Alvarez-Puebla*
The development of new methods (e.g. the use of remote
sensors) to monitor biological processes inside living cells is
essential to understand basic processes under pathophysiological circumstances, and consequently for the advancement
of modern medicine. The use of remote optical sensors
represents a powerful strategy, although their development
faces several major problems related to the design of
adequate active optical materials.[1] For example, limits exist
regarding the selection of the chemoreceptors,[2] the biocompatibility,[3] interferences that result from the interaction of
other biological species with the optical materials,[4] the
prevention of sensor degradation under the experimental
conditions,[5] multiplexing,[6] and the minimization of the
sensor effect on the organism.[7] Here, we design plasmonic
nanoprobes as advanced intracellular hybrid “all-optical”
sensors for nitric oxide (NO). The sensors comprise a mesoporous silica coating with an inner gold island film functionalized with a chemoreceptor for NO. They enable the
quantitative in situ real-time monitoring of the dynamics of
NO in living cells (inside the lysosomes where the sensor
particles are located)[8] without obvious impairment of the
cells, even after days of experiments. Their sophisticated
design prevents the interaction of lysosomal macromolecules
with the active optical material and the enzymatic degradation of the sensor. Additionally, the sensors facilitate the
diffusion of small molecules, such as NO, between their
interior and exterior thanks to the plasmonic thermal
gradients generated upon their illumination.
NO is an important physiological messenger and effector
in mammalian cells. In fact, lysosomal functions are finely
regulated by NO.[9] NO exhibits complex effects on the
autophagy process, the degradation of the cells own compo[*] Dr. P. Rivera_Gil,[+] Prof. W. J. Parak
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nents to supply energy and nutrient for its growth,[10] and its
effects are also closely related to various lysosomal disorders,
such as Fabry, Gaucher, or Danon diseases.[11] A variety of
NO-sensitive fluorescent molecular probes have been developed to image intracellular NO under one-[12] or two-photon
microspectroscopy.[13] These methods, some of which are
commercial (e.g. OxiSelect, Cell Biolabs; DAR-4M AM,
Calbiochem; DAF-FM DA, Sigma Aldrich), have enhanced
the understanding about NO homeostasis, but the probes are
in general toxic, can degrade inside the lysosomes, or suffer
from photobleaching upon repetitive illumination with light
when monitoring for a long time. Conversely, the fact that
these probes are fluorescent in the visible region implies
potential cellular damage when excited for medium/long
times.[14] Thus, to date, the real effect of NO in the lysosomes
is not fully understood because of the lack of reliable methods
to quantify the variations of NO levels in real time and in
a dynamic range of concentrations.
Intracellular NO can be detected through its capacity to
promote diazotization of certain aromatic amines.[15]
Although the diazotization reaction is specific for NO,
nitrogen oxides that generate NO under acidic conditions
will also be detected. These include NO2 , which forms HNO2
and NO, and any labile nitroso compound (R-NO) that can
spontaneously release NO. The diazotization is 100 times
more sensitive for NO and labile nitroso compounds than for
NO2 . Nonetheless, the use of these chemoreceptors in
surface-enhanced Raman scattering (SERS),[2] a powerful
Raman-based ultrasensitive spectroscopy method, requires
the appropriate plasmonic platform to provide the necessary
electrical field for the Raman amplification.[16] In our case, we
employed plasmonic capsules, in which the metallic particles
and
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that support the SERS chemoreceptor are protected with
a mesoporous silica shell.[17] This shell allows the diffusion of
the lysosomal solution from/to the particles and provides
a stable, biocompatible, and heat-insulated support that
inhibits the interaction of proteins, enzymes, and other
macromolecules with the plasmonic surfaces.
The capsules were prepared by deposition of gold nanoparticles onto polymer beads, coating with mesoporous silica,
and calcination to remove the organic polymer. The presence
of the gold particles in the interior allows their epitaxial
growth under mild conditions (see the Supporting Information). Figure 1 a and Figure S1 (in the Supporting Informa-

Figure 1. a) SEM image and cross-sectional image of the interior of
a hollow mesoporous silica capsule with inner gold nanoparticles.
b) STEM and XEDS mappings showing elemental distribution of gold
(red) and silica (green).

tion) show scanning electron microscopy (SEM) images of the
materials under different magnifications. The slicing of
a capsule with a focused ion beam permits the observation
of the hollow nature of the material where the gold nanoparticles (40 nm) are attached to the interior silica walls.
Furthermore, scanning transmission electron microscopy
(STEM) and X-ray energy dispersive spectroscopy (XEDS;
Figure 1 b) provide evidence of the epitaxial growth of gold
nanoparticles in the inner space of the silica capsule, as no
trace of gold was detected on the outer surface. Notably, after
the growth of gold nanoparticles, the localized surface
plasmon resonance of the capsules shifts to the red region
and broadens (Figure S2a). This result provides evidence of
the coupling of the electromagnetic fields of different
particles, thus providing the so-called hot spots.[18] The
localization of these highly active optical regions was
simulated with numerical methods on a cross section of the
capsule (Figure S2b). The efficiency was confirmed by SERS
spectroscopy (Figure S2c) of p-aminobenzenethiol (ABT).[19]
To form the sensor, the gold particles inside the capsules
were capped with ABT. This molecule was selected because
of the thiol group, which can covalently bind to gold, and the
amino group, which can diazotize with an equimolecular
Angew. Chem. Int. Ed. 2013, 52, 13694 –13698

concentration of NO at an acidic pH value. Notably, our
plasmonic capsules provide an electromagnetic field upon
illumination, and the intense optical absorption at the surface
plasmon resonance frequency is responsible for a strong heat
generation through an efficient photo-heat conversion.[20] The
numerical solution of the Poisson equation gives us an
estimation of the temperature inside the capsule upon
illumination with NIR light (785 nm; Figure S3).[21] This
theoretical simulation of the thermal properties shows that
while the temperature of the aqueous solution in the interior
of the capsule is rising to 90 8C, the conductive heat transfer to
the lysosomal solution is completely hindered by the highly
insulating silica shell, thus avoiding damages in the cell.[22] The
generation of heat has three important consequences. First,
this heat generates a thermal gradient with the subsequent
convective current in between the interior and the exterior of
the capsule making the diffusion of NO considerably faster.
Second, as the temperature increases, the rate of diazotization
increases, thus decreasing the amount of protons necessary to
give the diazonium salt. Third, the diazonium salt is only
stable at low temperatures and spontaneously degrades to an
alcohol and a nitrogen molecule through the reaction with
water (Figure S4).[23] This reaction can be exploited for the
quantitative determination with SERS. Figure 2 a shows the
initial spectra of ABT before and after the exposure to
variable concentrations of NO. Notably, the characteristic
ring stretching of ABT at 1548 cm 1 and the in-plane C-N-H
deformation at 1604 cm 1 disappear, while bands at 1583 and
1529 cm 1, ascribed to the ring stretching and the in-plane CO-H deformation of hydroxybenzenethiol[24] (HBT) appear,
which is due to the transformation of ABT to HBT (Figure 2 b). This chemical transformation allows the monitoring
of NO by correlating the relative intensity of the two ring
stretching bands (1548 and 1583 cm 1 from ABT and HBT,
respectively) as I1583/(I1583+I1548). To do so, the areas under the
bands at 1548 and 1583 cm 1 were deconvoluted, assuming
a Lorentzian shape, where the band position and the full
widths at half maxima are fixed (Figure 2 b). To test the
efficiency of our capsules under biological conditions, an
experiment was designed by employing the surface response
methodology[25] and varying both ionic strength (0–0.2 m in
NaCl) and pH value (4–6.5) in the growth medium (Dulbeccos modified Eagles medium (DMEM) supplemented with
10 % fetal bovine serum (FBS), 1 % l-glutamin, and 1 %
penicillin/streptomycin (% in weight). The obtained response
surface (Figure 2 c) shows that even though the ionic strength
has no impact on the measurement, the pH value is essential.
Diazotization inside the capsules can only be considered
quantitatively at pH values below five. This observation is
important, because while the common pH value inside the
cytosol is 7.4, the lysosomal fluid (where the capsules
incorporated by cells reside) is acidic, with values below
pH 4. When applying the deconvolution process to solutions
that contain different concentrations of NO at a fixed
pH value (4.5) and ionic strength (0.1m), and plotting the
band intensity ratio I1583/(I1583+I1548) against the concentration
of NO, the result is a linear correlation with an impressive
correlation coefficient (r2) value of 0.981 (Figure 2 d), thus
demonstrating the quantitative nature of this analytical
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Figure 2. a) SERS spectra of the capsules as a function of NO concentration. Spectra of ABT (blue) and
HBT (red) are shown for comparison. Thin traces in between represent the resulting spectra with growing
concentrations of NO. b) Results for the deconvolution of the characteristic ring stretching bands for ABT
(blue) and HBT (red). The highlighted traces represent the experimental spectra, the dashed and dotted
spectra beneath them are the result of co-adding the deconvoluted peaks (unhighlighted dashed and dotted
traces). c) Response surface plot for the determination of NO (10 nm experimentally added) in biological
media at a variable pH value (4–6) and ionic strength (I) in NaCl (0–0.25 m). d) Linear plot of the ABT
(1548 cm 1) and (HBT 1583 cm 1) ring stretching intensity ratios (I1583/(I1583+I1548)) as a function of the NO
concentration (pH 4.5, I = 0.1 m). Error bars represent the standard deviations in five replicated experiments.

method. However, the capsules become less sensitive at low
concentrations, as the changes in the ABT spectra upon
reaction with NO become less pronounced. Nevertheless, the
capsules offer a good estimation of the NO levels that are
present, which can be clearly observed in the surface response
experiment, where the level of NO (experimentally 10 nm)
fluctuates by less than 8 % under the biological conditions
found in the lysosome (Figure 2 c).
As a first experiment for intracellular monitoring of
lysosomal NO, we used 3T3 embryonic fibroblasts. Figures 3
and S5 show that the capsules (reflected light is shown in
green) are effectively internalized by the cells. The white
arrow shows an example of several capsules attached to
extracellular sites of the cells (cytoskeleton stained in red).
The internalized capsules localized as expected within
lysosomes (yellow).[8] Next, the same protocol was followed
with unlabeled cells and capsules (Figure S6). Contrary to
other sensors,[13] our sensor turned out to be highly viable and
compatible with the cells. Even in the presence of capsules,
97 % of cells were viable (see the Supporting Information).
For SERS monitoring, although capsules were visible under
a confocal microscope with a 100  objective, a wide area was
mapped with a NIR laser. Notably, the SERS spectra in the
different regions (highlighted in Figure 4 a with green and
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orange dotted circles) showed
small concentrations of NO
between 5 and 10 nm under
normal conditions. These
results contrast with those of
extracellular capsules (black
or pink dotted circles) or the
capsules in the media without
cells, both showing the bare
spectra of ABT (Figure S7).
Also, for comparison, cells
mapped under the same conditions, but without capsules,
showed no signal (Figure S8).
As a final step, we conducted
the same experiment, but
induced the generation of
NO by adding hydrogen peroxide (H2O2).[26] In this case,
we monitored the same capsule over time in three different experiments. Figure 4 b
shows the measurements
obtained in three different
experiments.
The
three
curves show a linear growth
to reach a plateau 4 h after
the addition. In contrast, the
same control experiments,
without the addition of
H2O2, show stable levels of
NO (Figure 4 b and Figure S9), thus demonstrating
the ability of the sensor to

Figure 3. Intracellular localization of the capsules in stained 3T3 cells
(NO sensors: green; lysosomes: yellow; cytoskeleton: red; and
nucleus: blue). The capsules are effectively internalized by the cells
and localize within lysosomes, as observed by the co-localization of
the signal intensity of the different dyes and the reflected light of the
sensor. a) Corresponds to a 3D reconstruction of the Z-scan of a cell
area. b) A selected area (dashed line) was observed in the different
planes (X/Y; X/Z; Y/Z). For a better recognition of intralysosomal
localization of the sensors, only the sensor, the lysosome, and the
nucleus are shown.
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Figure 4. a) Optical and SERS (mapped at 1548 cm 1, as marked with the arrow below) images of 3T3 cells in the presence of capsules. The SERS
spectra (bottom) show the signals for the colored circles in the image (top). b) Optical images and intracellular NO formation over time
(obtained through the I1583/(I1583+I1548) relation) for three different samples upon NO induction with oxygen peroxide (H2O2). A control sample
without the presence of H2O2 is also shown for comparison. Representative normalized SERS spectra obtained at different times are shown. The
SERS dashed (blue) and dotted (red) spectra represent the reference vibrational pattern for ABT and HBT, respectively.

detect the dynamic concentration of intracellular (intralysosomal) NO in a basically non-invasive way.
In conclusion, our approach is an important step forward
in the development of intracellular sensors for the quantitative detection of small analytes. Please note that in general,
particle-based cellular (in vitro) sensing has the advantage
that (hours after incubation) the biodistribution of the sensor
remains constant (in the lysosome), whereas molecular
sensors are typically not clearly localized to a particular
cellular compartment over extended periods of time.[27] This
sensing method has also the advantages of an improved
biocompatibility, and a better signal-to-noise ratio because of
the increased concentration of plasmonic material per sensing
particle.[28] Intracellular particle-based fluorescence sensing
of different analytes has been reported,[27, 29] but is associated
with several experimental complications. Many analytesensitive fluorophores (e.g. for K+ or Na+) are extremely
affected by pH,[6] which makes a quantitative detection
complicated. Multiplexed read-out of several fluorophores
in parallel is complicated by the relatively large spectral width
of their emission spectra, which can only be circumvented by
tricks, such as barcoding of spatially resolved individual
sensor particles.[6] In addition, fluorophores tend to photobleach, which also makes quantitative intracellular detection
of analytes over extended periods of time complicated.[30] In
our case, the detection signal is based on SERS, which is more
stable in time compared to fluorescence read-out. Second, in
Angew. Chem. Int. Ed. 2013, 52, 13694 –13698

our case, an acidic pH value results in the detection of NO and
excludes crosstalk with sensors that have not been internalized by cells. Also, multiplexed detection can be envisaged, as
the sharp bands of SERS emission signals originating from
different analyte-sensitive molecules can be spectrally
resolved.[31] SERS detection of analytes, in particular the
pH value, has been reported before on the level of single
plasmonic nanoparticles.[32] However, SERS read-out based
on individual nanoparticles suffers from particle agglomeration,[33] and this favors the creation of new hot spots and thus
changes in signal intensity. Upon internalization of nanoparticles, they ultimately get closely packed inside endosomes/lysosomes, so that the read-out of such a system is not
stable over time and is thus not suited well for quantitative
localized sensing. In contrast, the particle geometry we
employed elegantly circumvents this problem by assembling
the plasmonic nanoparticles in a fixed geometry in the silica
shell of a bigger particle. Thus their distance remains constant,
even upon cellular uptake, and the SERS signal is stable over
time. Therefore, the sensors developed here have the future
capacity to reside inside cells as intracellular reporters for
multiplexed on-line detection of multiple analytes.
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