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Nanoporous silica nanoparticles functionalized
with a fluorescent turn-on spirorhodamineamide
as pH indicators†

M. Di Paolo,a,b M. J. Roberti,a A. V. Bordoni, c P. F. Aramendía, b,d

A. Wolosiuk b,c and M. L. Bossi *‡a,b

We prepared water soluble, biocompatible fluorescent turn-on pH nanosensors and characterized their

behavior as a function of changes in pH. The response relies on a halochromic reaction of a spirorhod-

amineamide derived from the bright and highly chemically and photo-stable rhodamine 6G, encapsulated

in core/nanoporous shell silica nanoparticles. The fluorescent sensors displayed a fast response in the pH

range of intracellular compartments. The encapsulation conferred solubility in aqueous environments and

biocompatibility. We assessed the two main properties of the sensor, namely the useful pH range and the

kinetics of the response, and compared them to those of the free probe. We found that such properties

are strongly dependent on the functionalization and position in the silica matrix relative to the core/shell

structure. Finally, we demonstrated the cellular uptake of the nanosensors, and their localization in lyso-

somes of living cells, by fluorescence confocal microscopy.

Introduction

Xanthene dyes have been widely used as fluorescent probes for
bioimaging applications due to their favorable photophysical
and spectroscopic properties, namely excellent photostability,
high brightness (due to a high absorption coefficient and
emission quantum yield), and relatively long emission wave-
length. While both fluorescein and rhodamine xanthene dyes
have been used,1 or even diads containing both,2,3 rhodamines
are more popular due to their red-shifted emission and higher
photostability compared to fluoresceins4,5 that make them
suitable to operate at the high intensities required at the focal
plane of an epifluorescence microscope.6–8 In particular, the
striking spectral changes induced by the ring-opening reaction
of rhodamine spirolactam derivatives,9 eliciting the turn-on
(photo- or chemically induced) of a fluorescence signal, have

been extensively exploited for breaking the diffraction barrier
in single molecule localization based far-field microscopy
(photo-triggered),10–14 as well as for the fabrication of fluo-
rescence sensors for different analytes (chemically triggered)
such as pH, metal cations,15 and other small biologically rele-
vant molecules.16–19 Moreover, some of these probes work well
for intracellular measurements, particularly as pH
sensors.20–22 In a cellular context, pH plays a crucial role in
protein function regulation through proton-linked structural
transitions,23 such as cell growth,24 apoptosis,25 and even the
onset of severe degenerative diseases.26 Moreover, the pH is
distinctive for each subcellular compartment; for instance,
lysosomes are acidic (pH ∼ 4.7–6.5), the cytoplasm is close to
neutral (pH ∼ 7.2–7.4), and mitochondria are slightly basic
(pH ∼ 8.0).27 Thus, monitoring subcellular pH and its real-
time fluctuations is of paramount relevance in living cells.

One of the main advantages of spirorhodamineamide (SRA)
sensors is their rapid response, reversibility and high sensi-
tivity and selectivity. In addition, combined with far-field
microscopy, they provide a non-invasive observation of the
target analyte with high spatial resolution. The equilibrium of
the thermally induced reaction of the spirolactam ring-
opening reaction (Scheme 1) between the closed form (SRA-CF)
and the protonated open form (SRA-OFH+) has a pKa value of
typically 4 to 6,12,16,20 making them particularly suitable for
imaging application of acidic organelles and cellular compart-
ments, in particular lysosomes.22,28–30 Relevant processes have
been related to changes in the lysosomal pH; for instance cell
maturation resulted in a decrease of lysosomal pH from 5.4 to
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4.6 in dendritic cells,31 while an increase in the pH of the lyso-
somes from 4.3 in healthy cells to 5.2 in apoptotic ones was
observed in U937 cells.32 Tuning of the pH response range of a
SRA is possible by tailoring the substituent of the lactame
nitrogen or the fluorophore,12,33 i.e. by changing R3 or R1/R2/
R4 groups in Scheme 1.

Although there are many reports in the literature of sensors
with good performance in cuvette experiments, few examples
are found in intracellular environments.2,20–22 Possible reasons
are the potential toxicity of the probe, its solubility in aqueous
media, and its cell impermeability. Nanoparticle (NP) encapsu-
lation presents an interesting alternative as fluorescent sensor
carriers and has been used extensively to overcome most of the
mentioned problems.34,35 In addition, they also provide signal
amplification,36 protection from photobleaching,37 easy signal-
multiplexing by co-incorporation of several chromophores or
sensors,38,39 and the possibility of surface modification with
one or multiple groups to specifically target a desired struc-
ture.40,41 In particular, silica nanoparticles are an extremely
popular biocompatible platform42 with several advantages:
high physical and chemical stability, simple and well-estab-
lished preparation, easy surface post-modification chemistry,
and straightforward size tuning by selection of the synthesis
conditions.43,44 Common approaches use core–shell struc-
tures, where the (fluorescence) sensor is incorporated either
into the core, the shell or the interphase.45 Moreover, nano-
porous shells are commonly used because they present a much
higher surface area/volume ratio, tunable pore size and surface
reactivity, and interconnected pores.46,47 The surface of the
porous shell is an additional interface for locating (lumines-
cent) sensors. Incorporation of the labels can be performed by
different strategies, such as addition of chemical precursors
during the NP synthesis or post-modification schemes, each
method having their own advantages. Although a large
number of fluorescent sensors based on silica NPs have been
described,32,33,48–50 usually poor attention is paid to the effect
of important variables, in particular the sensor position and
structure of the silica matrix, to the response of the sensor,
more specifically to the responsive pH range and to the
response time. Sensor response kinetics is a particular feature
of the nanosensors often disregarded.

In the current study, we present a fluorescent turn-on pH
sensor based on a spirorhodamineamide incorporated into
nanostructured silica NPs, at three different positions in core/
nanoporous shell structures. The performance of the probe as a

function of its location on the NP was studied and compared
with that of the free probe (i.e. in solution), focusing on how the
transition pH range and the reaction rate are affected by the
local environment. Finally, we demonstrate the utility of such
NP-sensors for assessing pH in intracellular acidic organelles.

Experimental section
Materials and general procedures

Rhodamine 6G (Rh6G, dye content ∼95%), triethylamine (TEA,
≥99%), 4-(N-maleimidomethyl)cyclohexanecarboxylic acid
N-hydroxysuccinimide ester (SMCC, ≥98%, power), tetraethyl-
orthosilicate (TEOS, 98%,), (3-mercaptopropyl)trimethoxysi-
lane (MPTMS, 95%), cetyltrimethylammonium bromide anhy-
drous (CTAB), dimethylformamide (99.8%, DMF), diisopropyl-
ethylamine (DIPEA, 99%), and ethylenediamine (EN, ≥99%)
were purchased from Sigma–Aldrich and used as received.
Hydrochloric acid 37%, ammonium hydroxide (28%), absolute
ethanol, hexane and ethyl acetate were purchased from Merck.
Cell culture media, high-glucose DMEM (Dulbecco’s Modified
Eagle Medium), fetal bovine serum (FBS), and LysoTracker Red
DND-99 were purchased from Thermo Fisher Scientific.

Absorption spectra were recorded on a Shimadzu UV-3600
Plus (Shimadzu Scientific Instruments) UV-Vis-NIR Spectro-
photometer, and fluorescence spectra were recorded on a PTI
QuantaMaster 400 (Photon Technology International) steady-state
spectrofluorometer, with 1 cm path quartz cuvettes. Solvents were
of analytical grade (Sigma Aldrich, Merck) and used as received.
1H-NMR spectra were acquired on a Bruker Avance II 500 MHz
multinuclear spectrometer, and 13C-NMR spectra in a Bruker
Biospin AVIII600. Fluorescence confocal microscopy was per-
formed with a LSM510 Meta (Carl Zeiss microscope).

Synthesis of the amino terminated intermediate (2)

Compound 2 (Fig. 1) was first synthesized using commercial
Rh6G as the starting product, and performing an amidation
reaction5 with EN. A 1 : 3 Rh6G : EN molar ratio (500 mg Rh6G,
1 mmol) was dissolved in DMF. The presence of excess EN
avoids the reversibility of the reaction. The reaction mixture
was stirred at room temperature for 24 h followed by thin-layer
chromatography until disappearance of the reactant signals.
The reaction crude product was placed in a water/ice bath
where the formation of a red precipitate was almost immedi-
ately observed. The first purification was carried out by dis-
solution and re-precipitation cycles with methanol in a water/
ice bath. Finally, the purification was performed by silica
column chromatography, with hexane/ethyl acetate (1/99) as
the elution solvent. Yield 402 mg (88%). The purity of the pro-
ducts obtained was finally assessed by TLC and NMR. Spectra
shown in Fig. S9.† 1H NMR (500 MHz, CDCl3) δ = 7.91–7.93
(1H, dd), 7.43–7.48 (2H, m), 7.04–7.06 (1H, dd), 6.34 (2H, s),
6.22 (2H, s), 3.19–3.23 (4H, m), 3.15–3.18 (2H, t), 2.36–2.39
(2H, t), 1.90 (6H, s), 1.31–1.34 (6H, t). 13C NMR (151 MHz,
CDCl3) δ = 168.64, 162.18, 153.51, 151.69, 147.45, 132.48,
131.19, 128.30, 128.07, 123.84, 122.77, 118.01, 106.13, 96.53,

Scheme 1 Thermal equilibrium of the spirorhodamineamides (SRAs)
responsible for the absorption and emission changes as a function of
pH.
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65.06, 43.92, 42.02, 41.16, 40.73, 40.52, 39.17, 38.67, 38.36,
29.70, 16.70, 14.74, 1.02.

Synthesis of the free marker (4)

The thiol reactive marker was obtained from the reaction of 2
(15 mg, 0.033 mmol) and SMCC (3) (12 mg, 0.036 mmol) in
DMF, in the presence of catalytic amounts of TEA. The reaction
mixture was stirred at room temperature for 24 h, followed by
thin-layer chromatography until disappearance of the reactant
signals. The product was purified by silica column chromato-
graphy, with pure ethyl acetate as the elution solvent. Yield
14 mg (62%). The purity of the products obtained was finally
assessed by TLC and NMR. Spectra shown in Fig. S9.† 1H NMR
(500 MHz, CDCl3): δ = 7.92–7.93 (1H, m), 7.46–7.47 (2H, m),
7.04–7.05 (1H, m), 6.70 (2H, s), 6.34 (2H, s), 6.19 (2H, s),
3.36–3.37 (2H, d), 3.22–3.28 (2H, t), 3.18–3.21 (4H, q), 2.93–2.96
(2H, q), 1.90–1.93 (2H, m), 1.89 (6H, s), 1.83–1.86 (2H, m),
1.67–1.73 (4H, m), 1.37–1.39 (2H, m), 1.31–1.34 (6H, t). 13C NMR
(151 MHz, CDCl3) δ = 175.4, 171.0, 169.9, 153.9, 151.7, 147.6,
134.0, 132.8, 130.4, 128.2, 127.9, 123.9, 122.9, 118.2, 105.3, 96.6,
65.7, 59.5, 45.0, 44.9, 44.5, 43.8, 40.4, 39.9, 38.4, 38.2, 36.4, 31.9,
31.2, 30.0, 29.7, 28.8, 28.7, 25.0, 16.8, 14.7, 14.1, 1.0.

Preparation of SiO2 cores (B-NPs)

Monodisperse solid cores were synthesized by the Stöber
method from a mixture of ammonia, water and TEOS.37

Typically, we prepared these particles by mixing 71.2 ml of
absolute ethanol, 2.8 ml of aqueous ammonia, and 14.6 ml of
H2O, and then 4.56 ml of TEOS was added under vigorous stir-
ring. The reaction was carried out at room temperature (25 °C)
for 18 hours, and the resulting product was used without any
treatment as seeds for the core–shell particle synthesis.

Preparation of thiol functionalized SiO2 cores (S-SH-NPs)

They were prepared by adding drop by drop a solution of
0.02 ml of MPTMS in 0.4 ml of pure ethanol to 15 ml of B-NPs

under vigorous stirring at room temperature. After 18 h, the
S-SH-NPs were centrifuged at 6000 rpm and washed twice in
ethanol and several times in deionized water. Finally, they
were dried overnight at 60 °C.

Preparation of thiol functionalized mesoporous core–shell
colloids (CS-SH NPs)

Core–shell particles were obtained using a suspension of
B-NPs as solid cores. A mesoporous SiO2 layer was deposited
using a combination of 0.5 : 0.5 TEOS and MPTMS with CTAB
as the porogen, following reported procedures.51 To form the
functionalized mesoporous shell, 6.25 ml of the B-NP suspen-
sion was added slowly to a mixture of 82.45 g of deionized
H2O, 23.54 g of ethanol, 0.44 g of aqueous ammonia and
0.48 g of CTAB. After stirring for 30 min, 2.1 mmol of the pre-
cursors (TEOS :MPTMS 0.5 : 0.5 molar ratio) were added under
vigorous stirring. Typically, the MPTMS/TEOS mixture was
added simultaneously after 30 min stirring drop by drop. The
reaction mixture was stirred at room temperature for 24 h. The
core–shell nanoparticles were centrifuged and redispersed in a
0.1 M HCl ethanolic solution in an ultrasonic bath to remove
the surfactant. This process was repeated at least five times.

Covalent attachment of the maleimide marker to S-SH-NPs

Dry S-SH-NPs (20 mg) were dispersed in DMF (2 ml) by soni-
cation for 30 min and 0.02 ml of DIPEA was added to this sus-
pension. After 10 min of stirring, 0.1 ml of a 1.04 mM solution
of 4 in DMF was added, and the mixture was left to react for
16 h at room temperature. The reaction mixture was centri-
fuged at 14 000g for 15 min and the supernatant was dis-
carded. The dye-labelled nanoparticles (S-NPs) were redis-
persed in ethanol by sonication and washed three times with
ethanol and twice with water in order to remove traces of non-
reacted dye.

Covalent attachment of maleimide dye to CS-SH NPs

Dry CS-SH NPs (20 mg) were dispersed in 2 ml of DMF by soni-
cation for at least 30 min; later, 0.04 ml of DIPEA was added
under stirring. After 15 min, 0.05 ml of a 1.04 mM solution of
4 in DMF was added. The reaction was carried out at room
temperature for 16 h. The resulting labeled nanoparticles (PG-
NPs) were isolated by centrifugation. Unreacted dye was
washed by several cycles of redispersion and centrifugation in
ethanol and water.

Synthesis of the 4-MPTMS conjugate

The conjugate was prepared by a similar protocol to the one
described by Herz et al.52 Briefly, MPTMS (0.28 mmol, 59 μl)
was added to a solution containing the dye (4.3 mg, 6.36 μmol)
and DIPEA (2 μl) in DMF. The reaction mixture was stirred for
16 h at room temperature and was used for the co-conden-
sation core shell synthesis without any further treatment.

Co-condensed NPs (CC-NPs)

Core–shell CC-NPs were synthesized using 2.0 ml of the sus-
pension of the B-NPs that were added slowly to a mixture of

Fig. 1 Preparation route of the molecular sensor (4) for modification of
silica nanostructures. The building blocks and structural parts are high-
lighted with different colors (the core fluorescent probe in pink, the
linker in gray, and the thiol-reactive group in yellow).
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27.7 g of deionized H2O, 7.84 g of ethanol, 0.16 g of aqueous
ammonia and 0.16 g of CTAB as the porogen. After stirring for
30 min, a mesoporous SiO2 layer was deposited from a pre-
viously mixed solution of TEOS (0.16 ml, 0.72 mmol) and 10 μl
of the 4-MPTMS conjugate solution. The reaction mixture was
stirred at room temperature for another 24 h. The resulting
NPs (CC-NPs) were centrifuged and redispersed by sonication
in a 0.1 M HCl ethanolic solution in order to remove the sur-
factant. This process was repeated at least five times.

Single particle kinetics

8-Well chambered slides (Lab-Tek) were activated with NaOH
(0.1 M) for 5 min and washed thoroughly with water. Then a
0.1% poly-L-lysine solution was applied for 1 min and washed
again with water. Finally, a diluted suspension of the NPs in
ethanol was added, which was allowed to stand for 5 min. The
sample was kept in a saturated alcoholic environment to
prevent evaporation. The sample was rinsed with water and
placed in PBS (phosphate buffered saline) pH 7.4 for ca. 2 h
for equilibration before beginning the imaging experiment.
The PBS was then replaced for a buffered solution at the final
pH to start the kinetic measurements.

Cell imaging experiments

Vero cells were plated in 8-well chambered slides coated with
poly-L-lysine (Lab-Tek) in culture media (high-glucose DMEM
with 10% FBS), 24 h before the experiment. Then, the cells
were starved for 10 min at 37 °C by replacing the culture
media with PBS (phosphate-buffered saline). The cells were
then incubated with a diluted suspension of the corres-
ponding nanoparticles in the culture media (the suspension
was previously sonicated for 5 min) and incubated for 6 hours
at 37 °C (control cells were incubated only with culture media
at this step). After this step, the cells were rinsed with PBS (pH
7.4), and mounted in PBS for imaging in a confocal micro-
scope. Excitation was performed with a 514 nm argon laser,
and detection was limited between 525 nm and 595 nm, both
separated by a 488/514 nm dichroic mirror. Image acquisition
was performed at 37 °C. For co-localization experiments,
LysoTracker Red was used according to the manufacturer’s
protocol. Briefly, cells were incubated for 30 min with a 50 nM
concentration of the dye in culture media, after the incubation
step with the nanoparticles.

Results and discussion
Fluorescent marker design and synthesis

Rh6G (1) was selected as the starting base fluorophore due to
its excellent photophysical properties: it displays one of the
highest fluorescent quantum yields (0.95), a high absorption
coefficient at the maximum (∼105 M−1 cm−1), absorption and
emission in the center of the visible range where excitation
sources are available (in particular for high-end microscopies),
and very high photostability, allowing its detection at the
single molecule level. Derivatization with ethylenediamine

renders the lactam 2 that is halochromic, working as a pH
sensor in ethanolic/aqueous mixtures (see below). Further
reaction with cross-linker 3 (SMCC) provides a thiol reactive
group (maleimide) at the extreme of the molecule as well as a
flexible linker that allows a fair separation (ca. 8 Å) between
the chromophore and the target structure. The structure of
compound 4 is analyzed in Fig. 1: it comprises a pH- and
light-sensitive chromophore (pink), a reactive group (yellow),
and a connecting spacer (gray). Chemical attachment via thiol
groups is a facile and commonly used route for silica gel modi-
fication. Most importantly, this covalent linkage precludes any
possible leaking of the dye.

Labeled silica nanoparticles

For the current study, we selected three types of nano-
structured SiO2 architectures with the goal of providing
different locations and environments for the fluorescent mole-
cular marker (Fig. 2). The first one consists of a SiO2 dense
core surface modified with the marker (S-NPs). This configur-
ation has the advantage of being compact and leaving a well
exposed probe, limited only by the nanosphere surface geo-
metrical area. However, core/shell structures incorporate the
marker into a porous shell, providing better chemical protec-
tion and accessibility to analytes, via a connected net of nano-
pores.41,45 Co-condensed NPs (CC-NPs) were prepared by incor-
porating the labeled silica precursor during the growth of the
shell, and thus the marker can be localized either within the
bulk of the SiO2 structure (major amount) and/or on the pore
surface (minor amount). Finally, in the post-grafted NPs (PG-
NPs) the mesoporous shell was grown in a first stage and sub-
sequently the pore surface was functionalized with the fluo-
rescent probe. The CC approach has the possibility to incor-
porate a larger density of markers per particle, while the PG
strategy has the advantage of exposing them better to the
environment. Moreover, the larger surface to volume ratio pro-
vided by both mesoporous shells represents an advantage in
these two architectures. We anticipate an increased density of
fluorescent markers compared to S-NPs. Altogether, these
structures represent three different ways of NP functionali-
zation with a pH responsive probe. The different environments

Fig. 2 Schematic structure of the three types of labeled silica nano-
particles (S-NPs, CC-NPs and PG-NPs) prepared in this work. Nanopores
are represented as white circles and the fluorescent marker as pink tra-
pezoids, on top of the gray silica matrix.
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in each case modulate the fluorescent sensor performance in
terms of the turning point (pKa) and the kinetic response to
pH changes.

The three types of NPs present a spherical shape with a
defined size and narrow polydispersity. SEM images are pre-
sented in Fig. 3. Visual inspection of the three architectures
revealed uniform spheres with average sizes of 61 ± 7 nm
(S-NPs), 403 ± 15 nm (CC-NPs) and 380 ± 31 nm (PG-NPs). This
indicates shell thicknesses of 171 and 160 nm, respectively.
The mesoporous shells on the synthesized particles have pores
that lie in the 2.5 to 2.0 nm range in diameter, a size consist-
ent with the CTAB micelle size. Moreover, the BET area of
these kinds of materials is around 600–800 m2 g−1 with pores
in the shell having a hexagonal order46 (not shown).

Sensor pH response

The emission spectrum of the fluorescent form of the marker
has a small but noticeable dependence on the environment
(Fig. S1†). The emission maximum is at 553 nm for S-NPs, very
similar to the one observed for the free dye in ethanol
(550 nm) and is shifted to 547 nm and 556 nm for CC-NPs and
PG-NPs, respectively. As expected, rhodamine dyes show low
dependence on the emission properties with the polarity of
the environment. Due to the high dilution of the samples,
changes in the absorption spectra were not observed, because
the absorption signal was smaller than the scattered light.
However, when more concentrated dispersions were prepared,
the absorption of the open isomer of the SRA clearly appears
over the scattered background (Fig. S2†).

The steady-state response of the three NPs was character-
ized and compared to the response of the free marker 2.53 To
this aim, aliquots of each sample were mixed with buffered
solutions and allowed to react at room temperature in the dark
for 24 h, to ensure complete stabilization of all conditions,
and the emission spectra were recorded (Fig. S3†). Compound
2 was characterized in (1 : 1) methanol/buffer mixtures, due to
its poor solubility in aqueous solution. All the observed
changes were reversible: upon pH increase to pH = 8.0, the
emission of all solutions/suspensions disappears.

The apparent or operative pKa values (IF = 0.5) found for the
NPs (Fig. 4) are considerably shifted (1–3 pH units) with
respect to the free compound 2 and strongly depend on the
environment or position of the probe in the structure.
Assuming that there is a simple equilibrium between two

forms (SRA-CF and SRA-OFH+ in Scheme 1), we calculated the
pKa (ref. 33) in the three different environments and for the
free probe (dashed lines in Fig. 4). Except for the free dye, the
fits to a single pKa are of poor quality (see Table 1), pointing to
a microheterogeneous environment in the silica host. A simple
two-site model (solid lines in Fig. 4) shows improved fits
(Table 1). Similar behavior has been reported for other pH sen-
sitive chromogenic probes in nanospheres.54 Nevertheless,
independent of the model used to adjust the pH response,
incorporation of the dye into the NPs shifts the response range
to higher pH values in all cases. For in-cell applications, this is
a positive feature. In particular, co-condensation provides a
response to a more acidic range, while post-grafting allows the
use of the sensor up to pH ∼ 7.0, a biologically relevant value
for most applications. In addition, these results demonstrate
that one of the most important properties of the sensor
depends on the environment or more precisely, on the location
of the probe in the host silica structure. The turning point of

Fig. 4 Normalized fluorescence intensity at the emission maximum as
a function of pH for CC-NPs (red), PG-NPs (blue), S-NPs (purple), and
the free dye 2 (black), stabilized in different aqueous buffers. Operative
pKa values (IF = 0.5) are approximately 3.3 (CC-NPs), 5.3 (PG-NPs), 4.0
(S-NPs), and 2.2 (free dye). The latter was characterized in 1 : 1
methanol/buffer mixtures. Dotted lines correspond to fits to a single pKa

value (homogeneous distribution of markers), and solid lines to a two
pKa model (a two sites approximation).

Fig. 3 SEM images of the labeled silica nanoparticles. (A) Surface modified (S-NPs); (B) co-condensed NPs (CC-NPs); (C) post-grafted NPs (PG-NPs).
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the pH indicator can be tuned in the range of pH from around
2 in the free dye to 5 in PG-NPs.

To gain a better insight into the sensor performance, we
studied the kinetics of the response to pH changes. The NPs
were first stabilized in aqueous solutions at pH 7.4 (by dilution
of the stock solutions in methanol), where all the markers are
at the non-emissive form SRA-CF (Scheme 1). This ensures
solvent stabilization of the NPs in the buffer, as their response
is probably different to that in methanol, and avoids the latter
having an effect on the kinetic response. Then, a pH jump was
induced (final pH < 7.4) and the time course of the changes
was followed by fluorescence emission. Some examples are
shown at two different pH jumps (final pH values of 2 and 4)
in Fig. S4.† Under these conditions, the NPs tend to aggregate
and precipitate at low pH. The effect was more drastic for
S-NPs. The incorporation of positive charges through the halo-

chromic ring opening of the probe reduces the negative charge
of the NPs,55 thus enabling its flocculation at higher pH
values. That is, the typical isoelectric point of the silica around
pH ∼ 2–3 56 might be shifted by the presence of SRA-OFH+.
This effect may not be important in CC-NPs and should play
no role in the PG-NPs. We did not observe a significant down-
ward curvature of the kinetics at long times in these two types
of NPs, in the timespan studied.

Alternatively, we used another strategy to measure the time
evolution of the ring opening that on the one side is not
affected by floculation and on the other side discards photo-
bleaching as a reason for the signal decrease at long times.
NPs were cast onto microscopy cover slides, and the emission
intensity changes in a confocal microscope were studied after
a pH-jump (Fig. 5A–C). After the frames were registered (to
compensate for small in-plane drifts of the sample), the signal
of each NP (or groups of few NPs) was plotted as a function of
time. Kinetic curves are noisier (Fig. 5E), due to the lower
signal of individual nanostructures as compared with ensem-
ble measurements, but nevertheless no downward curvature
was observed for any of the structures in the whole pH range
studied (2–6). Transient monoexponential fits of the time
dependent signals yield first order rate constants in agreement
with those obtained in ensemble experiments. Considering
that the excitation intensity in a confocal microscope is several
orders of magnitude higher than that in a cuvette experiment,
we can confirm that the decrease of the fluorescence signal
after long irradiation time (ca. 1–2 hours) is due to partial floc-

Table 1 pKa values and fit goodness of the data represented in Fig. 4.
The factor F represents the relative amplitude of the first value (pKa1)

One-site
model Two-site model

pKa R2 F pKa1 pKa2 R2

Free dye 2.3 0.988 — — — —
CC-NPs 3.3 0.969 0.75 3.0 4.5 0.989
PG-NPs 5.3 0.900 0.51 4.2 6.5 0.994
S-NPs 4.0 0.943 0.59 3.4 5.0 0.980

Fig. 5 Single particle kinetics experiments with CC-NPs. Transmission (A), and fluorescence (B–C) images. The first frame (t = −150 s) before a
buffer pH jump from 7.4 to 2 is presented in A–B (transmission and emission), and the last frame (t = 7000 s) is presented in C (emission). Kinetics
for two pH jumps (7.4 → 4 and 7.4 → 2) is presented in E. Symbols represent the total fluorescence signal over a single NP (frames were recorded
every 15 s), the lines are the best monoexponential growth fit to the data (from t = 0), and the corresponding residuals are plotted in the upper
panel. A zoom to the first frames is presented in (D), where the change in the buffer conditions is highlighted. Gray symbols in (D–E) correspond to
the background signal, recorded from an area with no NPs (same total area).
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culation of the colloids. The kinetic studies in a microscope
show the high photostability of the fluorescent form of the
probes, allowing the observation of even single particles for up
to hours, with no evidence of photobleaching. The global

kinetic constants for each condition and for the three types of
NPs were calculated from an average of ca. 20 NPs in each
case. Results are presented in Fig. 6. Surprisingly, despite the
relative complex stationary behavior found requiring a two-site
model, single exponential decays yielded reasonable fits for all
conditions tested. This apparent contradiction can be
explained if we consider that kinetics is dominated by the
approach of the proton from solution to the dye location in the
NP, and further protonation. This was demonstrated for the
dye in solution.33 This diffusion is not selective to the dye
environment. On the other side, the equilibrium constant is
the ratio of the rate constant for the deprotonation of OFH and
the protonation rate constant. The former is dependent on the
dye location.

The kinetics of the halochromic transformation of the SRA
in silica NPs shows a great influence of the NP environment.
On the one side, at the same bulk pH, the kinetics of the ring
opening is always faster in the NPs than in solution in the
order: S-NP > PG-NPs > CC-NPs > free dye in solution (Fig. 6).
On the other side, there is an inverse pH dependence of the
observed first order reaction rate constant (kobs) in the NPs
compared to the free dye in solution. Furthermore, the order
of the rate constant increase does not correlate with the
acidity, as measured by the pKa (Fig. 4). The latter shows an
acidity in the order: free dye > CC-NPs > S-NPs > PG-NPs.
The increase in kobs in the different types of NPs can be
well explained by the accessibility of the proton to the dye

Fig. 6 Global first order rate constants of the thermally (proton)
induced isomerization of SRAs in the different NPs, after pH jumps from
7.4 to the indicated value controlled by buffered solution. S-NPs
(purple), CC-NPs (red), and PG-NPs (blue). The kinetics of the free dye 2
(hollow black symbols) in methanol/buffer mixtures (proton concen-
tration was regulated by TFA additions), and a linear regression for the
latter (log kobs vs. pH) is also shown (solid black line).

Fig. 7 Confocal images of endocyted nanosensors CC-NPs (A–B), and S-NPs (C–D). Fluorescence (A and C) and transmission (B and D) images are
presented. Green arrows highlight NPs in the ON-state, and light-blue arrows possible NPs in the OFF-state. The cells endocyted with S-NPs
expressed GFP in the nucleus, whose signal is partially observed in the sensor channel (C). Scale bars: 3 μm.
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location. Considering that the reaction rate is in all
cases faster in the NPs than in solution, it is possible to con-
clude that chemical transformation when the proton reaches
the dye location is much faster than proton diffusion to the
dye and therefore, accessibility of the dye, i.e. diffusion of the
proton within the NP to the dye location, is the rate determin-
ing step.

If the ring opening reaction is coupled to diffusion of the
proton to the dye location in the NP, the following simple
mechanism (eqn (1)) can be proposed:

SRA‐CFð ÞNP þHþ Ðkdiff
k‐diff

SRA‐CFð ÞNP � � �Hþ� � �!kR SRA‐OFHþ ð1Þ

The resulting first order rate constant (kobs) for the decay of
the closed isomer in the NPs (SRA-CF)NP is:

kobs ¼ kdiff ½Hþ� kR
kR þ k‐diff

: ð2Þ

If the reaction is faster than cage escape, i.e. kR ≫ k-diff,
then, kobs ≈ kdiff·[H

+]. The value of kdiff is influenced by the
charge of the NP, which in turn depends on pH. Under this
picture, kdiff is expected to decrease with the increase of [H+]
due to the charge effect, compensating the accelerating effect
of the concentration increase. All these influences result in a
complex behavior of kobs with pH, as the one we have observed
experimentally (Fig. 6), which is not a simple linear inverse
plot as the one observed for the free dye, as well as for similar
SRAs in solution.33

Intracellular pH sensing: acidic organelle imaging in living
cells

The average response time of NP sensors is on the order of a
few minutes (ca. 5–30 min) and thus compatible with the time
scale of environment changes inside living cells. Therefore, we
assessed their utility as pH sensors in such environments. To
this end, the sensor-loaded NPs S-NPs and CC-NPs were incor-
porated into Vero cells by endocytosis and imaged with a con-
focal microscope (PP-NPs were not used because they are
already fluorescent in the cell-culture medium, pH = 7.4 – see
Fig. 4). The images (Fig. 7) clearly show several NPs incorpor-
ated within the cell, and some of them (marked with green
arrows) display a high fluorescence emission. There must be
also several NPs that are in the OFF state, presenting no signal,
corresponding to endocyted nanosensors in different environ-
ments or cell compartments of higher pH (close to neutral).
Although they cannot be distinguished from some high-con-
trast organelles (see the orange arrows in the control experi-
ment in Fig. S6†), there is a clear difference in the amount of
such objects between the endocyted and the control cells.
Thus, it is reasonable to assume that a fair amount of these
features (light blue arrows) are NPs in the OFF-state. To ensure
that the signal observed is due to fluorescence and not to scat-
tered light, NPs were also imaged under identical conditions,
cast on the cover slide in PBS at pH 7.4 (Fig. S5†). Signal of
less than 30 counts per frame in average were observed in

contrast with values of up to 160–290 counts per frame (peak
values) presented by bright (ON-state) NPs in the cells.

From the response curves (Fig. 4), we conclude that the
nanosensors in the ON-state must be located in an acidic com-
partment. We hypothesize that they are probably lysosomes.
To confirm this, co-staining with LysoTracker-Red was carried
out (Fig. 8). Sequential two-channel imaging was performed
with a rhodamine channel for our sensor (the same conditions
as in Fig. 7, except that the detection bandwidth was narrowed
to 525–578 nm to minimize cross-talk), and with a lysotracker
channel with excitation performed with a 561 nm DPSS laser,
detection bandwidth limited between 578 nm and 622 nm,
and separated by a 488/561/633 nm dichroic mirror. The esti-
mated colocalization value (Pearson’s coefficient 0.79, Fig. S8†)
confirms that the sensors are located in such organelles and

Fig. 8 Colocalization of endocyted nanosensors S-NPs with
LysoTracker-Red in living cells. The two channels were sequentially
imaged. Thus, small differences in the position are due to lysosome
movement between frames. (A) Rhodamine channel (λEX = 514 nm;
λEM = 525–578 nm); (B) LysoTracker-Red channel (λEX = 561 nm; λEM =
578–622 nm). (C) Overlay. The cells expressed GFP in the nucleus,
whose signal partially bleeds through the sensor channel (A). Part of the
nucleus is observed on the upper part of the image (see Fig. S7†). Scale
bars: 2 μm.
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the ring-opening necessary for the sensor response was com-
pleted within the timescale of the experiment. We also con-
clude that most lysosomes contain NPs, and from the size of
the structures, each contains several ones.

Conclusions

Biocompatible fluorescent pH nanostructured sensors were
prepared and fully characterized from the spectroscopic and
dynamic point of view. Their cellular uptake was demon-
strated, as well as a potential application for the non-invasive
observation of lysosomes in confocal far-field microscopy. A
rational design of the nanosensor involved the preparation of
the molecular probe with a response close to the desired pH
range and its functionalization with the thiol reactive male-
imide group to target the silica matrix at three different posi-
tions relative to the core/shell structure. The molecule proved
to be stable under the chemical conditions used for the prepa-
ration of the silica through a basic TEOS condensation or the
post-functionalization of their surface. The turn-on response
at acidic pH values of the sensor arises from the halochromic
reaction of a SRA, prepared from Rh6G. After the incorporation
into the silica, the probe retained its responsivity. However,
the two main properties, the useful pH range and the kinetics
of the response, were considerably altered. The turning point
was shifted from a pH of ∼2 for the free dye, to a pH of 3–5
depending on the location of the dye in the nanoparticle. The
speed of the response was considerably increased, particularly
at the biologically relevant pH values and around the turning
point. The pH dependence of the time-response was opposed
to the one presented by the free compound. This was inter-
preted as a change in the rate-determining step from the ring
opening of the molecular probe to the proton diffusion
through the silica, due to a change in the surface charge of the
silica. These changes and in particular the tunability
properties are remarkable and differ from similar reported
probes.21,49 In fact, we were able to increase the turning point
of the SRA up to three pH units, through a site-specific target-
ing of the structures, thus expanding the utility of the sensors
to a pH range compatible with acidic subcellular compart-
ments. The encapsulated probes were extremely photostable,
and no sign of toxicity was detected during the time window of
the experiments (ca. 2 h from the time of the NP incorporation
in the medium to the end of the measurements).

While this study focused mainly on the influence of the
encapsulation on the properties on the molecular probe, and
how this can be exploited to improve the performance of the
marker, our nanoparticles still have plenty of room for
improvement through the inclusion of further functionali-
zation. For instance, a second pH-insensitive fluorescent dye
can be incorporated for a more precise ratiometric determi-
nation of the intracellular pH, a strategy that has been success-
fully used in several publications.27,36,47–49 Also, the surface
could be modified with an organelle-specific targeting
moiety.27 Finally, the possibility to photo-activate the SRAs

with UV light can be applied to the observation of the NP
sensors located in neutral to basic subcellular compartments
(i.e. at a pH ≥ pKa + 1) with modern super-resolution tech-
niques based on the localization of single molecules.11–14
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