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ABSTRACT: Intracellular oxygen concentration was quantitatively
imaged and rapidly traced with millisecond time resolution. We
have demonstrated a new kind of oxygen nanosensors based on a
ruthenium complex doped solid silica nanoparticles, which showed
high oxygen sensing performance (I0/I100 = 3.29, t95 < 3 s) and ease
of surface functionalization. Their sensing performance can be
tuned by changing types of oxygen-sensitive probes and particle
morphology. The nanosensors showed excellent control in both
sensor size (from 30 to 200 nm), monodispersity, morphology,
surface chemistry, and batch to batch consistency. Their uniform
size distribution and good biocompatibility made them suitable for
intracellular studies. Because the sensor surface can be easily
functionalized with arbitrary units (such as transmembrane motifs,
drugs, organelle-targeting groups, imaging reagent, and multiple
sensor probes), these nanosensors provide a general platform to build easy-to-use tools for intracellular applications. The ease of
surface functionalization was demonstrated by modifying the sensors outer surface with morpholinopropylamine and (3carboxypropyl) triphenyl phosphonium, to actively target intracellular lysosomes and mitochondria of the tested cell lines
(HeLa, MCF-7, and MCF-10A). Applying the mitochondria-targeting oxygen nanosensor together with our custom-built rapid
phosphorescent lifetime imaging system, variations of intracellular oxygen have been quantitatively imaged and traced (in
millisecond intervals) in real time and in situ.

I

and oﬀer high spatial resolution. However, their applications
were limited by complicated synthesis and diﬃculties in both
functionalization and cellular internalization. The hydrophobic
luminescent core of these water-soluble probes should be fully
protected, for example, by dendritic structure.15 Otherwise,
their luminescence can be inﬂuenced by many factors,
including solvent eﬀect, ions, biomolecules, etc. Modiﬁcation
of hydrophobic ﬂuorinated OSPs with hydrophilic glucose and
galactose provided another solution.16 These conjugates had
minimum aggregation and self-quenching and were successfully applied as oxygen imaging probes for 3D tissue models.
However, their hydrophobic luminescent core was not fully
protected and may still suﬀer from inﬂuences of potential
quenchers.
Modern optical oxygen nanosensors were mostly prepared
using commercially available polymers, such as polystyrene,17−20 polyacrylamide,21,22 Eudragit RL-100,23,24 poly(styrene-block-vinylpyrrolidone),25 luminescent conjugated
polymer dots,26−30 and micelles,31−34 because they are readily
available with distinct oxygen permeability. However, polymer
functionalization is diﬃcult, since most polymers are chemi-

ntracellular metabolism of molecular oxygen is the major
route to provide basic energy for cellular activities and
functionalities. Excess supply and insuﬃcient delivery of
intracellular oxygen would result in both damage to cell
behavior and viability.1,2 Tracing variations of intracellular
oxygen concentration and studying how cells (especially brain,
neuronal, and immune cells) utilize oxygen provides invaluable
information for biology and medicine. Thus, it is important to
monitor and quantify oxygen delivery, diﬀusion, and
distribution inside cells online and in situ.
Oxygen sensing based on luminescence-quenching attracted
much attention in recent two decades due to their ease of
usage, noninvasiveness, capability of intracellular imaging (high
throughput), remote signal readout, and miniaturized size
down to the nanosize range.3−5 It has become the major
method of choice in studying intracellular oxygen variation.6
However, most oxygen-sensitive probes (OSPs) possess a large
conjugated π-system in their chemical structures, and are
hydrophobic in nature, which make them diﬃcult to be
directly used for intracellular studies.5,7 Therefore, it is not a
surprise to witness that encapsulating hydrophobic OSPs in
compatible gas-permeable nanomaterials to form nanosensor
becomes the most popular approach for intracellular oxygen
sensing.8 Water-soluble OSPs have been reported and
successfully applied for intracellular studies.9−14 These probes
have much smaller size compared with polymeric nanosensors
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luminescent lifetime of the nanosensors, we are able to
image intracellular oxygen concentration using our custombuilt microscopic rapid lifetime imaging system. The
combination of rapid lifetime imaging technique with solidsilica based nanosensors shows superior accuracy and
reproducibility, which provides important tools for intracellular
oxygen studies, and allows us quantitatively imaging and
tracing intracellular oxygen concentration over time and in situ
with millisecond time resolution.

cally inert after production, and introduction of functional
groups will inﬂuence both polymerization process and
polydispersity of obtained nanomaterials. Nanoprecipitation
of binary polymer composites provides an alternative approach
to produce nanosensors with chemically functional surface.35
However, it is nearly impossible to precisely control and tune
surface chemistry of polymer nanomaterials while keeping their
monodispersity. Techniques for particle size control of
polymer-based nanosensors are not well established, and
most of them always exhibit poor dispersity and broad size
distribution. Established techniques for monodispersed polymer nanoparticles (such as poststaining, microemulsion
polymerization, dispersed polymerization, and mini-emulsion
solvent evaporation) are limited to several polymers (e.g.,
polystyrene). Numerous in vivo researches have revealed that
the size, surface chemistry and morphology of nanomaterials
determine their biological fate.36−39 Therefore, the biodistribution of polymer-based nanosensors is hardly to be
anticipated and controlled. Although the organic−inorganic
hybrid nanomaterials developed by Kopelman and co-workers
provided improved surface functionalities, they still suﬀer from
their poor size control (100−600 nm in diameter),40 and their
hydrophobic shell makes further chemical modiﬁcation
diﬃcult.41
Silica nanoparticles have excellent size and morphology
control (from several nanometer to micrometer) and wellestablished functionalization techniques for surface chemistry
modulation.42 They are optically transparent, highly stable and
monodispersed in aqueous solution, and have reproducible
composition. All these features made them attractive and
suitable to build nanosensors for intracellular applications.43,44
However, due to their dense structure and poor gas
adsorption,45 they were excluded from constructing nanosensor for oxygen. Attempts have been made to immobilize
oxygen-sensitive probes in silica gel (with large size 9.5−11
μm) and bulky silica xerogel.46−48 Obviously, these materials
are too large in size for in vivo applications. Chu et al.49
reported that Pt(II) complex can be entrapped in core−shell
silica nanoparticles (average size 170 nm). Embedding these
particles in sol−gel matrix resulted in a planar sensor ﬁlm for
oxygen. In the reported silica nanoparticle based oxygen
nanosensors,50−52 OSPs were either physically absorbed or
chemically immobilized on silica surface rather than encapsulated into the interiors. Physically absorbed OSPs can leach
out, and requires hydrophobic silica surface to ﬁrmly hold the
OSPs, which hinders the biocompatibility of the nanosensors.
Covalently immobilization of OSPs on silica surface requires
chemical modiﬁcation of OSPs, and immobilized OSPs cannot
be fully protected from potential quenchers.
In an attempt to dope OSPs inside the interior of solid silica
nanoparticles, we have observed that OSPs-doped solid silica
nanoparticles show good response to molecular oxygen. They
not only show good sensitivity and fast response to oxygen but
also exhibit excellent size and morphology control and good
biocompatibility. Interestingly, oxygen-sensing performance
can be tuned by changing the types of OSPs and silica
morphologies. Because of their “clean” outer surface, these
nanosensors can be further functionalized with arbitrary units
for intracellular active-targeting and multiple purposes of
applications. We have demonstrated the ease of functionalization by modifying the surface of nanosensors with organelletargeting groups and used them for sensing oxygen
concentration at subcellular level. Owing to the long

■

EXPERIMENTAL SECTION
Characterization. The morphology and size of nanosensors were characterized using a Field Emission Transmission Electron Microscopy (TEM, FEI Tecnai G2 F20 STwin). The concentration of oxygen was controlled by two
mass-ﬂow controllers (Red-Y, www.voegtlin.com, Switzerland).
Luminescence spectra was recorded using a ﬂuorospectrometer
(Hitachi F-7000, Japan). Zeta potential was measured using a
Malvern Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, UK). Cell viability was studied on a Synergy H1
Hybrid Multi-Mode Microplate Reader. Fluorescence images
of HeLa cells were obtained using a wide-ﬁeld ﬂuorescence
microscope (Leica DMi8, Germany). The ﬁlter cube sets are
shown in Table 1.

Table 1. Filter Cube Sets for the Fluorescence Images Using
the Wide-Field Fluorescence Microscopy
name
Ru(dpp)
lyso-tracker green
mito-tracker deep red

yellow channel
green channel
red channel

excitation
(nm)

emission
(nm)

425−475
340−380
595−645

575−625
435−485
665−715

The rapid phosphorescent lifetime imaging (rPLIM) system
consists of a PI-MAX4 Gen III ICCD camera (Princeton
Instruments, U.S.A.), a ﬁber-optic laser (FC-ML, Changchun,
China), and the Leica DMi8 wide-ﬁeld ﬂuorescence microscope. Signal synchronization of the laser and the camera were
controlled by a built-in timing generator of the ICCD camera.
The laser beam was guided using an optical ﬁber into the
microscope. The excitation pulse duration was set at 100 μs,
and gate width was optimized at 8 μs. The ﬁrst gate was
opened 600 ns after the laser was tuned oﬀ. Lifetime image
acquisition and data processing were performed using the
LightField software (v6.3.1) from Princeton Instruments and
Matlab (v2015b) from MathWorks.
Synthesis of Oxygen-Sensitive Nanosensors. Nonporous Ru(dpp)@silica nanoparticles (RuNPSiNPs) were
synthesized following a modiﬁed Stöber method.53 Typically,
815 μL of deionized water, 100 μL of ammonium hydroxide
(28%; 0.14 M), and 8.4 mL of ethanol were mixed at room
temperature. Then, diﬀerent amounts of tris(4,7-diphenyl1,10-phenanthroline)ruthenium(II) bis(perchlorate) complex
(Ru(dpp)3(ClO4)2, denoted as Ru(dpp)) were dissolved in
300 μL of tetraethyl orthosilicate (TEOS; 0.14 M) and added
in the mixture. The solution was stirred in dark for 24 h. The
obtained brownish silica nanoparticles were harvested by
centrifuging at a g-force of 17 000g. The produced nanosensors
were washed with ethanol for at least three times to remove
unbounded dyes and unreacted chemicals, and stored in
ethanol at a concentration of 10.0 mg mL−1.
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(www.procell.com.cn). Cells were cultivated at 37 °C in a
humidiﬁed atmosphere with 5% CO2. Cytotoxicity of nanosensors were determined using CCK-8 assay. Initially, HeLa
cells were seeded into a 96-well plate at a density of 3000 cells
per well and allowed to settle for 24 h. Then the culture media
was discarded, and the fresh culture media (100 μL)
containing diﬀerent concentrations of nanoparticles (0, 50,
100, 150, 200, and 250 μg mL−1) was added into each well.
Five replicated experiments were performed for each
concentration. After 24 h, culture medium suspended with
free nanosensors was discarded, and cells were washed three
times with phosphate buﬀer solution. Then 100 μL culture
medium containing 10% (v/v) CCK-8 was added to each well
and incubated for 2 h. The absorbance at 450 nm was recorded
via a multiwell plate reader, and the absorbance at 650 nm was
used as reference. Cell viability was calculated from the
following formula: cell viability (%) = the absorbance of
experimental group/the absorbance of control group ×100%.
Intracellular Imaging. HeLa cells were incubated with
200 μg mL−1 nanosensors for 4 h, then washed three times
with the HBSS to remove free suspended nanosensors.
Colocalization experiments were performed by incubating
cells with Lyso-Tracker Green (75 nM) or Mito-Tracker Deep
Red (75 nM) for 1 h, respectively. The stained cells were
washed with PBS (pH 7.20−7.40) for three times to remove
free dyes in the culture media. The Spearman’s rank
correlation coeﬃcient and the luminescence intensity of the
ﬂuorescence images was analyzed and calculated using ImageJ
software. For tracing variations of intracellular oxygen
concentration, 30 μL glucose (1.0 M) and 20 μL glucose
oxidase (15 mg mL−1) solution were used to consume
dissolved oxygen in the culture media.

Mesoporous Ru(dpp)@silica nanoparticles (RuMPSiNPs)
were synthesized in an aqueous buﬀer solution with pH 7.00.54
Initially, 0.25 g of hexadecyltrimethylammonium bromide
(CTAB) and 0.092 g of polyoxyethylene (20) cetyl ether (Brij58) were dissolved in 25 mL of phosphate-buﬀered saline (pH
7.00) at 95 °C under vigorous stirring. Then, 450 μL of TEOS
with dissolved Ru(dpp)3(ClO4)2 was added slowly in the
buﬀer solution. After continuous stirring for 8 h, synthesized
nanoparticles were collected by centrifuging at 17 000g,
washed three times by ethanol, and stored in ethanol.
Dendritic mesoporous Ru(dpp)@silica nanoparticles (RuDPSiNPs) were prepared via the sol−gel approach.55 In a typical
process, 0.375 g of CTAB was mixed with 50 μL of
triethanolamine (TEOA) solution (TEOA/H2O (w/w) = 1/
3), 7.5 mL of deionized water and stirred at 60 °C for 30 min.
Subsequently, 2.0 mL of cyclohexane was added and
continuously stirred for 5 min. Then 500 μL of TEOS with
Ru(dpp)3(ClO4)2 was added and stirred for 6 h. After that, the
mixture was added into 10 mL of ethanol, followed by
centrifuging at 17000g to isolate the particles. After washed
with ethanol for three times, the obtained RuDPSiNPs were
stored in ethanol.
Surface Modiﬁcation with Organelle-Targeting
Groups. First, a solution of 3-morpholinopropylamine
(MPA; 1.0 μM in ethanol) or (3-carboxypropyl)triphenylphosphonium bromide (TPP-COOH; 1.0 μM in
DMSO) was reacted with N,N′-dicyclohexylcarbodiimide
(DCC; 3.75 μM) and N-Hydroxysuccinimide (NHS; 3.75
μM) at room temperature for 2 h to give active-ester. Then, 10
μmol 3-aminopropyltriethoxysilane (APTES) was added into
the active-ester solution. The mixture was kept in dry argon
atmosphere, and stirred for 12 h to give silanes with activetargeting groups. Finally, the obtained silanes were added into
1.0 mL 10.0 mg mL−1 RuNPSiNPs and incubated on a rotary
shaker for 20 h. The solid was collected by centrifuging at
17000 g, followed by washing three times with ethanol and
water. The surface-modiﬁed RuNPSiNPs were dispersed in
ethanol at a concentration of 10.0 mg mL−1.
Oxygen Responses of the Nanosensors Based on the
Measurement of Luminescent Lifetime. The oxygen
response of the nanosensors was studied directly on the
microscope. Typically, 1.5 mL oxygen-sensitive nanosensors
dispersed in water at a concentration of 1.0 mg/mL was placed
in a plastic microscopic dish. The solution was then saturated
with synthetic gas containing diﬀerent concentrations of
oxygen for 15 min. The oxygen concentration in the synthetic
gas was adjusted using two mass-ﬂow controllers. The
nanosensors were imaged on the Leica DMi8 ﬂuorescent
microscope equipped with the ﬁlter cube set for Ru(dpp)
(Table 1). The lifetimes of nanosensors at diﬀerent
concentrations of dissolved oxygen were measured at room
temperature using the rPLIM system. The detailed setup for
the rPLIM system was described in the characterization
section. The measured luminescent lifetimes were plotted
against the dissolved oxygen to obtain the calibration curve for
intracellular measurements.
Cell Culture and Cytotoxicity Assay. Throughout the
experiments, HeLa cells and MCF-7 cells were cultured in
MEM media supplemented with 10% FBS, 1% L-glutamine
solution, 1% penicillin-streptomycin solution, and 1% MEM
nonessential amino acid solution. MCF-10A cells were
incubated in the special MEM media (item number CM0525) bought from Procell Life Science&Technology Co., Ltd.

■

RESULTS AND DISCUSSION
Preparation and Characterization of Nanosensors.
Silica nanoparticles are readily available in diﬀerent particle
size, chemical composition and morphology with excellent
property control and tunability.54,56,57 In order to encapsulate
luminescent OSPs inside silica nanoparticles, OSPs should
have good solubility and chemically ﬁt the physiochemical
properties of silica matrix. There are residual silanol groups
(−Si−OH) inside silica nanoparticle,58 which makes the
interior of silica negatively charged. To chemically ﬁt the
special microenvironment inside silica, we have selected a
positively charged OSP, tris(4,7-diphenyl-1,10phenanthroline)ruthenium(II) perchlorate (referred as Ru(dpp)), to prepare nanosensors for oxygen.59,60 The Ru(dpp)
dissolved well in silica precursor tetraethyl orthosilicate
(TEOS), and directly encapsulated inside silica nanoparticles
during particle formation. Attempts had been made to
encapsulate photostable ﬂuorinated metalloporphyrins (such
as PtTFPP) inside silica nanoparticles, but failed. Although
they were soluble in silica precursor TEOS, continuously
hydrolization of TEOS produces hydrophilic oligomers and
reduces the solution’s hydrophobicity. The reduction in
hydrophobicity caused precipitation and aggregation of
PtTFPP. Therefore, condensation of hydrophilic oligomers
and formation of nanoparticles occurred in the absence of
PtTFPP, which produced silica nanoparticles without oxygensensitive probes.
The Ru(dpp)-doped nonporous solid silica nanoparticles
(RuNPSiNPs) were produced via the Stö ber method.
Transmission electron microscopic (TEM) image (Figure
15627
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Figure 1. (a) TEM image of RuNPSiNPs (insert: the structure model). (b) EDX element mapping images of the elements Si, O, and Ru of
RuNPSiNPs. (c) The reversible oxygen response of the RuNPSiNPs. (d) The corresponding Stern−Volmer plot. The calibration curve ﬁts well
with the Stern−Volmer equation, and the two-site model was applied to calculate Stern−Volmer parameters. Stern−Volmer equation:
f
1−f
I
= 1 + K * [O ] + 1 + K * [O ] .
I
0

1

2

2

2

S1 in the Supporting Information, which shows the new
oxygen nanosensor exhibits outstanding performance in almost
all aspects.
Tunable Sensing Performance. The oxygen response
can be tuned by modulating the morphology of the
nanosensors. Two diﬀerent kinds of Ru(dpp)-doped porous
silica nanoparticles have been synthesized. One is mesoporous
(denoted as RuMPSiNPs), and the other is dendritic and
porous (referred as RuDPSiNPs). Their oxygen responses
were studied and compared to that of nonporous nanosensors.
Figure 2 shows these porous nanosensors have well-deﬁned,
uniform and regular pore structures, which are beneﬁcial for
gas molecules diﬀusing in and out. For RuMPSiNPs, TEM
showed their average diameter is 80 ± 5 nm (Figure 2a).
Oxygen response study reveals RuMPSiNPs have a quenchability of 2.14 (Figure 2b). The typical oxygen response time
(t95) is only 2 s, which can be attributed to the porous
structure and high gas accessibility (Figure S5). Nanosensors
made from dendritic porous silica nanoparticle had larger pores
(∼10 nm). They were uniform in size and had an average size
of 72 ± 8 nm (Figure 2c). The larger inner pores are beneﬁcial
for the diﬀusion of oxygen molecules in and out, and
RuDPSiNPs exhibited higher sensitivity, especially at low
oxygen concentration (< 20%; Figure 2d). Compared with
nonporous nanosensors, the porous structure does not
signiﬁcantly improve sensor quenchability, which is out of
our expectation. Detailed studies have shown that the existence
of structure-directing surfactant inﬂuences oxygen diﬀusion
(data not shown).

1a) showed the RuNPSiNPs were monodispersed and had a
narrow size distribution (75 ± 5 nm, Figure S1). The
nanosensors showed excellent size control by simply adjusting
ammonia concentration in the synthetic media, and nanosensors with diameter from 30 to 200 nm can be massively
produced (at gram level) via the one-pot reaction (Figure S2).
Elemental mapping of RuNPSiNPs (Figure 1b) shows that
Ru(dpp) were uniformly distributed throughout silica nanoparticles. The RuNPSiNPs oﬀer high luminescent brightness
even in pure oxygen environment (Figure S3), suggesting
suﬃcient number of photons emitted when excited at 445 nm.
Calculation based on UV/vis absorption spectra reveals that
there are ∼4680 Ru(dpp) molecules encapsulated inside a
single nanosensor, which warrants that it is bright enough for
microscopic imaging.
The quenchability of RuNPSiNPs (expressed as I0/I100,
where I0 and I100 are the intensities at 0 and at 100% oxygen)
reaches 3.29 (Figure 1c,d), which is even higher than that of
Ru(dpp) in polystyrene particles (I0/I100 = ∼2.3),61 indicating
the nonporous silica matrix have good oxygen permeability.
The oxygen response is fully reversible, and the response time
(t95) is less than 3 s (including gas diﬀusion time from the gas
controllers to the measurement cell). Moreover, the
RuNPSiNPs showed excellent batch to batch consistency in
terms of size, morphology, monodispersity and oxygen sensing
performance, which ensures repeatable and reliable sensor
properties in real applications (Figure S4). A detailed
comparison of the new silica based oxygen nanosensor with
reported intracellular oxygen sensors is summarized in Table
15628
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Figure 2. TEM images of RuMPSiNPs (a) and RuDPSiNPs (c), inserts are the structure models. The Stern−Volmer responses (two-site model) of
RuMPSiNPs (b) and RuDPSiNPs (d) at diﬀerent concentrations of gaseous oxygen, respectively.

Figure 3. (a) Luminescence lifetime of RuNPSiNPs (10 mg mL−1) obtained via the rPLIM measurement at diﬀerent concentration of dissolved
oxygen and room temperature and (b) the corresponding Stern−Volmer plot (two-site model).

lifetime. However, the poor photostability of PtTCPP limited
their applications in long-term intracellular imaging.
Measuring Dissolved Oxygen via Luminescence
Lifetime. The long luminescence lifetime of OSP-doped silica
nanoparticles oﬀers another attractive feature that intracellular
oxygen can be imaged via lifetime measurement. Luminescence
lifetime is an intrinsic parameter of a luminophore, and its
value is not depending on dye concentration and excitation
light intensity. Lifetime measurements are self-referenced, and
immune to photobleaching and autoﬂuorescence, which are
notorious error sources for quantitative analysis, especially
under intense illumination on a ﬂuorescence microscope. The
use of highly stable luminescent materials62,63 together with

The oxygen response can be further tuned by varying types
of OSPs. To chemically ﬁt the microenvironment of silica
nanoparticles, hydrophilic OSPs are preferred and should be
chemically immobilized inside silica nanoparticles to prevent
dye leakage. The hydrophilic probe, Pt(II) meso-tetra (4carboxyphenyl) porphine (PtTCPP), was selected as an
example to show the capability of tuning sensor response.
PtTCPP was covalently immobilized inside solid silica
nanoparticles using the same procedure as RuNPSiNPs.
Results showed PtTCPP-doped silica nanosensors show
much higher quenchability (I0/I100 = 18.67; Figure S6),
because the Pt(II) porphyrins have much longer luminescence
15629
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Figure 4. Intracellular localizations of RuNPSiNPs-Lyso (a) and RuNPSiNPs-Mito (b) in HeLa cells. Fluorescence images of RuNPSiNPs-Lyso
(a1) and RuNPSiNPs-Mito (b1) collected in Yellow Channel. (a2) Fluorescence images of Lyso-Tracker Green collected in Green Channel. (b2)
Fluorescence images of Mito-Tracker Deep Red collected in Red Channel. (a3 and b3) Merged images. (a4 and b4) Colocalization analysis images.

concentration, photobleaching, uneven distribution of dyes
and light source intensity, detector sensitivity and autoﬂuorescence, it is an ideal tool for real-time and quantitatively
tracing intracellular events.
Organelle-Targeted Imaging. Before applying the
RuNPSiNPs for intracellular studies, their cytotoxicity in
HeLa cells was studied using CCK-8 assay. Results showed
that cell viability remains above 90% when concentration of
nanosensors was below 150 μg mL−1 (Figure S9), demonstrating their low cytotoxicity and good biocompatibility.
Incubation of HeLa cells with RuNPSiNPs for 12 h showed
that bare RuNPSiNPs cannot pass through cell membranes
and remain at extracellular space (Figure S10). This is mainly
due to the negatively charge outer surface (zeta potential,
−41.2 mV) and results in low interaction with negatively
charged cell membranes.18,69
The well-established silane technique allows us to easily
functionalize nanosensors’ surface with required features. We
can simply feature the nanosensors with lysosome- and
mitochondria-targeting capabilities by covalently immobilizing
MPA and TPP groups on nanosensor surface, respectively.
Colocalization experiments showed that they had excellent
organelle-targeting capability, with Spearman’s rank correlation
coeﬃcient above 0.8 for both lysosome and mitochondria
targeting (Figure 4 and S11). Figure 4a showed that
RuNPSiNPs-Lyso was mainly located in lysosome (Spearman’s
rank correlation coeﬃcient, ρ = 0.81) and barely distributed in
mitochondria (ρ = 0.06, Figure S11a). The RuNPSiNPs-Mito
was distributed mainly in mitochondria (ρ = 0.86, Figure 4b),
and barely found in lysosomes (ρ = 0.3, Figure S11b).
Moreover, unlike the polymer-based nanosensors whose
intracellular internalization is highly depending on cell
types,7 these new nanosensors showed uniform performance
in diﬀerent cell lines, including the tested breast cancer MCF-7
cells (Figure S12a) and normal breast MCF-10A cells (Figure
S12b). These results proved the ease of surface-functionalization of the new nanosensor, which provided an easy-to-use
platform for intracellular studies. The outer surface of
nanosensors can be further explored for intracellular multiple
sensing, drug delivery, sense and treat of diseases, imaging
guide surgeries, etc.

ratiometric sensing can signiﬁcantly improve measurement
accuracy when lifetime measurements are not available. The
long luminescence lifetime of OSPs allows oxygen concentration can be measured using simpler equipment, because
modulation of light source can be much slower, and bright
LEDs can be used as light source. The excited-state lifetime of
Ru(dpp) is a few microseconds.40,64 Encapsulation of multiple
Ru(dpp) molecules in one silica nanoparticle enhanced particle
brightness, which is beneﬁcial for lifetime imaging. Usually,
luminescence lifetime is measured via time correlated single
photon counting technique (TCSPC). The ﬁtting of
exponential decay curve gives the measured luminescence
lifetime. However, this method is rather slow (requires several
minutes for a single-point measurement) for imaging, and is
not suitable for tracing fast intracellular events.
In order to trace and accurate measure intracellular oxygen
concentration, we have, for the ﬁrst time, adapted the rapid
lifetime determination65 method for microscopic luminescence
sensing and imaging, which we called rapid phosphorescent
lifetime imaging (rPLIM). At optimized condition, the rPLIM
approach oﬀers both high accuracy and excellent temporal
resolution (up to tens of frames per second). The new rPLIM
approach can precisely measure luminescence lifetime of
RuNPSiNPs at diﬀerent oxygen concentration (Figure S7),
and the relative standard deviation with the TCSPC approach
is only 0.39% (Figure S8). The acquisition rate is much faster,
and it takes only 118 ms to image a sample at a spatial
resolution of 1024 × 1024 pixels. The current system is limited
by the readout mode of ICCD camera, and can be even faster if
CMOS camera was used. In comparison, the TCSPC approach
takes almost 2 min to measure only one luminescence decay at
a single spot, not to mention imaging an area using scanning
mode. Alternative approaches for fast acquisition rate can be
achieved using intensiﬁed CMOS camera66 or frequencydomain imaging system with high frame rate.67
As shown in Figure 3, the lifetime τ of RuNPSiNPs
decreases gradually with increasing concentration of dissolved
oxygen (Figure 3a). The calibration curve can be ﬁtted well
using the two-site model,68 which allows measurement of
dissolved oxygen in the range from 0 to 40 mg L−1 (Figure 3b).
Since the rPLIM measurement is independent of probe
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Figure 5. (a) Luminescence intensity images of nanosensors inside HeLa cells at diﬀerent time, dissolved oxygen was consumed using glucose
oxidase and glucose. (b) The luminescence intensity change of nanosensor over time inside HeLa cells. Lifetime images (c) and average values (d)
of nanosensors inside HeLa cells at diﬀerent time, the luminescence lifetime changed signiﬁcantly over time. (e) The calculated dissolved oxygen
concentration traced at diﬀerent time.

concentration can be measured using our rPLIM technique,
which oﬀers much more stable and reproducible data (Figure
5c). As shown in Figure 5d, the luminescence lifetime
increased rapidly and reached maximum after 5 min of adding
glucose and glucose oxidase. The lifetime decreased again after
5 min, because molecular oxygen in the air dissolved again in
the media and quenched sensor luminescence. After calculating
the oxygen concentration according to the calibration plot
(Figure S14), it is obvious that intracellular oxygen
concentration can completely recover to its initial value
(around 8 mg mL−1, Figure 5e), which proves that the lifetime
measurement is much more reliable and accurate. Because of
the high brightness of the nanosensors, it takes only 118 ms to

The mitochondria-targeted nanosensors were further applied
for tracing variations of intracellular oxygen concentration over
time. To better demonstrate the performance of the sensors
and the high speed and accuracy of the rPLIM approach, local
oxygen concentration of HeLa cells was modulated using
glucose and glucose oxidase. When glucose oxidase catalytically
oxidized glucose, oxygen was consumed and caused decrease in
local oxygen concentration. Figure 5b (black line) showed that
the brightness of nanosensors decreased signiﬁcantly over time,
because of dye photobleaching under intensive incident light
(Figure S13). It is diﬃcult to quantitatively measure oxygen
concentration via luminescence intensity (Figure 5a and red
line in Figure 5b). In contrast, local intracellular oxygen
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record a microscopic lifetime image, which makes tracing rapid
intracellular events (such as calcium burst, neuron activities)
possible. The conventional laser scanning lifetime imaging
techniques need several minutes or even half of an hour to
obtain a lifetime image, which will lose the temporal
information and are not suitable for tracing fast intracellular
events. Owing to its good temporal resolution and high
accuracy, the combination of rPLIM with the new nanosensors
provide important tools for intracellular oxygen studies.
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CONCLUSION
It is shown that OSPs-doped solid silica nanoparticles have
good sensitivity and fast ﬂuorometric response to oxygen. The
sensors exhibit excellent control in size, morphology,
monodispersity, surface chemistry, and batch to batch
consistency. Oxygen responses can be tuned by changing
silica morphologies and types of OSPs. Their large surface area
and ease of surface modiﬁcation enable sensor surface to be
functionalized with arbitrary components (such as targeting,
drug delivery, multiple sensing, imaging, etc.), which provide a
versatile platform to build multifunctional nanosensors for
intracellular applications. After modifying nanosensor surface
with lysosome and mitochondria active-targeting groups, they
can be internalized by cells and precisely located in these
organelles. By employing our custom-built rPLIM system,
variations of intracellular oxygen concentration can be traced
in real time (with milliseconds interval) and quantitatively with
superior accuracy and reproducibility. Because of its high
temporal resolution, this system is extremely suitable for
studying fast processes, such as photosynthesis, mitochondria
function, and utilization of oxygen of neuron cells, response of
cellular metabolism to drugs, and so on.
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