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ABSTRACT: Dysfunction of mitochondria is closely related to neurodegenerative
diseases, heart diseases, cancers, and so on. Because both proton and oxygen
participate in vital biochemical reactions occurring in mitochondria such as
adenosine triphosphate (ATP) generation, measuring proton and oxygen
concentrations in mitochondria is therefore crucial for monitoring mitochondria
activities and understanding cellular behavior. For this purpose, we developed a
ratiometric ﬂuorescent nanosensor for simultaneously sensing and imaging O2 and
pH in mitochondria. The steps are as follows: (1) Styrene was copolymerized with
2-aminoethyl methacrylate hydrochloride to produce amino-functionalized polymer
nanoparticles. (2) The reference dye rhodamine B isothiocyanate (RBITC) and
oxygen-sensitive dye platinum(II) octaethylporphyrin (PtOEP) were encapsulated
into a polymer sphere during polymerization, while the pH indicator ﬂuorescein
isothiocyanate (FITC) and mitochondrial-targeting molecule (3-carboxypropyl)triphenylphosphonium bromide (TPP) were further modiﬁed on the surface of the nanoparticles. The developed nanosensor shows
a narrow distribution of particle size, high sensitivity toward O2 and pH, excellent stability, and low cytotoxicity. These remarkable
features of the dual nanosensor render them capable of real-time sensing and imaging of O2 and pH in mitochondria with high
spatial resolution. Applying the mitochondrial-targeted dual nanosensor in HeLa cells, we quantitatively measured and imaged
mitochondrial proton and oxygen concentration variations after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment.
ATP.10 The reaction is driven by the ﬂow of protons, which
forces a part of the ATP synthase to rotate.
Due to the importance of molecular oxygen and protons in
mitochondrial biochemical processes, the oxygen supply and
proton ﬂow should be precisely maintained at appropriate
internal levels. Excessive supply of molecular oxygen will
generate excess reactive oxygen species,11 which is harmful to
biomolecules. Insuﬃcient supply of oxygen will signiﬁcantly
aﬀect mitochondrial metabolism, including mitochondrial
fusion, mitophagy, and ATP generation, which often correlates
with various diseases, such as cancer and diabetes.12,13
Improper proton levels will disrupt the pH gradient across
mitochondrial membranes, aﬀect calcium signaling,14 and
trigger cell apoptosis.15 Therefore, measuring both the oxygen
and the proton concentration in mitochondria will provide new
perspectives for monitoring mitochondrial activities.
Fluorescence sensing technology is a powerful tool for
cellular studies due to its high sensitivity, fast response, high
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itochondria are the main powerhouse of cells which
take part in many vital cellular activities, including the
transduction pathway, free radical species generation,1 energy
production, cell proliferation, and apoptosis.2 Mitochondrial
dysfunction will inevitably lead to an unhealthy status of cells3
and cause many diseases such as diabetes,4 neurodegeneration,5−7 multiple sclerosis,8 and cardiomyopathy.9 Therefore, it
is important to monitor mitochondrial activities in situ,
especially under external stress.
There are many fundamental biochemical reactions
occurring inside mitochondria. The chemical input and output
via these reactions not only determine mitochondria activities
but also inﬂuence cellular biological functionalities. Among
these reactions, oxidative phosphorylation is the most eﬃcient
route to produce adenosine triphosphate (ATP) which carries
the basic energy that drives biological processes. During
oxidative phosphorylation, electrons are transferred from
electron donors to molecular oxygen, thereby releasing the
chemical energy stored in the relatively weak double bonds of
molecular oxygen used to form ATP. The energy transferred
via electron ﬂow drives the transportation of protons across the
inner mitochondrial membrane, which creates a pH gradient
and mitochondrial transmembrane potential. When protons
ﬂow back via the chemiosmosis process, ATP synthase uses the
released energy to convert adenosine diphosphate (ADP) into
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temporal and spatial resolution, and noninvasive features.16,17
Fluorescent sensors enabling simultaneous monitoring of both
the oxygen and the proton concentration have been
reported;18−23 however, most of them have large size that is
not suitable for intracellular studies. Attempts have been made
by placing synthetic ﬂuorescent probes either for oxygen or for
protons (whose concentration is typically expressed as a pH
value) in mitochondria, but they suﬀer from uneven intracellular distribution. Placing ﬂuorescent probes in an unknown
microenvironment makes ex vivo calibration diﬃcult, as it is
nearly impossible to mimic the exact intracellular microenvironment, and the ﬂuorescence properties of these probes
depend highly on their docked microenvironment, such as
polarity, inﬂuences of ions, etc. Therefore, it is preferable to
incorporate ﬂuorescent probes inside nanomaterials to oﬀer
them a uniﬁed microenvironment both in vivo and ex vivo, and
this can also improve the brightness and photostability of
ﬂuorescent probes and provide abundant space and sites for
multiple functionalities.
To achieve simultaneous monitoring of proton and oxygen
concentrations in mitochondria, ﬂuorescent probes should be
carefully selected to avoid spectral overlap, the formation of
Förster resonance energy transfer (FRET) pairs, and signal
cross-talk. Furthermore, ﬂuorescent probes with distinct
physiochemical properties and mitochondrial targeting motifs
have to be assembled on a single nanoparticle, which needs
careful design in structural architecture. The ﬁrst dual
nanosensor for intracellular pH and oxygen was developed
by using Pluronic polymer. When the polymer was dissolved in
aqueous solution, a unique core/shell micelle structure was
constructed. The hydrophobic core was explored for
encapsulating hydrophobic oxygen-sensitive probes, and the
hydrophilic PEG shell was modiﬁed to covalently label pHsensitive dyes. The structure was solidiﬁed by forming a thin
layer of silica. This specially designed structure not only allows
oxygen diﬀusion inside the core and phosphorescence
quenching of oxygen-sensitive probes but also facilitates free
diﬀusion of protons to interact with pH-sensitive dyes. The
average size of the formed dual nanosensor was only 12 nm,
and it had a suitable measurement range. However, due to the
dense PEG structure, the nanosensor was not able to enter the
cell via endocytosis and had to be loaded into the cytosol by
electroporation24 or microinjection. The complicated and
time-consuming polymer modiﬁcation made synthesis and
functionalization of the sensors diﬃcult. Xu et al. used a much
simpler nanoprecipitation method to synthesize dual nanosensors for intracellular pH and oxygen.25 However, nanosensors prepared via the precipitation approach always possess
a rather broad size distribution, and it is well-known that the
biological behavior of nanosensors is highly dependent on their
size, surface chemistry, and morphology.26 The chemically
inert nature of the synthetic polymer made further
functionalization diﬃcult. The group of Resch-Genger
reported a triple nanosensor based on a silica-coated
polystyrene core/shell nanoarchitecture for simultaneously
measuring temperature, oxygen, and pH. A near-infrared
emissive chromium(III) complex was encapsulated inside the
polystyrene core and served as the probe for both temperature
and oxygen.27 The outer silica surface was chemically labeled
with a pH-sensitive dye. Obviously, the nanosensor suﬀered
from signal cross-talk when measuring both temperature and
oxygen. Chen and Tian’s group developed nanoprobes based
on graft copolymers for extracellular and intracellular pH and
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oxygen sensing.28 The graft copolymers for intracellular
sensing have ﬁve parts including a hydrophobic chain, a
hydrophilic segment, a ﬂuorescein-modiﬁed monomer, a
reaction site-providing part, and a surface charge-regulating
segment. The graft copolymers could self-assemble as micelles
in aqueous solutions. Oxygen-sensitive probes could be
encapsulated into the hydrophobic core while the hydrophilic
shell was modiﬁed with pH-sensitive probes. However, this
approach required several kinds of polymers and a complicated
polymerization process, which still lacks reactive groups for
further functionalization. Our group utilized modiﬁed serum
albumin to develop a quadruply labeled nanosensor to
simultaneously image intracellular pH, oxygen, and temperature.29 The nanosensor was successfully applied to measure
these three key parameters inside HeLa cells. Its simple
architecture and biodegradable nature made it useful for
intracellular studies, but inadequate brightness and photostability limited its application in long-term sensing. Other
intracellular dual sensors for glucose and oxygen,30 pH and
Cu2+,31 pH and temperature,32,33 and O2•− and pH34 were also
reported, but their intracellular performance is not satisfactory.
Therefore, it is extremely diﬃcult to design an ideal
architecture to integrate several ﬂuorescent probes on a single
nanosensor, while still maintaining their uniform size,
morphology, and ease of surface functional properties. The
process becomes much more complicated when probes possess
signiﬁcantly diﬀerent physicochemical properties.
Here we introduced a new single copolymer-based nanoarchitecture to develop a dual nanosensor to simultaneously
measure proton and oxygen concentrations in mitochondria.
The dual nanosensors were synthesized by copolymerizing
styrene with 2-aminoethyl methacrylate hydrochloride
(AEMH) in a miniemulsion system. The introduction of
AEMH not only provides chemically reactive groups for
covalently linking reference rhodamine dyes but also installs
reactive amine groups on the particle surface. The inner core of
the nanoparticles was encapsulated with hydrophobic oxygensensitive probes during the copolymerization, and their
hydrophilic outer surface was covalently labeled with hydrophilic pH-sensitive dyes and mitochondria-targeting groups.
Due to the simple structure and synthetic conditions, the
polymer nanosensors can be mass produced with high batchto-batch consistency via a one-pot polymerization approach.
The synthesized nanosensors have uniform size and spherical
morphology and are monodispersed in aqueous solutions. By
carefully tailoring the synthetic condition, the size of the
nanosensor can be precisely controlled in the range of 50−170
nm. Studies showed that mitochondrial-targeted dual nanosensors can be eﬃciently taken up by HeLa cells and
successfully localized at mitochondria. The nanosensors had
fully reversible responses to both pH and oxygen. The
measurement ranges for both pH and oxygen matched well
with physiological values, which made them suitable for
intracellular studies. Due to the simplicity of preparation, mass
production with high reproducibility, high brightness, precise
size control, ease of surface functionalization, and active
targeting capability, these nanosensors are ideal tools for
studying mitochondrial function in situ.

■

EXPERIMENTAL SECTION
Instruments. The size and morphology of nanoparticles
were characterized using a transmission electron microscope
(Hitachi, HT7700 Exalens operated at 100 kV). Surface zeta
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cell viability test reagent was added to each well and the cells
were incubated for another 2 h. Then the absorbances at 450
and 650 nm were recorded on the microtiter plate reader, and
the absorbance at 650 nm was used as reference.
Intracellular Imaging. HeLa cells were incubated in the
standard culture media at 37 °C for 24 h in the 5% CO2
atmosphere. Then the culture medium was replaced with
medium containing NS-3 (200 μg/mL). After cultivation for
an additional 8 h, cells were washed three times with PBS to
remove the excess amount of nanosensors. Nanosensor-loaded
cells were then imaged on the Leica DMi8 ﬂuorescence
microscope. The characteristics of ﬁlter cube sets for each dye
equipped in the microscope are listed in Table 1. A

potential of samples was measured on a Malvern Zetasizer
Nano ZS (Malvern Instruments Ltd., Malvern, UK). Emission
spectra were recorded using a Hitachi F-7000 ﬂuorescence
spectrophotometer (Hitachi, Japan). Fluorescence images were
taken on a Leica DMi8 ﬂuorescence microscope (Leica,
Germany). Cell viability was tested using a Synergy H1 hybrid
multi-mode microplate reader (Biotek, Winooski, VT).
One-Pot Synthesis of Dye-Doped Oxygen-Sensitive
Polymeric Nanosensors (NS-1). Dye-doped amino-functionalized polystyrene nanoparticles were prepared via a
miniemulsion polymerization approach. To covalently link
reference rhodamine dye inside polymer nanoparticles, RBITC
ﬁrst reacted with the amino group on the comonomer AEMH
to obtain ﬂuorophore-labeled AEMH. Brieﬂy, 30 mg of AEMH
(163.0 μmol) and 1 mg of RBITC (1.31 μmol) were mixed
with 4.8 g of water. The aqueous solution was stirred at room
temperature for 12 h, followed by adding surfactant Lutensol
AT-50 (40 mg). Subsequently, an organic solution containing
0.57 g of styrene (5.42 mmol), 0.6 mg of PtOEP (0.78 μmol),
and 39 mg of hexadecane (0.17 mmol) were mixed vigorously
with the aqueous solution. After stirring for 1 h, the mixture
was treated in an ultrasonic bath for 120 s at 0 °C to prepare
the miniemulsion. Polymerization was initiated by adding 12
mg of V-50 (42.9 μmol) and heating the solution to 70 °C.
The solution was stirred at 70 °C for 12 h and then cooled to
room temperature. The produced pink suspension was
centrifuged at 25 000g for 30 min and washed at least three
times using 95% ethanol to remove unreacted materials. The
obtained nanoparticles were redispersed in anhydrous ethanol
at a concentration of 10.0 mg/mL and denoted as NS-1.
Synthesis of Dual Nanosensors for pH and Oxygen
(NS-2). Typically, 1.0 mL of NS-1 (10.0 mg/mL) was added
to TEA (7 μL 10% TEA in ethanol solution, 1.56 nmol) and
80 μL of FITC solution (6.5 μM in anhydrous ethanol). The
suspension was stirred overnight in the dark at room
temperature to covalently link ﬂuorescein onto the surface of
nanoparticles. The resulting nanoparticles were harvested by
centrifuging and washing with 95% ethanol three times. The
as-prepared nanoparticles were denoted as NS-2.
Synthesis of Mitochondrial-Targeting Dual Nanosensors for pH and Oxygen (NS-3). To deliver the
nanosensors speciﬁcally to intracellular mitochondria, TPP
was selected as the mitochondrial targeting group and was
covalently conjugated to the nanoparticle outer surface. The
conjugation was achieved by ﬁrst activating the carboxyl
groups of TPP using DCC and NHS and then coupling to the
residual amino groups on NS-2. Typically, 1.695 mg of TPP
(3.75 μmol) was dissolved in 1.0 mL of DMF, followed by
adding 3.158 mg of DCC (15.0 μmol) and 1.76 mg of NHS
(15.0 μmol). The mixture was stirred for 2.0 h at 30 °C. Then
108 μL of activated TPP solution was added to 1.0 mL of NS-2
(10.0 mg/mL). The reaction was continued for 12 h in the
dark. Finally, the obtained nanosensors were centrifuged,
washed three times with 95% ethanol, and redispersed in 95%
ethanol solution at a concentration of 10.0 mg/mL, which was
denoted as NS-3.
Cell Viability Tests. For the cell viability test, HeLa cells
were seeded into 96-well microtiter plates and grown in the
standard culture media (composed of 87% Eagle’s Minimal
Essential Medium, 10% fetal bovine serum, 1% L-glutamine,
1% penicillin−streptomycin, and 1% MEM nonessential amino
acid.) with diﬀerent concentrations of NS-3 (150, 200, 250,
300, 350, 400 μg/mL). After 24 h incubation, 10 μL of CCK-8

Table 1. Filter Cube Sets of the Fluorescence Microscopy
name
FITC
RBITC
PtOEP
MitoTracker Deep Red

excitation (nm) dichroic (nm)
450−490
517−563
380−430
595−645

510
580
594
647

emission (nm)
510−540
565−605
602−673
665−715

colocalization study was conducted by incubating the NS-3loaded cells with 50 nM MitoTracker Deep Red for 0.5 h,
followed by washing the cells three times with PBS to remove
free dyes.
The pH calibration curve was obtained by treating the NS-3loaded HeLa cells with high K+ buﬀer at various pHs (5.0, 6.0,
7.0, 8.0, 9.0) in the presence of nigericin (10 μg/mL). After
incubation for 15 min, the ﬂuorescence intensities of
ﬂuorescein and reference rhodamine dyes were imaged on
the ﬂuorescence microscope. The pH value in mitochondria
was measured in the same way, but the NS-3-loaded cells were
dispersed in Hank’s solution. The oxygen calibration curve was
obtained using the rapid phosphorescent lifetime imaging
method (rPLIM) developed by our group.35 Typically, the NS3-loaded cells were placed in a plastic microscopic dish in
Hank’s solution and then exposed to diﬀerent concentrations
of oxygen for 15 min. The dissolved oxygen concentration was
controlled by saturating the buﬀer solution with synthetic gas.
The oxygen concentration in the synthetic gas was precisely
adjusted using two mass-ﬂow controllers. The luminescence
lifetimes of the nanosensor at diﬀerent oxygen concentrations
were recorded using the ﬂuorescence microscope equipped
with an rPLIM system.
To study the inﬂuence of mitochondrial oxidative
phosphorylation uncoupler CCCP on the function of
mitochondria, the NS-3-loaded HeLa cells were dispersed in
Hank’s solution containing 20 μM CCCP. Fluorescence
images and lifetime images of HeLa cells at diﬀerent times
were recorded on the ﬂuorescence microscope.

■

RESULTS AND DISCUSSION
Synthesis and Characterization of the MitochondrialTargeted Dual Nanosensor for O2 and pH. The detailed
synthetic procedure for the mitochondrial-targeted dual
nanosensor NS-3 is shown in Scheme 1. Polystyrene
nanoparticles (PSNPs) were selected as the scaﬀold for
constructing NS-3 because of their hydrophobic nature and
good oxygen permeability. The dual nanosensor was
synthesized via a miniemulsion polymerization. Miniemulsions
are relatively stable monomer droplets created by shearing the
system containing oil, water, surfactant, and hexadecane.36 The
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Scheme 1. Preparation Process of NS-3 and the Measurement of Mitochondrial Proton and Oxygen Concentrations Using NS3

Figure 1. (a) Transmission electron microscopy (TEM) image of NS-3. (b) The size distribution measured via dynamic light scattering of NS-3.

100 nm or larger. Attempts have been made to reduce the
particle size by increasing the amount of surfactant and the
comonomer. However, these approaches can only reduce the
particle size down to around 90 nm. Further increase in the
amount of surfactant and comonomers causes severe particle
adhesion. During the study, we observed that particle size can
be eﬀectively reduced by decreasing the ratio of styrene to
water. More importantly, a change in styrene−water mass ratio
does not induce changes in particle morphology. A mass ratio
of styrene to water of 0.12 is appropriate, while a lower ratio
will cause severe particle aggregation (Figure S1). At optimum

size and size distribution of the obtained particles are highly
dependent on the shearing parameters and the type and
concentration of the surfactant, hexadecane, and monomer.37,38 To introduce reactive amino groups on the surface
of PSNPs for subsequent surface modiﬁcation, AEMH was
selected as a comonomer. The amount of AEMH added to the
system will not only determine the number of amino groups on
the particle surface but also determine their ﬁnal particle size.
Research has revealed that nanoparticles with smaller size are
beneﬁcial for cellular uptake.26 The size of reported PSNPs
synthesized via miniemulsion polymerization is mostly around
8294
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Figure 2. (a) Emission spectra of NS-3 at diﬀerent oxygen concentration (λex = 382 nm). (b) Plots of F647/F570 (left) and Stern−Volmer plots
(right) of NS-3 as a function of dissolved oxygen concentration. (c) The reversibility test and response time test of NS-3 in an argon atmosphere or
oxygen atmosphere (λex = 382 nm). (d) The calculated average lifetime (left) and Stern−Volmer plots (right) of NS-3 inside HeLa cells as a
function of dissolved oxygen concentration. (e) Lifetime images of NS-3-loaded cells at diﬀerent dissolved oxygen concentrations, microscopic
magniﬁcation: 100× oil.

conditions, we are able to obtain nanosensors at an optimal
size of 50 ± 5 nm (calculated from 400 nanoparticles), and
these nanosensors are uniform in size, spherical in shape, and
monodispersed in aqueous solution (Figure 1).
The hydrophobic nature of polystyrene nanoparticles makes
it suitable for encapsulating hydrophobic oxygen-sensitive
probes. Platinum(II) octaethylporphyrin (PtOEP) was specifically selected as the oxygen-sensitive probe based on our
experimental screening. Although most oxygen-responsive
organic dyes are hydrophobic, not all of them can be physically
incorporated into polystyrene nanoparticles. For example, the
more photostable oxygen-sensitive dye PtTFPP cannot be well
embedded in polystyrene nanoparticles by this approach,
because PtTFPP dissolves well in ethanol and can be easily
washed out during the washing steps. PtOEP possesses
excellent oxygen response performance, high brightness, and

moderate photostability. More importantly, its polarity is close
to that of the monomer mixture, which renders it capable of
being physically embedded into the polymeric nanoparticles
during polymerization. Rhodamine B isothiocyanate (RBITC)
was selected as the reference dye due to its relatively large
Stokes shift, high quantum yield, and high level of brightness.
Furthermore, it is insensitive to oxygen and pH as shown in
Figure S2. RBITC was covalently linked to polymer nanoparticles by reacting with AEMH, which prevented the
reference dye from leaching. Furthermore, the encapsulation
of both PtOEP and RBITC inside the polymer nanoparticles
can protect them from contacting outer ﬂuids and reduces the
inﬂuences of potential interferences. Fluorescein isothiocyanate (FITC) was chosen as the pH-sensitive probe due to its
excellent response to pH, high level of brightness, suitable pKa,
and availability. FITC was covalently labeled onto the outer
8295
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Figure 3. (a) Fluorescence spectra of NS-3 at various pHs, excited at 485 nm. (b) pH calibration curve of F517/F571 as a function of pH (R2 =
0.9971) based on three independent measurements. (c) The reversibility test of NS-3 between pH 6.0 and pH 8.0 (λex = 485 nm). (d) The ratio of
FFITC/FRBITC of NS-3 in HeLa cells in the high K+ buﬀer of diﬀerent pHs (green dots) and in Hank’s solution (red dots). (e) Fluorescence images
of NS-3-loaded HeLa cells in Hank’s solution or in high K+ buﬀer of diﬀerent pHs. The ratio image was obtained from dividing the ﬂuorescein
channel by the rhodamine B channel and is represented in pseudo color.

NS-2, and NS-3 particles have net positive charges (+25.9,
+24.9, and +29.1 mV, respectively). The net positive charge is
beneﬁcial for cellular uptake, as the nanosensors interact more
eﬃciently with the negatively charged cell membranes. Once
excited at 490 nm, three peaks located at 517, 570, and 645 nm
were observed (Figure S4). The intracellular ﬂuorescence
images of the NS-3-loaded cells and the high Pearson’s
coeﬃcient value (Pearson’s coeﬃcient value of any two of the
three channels exceeds 0.79) suggest that the ﬂuorescence of
FITC, RBITC, and PtOEP is well overlapped, indicating the
successful integration of three dyes on the particle (Figure S5).
It should be mentioned here that NS-3 has very good
storage stability. There is no observable precipitation even after
it was stored at room temperature for one year. Photostability
tests showed that the intensity of PtOEP decreased only 2.5%,

surface of NS-1 via reaction between the isothiocyanate group
and amino group on the particle surface. The direct exposure
of the probe to protons facilitates the pH response without a
diﬀusion barrier. In the end, (3-carboxypropyl)triphenylphosphonium bromide (TPP) was chosen as the
mitochondrial-targeting molecule. TPP was covalently attached
to the surface of the dual nanosensor by using DCC and NHS
as the coupling reagents.
As shown in Figure 1, the prepared NS-3 maintained
morphology and monodispersity after all labeling procedures.
The quantiﬁcation of residual amino groups on the particle
surface via the ﬂuorescamine assay39 revealed that the number
of residual amino groups gradually decreased after labeling
with ﬂuorescein and TPP, which proves the success of the
labeling (Figure S3). Zeta potentials results showed that NS-1,
8296
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Figure 4. (a) Fluorescence images and lifetime images of HeLa cells costained with NS-3 incubated with CCCP (20 μM) for 0, 10, 20, and 30 min.
The pH ratio image was obtained from dividing the ﬂuorescein channel by the rhodamine B channel and is represented in pseudo color. (b) The
value of FFITC/FRBITC (left) and the lifetime of PtOEP (right) of NS-3 in HeLa cells at diﬀerent times. (c) The pH value (left) and dissolved oxygen
concentration (right) of NS-3 in HeLa cells at diﬀerent times. The error bar is shown in the form of an error band.

and that of ﬂuorescein and rhodamine B decreased 10.9% and
8.6%, respectively (Figure S6). All these results suggest that
NS-3 has a good shelf life and can be mass produced in
advance and readily used for monitoring intracellular O2 and
pH.
Response of NS-3 to Oxygen. Figure 2a shows the
emission spectra of NS-3 in aqueous solutions containing
diﬀerent concentrations of dissolved oxygen. The phosphorescence of PtOEP peaked at 650 nm was eﬃciently quenched
by molecular oxygen, and its intensity decreased gradually with
increasing oxygen concentration. The calibration curve shown
in Figure 2b exhibited a nearly linear Stern−Volmer plot,
indicating that PtOEP was evenly distributed in a uniform
microenvironment. The oxygen quenching rate (expressed as
ﬂuorescence intensity ratio in oxygen-free (I0) and oxygensaturated solution (I100)) reached up to 34. The oxygen
response of NS-3 is fully reversible, and the response time
(T90) is less than 10 s (measured in the gas phase) (Figure 2c),

which reveals that NS-3 is able to monitor the variation of
intracellular oxygen concentration in real time.
Because of the long phosphorescence lifetime of PtOEP
(unquenched lifetime is around 50 μs), the response of NS-3
can be read out via luminescence lifetime imaging. Lifetime
imaging is superior to intensity-based imaging, as luminescence
lifetime is immune to dye photobleaching, uneven dye
distribution, and ﬂuctuation of the light source. Interferences
of short-lived ﬂuorescence species (in nanosecond lifetime
range) can be easily eliminated. Previously, we have reported
the use of the rapid phosphorescent lifetime imaging (rPLIM)
technique for intracellular oxygen sensing and imaging,35 and
we have adapted the technique for measuring the lifetime of
PtOEP at diﬀerent oxygen concentrations. As shown in Figure
2d, the lifetime of PtOEP in NS-3 gradually decreases from 55
to 19 μs with dissolved oxygen concentrations increasing from
0 to 40.5 mg/L, indicating that NS-3 has good sensitivity for
oxygen sensing. The calibration curve shown in Figure 2d
(right panel) ﬁtted well with the Stern−Volmer equation with
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a two-site model (R2 = 0.9996). The luminescence lifetime
images of NS-3-loaded HeLa cells at various oxygen
concentrations (Figure 2e) show that the method is reliable
for imaging intracellular oxygen concentration.
Responses of NS-3 to pH. The pH response of NS-3 is
shown in Figure 3. As shown in Figure 3a, the ﬂuorescence
intensity of the green emission that peaked at 521 nm gradually
decreased when the solution pH decreased from 10.0 to 4.5,
showing that the nanosensor has a good pH response. The pH
indicator ﬂuorescein was aligned on the outer surface of the
nanosensors, which renders them capable of direct contact
with protons in solution. By dividing the intensities of
ﬂuorescein and rhodamine B, the pH values can be read out
ratiometrically to eliminate the interferences caused by uneven
particle distribution and autoﬂuorescence. The pH calibration
curve shown in Figure 3b exhibits a typical Henderson−
Hasselbalch type response (R2 = 0.9971) with a pKa at 6.7. The
pH measurement range covers 5.0−9.0, which makes them
useful for measuring pH in both mitochondria and other
intracellular organelles. In addition, the NS-3 showed a fully
reversible ﬂuorescence response when the pH was switched
between 6.0 and 8.0 for four cycles (Figure 3c).
NS-3 was further loaded in HeLa cells for in situ calibration
of its response to pH. Intracellular pH was regulated using high
K+ buﬀer containing the H+/K+ ionophore, nigericin. As shown
in Figure 3e, the ﬂuorescence intensity of the ﬂuorescein
channel gradually increased with elevating pH, while
ﬂuorescence from the rhodamine B channel remained
unchanged. The ﬂuorescence intensity ratio, expressed as
FFITC/FRBITC, increased from 0.35 to 0.52 with pH values
increasing from 5.0 to 9.0 (Figure 3d, dash line: ﬁtted based on
Henderson−Hasselbalch equation). Furthermore, we have
measured the native mitochondrial pH value when HeLa
cells were incubated in Hank’s buﬀer without using nigericin.
Results showed that the ﬂuorescence intensity ratio was 0.46,
corresponding to the pH value of 7.8, which is close to the
reported values.40,41 These results prove that NS-3 was able to
precisely measure the pH value in mitochondria.
Cytotoxicity and Mitochondria-Targeting. Before
applying NS-3 for intracellular studies, its cytotoxicity was
investigated. The CCK-8 colorimetric assay was employed to
evaluate the cytotoxicity of NS-3 on HeLa cells. NS-3 was
incubated with HeLa cells at diﬀerent concentrations for 24 h
at 37 °C. As summarized in Figure S7, the viability of HeLa
cells only decreased 1.5% even when the concentration of NS3 reached 400 μg/mL, indicating that the nanosensor has very
good biocompatibility and is suitable for intracellular studies.
Fluorescence colocalization results (Figure S8) showed that
the ﬂuorescence image (rhodamine B channel) of NS-3 was
well overlapped with that of MitoTracker Deep Red (Figure
S8b). Both the Pearson’s coeﬃcient value (0.75, Figure S8e)
and the ﬂuorescence intensity tracing data (Figure S8f) suggest
that NS-3 can successfully target mitochondria due to their
targeting motif TPP.
Intracellular Imaging of O2 and pH Using NS-3.
Finally, we challenged the performance of NS-3 by monitoring
oxygen and pH variation when HeLa cells were treated with
drugs. We have chosen CCCP, a membrane potential
uncoupler, as a model drug to manipulate mitochondria
function. The ﬂuorescence images of NS-3-loaded HeLa cells
before and after CCCP treatment were studied over time.
Results summarized in Figure 4 show that the ﬂuorescence
intensity of the ﬂuorescein channel decreased when the cells
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were treated with CCCP for 10 min and then remained almost
unchanged. The ﬂuorescence intensity ratios were 0.47, 0.43,
0.42, and 0.43 at 0, 10, 20, and 30 min, corresponding to pH
values of 8.1, 7.0, 6.7, and 6.9, respectively. The decrease in
mitochondrial pH was attributed to the fact that CCCP can
decrease mitochondrial membrane potential42 and induce
proton backﬂow. The measurement of mitochondria oxygen
concentration via the rPLIM approach showed that the oxygen
concentration decreased after HeLa cells were treated with
CCCP for 10 min. The measured oxygen concentration was
8.8, 5.6, 5.0, and 7.34 mg/L at 0, 10, 20, and 30 min,
respectively. This may be due to the backﬂowing protons40
reacting with oxygen to form water and results in a decrease in
oxygen concentration at the ﬁrst 10 min. After 30 min,
environmental oxygen dissolves back into the media and causes
an increase in dissolved oxygen concentration. All these results
showed that NS-3 can monitor the CCCP-induced acidiﬁcation and hypoxia in mitochondria, demonstrating that NS3 is an ideal tool for simultaneously monitoring mitochondrial
pH and oxygen concentration.

■

CONCLUSION
In summary, we have developed an active-targeting ratiometric
dual nanosensor for simultaneously sensing and imaging the
pH and oxygen in mitochondria. The dual nanosensor was
constructed based on a single copolymer nanostructure which
can be simply and mass produced via a one-pot polymerization
approach that produces uniform and monodispersed nanoparticles. The size of the nanosensor can be precisely
controlled by adjusting the synthetic conditions. Monodisperse
nanoparticles with a size of only about 50 nm were successfully
synthesized and exhibited excellent shelf life, good stability,
and low cytotoxicity. Due to these attractive features, the
nanosensor was ﬁnally applied to monitor CCCP-induced
mitochondria disability. Results showed that the nanosensor
could sensitively detect variations of both oxygen and proton
concentrations in mitochondria, making it one of the useful
tools for studying mitochondrial functions. The simple
nanostructure paves the way for designing multiple nanosensors for intracellular studies.
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