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a b s t r a c t
Polystyrene nanoparticles (PSNPs) with an average size of 85 nm and loaded with an oxygen-quenchable
luminescent ruthenium complex were used to sense and image oxygen inside cells following 2-photon
excitation (2-PE). The ruthenium probe possesses a large two-photon absorption cross-section, and 2PE is achieved by irradiation in the near infrared with commercially available fs-pulsed laser systems.
The luminescence of the dye-loaded PSNPs is strongly quenched by oxygen, and Stern–Volmer plots
are linear for both conventional single-photon excitation (1-PE) and for 2-PE. The particles do not show
any signiﬁcant cytotoxicity below a threshold concentration of 5 g/mL and are readily taken up by
mammalian cells (MCF-7), presumably via membrane mediated pathways. Thus, the PSNPs promise to
be well suited to image the oxygen distribution in living cells and tissues. The 2-PE is considered to
be advantageous over conventional imaging techniques because it works in the near-infrared where
background absorption and luminescence of biomatter is much weaker than at excitation wavelengths
below 600 nm.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Molecular oxygen is one of the most important species in chemical and life sciences [1]. For example, around 200 g of oxygen are
metabolized by adults per day [2]. A lack of oxygen is closely related
to various diseases [3], tissue and lung dysfunction, cancer growth
[4], and of course can cause death if supply is interrupted for only
5–6 min. The determination of oxygen content in tissue provides
essential information on understanding oxygen transport [5], tissue
function and metabolism, malfunction and carcinogenesis, which
– in turn – is beneﬁcial for novel medical treatment [6–9]. Optical
sensing of oxygen is superior to the electrochemical route due to its
ease of use, the fact that oxygen is not consumed, its non-invasive
nature, and – most importantly – the possibility of imaging oxygen
over a relatively large area.
Optical sensing of oxygen relies on the excitation of oxygensensitive ﬂuorescent probes using adequate light sources, but
intracellular sensing is sometimes compromised by shortwavelength excitation because of poor tissue penetration and
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strong background luminescence of most biomatter [10]. The effect
is worst in the UV but also signiﬁcant in the blue part of the spectrum. Near infrared (NIR) light (650–900 nm) has deeper tissue
penetration [11], but oxygen sensitive probes with excitation and
emission wavelength in the NIR region are rare [12–16].
Such limitations have been overcome in the past by using twophoton excitation (2-PE) [17], but surprisingly there is no report so
far on the use of ruthenium-based probes for 2-PE-based sensing of
oxygen. However, 2-PE was used in combination with (dendritic)
porphyrin-based phosphorescent probes for oxygen by the group
of Vinogradov [18,19]. Later, Kondrashina et al. [20] have used
a highly photostable platinum(II)porphyrin along with poly(9,9dioctylﬂuorene) which acts as a Förster resonance energy transfer
(FRET) donor and two-photon antenna, respectively, in another
kind of 2-PE system. It also has been reported that NIR light can be
used for sensing oxygen by making use of upconversion nanoparticles of the type NaYF4 and doped with Yb(III) and Tm(III) that can act
as light sources (“nanolamps”) that convert NIR light (980 nm) into
visible light via sequential 2-photon absorption. The emission of the
upconversion nanoparticles contained in a sensor ﬁlm was used to
photoexcite an iridium complex whose luminescence is quenched
by oxygen [21]. This represents an indirect way to photoexcite the
oxygen sensitive probes. Direct 2-PE of chromophores, in contrast
to the sequential photoexcitation of upconversion nanoparticles,
relies on the almost simultaneous absorption of two photons and
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can be accomplished efﬁciently only using pulsed lasers in which
the photons are packed in short temporal intervals.
Direct 2-PE of ruthenium probes has not been applied to optical
sensing and imaging of oxygen so far despite previous reports that
ruthenium diimine complexes undergo efﬁcient 2-PE [22–26]. We
perceived that 2-PE in the near infrared may be particularly beneﬁcial in terms of intracellular sensing of oxygen, not the least in view
of a report that a poly(ethylene glycol)-decorated ruthenium(II)
complex can be used for two-photon photodynamic therapy [27].
The use of an oligo- or poly(ethylene glycol) coating makes such
nanosensors viable probes for intracellular sensing because such
coatings warrant biocompatibility and non-cytotoxicity. Other
applications of 2-PE include the use of a ruthenium polypyridine
cage complex to cause the photorelease of glutamate if photoexcited with 800 nm light via 2-PE [28], and a ruthenium(II) dye
was shown to act as a photoinitiator in the two-photon induced
fabrication of gold microstructures in thin ﬁlms of polystyrene sulfonate [29]. It is noted here that 2-PE was used in ﬂuorescence
microscopy to investigate the size and crystallinity of microcrystals
in polymer-supported oxygen sensors, but not to sense oxygen [30].
It is generally known that 2-PE enables particularly high contrast
imaging to be performed [31].
Most of the currently used oxygen sensitive probes are
of the metal-ligand complex type [12,13]. These probes have
very low two-photon absorption (TPA) cross-sections in the
order of a few Goeppert-Meyer (GM) units (where 1 GM equals
10−50 cm4 s/photon). In order to signiﬁcantly increase their TPA
cross-sections, light-harvesting antennas were co-immobilized
with oxygen sensitive probes to form nanoparticle-based sensors
[28–34]. They usually employ small organic ﬂuorescent molecules
or ﬂuorescent nanocrystals with high molar absorbance that efﬁciently capture two-photon energy. However, efﬁcient energy
transfer requires the oxygen sensitive probes and the antennas to
have good spectral overlap and to be spatially close. Still, the TPA
cross-sections have remained below 100 GM [32].
It was reported that the Ru(dpp)3 complex (where dpp stands
for 4,7-diphenylphenanthroline) has a particularly high TPA crosssection of 210 GM [33]. It is anticipated that oxygen probes derived
from certain ruthenium diimine complexes may be favorable for
optical sensing schemes based on 2-PE. This paves the way to imaging of oxygen in cells and tissues by directly exciting these probes
via 2-PE, and results in high-resolution images as will be shown
below.
2. Experimental
2.1. Materials
Amino-modiﬁed polystyrene nanoparticles (PSNPs; from
Polybead® ; type Amino 0.10 m spheres; a 2.6%-suspension
of solid particles in water) were purchased from Polysciences, Inc. (www.polysciences.com). The oxygen probe
ruthenium(II) tris(4,7-diphenyl-1,10-phenanthroline) dichloride was made polystyrene-soluble by converting it into its
salt
[Ru(dpp)3 ]TMSPS2
di(trimethylsilylpropanesulfonate)
according to a known method [34,35]. It is also available
commercially.
2.2. Instruments
Confocal laser scanning microscopy (CLSM) images of cell layers loaded with sensor particles (referred to as Ru-PSNPs) were
recorded using a Nikon Eclipse 90i with the confocal unit C1. A
Spectra Physics 2045E cw argon laser (www.newport.com) in combination with a Semrock LL01-488 (www.semrock.com) laser clean

up ﬁlter was used for one-photon excitation (1-PE) at a wavelength
of 488 nm and a power of 430 W. The 2-PE experiments were performed with a Spectra-Physics Tsunami mode-locked Ti:sapphire
laser with a nominal repetition rate of 80 MHz, a wavelength of
830 nm and an average power of 130 mW. The average pulse duration of the latter was 75 fs as determined using an APE PulseCheck
autocorrelator (www.ape-berlin.de). The direction of polarization
was vertical in the mutually orthogonal excitation and detection
pathways.
In a typical experiment, the laser beam was directed through
a quartz cuvette to which the particle solutions (400 L each)
were added with a syringe. The red luminescence (peaking at
around 635 nm) was detected by a 300 mm focal length grating
spectrometer and CCD camera (www.princetoninstruments.com)
with an integration time of 20 s. A-488 nm long-pass ﬁlter
(www.semrock.com) was used to block the scattered laser light
in case of 1-PE, and a Semrock FF01-680/SP short-pass ﬁlter in the
case of 2-PE.
2.3. Synthesis of the oxygen-sensitive nanoparticles
The Ru-PSNPs sensor particles were obtained by staining the
PSNPs with [Ru(dpp)3 ](TMSPS)2 via a soaking procedure according to a previously published protocol [35]. Typically, 500 L of
the aqueous particle suspension were diluted with 2.0 mL of distilled water. The probe [Ru(dpp)3 ](TMSPS)2 (1.0 mg) was dissolved
in 100 L of tetrahydrofuran and the solution was added to the
suspension of the PSNPs. The mixture was treated in an ultrasonic water bath for 1 min before removing the tetrahydrofuran
using a rotary evaporator (at 220 mbar, room temperature) over
a period of 2 h. The nanoparticle concentration in the remaining
(mainly aqueous) suspension was determined to be c = 4.0 mg/mL
by centrifugation and weighing. The ruthenium probe is almost
completely incorporated into the particles because after centrifugation the supernatant is virtually non-ﬂuorescent and colorless. The
number of nanoparticles per volume n was calculated according to
the following equation [36]:
n=

6·c
 ·  · d3

(1)

With the density of polystyrene  = 1.05 g/cm3 , an average
diameter of d = 85 nm and the mass of particles per volume c,
the calculation yields a value of n = 1.2 × 1013 mL−1 . This orangecolored stock suspension of sensor particles was stored in the dark
at 4 ◦ C.
2.4. Sensing oxygen by 1-PE and 2-PE spectroscopy
The aqueous suspension containing 0.4 wt% sensor particles
was depleted of oxygen by bubbling it with a ﬂow of argon gas
for 30 min. Synthetic gas mixtures were prepared using a custom
gas mixing device. Response to oxygen was measured in cuvettes
ﬁlled with suspensions of sensor particles. A ﬂow of a synthetic
argon/oxygen mixture (80/20) was passed through the cuvette via
a ﬂexible tube and a cannula, and 400 L of the deoxygenated particle solution was then added using a syringe. After 5 min of further
bubbling with argon/oxygen (80/20), luminescence spectra were
recorded under both 1-PE and 2-PE. Then, argon gas containing oxygen in varying fractions (Ar:O2 ratios of 80:20; 60:40; 40:60; 20:80;
0:100) were passed through the cuvette for 10 min, respectively,
and luminescence spectra were recorded again.
2.5. Interaction of Ru-PSNPs with animal cells
All experiments addressing the interaction of nanoparticles
with mammalian cells were performed using the human breast
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Fig. 1. Double-logarithmic plots of laser power versus emission intensity of the oxygen probe Ru(dpp)3 (TMSPS)2 . Plot (a): excitation via single-photon absorption; the slope
is 0.95. Plot (b): excitation via 2-PE (slope 2.04).

adenocarcinoma cell line MCF-7 (Michigan Cancer Foundation). MCF-7 cells were obtained from Cell Biolabs, Inc.
(www.cellbiolabs.com). For routine culture, cells were kept in
a humidiﬁed incubator at 37 ◦ C with 5% CO2 . Cells were cultured in
Earle’s Minimum Essential Medium supplemented with 10% (v/v)
FCS (fetal calf serum), 100 g/mL penicillin/streptomycin, 1 mM
pyruvate and 2 mM l-glutamine. Subculturing was performed
twice a week by standard trypsinization protocols using 0.25%
(w/v) trypsin-EDTA. The number of cells was determined using a
Buerker hemacytometer.

facilitates the internalization of the particles via endocytosis. The
size and the size distribution of the water-soaked sensor NPs were
determined by dynamic light scattering (DLS) before and after loading with Ru(dpp)3 and found to be (117 ± 3) nm and (121 ± 3) nm,
respectively. The polydispersity indices (PIs) are 0.07 and 0.04,
respectively. The hydrodynamic radius obtained by DLS is in good
agreement with the data on the (microscopically determined) average particle size provided by the supplier.

3.2. Spectral and quenching studies
2.6. Cytotoxicity tests
PrestoBlue®

The
cell viability assay (Invitrogen) was applied to
identify a potential cytotoxicty of the Ru-doped nanoparticles. It
reports on the mitochondrial (metabolic) activity of the cells and
was performed along the manufacturer’s instructions. In brief, the
MCF-7 cells were seeded in a 96-well plate with a seeding density
of 200,000 cells/mL and grown to conﬂuence. One day before starting the experiment, the cell culture medium was replaced by fresh
medium to ensure a standardized metabolic situation during particles exposure. Particles were diluted in cell culture medium to ﬁnal
concentrations between 2 ng/mL and 400 g/mL. Cells were incubated with the particles for 24 h. One hour before the end of the
incubation period 0.5% (v/v) Triton X-100 was added to those wells
used as positive controls to induce cell lysis. The supernatant media
were then removed and replaced by 100 L PrestoBlue® reagent
(diluted 1:10 in PBS++ ). After 2 h of incubation at 37 ◦ C in the dark,
ﬂuorescence was recorded at 590 nm at an excitation wavelength
of 544 nm.
3. Results and discussion
3.1. Choice of materials
The probe Ru(dpp)3 is a well established luminescent indicator for oxygen which quenches its emission according to
the Stern–Volmer relation. The (commercial) dichloride salt of
Ru(dpp)3 is not soluble in polystyrene and other organic polymers, but if the chloride anion is exchanged by the much more
hydrophobic anion trimethylsilylpropanesulfonate (TMSPS), the
probe dissolves fairly well in such polymers. Polystyrene (PS),
in turn, was chosen because of its good permeability for oxygen
and because such nanosized and spherical particles are commercially available and come in constant quality. The surface of the
PSNPs is modiﬁed with positively charged amino groups (which, at
physiological pH values, are present as ammonium groups) which

The red luminescence of the Ru-PSNPs (0.4 wt% in aqueous solution) upon continuous (conventional) excitation in the visible and
upon fs-pulsed 2-photon laser excitation in the NIR was investigated next. A 488-nm cw argon laser is adequate for one-photon
excitation (see the excitation spectrum in Fig. S1 in the Supporting Information). Very similar spectra are obtained when using
a cw xenon lamp for photoexcitation. A mode-locked Ti:sapphire
laser at a center wavelength of 830 nm and a pulse length of 75 fs
was employed for 2-PE. The setup and the procedure of the measurements are described in detail in the Experimental Section. The
wavelength for 2-PE was chosen according to Kawamata et al. [33]
The nature of the absorption process under both types of laser
excitation was examined by measuring luminescence intensity as
a function of the laser power. An aqueous solution of the Ru-PSNPs
was irradiated with the respective lasers whose excitation powers
were varied, in case of the cw argon laser from 0.03 to 2.54 mW,
and in case of the pulsed Ti:sapphire laser from 25 to 125 mW. The
double-logarithmic plots of laser power versus emission intensity
for 1-PE and 2-PE, respectively, are given in Fig. 1a and b. Both
correlate linearly within the intensity range investigated. The average slopes are 0.95 and 2.04, respectively. This clearly supports the
notion of one-photon absorption in the case of 488 nm excitation,
and of two-photon excitation for 830 nm excitation.
A comparison of the emission spectra obtained upon 1-PE and
2-PE (normalized to the peak height at 630 nm) is shown in Fig. S2
in the Supporting Information). The spectra are in good agreement
despite the different excitation mechanisms. The diverging cutoffs
are due to the use of optical ﬁlters in the detection pathway. Both
excitation pathways thus populate the same triplet excited state.
In order to study the oxygen-quenching of this state quantitatively, emission spectra of aqueous suspensions of the Ru-PSNPs
were acquired after equilibration with respective gas mixtures
(argon containing 20, 40, 60, and 80% O2 , and pure O2 ). The
Stern–Volmer plots obtained from integrated emission spectra
under 1-PE and 2-PE are displayed in Fig. 2. Attempts to perform
measurements at O2 levels of <20% gave less reproducible values
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Fig. 2. Modiﬁed Stern–Volmer plots (with data on the y-axis normalized to the luminescence intensity obtained with a gas containing 20% oxygen in argon at ambient
pressure) documenting the quenching of the Ru(dpp)3 emission in polystyrene nanoparticles suspended in water at different oxygen concentrations. Plot (a): nanosensors
excited with a 488-nm argon laser; slope: 0.876. Plot (b): nanosensors excited with a 830 nm fs-pulsed Ti:sapphire laser (slope: 0.884). The % values give the fraction of
oxygen in argon gas that was bubbled through the water suspensions.

(much larger standard deviations than those shown in Fig. 2), most
likely due to fast diffusion of atmospheric oxygen into the sample
solutions. Data therefore were normalized to the intensity at 20%
oxygen by plotting I20% /I data on the y-axis. The results reveal identical quenching efﬁciencies, thus proving that the Ru(dpp) based
nanosensors are well suited for 2-PE-based sensing of oxygen. In
fact, 2-PE constitutes a new approach in oxygen sensor technology. It is also noted that both plots are linear, which is beneﬁcial in
terms of calibration, and that the standard deviation is exceptionally small.
3.3. Cellular studies
In order to make such nanosensors viable probes for intracellular sensing, it is mandatory that they are biocompatible
and essentially non-cytotoxic. The results of the respective (and
widely used) PrestoBlue® cell viability test are shown in Fig. 3A
and demonstrate the Ru-PSNPs, even though not being coated
with poly (ethylene glycol), to possess very low cytotoxicity
within the exposure period of 24 h. Control experiments were

performed without particles (negative control) or by adding Triton
X-100 (positive control) which readily permeabilizes the plasma
membrane and induces cell death. Quantitative analysis of the
dose-response data provided the concentration of half-maximum
toxicity as EC50 = (23 ± 4) g/mL for 24 h of exposure.
Next, we studied the uptake of Ru-PSNPs into adherent MCF7 cells to obtain information on their accessibility to the cytoplasm
which is an unconditional prerequisite for intracellular oxygen
sensing. Cells were grown to ∼90% conﬂuence in regular Petri
dishes. The culture medium was then replaced by a 4 g/mL particle suspension in fresh culture medium which is a concentration of
particles that does not induce signiﬁcant cytotoxicity (Fig. 3A). The
cells were allowed to interact with the particles for 24 h under physiological conditions. Remaining particles in the supernatant were
washed away with PBS++ , and the presence of particles inside the
cells was studied using live cell imaging with a confocal laser scanning microscope (Nikon Eclipse 90 i). The ﬂuorescence micrographs
were acquired using a 60× water immersion objective (NA = 0.9).
Fluorescence was excited at 488 nm and collected through a 650nm longpass ﬁlter.

Fig. 3. (A) Results of a cytotoxicity test on Ru-PSNPs. Adherent MCF-7 cells were exposed (for 24 h) to the sensor nanoparticles. Cell viability was quantiﬁed using the
PrestoBlue viability assay. The concentration of half-maximum toxicity was determined to (23 ± 4) g/mL. (B) Fluorescence micrographs of adherent MCF-7 cells after
exposure to 4 g/mL of Ru-PSNPs for 24 h. Particles have been taken up by the cells but have been unable to enter the nucleus. Arrows point toward the cell nuclei whereas
arrow heads point on membrane-conﬁned compartments as possible intracellular storage sites of Ru-PSNPs.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2013.06.087.
References

Fig. 4. Phase contrast micrograph of a MCF-7 spheroid that was allowed to grow for
8 days after incubation with Ru-PSNPs during its formation. Scale bar: 100 m. The
total diameter is ∼450 m.

Fig. 3B shows that the Ru-PSNPs are capable of rapidly entering
the cell interior within 24 h of incubation. The ﬂuorescence micrographs also reveal that the particles do not access the nucleus (the
nuclear region remains unstained in all cells; see the arrows). Moreover, the foci of bright emission in the periphery of the nucleus
(arrowheads) suggest that the particles have been accumulated
in cellular organelles like the endosomes or the Golgi apparatus.
Thus, they are not suspended in the cytoplasm as free particles
but in membrane-conﬁned compartments. Due to the high membrane permeability of dissolved oxygen and its quick diffusion
within cellular dimesions, this does not create a major limitation
for intracellular oxygen sensing. In contrast, sensors for membrane
impermeable analytes (e.g. protons, ATP) could only report on the
local concentration of the latter inside the compartment occupied
by the sensor.
Fig. 4 shows a micrograph of a single spheroid that was
allowed to grow for 8 days after incubation with the oxygen
nanosensors. Loading of the cells with particles is, however, not
homogeneous. It is obvious from these data that ﬂuorescence
intensity measurements should be replaced by lifetime measurements which are known not to be affected by uneven probe
distribution.
4. Conclusion
Polystyrene nanoparticles (85 nm in diameter) containing the
the oxygen-sensitive probe Ru(dpp)3 possess a rather large twophoton absorption cross-section and are viable tools for sensing
oxygen by 2-PE. A standard fs-pulsed NIR laser can be used for
irradiation, and light-harvesting antennas are not required. Upon
2-PE, the dye-loaded PSNPs undergo oxygen quenching with linear Stern–Volmer relations, which makes them good candidates
for sensing and imaging the distribution of oxygen in tissues. The
resulting particles are not cytotoxic below a well-deﬁned threshold that is higher than the concentration needed for intracellular
applications.
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