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 Monitoring cell and tissue oxygenation is important for the analysis of cell 
development and differentiation, mitochondrial function, and common 
(patho)physiological conditions such as ischemia, cancer, neurodegenerative 
disorders. A number of materials for sensing cellular oxygen (O 2 ) by optical 
means have been described in recent years, but the diverse range of biological 
models and measurement tasks demands more versatile, fl exible, and simple 
O 2  sensors. A new cell-penetrating phosphorescent nanosensor material 
called MM2 probe is presented. In it, the highly photostable phosphorescent 
reporter dye Pt(II)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafl uorophenyl)-porphyrin 
(PtTFPP; emission at 650 nm) and poly(9,9-dioctylfl uorene) (PFO) fl uoro-
phore act as Förster resonance energy transfer (FRET) donor and two-photon 
antennae are embedded in cationic hydrogel nanoparticles. Such probe 
formulation provides effi cient delivery into the cell and subsequent sensing 
and high-resolution imaging of cellular O 2  in different detection modalities, 
including ratiometric intensity and phosphorescence lifetime-based sensing 
under one-photon and two photon excitation. MM2 probe combines high 
brightness, photo- and chemical stability, low toxicity, and ease of fabrication 
and use. Its versatility and analytical performance are demonstrated in physi-
ological experiments with adherent cells and neurospheres representing 2D 
and 3D respiring objects and detection on time-resolved fl uorescent readers, 
confocal and multiphoton microscopes, and customized microsecond 
fl uorescence/phosphorescence lifetime imaging microscopy (FLIM) systems. 
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  1. Introduction 

 Cellular oxygen (O 2 ) is involved in many 
vital physiological processes, including 
oxidative phosphorylation, ATP and reac-
tive oxygen species production in the 
mitochondria, numerous enzymatic trans-
formations, signalling, regulation of ion 
fl uxes. [  1–4  ]  Changes in oxygenation may 
contribute to neurological disorders such 
as ischemia, stroke, Alzheimer’s and 
Parkinson’s diseases, cardiovascular, psy-
chiatric, and inherited eye disorders. [  1  ,  5–7  ]  
Therefore, measurement of oxygenation 
and changes in O 2  consumption rate 
(OCR) in cells and complex biological 
objects is important. Here optical probes 
and techniques allow non-invasive and 
accurate quantifi cation and imaging of 
cellular O 2 . [  8–11  ]  

 Common detection modalities in O 2  
sensing are phosphorescence inten-
sity, ratiometric and lifetime measure-
ments. [  9  ,  11  ,  12  ]  The intensity based plat-
forms are widely available, they are rather 
simple and suitable for qualitative and 
semi-quantitative O 2  measurements, but 
hard to standardize and use for accurate 
readout of O 2  concentration. Ratiometric 
intensity measurements at two different 
wavelengths allow for more stable calibra-
tion, since O 2  concentration is calculated from the ratio of the 
O 2  sensitive and reference luminescent signals. [  13  ,  14  ]  However, 
this ratio can also be infl uenced by the sample and detection 
system, e.g., detector noise and blank signals different photob-
leaching rates, scattering and autofl uorescence in the two spec-
tral channels. Phosphorescence lifetime-based detection is by 
far regarded as more reliable and stable modality for O 2  sensing 
and imaging, [  11  ,  15  ,  16  ]  however such systems operating in the 
microsecond time domain are still rare, unlike the nanosecond 
FLIM (fl uorescence/phosphorescence lifetime imaging micros-
copy). With respect to the optical setup, wide-fi eld fl uorescence 
microscopy, which allows 2D imaging, has been extended by 
the laser-scanning confocal and two-photon systems providing 
3D and 4D (with time lapse) O 2  imaging capabilities (also in 
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FLIM mode), deep penetration in live tissue, and reduced pho-
todamage to the probe and biological objects. [  16  ,  17  ]  

 These detection platforms require dedicated phosphores-
cent O 2 -sensitive materials. Examples of such materials include 
small molecule structures, [  12  ,  18  ]  shielded dendrimers, [  15  ,  19  ,  20  ]  
conjugates with macromolecules (e.g., albumin, PEG, polysac-
charides [  21  ] ) and delivery vectors (short amino acid sequences, 
longer peptides, receptor moieties [  22  ,  23  ] ). Alternatively, sensor 
chemistry can be incorporated in micro- and nanoparticle 
structures that deliver the probe to the cell or tissue compart-
ment, act as quenching matrices, and shield the dye molecules 
from interferences. [  24  ,  25  ]  So far, a number of probes based 
on ruthenium(II) complexes, PtCP, Pt(II)-octaethylporphin 
(PtOEP), Pd(II)-meso-tetra-(4-carboxyphenyl)tetrabenzopor-
phyrin (PdTCPTBP) and Pt(II)-5,10,15,20-tetrakis-(2,3,4,5,6-
pentafl uorophenyl)-porphyrin (PtTFPP) indicator dyes have 
been described, designed specifi cally for sensing of extracellular 
(EC) and intracellular (IC) O 2  pools, but still they cannot satisfy 
all the requirements and systems for O 2  measurement. [  26  ]  

 Thus, dendrimeric probes based on PdTCPTBP and PdTCPP 
(cell penetrating peptide; oxyphors) have been designed for in 
vivo monitoring of oxygenation of vasculature, brain and other 
tissues. [  15  ,  19  ,  27  ]  In order to improve two-photon absorption, 
water-solubility and inertness, additional antennae dye and 
polyethylene glycol (PEG) coat were added to produce a probe 
called PtP-C343. [  16  ]  Demonstrating excellent analytical perform-
ance on a custom-built FLIM platform, these probes still pos-
sess drawbacks including longwave emission (above 700 nm, 
which is problematic for some detectors), moderate photosta-
bility, very complex synthesis procedure and no penetration 
inside the cells. [  28  ]  

 Intracellular (icO 2 ) probes are useful for monitoring local 
oxygenation of cells and O 2  gradients. [  25  ,  26  ,  29  ,  30  ,  31  ]  Once-off 
loading eliminates the need to keep the probe in bathing solu-
tion during the experiment. [  26  ,  30  ,  31  ]  The main requirements 
for icO 2  probes are high cell-penetrating ability, low working 
concentrations, low toxicity and invasiveness (particle size 
 < 100 nm produces minimal cell damage [  32  ] ), defi ned mecha-
nisms of cellular entry and localization, optimal response to 
O 2  and convenient spectral characteristics. The existing icO 2  
probes satisfy only some of these requirements, they often 
rely on non-specifi c transport mechanisms (phagocytosis, 
endocytosis, diffusion or partitioning) and display high cell 
specifi city. [  11  ]  

 First ratiometric nanoparticle icO 2  sensors (called PEBBLEs) 
were produced by biologically localized embedding and sol-gel 
technology using a luminescent ruthenium complex and deliv-
ered into the cell using a “gene-gun” technique. [  33  ]  Aiming to 
improve performance, some other dye combinations, polymer 
materials, surface modifi cations were tested in PEBBLEs, but 
they still possess high complexity, low loading effi ciency, high 
working concentrations, cell specifi city. [  13  ,  34–37  ]  

 The NanO2 probe based on PtTFPP dye embedded in cati-
onic hydrogel nanoparticles [  25  ]  shows high brightness and pho-
tostability, high cell-penetration ability with fast (6-16 h) and 
effi cient staining of various mammalian cells, good perform-
ance in O 2  sensing and FLIM without cyto- and phototoxicity. 
However, this probe does not allow for ratiometric or multi-
photon imaging of O 2 . 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 In this study we present a new phosphorescent probe called 
MM2, which combines the advantages and overcomes the limi-
tations of existing O 2  probes allows sensing and imaging of 
icO 2  in multiple detection modalities   

 2. Results and Discussion 

  2.1. Design, Photophysical, and Cell-Penetrating Properties of 
MM1 and MM2 Probes 

 The multimodal icO 2  probes (MM series), which are derived 
from the NanO2 parent structure, [  25  ]  were designed by inte-
grating three complementary functionalities in one nanoparticle 
structure: i) O 2 -sensitive phosphorescent reporter dye, PtTFPP; 
ii) O 2 -insensitive reference fl uorophore acting as one- and two-
photon light harvesting antennae and FRET donor for PtTFPP; 
iii) the nanoparticle-forming cationic polymer RL-100, which 
serves as delivery vector, encapsulation and quenching matrix 
for the dyes. [  25  ]  The main challenge was to fi nd a suitable fl uor-
ophore that combines the desired photophysical properties, that 
is compatible with the fabrication method (solution precipita-
tion forming core/shell nanoparticle) [  38  ]  and does not perturb 
the stability, is cell-penetrating, and has the O 2 -quenching prop-
erties of the parent nanoparticle structure. To achieve this, two 
different probe formulations containing coumarin C545T and 
poly(9,9-dioctylfl uorene) (PFO) dyes were produced, termed 
MM1 and MM2, respectively. 

 Spectral characteristics of MM1 probe are shown in 
 Figure    1  . It is excitable at 450–490 nm and emits fl uorescence 
at 510–540 nm (similar to fl uorescein isothiocyanate (FITC) 
and enhanced green fl uorescent protein (EGFP)) and phospho-
rescence at 630–700 nm. The shape of the excitation spectrum 
(detection at 650 nm) refl ects effi cient FRET between C545T 
and PtTFPP in the nanoparticles, thus making MM1 a prom-
ising candidate for the ratiometric intensity (520/650 nm) and 
lifetime based (650 nm) detection of icO 2 . To verify this, we 
exposed adherent mouse embryonic fi broblast (MEF) cells to 
MM1 (10  μ g mL  − 1 , 16 h) and observed effective intracellular 
accumulation similar to the NanO2 (Figure S1, Supporting 
Information). However, microscopic analysis revealed that 
luminescent signals of the two dyes have rather different, non-
matching localization patterns, with more diffused fl uorescence 
of C545T in the cytoplasm. From this we concluded that upon 
cell loading and internalization of MM1, C545T dye leaks from 
the nanoparticles. Such operational instability makes MM1 
unsuitable for quantitative sensing of icO 2 , due to possible drift 
of its photophysical properties and O 2  calibration. Interestingly, 
without cells the stock of MM1 remained stable over several 
months of storage at 4  ° C, no changes in the excitation spec-
trum were observed which would indicate dye leakage from the 
nanoparticles and degradation of the FRET system.  

 To overcome the drawbacks of MM1, the MM2 probe was 
prepared and assessed similarly. The nanosensors with the 
hydrophobic polymeric fl uorophore, PFO (known as excellent 
two-photon antennae [  34  ,  39  ]  and ratiometric partner for PtTFPP), 
produced characteristic excitation spectrum with maxima at 
390–405 nm, fl uorescence of PFO at 410-450 nm and phospho-
rescence of PtTFPP at 650 nm (Figure  1 ). To achieve maximal 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4931–4939
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     Figure  1 .     A) Chemical structures of the phosphorescent PtTFPP reporter 
(1.5% w/w) and fl uorescent antennae dyes C545T (1.33% w/w) and PFO 
(10% w/w). Excitation and emission spectra of resulting B) MM1 and C) 
MM2 probes.  
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excitation emission
brightness, FRET effi ciency and spectral visibility, concen-
trations of the two dyes in the nanoparticles were optimized 
(Figure S2A,B, Supporting Information). PtTFPP content of 
1–1.5% w/w produced effi cient FRET and strong red phos-
phorescence when exciting the antenna. For PFO donor 10% 
w/w concentration provided effi cient absorption without aggre-
gation, and strong residual fl uorescence that can be used as a 
reference in ratiometric sensing. Further experiments were 
performed with this composition of MM2 probe (for compar-
ison, MM1 optimum was 1.33% w/w of C545T and 1% w/w 
of PtTFPP). When used at the same concentration as NanO2, 
absorption of MM2 probe was about 2.5 times higher (Figure 
S2B, Supporting Information), and due to the antennae effect 
of PFO specifi c phosphorescence intensity signals from MM2 
were similar (Figure  1 ). 

 Wide-fi eld and confocal fl uorescence microscopy of MEF 
cells loaded with MM2 revealed stable co-localization of PFO 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4931–4939
and PtTFPP emissions ( Figure    2  A, B), thus proving that no dye 
leakage occurs. MM2 stock was stable for at least 6 month of 
storage at  + 4  ° C, as can be judged from the excitation spectra 
and phosphorescent signals (data not shown). As determined 
from the light-scattering experiments (Figure S1C, Supporting 
Information), MM2 beads had an average size of about 70 nm 
and homogeneous distribution (PDI  =  0.103). This size is some-
what larger than for the NanO2 (Z av   ≈  35 nm), but well below 
100 nm threshold which is regarded safe for the cells. [  32  ]  Zeta 
potential for MM2 particles was  + 32 mV, which is lower than 
for the undoped RL-100 beads ( + 58 mV).  

 Kinetics of intracellular accumulation of MM2 in MEF cells 
was found to be similar to that of NanO2, with effi cient accu-
mulation in the cytosol after 6-16 h incubation (Figure S3A, 
Supporting Information). Higher phosphorescent signals 
(Figure  2 A) allowed shorter loading times or lower working 
concentrations for MM2, which had no infl uence on cell via-
bility at concentrations up to 30  μ g mL  − 1  and exposure times 
 ≤ 16 h (Figure  2 B). Since hypoxia and low O 2  availability may 
infl uence probe uptake, [  40  ]  we compared loading of MEF cells 
at 5% and 21% of atmospheric O 2  and found no signifi cant 
difference (Figure S3B, Supporting Information). Intracel-
lular distribution of MM2 probe in MEF cells was similar to 
NanO2 probe: [  26  ]  perinuclear localization resembling to endo-
plasmic reticulum and lysosomes and no signifi cant co-local-
ization with the mitochondria (Figure  2 C,D). Taken together, 
MM2 probe accumulates effi ciently in mammalian cells, such 
as MEF cells, and retains its photophysical and O 2  sensing 
properties.   

 2.2. Detection of icO 2  with MM2 Probe in Different Modalities 

 Detection on a time-resolved fl uorescence (TR-F) plate reader 
using rapid lifetime determination (RLD) method [  21  ]  and micro-
second FLIM microscopy are the most promising platforms 
for optical O 2  sensing. [  11  ,  17  ,  41  ,  42  ]  The fi rst allows simple, high 
throughput analysis of cell populations, while the second – 
analysis of individual cells with high spatial resolution and pos-
sibility to reconstruct detailed O 2  maps for complex biological 
samples. Until recently, O 2  FLIM was mainly realized on wide-
fi eld microscopes, however laser scanning confocal and multi-
photon systems with 3D imaging capabilities are now rapidly 
emerging. [  16  ,  17  ,  41  ,  43  ]  We tested the cells loaded with MM2 probe 
on these detection platforms and compared the results. 

 O 2  calibration for MM2 probe loaded in MEF cells gener-
ated on Victor2 reader (PerkinElmer) is shown in  Figure    3  A. 
The range of lifetime changes for MM2 (28–61  μ s) was com-
parable to the NanO2, [  26  ]  Stern-Volmer plots also show slightly 
curved shape. Measured lifetime values were very reproduc-
ible ( ± 0.2  μ s) and accurate, therefore one time calibration was 
deemed suffi cient. We then monitored local oxygenation of 
cell layer at 10% of atmospheric pO 2 , at rest and upon stim-
ulation with FCCP (carbonyl cyanide 4-(trifl uoromethoxy) 
phenylhydrazone) and AntA (antimycin A) drugs (activator 
and inhibitor of respiration, respectively). Profi les of phos-
phorescence lifetime (Figure  3 B) and icO 2  concentration 
(Figure  3 C) (calculated using calibration function derived from 
4933wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     Performance of MM2 probe in phosphorescence lifetime-based of icO 2 . A) Phosphorescence lifetime calibration and Stern-Volmer plots 
generated on Victor2 reader using RLD method. Profi les of B) phosphorescence lifetime and C) icO 2  in adherent MEF cells stained with MM2 probe 
(2.5  μ g mL  − 1 , 16 h), measured at 10% of atmospheric O 2  in microplates. After initial equilibration, cells were stimulated at indicated time points (bars) 
with 1  μ M FCCP, 10  μ M AntA or mock (dimethyl sulfoxide (DMSO)) and their respiratory responses were monitored. D) Widefi eld FLIM microscopy 
images of MEF cells stained with MM2 (10  μ g mL  − 1 , 16 h) measured at different levels of atmospheric O 2  (% indicated). Scale bar unit is in  μ m.  
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     Figure  2 .     Cell staining properties of MM2 probe with MEF cells. The effect of concentration of MM2 and NanO2 probes (0–30  μ g mL  − 1 , 16 h) on A) TR-F 
signals measured on the microplate reader and B) on cell viability analyzed using a Cell Titer-Glo kit. C) Fluorescent images of MEF cells stained with 
MM2 (10  μ g mL  − 1 , 16 h). D) Analysis of co-localization of MM2 with the mitochondrial marker mitoCase12. Scale bar units are in  μ m.  
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     Figure  4 .     Performance of MM2 probe in ratiometric intensity-based icO2 sensing. A) Emission spectra and B) O 2  calibration for MEF cells stained with 
MM2 probe (25  μ g mL  − 1 , 16 h), measured in suspension on LS-50B spectrometer (PerkinElmer). C) Effi ciency of two-photon excitation of PtTFPP dye 
in MM2 and NanO2 probes at different wavelengths. D) Emission intensitiy of PtTFPP and PFO dyes in MEF cells loaded with MM2 probe measured 
on multiphoton microscope at different laser power (760 nm). E) Comparison of signal ratio for the cells loaded with MM2 at 21% (high) and 0% 
(low) O 2 .  
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Figure  3 A: [O 2 ]  =  18 861exp(–  τ  /5.79)  +  9.62, Stern-Volmer 
equation   τ   0 /  τ  – 1  =  0.67(1 – 0.04[O 2 ])) showed the anticipated 
effects of reduced O 2  supply and drug treatment, good repro-
ducibility and smoothness.   

 Next, MEF cells loaded with MM2 probe were measured on 
a wide-fi eld FLIM system equipped with gated CCD camera 
and pulsed excitation with 390 nm LED. [  43  ]  Figure  3 D shows 
phosphorescent lifetime images of cells at different levels of 
atmospheric pO 2 . Over the range 21–0% O 2 , one can see probe 
lifetime gradually increasing, thus refl ecting reduced oxygena-
tion of the cells. 

 The presence of O 2 -insensitive PFO fl uorophore in the nano-
sensors allowed measurement of icO 2  in ratiometric intensity 
mode. Suspension of MEF cells loaded with MM2 probe meas-
ured on a steady-state luminescent spectrometer produced approx-
imately two-fold increase in the emission of the O 2  sensitive dye 
(650 nm) when changing from air-saturated (21% O 2 ) to deoxy-
genated (0% O 2 ) medium, while PFO fl uorescence (410–460 nm) 
remained steady ( Figure    4  A,B). The changes in intensity ratio 
were in agreement with lifetime changes (see Figure  3 A).  

 Since Pt-porphyrin dyes have small cross-section of two-
photon absorption, [  20  ]  by introducing PFO FRET antennae in 
the phosphorescent nanoparticles we anticipated large improve-
ment in their two-photon excitability with NIR light. Indeed, 
MEF cells loaded with MM2 and excited with tunable Ti-sap-
phire laser showed strong PtTFPP emission at around 650 nm 
and PFO fl uorescence at 430 nm, with excitation optimum at 
around 760 nm (Figure  4 C and Figure S4A, Supporting Infor-
mation). In this mode, MM2 probe was 25-30 times brighter 
than NanO2 (Figure  4 C). 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4931–4939
 Analysis of PtTFPP and PFO intensity signals in two-photon 
mode revealed the anticipated quadratic dependence at low 
laser power ( < 2%) and saturation at  > 10% (Figure  4 D). In 
physiological experiments we used 1–1.5% laser power, since 
over-excitation of the probe can alter the response to O 2  due to 
over-populated excited states of PtTFPP and damage the cells 
and probe. Under these conditions resting MEF cells showed 
increased red fl uorescence at 0% O 2  compared to air-saturated 
conditions, seen as color change from blue to purple (Figure 
S4B, Supporting Information). Quantitative analysis revealed 
an approximately two-fold change in the ratio of PtTFPP and 
PFO signals (Figure  4 E). This is consistent with the one-photon 
excitation data (Figure  4 A).   

 2.3. Physiological Experiments with Neurosphere Culture 

 The neurosphere culture is a free-fl oating system comprising 
of clusters of live neural stem cells in a heterogeneous 3D envi-
ronment. Neurospheres are a useful experimental tool [  44–46  ]  to 
study the proliferation and lineage fate of neural stem cells, 
effect of infl ammation [  47  ]  and ischemia. [  48  ]  Localized hypoxia 
can infl uence respiration, proliferation, differentiation and 
signalling of individual cells, [  48–50  ]  therefore O 2  imaging in 
neurospheres is important. We prepared neurospheres from 
embryonic rat brain with an average diameter of 200–500  μ m. 
These structures showed positive staining with specifi c markers 
 β -III-tubulin (mature neurons, surface), nestin (neural stem 
cells, core) or BrdU (proliferating cells) (Figure S5A, Supporting 
Information). To stain the whole neurosphere rather than cells 
4935wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     Analysis of oxygenation of neurospheres using MM2 probe. A) Multiphoton microscopy image of one optical slice (5  μ m thickness) of a 
neurosphere stained with MM2 probe. B) Brightfi eld images, C) lifetime images, and D) profi le of O 2  concentration across the neurosphere, meas-
ured on the widefi eld FLIM microscope. E) Ratiometric images of resting and treated (AntA, 5  μ M; Na 2 SO 3 , 5 mg mL  − 1 ) neurosphere measured 
on the multiphoton microscope. F) Brightfi eld image of the neurosphere and G) PtTFPP/PFO signal ratio at various distances from the core of the 
neurosphere (indicated with arrow in (F)). H) Image of the neurosphere stained with anti-HIF1 α  antibody. Neurosphere core is indicated by the arrow. 
Scale bars are in  μ m. Asterisks indicate signifi cant differences.  
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on its surface, MM2 probe was added to the medium during 
proliferation of neurospheres ( Figure    5  A).   

 2D mapping of O 2  performed by the wide-fi eld FLIM at 21% 
of atmospheric O 2  revealed that neurosphere interior (middle 
part) had largely reduced O 2  levels, i.e., below 30  μ M (Figure 
 5 B–D). The area surrounding the neurosphere also had reduced 
O 2  ( ≈ 200  μ M), thus indicating that the whole structure respires 
actively and acts as O 2  sink. The decrease of atmospheric pO 2  
in the incubator led to more profound deoxygenation of neuro-
spheres due to limited O 2  supply (not shown). Further analysis 
by multiphoton microscopy revealed that MM2 localizes inside 
the neurospheres (Figure  5 A,E–G and Figure S5B, Supporting 
Information), and the signals from the two dyes (PFO, PtTFPP) 
were co-localized. Again, PtTFPP signals were lower and 
PtTFPP/PFO ratio was higher at the surface of the neurosphere, 
thus refl ecting its higher oxygenation and limited supply of O 2  
to the interior. Inhibition of cell respiration with AntA reduced 
the signal ratio as a consequence of reoxygenation of the neu-
rosphere, whereas chemical deoxygenation of the medium with 
sodium sulfi te increased the signal ratio (Figure  5 E). The pres-
ence of hypoxic core of neurosphere was confi rmed with posi-
tive immunostaining of HIF-1 α  protein (Figure  5 H). 

 These results demonstrate that oxygenation of the neuro-
sphere, individual cells within it, and cellular responses to met-
abolic effectors can be measured with MM2 probe in different 
detection modalities providing useful and biologically relevant 
information.    

 3. Conclusions 

 The multimodal nanoparticle probe MM2, based on the 
biocompatible polymer RL-100, PtTFPP reporter and PFO 
antennae dyes, was designed for sensing of icO 2  in respiring 
samples and evaluated with several common biological models 
and detection platforms. Compared to the existing probes, 
MM2 possesses many advantageous features including simple 
synthesis and use, convenient photophysical properties, high 
brightness and photostability, effi cient cell staining, low toxicity 
and side effects, general fl exibility and optimal sensitivity to O 2 . 
The probe is well compatible with different detection platforms, 
ranging from simple fl uorescent spectrometers and TR-F 
readers to sophisticated live cell imaging and FLIM systems. It 
can provide readout of O 2  concentration in luminescence inten-
sity, ratiometric and lifetime based modalities, under one- and 
two-photon excitation. Lifetime based O 2  sensing and FLIM are 
regarded as preferred modalities, they provide superior analyt-
ical performance and more reliable and accurate quantifi cation 
of cellular O 2  than. MM2 shows potential for a broad range of 
physiological experiments and measurement tasks. This nano-
sensor approach can be explored further to develop probes with 
other features, for example for low O 2  range, extracellular use 
or with targeting capabilities.   

 4. Experimental Section 
  Materials : PtTFPP and 9,9-diheptylfl uorene-2,7-diboronic acid were from 

Frontier Scientifi c (USA); coumarin C545T and 3,5-bis(trifl uoromethyl)
phenylboronic acid were from Aldrich (Austria); 2,7-dibromo-9,9-di-p-
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4931–4939
tolyl-9H-fl uorene from Luminescence Technology (Taiwan); Eudragit 
RL-100 from Degussa (Germany); tetrakis(triphenylphosphine) 
palladium (O)  =  Pd(PPh 3 ) 4  from ABCR (Germany). NanO2 (MitoXpress-
Intra) probe was from Luxcel Biosciences (Ireland). Lipofectamine 2000, 
Opti-MEM I medium, B27 supplement, Alexa Fluor-labelled secondary 
antibody, ProLong Gold anti-fade medium were from Invitrogen (Bio 
Sciences, Dun Laoghaire, Ireland). Anti- β -III-tubulin (TU-20, MAB1637), 
anti-BrdU (BU-1, 05-633) antibodies, fi broblast and epidermal growth 
factors (FGF and EGF) were from Millipore. MitoCase12 plasmid DNA 
was from Evrogen (Moscow, Russia). Anti-HIF1a antibody (H1alpha67, 
NB100-105) was from Novus Biologicals, anti-nestin antibody (R-20, 
sc-21249) was from Santa Cruz Biotechnology Inc. Standard cell culture 
grade 96-well plates and white 96 well plates were from Greiner Bio-One 
(Frickenhausen, Germany). Glass-bottom multiwell inserts were from 
Ibidi (Martinsried, Germany).  

 Preparation of the Nanoparticle O 2 -Sensitive Probes : MM1 and MM2 
probes were prepared similar to the previously described procedure. [  25  ]  
For the MM1, 2.7 mg of C545T, 2 mg of PtTFPP and 200 mg of Rl-100 
were dissolved in 100 mL of acetone and then the particles were 
precipitated by fast addition of 700 mL water over 2–4 s. For the 
MM2, 20 mg of PFO (synthesis procedure and main characteristics 
are described in Supplementary Material), 3 mg of PtTFPP and 
200 mg of Rl-100 were dissolved in 45 mL of tetrahydrofurane, then 
diluted to 100 mL with acetone and precipitated with water. The 
organic solvents and most of the water were then removed under 
reduced pressure, to bring probe stock concentration to about 
15 mg mL  − 1 .  

 Cell Culture : Mouse embryonic fi broblasts (MEF) from ATCC 
(Manassas, VA, USA) were cultured in DMEM media supplemented 
with 10% FBS, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) and penicillin-streptomycin. For microscopy collagen-poly-
D-lysine coated glass bottom minidishes (MatTek) were used and for 
the measurements on a TR-F reader - collagen IV-coated 96 well plates. 
Loading of MEF cells was performed by adding stock of the probe to 
the medium (typically 10  μ g mL  − 1 ), incubating the cells for 1–16 h at 
37  ° C, washing and adding fresh medium. DNA transfection and 
co-staining with MM2 of adherent MEF cells was performed as described 
before [  26  ] . Cell viability was assessed by measuring total cellular ATP 
with a luminescent CellTiter-Glo kit (Promega, WI, USA), according to 
manufacturer protocol.  

 Neurosphere Culture : All the procedures with animals were performed 
under licence issued by the Department of Health and Children (Ireland) 
and in accordance with the European Communities Council Directive 
(86/609/EEC). Cortices from embryonic age (E)18 rat embryos (Biological 
Services Unit, University College Cork) were dissected, and neural stem 
cells were dissociated, passaged and cultured as neurospheres as 
previously described. [  51  ]  Typically, cortices from 10–14 rat brain embryos 
were dissected and collected in ice cold Hank’s balanced salt solution 
(HBSS). HBSS was removed and tissue was enzymatically dissociated 
using 0.1% trypsin–ethylenediaminetetraacetic acid (EDTA) for 15 min 
at 37  ° C. Trypsin inhibitor (0.1% in HBSS) was added, and the solution 
was tritrated with a fl ame-polished glass Pasteur pipette, fi ltered through 
a cell strainer (BD Falcon, 70  μ m nylon fi lter) and, centrifuged. Cells 
were resuspended in DMEM/F12 Ham medium supplemented with 2% 
B27, 20 ng mL  − 1  of EGF and FGF, penicillin-streptomycin and seeded 
into 25 cm 2  fl asks (6–8  ×  10 6  cells per fl ask). The cultures were grown 
under 21% O 2  for 7 days in vitro (DIV) and half of the medium was 
replaced every second day. For BrdU staining, 0.2  μ M BrdU was added 
to the culture 18–20 h prior to the analysis. Loading of the neurospheres 
with the O 2  probes was achieved by adding 20  μ g mL  − 1  MM2 to the 
medium on days 2, 4 and 6. For imaging experiments, neurospheres 
were collected in a 15 mL tube, washed once, then seeded on poly-D-
lysine coated minidishes and allowed to attach. Immunofl uorescence 
staining of the neurospheres was performed by fi xing them with 3% 
paraformaldehyde, permeabilizing with 0.25% Triton X100, staining with 
specifi c antibodies, then Alexa Fluor-conjugated secondary antibodies, 
and 4 ′ ,6 ′ -diamidino -2-phenylindole (DAPI), and mounting with ProLong 
anti-fade reagent.  
4937wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 TR-F Measurements on Microplate Reader : MEF cells were grown in 
microwells until they reached 80–100% confl uence, then loaded with 
probes and equilibrated in Phenol Red free DMEM (Sigma D5030) 
medium supplemented with 1 mM L-glutamine, 10 mM D-glucose, 
1 mM sodium pyruvate, 20 mM HEPES, pH 7.2, and 10% fetal 
bovine serum (FBS). The measurements of the probe lifetime, icO 2  
monitoring experiments and the calibration inside the hypoxia glove 
box (Coy Scientifi c) were performed done as described before [  22  ] . For 
NanO2 probe, the following calibration function was used [O 2 ]  =  18 
576exp(– t /6.8794). For ratiometric detection of MM2 probe on Victor2 
microplate reader D642 and F460 emission fi lters and an F355 excitation 
fi lter were used.  

 Fluorescence Microscopy and FLIM Measurements : Probe (co)
localization experiments were performed on a laser scanning confocal 
microscope Olympus FluoView1000 equipped with temperature 
and CO 2  control. MM2 probe was excited at 405 nm (20–25% laser 
power) with emission collected at 410–510 nm (PFO) and 600–700 nm 
(PtTFPP). Fluorescent protein probe MitoCase12 was used to visualize 
mitochondria, as described previously [  26  ] . 

 Analysis of cell loading kinetics and FLIM measurements were 
conducted on a wide-fi eld inverted microscope Axiovert 200 (Carl Zeiss, 
Goettingen, Germany) equipped with gated charge-coupled device 
(CCD) camera (LaVision BioTec, Germany), excitation module with 
390, 480 and 590 nm LEDs (LaVision) and humidifi ed chamber with 
temperature/CO 2 /O 2  control (Pecon). “PtCP” fi lter cube (excitation 
390/40 nm, emission 655/40 nm) was used for imaging PtTFPP 
phosphorescence, DAPI fi lter (Semrock 5060B ZHE) for imaging of 
PFO fl uorescence and FITC fi lter cube (excitation 472/30 nm, emission 
535/50 nm) for coumarin C545T fl uorescence. FLIM was performed 
using pulsed excitation with 390 nm LED (10 ms length, 250 ms 
exposure time and 1  ×  2 binning) with resting and non-respiring (treated 
with 10  μ M AntA) cells at various% of atmospheric O 2 . Calibration data 
points (for AntA-treated samples) were fi tted in Origin 6.0 software to 
determine calibration function. For Stern-Volmer plots (  τ   0 /  τ   vs. O 2 ) the 
non-linear fi tting model was used. [  52  ]  

 Multiphoton microscopy was performed on the upright multiphoton 
microscope Olympus FV1000 MPE equipped with a Mai Tai DeepSee 
Ti:sapphire laser (Newport Corporation, CA), water immersion 
objective XPLN 25 ×  W NA:1.05 and temperature/CO 2  control. The 
MM2 and NanO2 probes were imaged in photon count mode (laser 
power 0.1–20%) using excitation wavelength 690–880 nm with 
emission collected at 420–460 nm (PFO) and 605–680 nm (PtTFPP). 
Images were recorded at 20  μ s/pixel scanning speed. Cell respiration 
was inhibited by treatment with AntA, chemical deoxygenation was 
achieved by addition of KH 2 PO 4 /Na 2 SO 3  (both at 5 mg mL  − 1 ) to the 
medium.  

 Data Analysis : The data represent average values from at least 6 
replicates with standard deviation expressed in error bars. To ensure 
consistency, all the experiments were performed in triplicate.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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