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I
n recent years there has been a major
progress in our understanding of cellular
function and the processes taking place

in normal and diseased cells and tissues. To
a large degree this was due to the develop-
ment of new detection technologies (spec-
troscopy, `omics', live cell and intravital im-
aging), accessory biomaterials (chemistries,
probes, biosensors) and analytical proce-
dures. As a result, a significant number of
cellular parameters are now amenable to
routine analysis, including real-time live cell
monitoring.1 However, some “difficult” anal-
ytes still remain, and this list includes mo-
lecular oxygen (O2). O2 is the key substrate
and source of energy for the cell which is
involved in many pathophysiological condi-
tions and adaptive responses to hypoxia.2,3

This small gaseous analyte diffuses quickly
in solution, in and out of the cell, and is
present in vast excess in the environment.
Although O2 can be “sensed” with good
selectivity and sensitivity by a number of
techniques,4,5 including phosphorescence
quenching,6,7 its accurate detection parti-
cularly in biological samples, on a micro-
scale, and within the cell represents a sig-
nificant challenge.8,9

Measurement of O2 and its consumption
by means of phosphorescent solid-state
(micro)sensors10 or extracellular probes11,12

is relatively well established. However, mon-
itoring of intracellular O2 (icO2) is gaining
increasing interest particularly with the view
of mechanistic studies of cell respiration,
metabolism, gene expression, various dis-
eases, and drug effects.13 The monitoring of
icO2 can provide real-time information on
cell oxygenation, its mitochondrial function,
and bioenergetic status. Therefore, devel-
opment of simple and efficient probe chem-
istries, cell loading, and measurement pro-
cedures is important.

Thus far, icO2 sensing has been demon-
stratedwith anumberof supramolecular14�16

and particle-based probes,17�19 which were
introduced into the cells by gene gun18

microinjection14,17,20 facilitated macropino-
cytosis or induced endocytosis16 and then
measured by different means. However,
complex probe chemistries, inefficient and
cumbersome cell loading procedures (rather
low, time-consuming, invasive, and stressful
for the cells) and/or inadequate analytical
performance, limited severely the use of
such probes. More recently, O2 probes with
self-loading capabilities have been de-
scribed, particularly those based on Pt(II)�
coproporphyrin dye conjugated to cell-
penetrating peptides (oligo-arginine and
bactenecin),21,22 which showed high self-
loading efficiency and good performance in
icO2 sensing in conjunctionwith time-resolved
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ABSTRACT A new intracellular O2 (icO2) sensing probe is presented, which comprises a

nanoparticle (NP) formulation of a cationic polymer Eudragit RL-100 and a hydrophobic

phosphorescent dye Pt(II)-tetrakis(pentafluorophenyl)porphyrin (PtPFPP). Using the time-resolved

fluorescence (TR-F) plate reader set-up, cell loading was investigated in detail, particularly the

effects of probe concentration, loading time, serum content in the medium, cell type, density, etc.

The use of a fluorescent analogue of the probe in conjunction with confocal microscopy and flow

cytometry analysis, revealed that cellular uptake of the NPs is driven by nonspecific energy-

dependent endocytosis and that the probe localizes inside the cell close to the nucleus. Probe

calibration in biological environment was performed, which allowed conversion of measured

phosphorescence lifetime signals into icO2 concentration (μM). Its analytical performance in icO2
sensing experiments was demonstrated by monitoring metabolic responses of mouse embryonic

fibroblast cells under ambient and hypoxic macroenvironment. The NP probe was seen to generate

stable and reproducible signals in different types of mammalian cells and robust responses to their

metabolic stimulation, thus allowing accurate quantitative analysis. High brightness and photo-

stability allow its use in screening experiments with cell populations on a commercial TR-F reader,

and for single cell analysis on a fluorescent microscope.

KEYWORDS: nanoparticle sensors . intracellular oxygen . cell-penetrating probe . cell
respiration . metabolism . time-resolved fluorescence . fluorescent oxygen imaging .
phosphorescence quenching
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fluorometry. Other approaches include ratiometric
luminescent nanoparticles coated with cell-penetrat-
ing peptides or amino groups.23,24 Despite the im-
provements achieved with these probes, they still
possess drawbacks such as significant degree of cell-
specificity; insufficient photostability and brightness
which make them problematic for O2 imaging applica-
tions where high illumination intensities and long
time-lapse experiments are commonly used; rather
complex synthesis; and significant costs.
We present a new icO2 probe which overcomes

many limitations of existing probes. The probe, which
comprises a nanoparticle (NP) formulation of a cationic
polymer Eudragit RL-10025 and a phosphorescent dye
Pt(II)-meso-tetrakis-(pentafluorophenyl)porphyrin
(PtPFPP),26 shows excellent self-loading capabilities
with various mammalian cells, very high brightness
and photostability,27 and low degree of cell specificity,
along with general simplicity and convenience of use.
The efficiency of cell loading, uptake mechanisms, and
localization of PtPFPP NPs in different cells were in-
vestigated in detail. Subsequently, probe performance
was demonstrated in icO2 sensing experiments on
standard spectroscopic equipment;time-resolved fluo-
rescence (TR-F) reader and live cell fluorescence micro-
scopy imaging, using mouse embryonic fibroblast
cells (MEFs).

RESULTS AND DISCUSSION

Design and Spectral Characterization of the NP Probe. Eu-
dragit RL-100 polymerwas originally developed for use
in biocompatible coatings anddrugdelivery systems.25,28

Recently, it was used to produce optochemical sensor
nanoformulations with photoluminescent indicators
incorporated in RL-100 NPs by means of physical in-
clusion.29 Such nanomaterials showed compatibility
with different luminescent dyes, ease of preparation
and use, reproducibility, and suitability for various
(bio)analytical applications including general O2 sen-
sing. However thus far, such NP formulations have not
beenexplored for sensingof icO2 in livemammalian cells.

We hypothesized that significant net positive
charge of the RL-10030 and resulting NPs provide them
the ability to interact with cell membrane (negatively
charged outside) and penetrate inside the cells. In
aqueous solutions, the PtPFPP NPs possess near-opti-
mal sensitivity to O2 covering the physiological range,29

and spectral compatibility with standard TR-F readers
and imaging systems (Figure 1a). These features make
the PtPFPP-doped NPs a promising candidate for intra-
cellular O2 sensing applications. Moreover, high bright-
ness (1.5% w/w dye content) and photostability
provide them competitive advantages over the cur-
rently used cell-penetrating probes.21,22

To test this, we synthesized batches of PtPFPP-RL-100
NPs by the knownmethod,29 and examined themwith

different mammalian cells, particularly with respect to
their self-loading ability and analytical performance in
icO2 sensing experiments. Knowing that Pt�porphyr-
in-based probes are more difficult to use on confocal
fluorescent imaging systems and flow cytometers (low
luminescent signals since their long-decay emission is
not very compatible with standard signal acquisition
parameters), we also prepared RL-100 NPs impreg-
nated with a fluorescent perylene dye. These were
used to study NP loading and localization at a single-
cell level.

Spectral characteristics of the two NP probes and
dye structures are shown in Figure 1a�c. In a prelimin-
ary experiment, we measured phosphorescence life-
time of the PtPFPP NP probe (5 μg/mL) in air-saturated
phosphate buffer having different pH values (range
6.0�8.0) and ionic strength (50 � 300 mM), at 37 �C.
These parameters have no significant effect on probe
lifetime, so its O2 calibration remains stable in different
media and environment (Supporting Information, Fig-
ure S1a). Temperature sensitivity is significant, as well-
known from prior work,6,7 and therefore should be
accurately controlled. The absorption spectrum of the
PtPFPP NP probe was identical to the monomeric
PtPFPP,26 proving that the dye does not aggregate.

NP morphology was analyzed by scanning electron
microscope (SEM) and atomic force microscope (AFM)
imaging which revealed that the particles have sphe-
rical shape, smooth surface, and an average particle
size of 40( 12 nmand 35( 15 nm, respectively (Figure
2a,b), which was close to the particle size (∼30 nm)
obtained from the Zetasizer analyzer. This size of the NPs
is smaller than for the majority of other O2 nanoprobes
(usually >100 nm).

Analysis of Self-Loading of the NP Probes. First, we stud-
ied the effects of probe concentration, loading time,
cell density, and protein content in the medium on the
loading of MEFs with PtPFPP NPs. In the previous studies
with Pt�porphyrin-based O2 probes, it has been worked
out that TR-F intensity signals exceeding 3 � 104 cps

Figure 1. (a) Normalized absorption (dashed) and emission
spectra (solid) of PtPFPP (black) and perylene (gray) NPs;
chemical structures of (b) PtPFPP and (c) perylene dyes.
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(counts per second) are required for reliable and ac-
curate lifetime measurements in O2 sensing experi-
ments on a Victor reader with optimized settings.16

Adherent MEFs grown as a monolayer on 96-well plate
were incubated in Dulbecco's modified eagle medium
(DMEM) with 1.25�40 μg/mL PtPFPP NPs for 12 h at
37 �C, then washed and measured. Figure 3a shows
that high signals were achieved already with 1.25 μg/mL
of the NPs (16 nM of PtPFPP). At higher concentrations
(2.5�20 μg/mL) loading efficiency increased steadily
without saturation, reaching the signals in excess of
400000 cps (close to photodetector saturation). Kinetics
of loading with 10 μg/mL PtPFPP NPs shows that the
required TR-F signals can be generated already after 3 h
incubation (Figure3b) and thatmostof the signal increase
occurs during the first 12 h of loading. These results were
confirmed using peryleneNPs and fluorescence activated

cell sorter analysis (FACS), which produced a very similar
pattern (Figure 3b).

To optimize cell concentration, we seeded MEFs at
1 � 104 to 4 � 104 cells/well, cultured them for 24 h,
loaded with 10 μg/mL PtPFPP NPs for 12 h in DMEM
at 37 �C, and then measured. Figure 3c shows that
3 � 104 cells/well can be regarded as optimal seeding
concentration for O2 sensing experiments.

Serum/protein content in the medium is known to
affect transport of many probes and drug formulations
into the cell.31 We tested loading of MEFs with 10 μg/mL
PtPFPP NPs at 50%, 10%, 3%, 1%, and 0% of fetal
bovine serum (FBS). Although in the media with low
serum content cell numbers were reduced (slower
growth), the presence of the NP probe had nomeasur-
able effect on cell growth and total ATP levels (data not
shown). At 50% FBS medium loading was inhibited by
∼50% compared to 10% FBS (Figure 3d) which could
be due to binding of albumin to the NPs preventing
their interaction with cells. At the same time, probe
signals remained sufficiently high for O2 sensing exper-
iments.

To investigate probe leakage from the cells, MEFs
preloaded with PtPFPP NPs were cultured under stan-
dard culturing conditions for 24 h andmeasured periodi-
cally changing the medium prior to each measurement.
Under these conditions, TR-F intensity and lifetime
signals remained stable (1.86 ( 0.08 � 105 cps after 0 h
and 1.96 ( 0.1 � 105 cps after 24 h). Phosphorescence
lifetimevalues for the respiringandnonrespiring (inhibited
with antimycin A (AntiA)) MEFs were 33.82( 0.24 μs and
30.20 ( 0.17 μs, respectively. These results show that

Figure 2. (a) SEM and (b) AFM images of the PtPFPP-RL100
NPs. Average particle sizewas determined to be 40( 12 nm
and 35 ( 15 nm, respectively.

Figure 3. (a) TR-F intensity signals fromMEFs loadedwith 1.25�40 μg/mL PtPFPP NPs for 12 h (dashed line shows acceptable
threshold signal). (b) Kinetics of MEFs loading with 10 μg/mL PtPFPP (black bars) and perylene (gray bars) doped NPs,
presented as normalizedmean TR-F and FACS GEO intensity signals, respectively. (c) TR-F intensity signals for MEFs seeded at
different concentrations and loadedwith 10 μg/mL PtPFPP NPs for 12 h. (d) The effect of serum content in themediumon the
TR-F signals of MEFs loaded with PtPFPP NPs (black bars); relative cell numbers/ATP content are also shown (gray bars).
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the NP probe does not leak from the cells and can be
used over long periods of time. The absence of sig-
nificant dye leaching was evident from the good storage
stability of the probe (several months at 4 �C) and
reproducible results of the O2 sensing experiments.
Alsowhenprecipitated by the addition of NaCl, theNPs
retained the dye and the supernatant showed no
characteristic absorbance of the PtPFPP. Dye leaching
was tested under storage and physiological conditions:
incubation of theNPs in PBSwithout andwith 10%FBS,
37 �C followed by precipitation with salt. The dye was
undetectable in the supernatant, so it does not leak.

Cytotoxic effects of PtPFPPNPswere assessed using
luminescence-based ATP assay. In MEFs loaded with
5�20 μg/mL probe for e24 h or with e40 μg/mL for
14 h, ATP levels did not change significantly. Since
unchanged ATP levels do not mean that cell bioener-
getics remain unaffected,12 we also conducted an ex-
tracellular acidification (ECA) assay, which showed no
significant changes in glycolysis and (indirectly) in
oxidative phosphorylation (OxPhos) after cell loading
with the NP probe. Plasma membrane integrity assay
showed no difference in the release of lactate dehy-
drogenase (LDH) enzyme from control and NPs loaded
cells. This is consistent with the recent study of photo-
toxicity for the porphyrin-based nanoprobes, where
the effects of sensitized singlet oxygen were seen
negligible compared to the photodynamic drug Photo-
frin used at similar light doses.11 Singlet oxygen can
propagate ∼100 nm in aqueous solution, so its dama-
ging effect outside the polymeric NPs is expected to be
minor. Small size and high brightness allow low probe
concentrations to be used.

Altogether this shows that under standard experi-
mental conditions PtPFPP NP probe had no detectable
cytotoxicity or changes in cell viability (Supporting In-
formation, Figure S1). At the same time, very high
probe concentrations (g40 μg/mL) did induce mor-
phological changes in cells, detachment from the sub-
strate and formation of clusters, therefore they should be
avoided.

Finally, to show broader applicability of the NP probe
based on RL-100 polymer, loading of several other cell
lines, including human epithelial carcinoma (HeLa), hu-
man hepatocellular liver carcinoma (HepG2), nondif-
ferentiated and differentiated human neuroblastoma
(SH-SY5Y) and rat pheochromocytoma (PC12) cells was
investigated. They all showed loading efficiency and
localization patterns similar to MEF cells (Supporting
Information, Figure S2). It is worth noting that in all
these experiments emission lifetime of resting MEF
cells seeded with 3 � 104 cells/per well and loaded
after 24 h with PtPFPP NP probe for 12 h remained
constant: 33.81 ( 0.25 μs. These data illustrate broad
cell specificity of the NP probe. Based on this optimiza-
tion, further experiments were performed with sub-
confluent cell monolayers grown in 10% FBS medium,

loaded with 5�10 μg/mL PtPFPP or perylene NPs
for g3 h.

Sub-Cellular Localization and Mechanisms of Probe Uptake.
First,MEFswere loadedwith5μg/mLPtPFPPand5μg/mL
perylene NPs and analyzed by wide-field fluorescence
microscopy. Figure 4 shows very similar localization
patterns for the two probes: close to the cell nucleus
but not penetrating into it. This result and also Figure 3b
prove that cellular uptake of the NPs is determined
mainly by the polymeric material (RL-100) rather than
the dye. Co-staining with transferrin-Alexa488 (clathrin-
mediated endosomal stain) of MEF cells loaded with
PtPFPP NPs showed only partial colocalization (Sup-
porting Information, Figure S3). The stains for lyso-
somes,mitochondria, and endoplasmic reticulumshowed
no colocalization with the NPs. Overall, the NPs resem-
ble the endosomal stain; however, their exact localiza-
tion cannot be specified conclusively. MEFs loaded with
perylene NPs were also analyzed by confocal micro-
scopy, which provides high spatial and 3-D resolution.
The probe did not change cell morphology and was
detectable already after 3 h of loading (Figure 5a�f).
After 18h, probe localizationwas similar, but theamounts
were higher (Figure 5d,f). Cross sections of the Z-stack
confocal images were generated and compared to
those of the nuclear stain Hoechst33342 and cell mem-
brane stain bis-(1,3-diethylthiobarbituric acid) trimethine
oxonol (DiSBAC2(3)) (costaining with DiSBAC2(3) was
not possible due to spectral overlap). Figure 5g�i
further confirm that the NPs are mostly located close
to, but not penetrating, the nucleus.

Mechanisms of the NP probe uptake were investi-
gated in individual MEFs by confocal imaging and in
cell populations by flow cytometry. TR-F measure-
ments were set aside as they can be influenced by probe
nonspecific binding on the surface. Energy depen-
dence of the uptake was investigated by loading the
cells: (i) at 4 �C in glucose(þ) medium; (ii) at 37 �C in
glucose(-)/galactose(þ) medium containing oligomy-
cin (Complex V inhibitor). Low temperature is known to
decrease endocytosis,32 while preconditioning with

Figure 4. (a) Bright field and fluorescent images of MEFs
loaded with 5 μg/mL (b) perylene and 5 μg/mL (c) PtPFPP
NPs. Overlaid multicolor images are shown in panel d:
PtPFPP, red; perylene, green; Hoechst33342, blue.
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galactose/oligomycin significantly reduces cellular ATP
levels.21 For both treatments, imaging revealed the
presence of the NPs only on the cell membrane (Figure
6a�c) and significantly reduced loading with respect
to control cells (Figure 6d). This shows that NP uptake is
energy dependent. The binding of cargo to heparan
sulfates (proteoglycans on cell surface) is considered to
be the first step in the energy-dependent endocytic
pathway,33 which can be inhibited by heparin. Images
of MEFs pretreated with 50 μg/mL heparin showed
aggregation of the NPs on cell membrane (Figure 6e),
thus suggesting that proteoglycans are involved in the
uptake.One should keep inmind that negatively charged
heparin can form aggregates with positively charged
NPs, so that its inhibitory effect on endocytosis of the
NP can be overestimated. To find out what endocytic
pathways are involved in the uptake, the cells were
pretreated with chlorpromazine (CPZ, 10 μg/mL) and
methyl β-cyclodextrin (MbCD, 5 mM);inhibitors for
clathrin and caveolin dependent endocytosis, respec-
tively,34 or Naþ/Hþ exchanger antagonist 5-(N-ethyl-N-
isopropyl)-amiloride (EIPA, 10 μM);macropinocytosis
inhibitor, and then incubated for 3 h with NPs in the
presence of the inhibitor.35 All these inhibitors were
seen to reduce cellular uptake and alter probe localiza-
tion (Figure 6f�h). A similar reduction in probe loading in
MEFs was confirmed by FACS measurements (Figure 6i).
These results highlight the complex mechanism of NP
uptake, which involves all the main endocytic pathways.

O2 Calibration of PtPFPP NP Probe. To be able to trans-
late measured lifetime values into icO2 concentration,
the NP probe was calibrated in a biological (i.e., intra-
cellular) environment. MEFs were cultured in a 96-well
plate (3 � 104 cells/well), loaded with 10 μg/mL of the
NP probe for 14 h and washed. To eliminate local O2

gradients within the sample, cell respiration was blocked
by the addition of 10 μM of AntiA. The plate was then
transferred to a hypoxia chamber (Coy Scientific) and
measured on the TR-F reader at different levels of
atmospheric pO2 (0�20.88 kPa). After temperature
and gas equilibration phosphorescence lifetimes were
recorded and used to generate O2 calibration (Figure
7a). This calibration was fitted with the following
function: [icO2] = 45.65 � ln(41.35/(τ � 29.62)), which
was used to generate the profiles of icO2 (see below). In
addition, resting respiring MEFs loaded with the NP
probe were also measured, and O2 calibration was
used to calculate their relative deoxygenation (%) at
different pO2 values (Figure 7b).

Monitoring of Respiratory Responses of Cells to Mitochondrial
Uncouplers and Inhibitors. To monitor the dynamics of
icO2 and changes in cellular respiration, MEFs loaded
with PtPFPP NPs were treated with classical mitochon-
drial uncouplers and inhibitors. Figure 8a,b shows
profiles of probe lifetime and icO2 for MEFs cultured

Figure 5. (a,b) DIC and confocal fluorescence images of MEFs
stained with Hoechst3342 (blue) and perylene NPs (green)
for 3 h (c,d) and 18 h (e,f), and their cross sections (g,h). Red
line shows cell diameter. (i) Cross section of MEF cells
stained with a plasma membrane stain DiSBAC2(3).

Figure 6. Confocal fluorescent images of MEFs loaded with
perylene NPs (green). The effect on probe brightness and
localization after 3 h loading at 4 �C: (a)whole image, (b) and
cross section; (c) ATP depletion, (d) standard conditions,
(e) inhibition of endocytosis with heparin, (f) CPZ, (g) MbCD,
and (h) EIPA. (i) FACS analysis of MEFs loaded under
different conditions.
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at different densities and monitored at pO2 20.88 kPa,
37 �C with sequential treatment with 2 μM carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP,
at 40 min) and 10 μM AntiA (at 90 min). For the resting
MEFs seeded at increasing densities (1� 104 to 8� 104

cells/well) basal lifetimes were seen to increase from
32.18 ( 0.19 to 35.58 ( 0.30 μs, thus reflecting sig-
nificantly reduced icO2 levels within the cell monolayer
(between 135 and 90 μM, respectively, while in air-
saturated conditions they are expected to be 209 μM).

Upon cell stimulation by the addition of FCCP, the
differences in oxygenation of the cell layer become
more evident. FCCP uncouples the respiratory chain
and oxidative phosphorylation in the mitochondria,
which leads to increased rate of O2 consumption. This
causes a deeper deoxygenation of the cellswhich leveled
off at ∼10 μM O2 at high cell numbers. The associated
changes in icO2 correspond to the transition of the
respiring sample to a new steady state, where O2 con-
sumption by the cells is again balanced by O2 diffusion
from the medium and gaseous atmosphere.13 The
process of re-establishment of new O2 gradients in
the respiring samples upon cell stimulation can also be
monitored as an increase in phosphorescence lifetime
of the NP probe loaded in MEFs.

Strong dependence of measured icO2 concentra-
tions and responses to metabolic stimulation on the
density of cell monolayer also points to the fact that in
such samples with respiringMEFs (monitored at 21 kPa
of atmospheric pO2) global O2 gradients dominate over
the microscopic O2 gradients within the cells. Other-
wise, the icO2 levels would be seen independent of the
cell density.

The subsequent addition of AntiA (inhibitor of
Complex III of the electron transport chain which blocks
cellular respiration) led to gradual dissipation of O2

gradients within the sample, so that icO2 approached
air-saturated levels. This can be seen as a decrease in
probe lifetime to about∼30.38( 0.09 μs, that is, below
the levels of resting respiring MEFs. In the presence of
AntiA, lifetime values (and icO2) in all the different
samples became equal and independent of the cell
number. FCCP andAntiA had no effect on the NPprobe
itself (data not shown).

Figure 8c,d shows dose response of MEF cells to
FCCP in the lifetime and icO2 scales. The addition of
1�4 μM FCCP was seen to activate and constantly
increase cell respiration in a concentration dependent
manner. The addition of AntiA decreased the lifetime
and iO2 values to the level of air-saturation. As ex-
pected, control MEF cells treated with carrier only
(DMSO) showed practically no changes in the lifetime,
but only minor temperature equilibration effects asso-
ciated with plate withdrawal from the instrument and
addition of drugs.

Lastly, the probe was applied to monitor icO2 levels
in MEFs in hypoxic macro-environment. Oxygenation
of resting MEFs and the effects of FCCP, AntiA, and
carrier treatments were monitored in the hypoxia
chamber preset at 15 and 10 kPa pO2 (approximately

Figure 8. Basal signals for the resting MEFs and their
respiratory responses to the addition of 2 μM FCCP fol-
lowed by 10 μM AntiA at different cell numbers (1 � 104

(9), 2 � 104 (b), 3 � 104 (2) and 6 � 104 ([) cells/well),
presented in (a) lifetime and (b) O2 scales. (c,d) The
response of 3� 104 cells/well to 1 (2), 2 (9), 4 μM ([) FCCP
and carrier (Δ) (in lifetime and icO2 scales). (e,f) Responses
to 2 μM FCCP ([),10 μM AntiA (b), and carrier (Δ) at
10 kPa pO2.

Figure 7. O2 calibration of the PtPFPP NP probe: (a) phos-
phorescence lifetime (τ) in nonrespiring MEFs at different
external O2 concentrations (b); (b) relative deoxygenation of
respiring MEFs at different dissolved O2 levels (0�209 μM).
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150 μMand 100 μMdissolved O2 in saturatedmedium,
respectively). As expected, under these conditions resting
icO2 levels were significantly reduced compared to
normoxic macro-environment, 21 kPa (Figure 8e,f),
and the responses to cell stimulation became ampli-
fied. The difference in oxygenation between resting
and nonrespiring (AntiA treated) cells also increased
(see Figure 7b). The addition of 2 μM FCCP at 10 kPa
pO2 resulted in almost complete deoxygenation of the
cell layer.

One can therefore see that the PtPFPP NP probe
produces the anticipated results on icO2 levels in MEFs
as well as the other cells (data not shown), and robust
responses to cell stimulation with classical mitochon-
drial effectors/drugs. It allows reliable and reproducible
monitoring of cell oxygenation and its changes asso-
ciated with altered cell metabolism, with high accuracy
and using commercial multilabel readers with TR-F
capabilities, without anymodifications. The results pro-
duced are in good agreement with the mode of action
of the effectors used and with the data generated
using the other O2 probes.

13

icO2 Imaging Experiments. High brightness, photo-
stability, and high self-loading ability of the PtPFPP
NP probe with various mammalian cells allow its use in
O2 imaging experiments on fluorescent microscopes.
For accurate assessment of icO2 concentration, phos-
phorescence lifetime modality (i.e., microsecond FLIM)
is preferred;6,36,37 however, such systems are not widely
available. At the same time, we demonstrate that even
in intensity mode the PtPFPP NP probe shows quite
satisfactory performance in O2 imaging experiments,
providing good spatial resolution, relatively short ex-
posure time (50 ms/frame) and prolonged monitoring
(60 min and more) and single cell analysis capabilities.
Figure 9 shows monitoring of relative oxygenation
and respiratory responses of MEFs to stimulation in

fluorescence intensity mode (at 20 kPa pO2). After
recording of basal signal from three individual cells
for 10�20 min, the sample was treated with FCCP, and
when the response reached its plateau AntiA treat-
ment was applied. The experiment was carried out as
described previously.37 Similar to the experiments on
the TR-F reader (see Figure 8c,d), the phosphores-
cence intensity readings of the NP probe correlated
with icO2 levels (inverse relationship). One can see
that the profiles of the NP probe signal generated on
the microscope are similar to those produced on
the TR-F reader. At the same time, conversion into
icO2 concentrations is somewhat more difficult here,
since the intensity calibration of the probe is not as
stable and accurate as the lifetime calibration on the
TR-F reader. Figure 9b shows the intensity changes in
the images according to the treatment with FCCP
and AntiA.

CONCLUSIONS

The NP probe based on PtPFPP O2-sensitive dye and
Eudragit RL-100 polymer, which is very easy to produce
and use, demonstrates excellent self-loading ability
with many common lines of mammalian cells. Simple
incubation of the probe with test cells in common
growth media over a short period of time (3�12 h)
produces high and stable phosphorescent intensity
signals. Cellular uptake of the NPs occurs by endocy-
tosis in an energy dependent manner, and this process
is rather independent of the type of luminescent dye
incorporated in the NPs. In loaded cells the NPs localize
close to cell nucleus and partly colocalize with endo-
somes. The localization pattern is not influenced much
by the loading time. Within the optimized range of
working concentrations and loading times, toxic ef-
fects of the probe on cells are negligible.
The NP probe loaded in the cells allows reliable

and accurate measurement of icO2 concentration in
adherent cell cultures, by relatively simple means.
Phosphorescence lifetime measurements on a com-
mercial TR-F reader provide reliable and accurate
monitoring of cell oxygenation and metabolic re-
sponses of respiring cells. Measured lifetime profiles
can be converted into icO2 concentrations using O2

calibration generated in a separate (once off) experi-
ment. Photostability and brightness of the NP probe
is superior to the other O2 probes currently in use,
therefore it is better suited for microscopy imaging
experiments, where O2 can be imaged in individual
cells and tissue slices. The PtPFPP NP probe comple-
ments the extracellular O2 probes currently used to
measure oxygen consumption rates (end-point assay).
It can be used in a high throughput screening format
(TR-F reader) and on high content live cell imaging
systems, to generate useful real-time information on
cellular responses to drugs and metabolic stimulation.

Figure 9. Time-lapse fluorescent imaging of MEFs and
their responses to metabolic stimulation using the
PtPFPP NP probe: (a) intensity profiles for the three
regions of interest (ROI), and (b) corresponding images
for the basal condition, uncoupled with 2 μM FCCP and
inhibited with 10 μM AntiA (correspond to plateau
regions on panel a).
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Overall, it provides a powerful tool for studies of
mitochondrial and cellular function, cell metabolism,

bioenergetics, hypoxia research and various disease
models.

MATERIALS AND METHODS
Materials. Eudragit RL-100 copolymer (poly-(ethylacrylate,

methyl-methacrylate, and chloro-trimethyl-aminoethyl meth-
acrylate), M.W.≈ 150 000D, 8.8�12% of quaternary ammonium
groups) was from Degussa, Germany. PtPFPP dye was from
Frontier Scientific. OptiMEM I medium, DiSBAC2(3), Hoechst
33342, MitoTrackerGreen (MTG), LysoTrackerGreen (LTG), ER-
TrackerGreen (ETG), and transferrin-Alexa Fluor488 stains were
from Invitrogen (Carlsbad, CA). DMEM, Roswell Park Memorial
Institute Medium (RPMI), collagen IV, poly-D-lysine, oligomycin,
MbCD, EIPA, CPZ, FCCP, AntiA, and all the other reagents were
from Sigma-Aldrich. Plasticware was from Sarstedt (Ireland),
MatTek (Ashland, MA), Greiner Bio One (Germany), Becton
Dickinson (Biosciences, Ireland), and IBIDI (Munich, Germany).
The pH-Xtra probe for the measurement of extracellular acid-
ification was from Luxcel Biosciences (Ireland). Cellular ATP assay,
CellTiter-Glo, and cell membrane integrity assay, CytoTox-ONE,
were from Promega (Madison, WI). BCA Protein Assay kit was
from Thermo Fisher Scientific (Rockford, IL). 1,6,7,12-Tetra-
chloro-N,N0-di-(2,6-diisopropylphenyl)-perylene-3,4:9,10-tertra-
carboxylic bisimide (perylene) was prepared according to the
procedure in ref 38.

Preparation of Phosphorescent and Fluorescent Nanoparticles. A1.5g
portion of RL-100 polymer and 22.5 mg of PtPFPP was dis-
solved in 750 g of acetone. This solution was placed in a 5 L
beaker to which 4 L of deionized water were added over 20 s
under rigorous stirring. Acetone was subsequently removed
under reduced pressure and an aqueous dispersion of the NP
was further concentrated to approximately 75 mL. Traces of
aggregates were removed by filtration through a paper filter
and then through a sterile 0.22 μm filter. Thus, stock of the O2

probe was produced, which had NP concentration of 10mg/mL
(1.5% w/w PtPFPP), size of approximately 30 nm, Z-potential
of þ58 mV, as determined on a particle size analyzer Zetasizer
Nano ZS (Malvern Instruments, Germany). It showed a bright
phosphorescence in aqueous solution which was quenched by
O2. This solution was stored in a dark place at þ4 �C for further
use. The fluorescent NP probe doped with perylene dye was
prepared using the same method, but with 15 mg of perylene
instead of PtPFPP.

SEM and AFM were used to characterize the morphology
and size of the polymeric NPs. SEM imagingwas done on a Zeiss
Ultra 55 system, using aqueous dispersion of the NPs pipetted
on a sliced mica support, subsequently rinsed with water and
conducted with Au and Pt. AFM images were generated on a
Veeco Dimension 3100 combined with NanoScope IVa (NSIVa)
Scanning Probe Microscope controller and a hybrid XYZ scan-
ner, using a diluted sample of the NPs (0.0001% w/w) fast dried
onto freshly cleaved mica and analyzed in tapping mode with
Olympus OMCL-AC240/AC160 tips.

Optical Measurements. Absorption spectra of the NP probes
were measured on an HP8453 diode array spectrophotometer
(Agilent) in 1 cm quartz cell. Excitation and emission spectra
were measured on an LS-50B fluorescence spectrometer (Perkin-
Elmer). TR-F intensity and phosphorescence lifetime measure-
ments, O2 calibration and intracellular O2 sensing experiments
with PtPFPP NP probe were conducted on Victor multilabel
reader with TR-F capabilities (Perkin-Elmer), as described pre-
viously.16

Cell Culture and Loading with the NP Probes. MEFs, HepG2, HeLa,
PC12 and SH-SY5Y cell lines obtained from the American Col-
lection of Cell Cultures were grown in 75 cm2 flasks. MEF,
HepG2, HeLa and SH-SY5Y cells were cultured in DMEM supple-
mented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin
and 100 mg/mL streptomycin (P/S), at 37 �C under humid con-
ditions with 5% CO2. PC12 cells were cultured in RPMI-1640
medium supplemented with 2 mM L-glutamine, 10% horse

serum (HS), 5% FBS, and P/S, under the same conditions. For
the O2, ATP, LDH, and ECAmeasurements, cells were seeded on
96 well plates (Sarstedt) coated with collagen IV at 2�6 � 104

cells/well. For live cell imaging experiments, cells were seeded
at 1�3� 104 cells/well on glass-bottommini-dishes (MatTek) or
mini-chambers with a 2-well insert (IBIDI), both coated with a
mixture of collagen IV (0.007%) and poly-D-lysine (0.003%).

Loading was achieved by simple incubation of the cells with
1�40 μg/mL of PtPFPP or perylene NP probe in corresponding
growth media (the same volume as in culturing), for 3�24 h in
CO2 incubator at 37 �C. After incubation, loaded cells were
washed once and then measured in fresh medium (without
phenol red) supplemented with 20 mM HEPES, pH 7.4 (to
maintain physiological pH in CO2-free environment).

Probe Localization and Mechanisms of Uptake Studies. MEF, PC12,
HepG2, SH-SY5Y, and HeLa cells seeded on MatTek dishes at
subconfluent densities were loaded by incubating them with
the NP probe (1�40 μg/mL for 3�24 h for kinetic studies or for
3 h for inhibition studies). Then the cells were washed with
prewarmed measurement medium (see above) and analyzed.
To allow plasma membrane and mitochondrial membrane visua-
lization, cells were additionally stained in OptiMEM I medium
with 1 μM DiSBAC2(3) and 20 nM TMRM, respectively. For the
samples loaded with NPs and DiSBAC2(3), cell nuclei were
stained with 1 μM Hoechst 33342. During the measurements,
DiSBAC2(3) probes were maintained in solution at 0.25 μM,
respectively. To study intracellular localization of the NP probe,
loaded MEFs were costained with either 25 nM MTG, 100 nM
LTG, 1 μM ETG, or 40 μg/mL transferrin-AlexaFluo488, together
with 1 μMHoechst 33342. All staining was performed according
to manufactures instructions. To determine the effects of
temperature on the NP uptake, MEF cells were preincubated
30 min at 4 �C and loaded with NP for 3 h at 4 �C. The effect ATP
depletion on the uptake was studied by incubating the cells in
galactose media for 2 h, treating them with 10 μM oligomycin
for 30 min, loading with the NP probe in the presence of
oligomycin and then measuring. Involvement of cellular pro-
teoglycans in NP uptake was studied by incubating the cells
with 50 μg/mL heparin for 30 min, followed by incubation with
10 μg/mL NP for 3 h in the presence of heparin. To study the
effects of endocytosis inhibitors, MEF cells were preincubated
for 30 min with 50 μM 5 EIPA, 5 mM MbCD, or 10 μg/mL CPZ
drug, followed by 3 h incubation with the NP in the presence of
the inhibitor and measurement.

Microscopy Imaging. Live cell fluorescence microscopy ima-
ging was conducted on an Olympus FV1000 confocal laser
scanning microscope with controlled CO2, humidity, and tem-
perature.Acquisitionof each spectral signalwasdone in sequential
laser mode with emission gates adjusted to avoid overlaps. The
perylene dye was excited at 488 nm (1.5�5% of laser power)
with emission collected at 500�550 nm. Hoechst 33342 was
excited at 405 nm (3% laser power) with emission collected at
440�480 nm. DiSBAC2(3) was excited at 543 nm (5%, 1.5%
power, respectively) collecting the emissionwith a 555�600 nm
filter. In all the experiments fluorescent and differential inter-
ference contrast (DIC) images were collected with a 60� oil
immersion objective using 0.5 μmsteps. The resulting z-stacked
images were analyzed using FV1000 Viewer (Olympus).

Images of the cells loaded with PtPFPP and perylene-doped
NPs were generated on a wide-field fluorescence microscope
Axiovert 200 (Carl Zeiss, Germany) equipped with an LED excita-
tion module (390 nm LED for PtPFPP and 470 nm LED for
perylene) and intensified CCD camera (LaVision BioTec, Germany).
The LEDs were pulsed with a fixed pulse length of 10 μs. Images
of cells loaded with PtPFPP and perylene NPs were generated
using 655/50 and 535/50 nm emission bandpass filters, respec-
tively. Fluorescence intensity was integrated over a light exposure
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time of 50 ms. In PtPFPP NP colocalization experiments, MTG,
LTG, ETG, and transferrin-AlexaFluo488 images were generated
under constant illumination (488 nm LED) with a fluorescence
integration time of 100 ms/frame in combination with 535/50 nm
emission bandpass filter. Images of the nuclear stain Hoechst
33342 were acquired under pulsed 390 nm LED excitation with
an integration time of 50ms/frame andDAPI filter set (387( 11/
447 ( 60 nm). Images were taken on EC PanNeofluar 40x/1.30
oil immersion objective, processed with ImSpector software
(LaVision), and then with Adobe Photoshop and Illustrator
software.

Flow Cytometry. MEFs were seeded on 35 mm Petri dishes
coated with collagen IV, then treated and loaded in the same
manner as for confocal microscopy, washed two times in PBS,
trypsinsed, resuspended in 1 mL PBS, passed through a 21G
needle to break aggregates and transferred into 5 mL polystyr-
ene tubes. Samples were analyzed on a fluorescence activated
cell sorter FACSCalibur (Becton Dickinson, NJ) using 488 nm
laser for excitation, and CellGate software for data analysis.

Intracellular O2 Sensing Experiments. MEFs were seeded in 96-
well plates, loaded with 5�10 μg/mL of PtPFPP NPs for 3�24 h
in regular medium and then washed. Intracellular O2 sensing
experiments were conducted on a Victor reader at 37 �C using
340 nm excitation and 642 nm emission filters. Typically, 24�48
wells with cells in 90 μL of air-saturated medium supplemented
with 20 mM HEPES, pH 7.4, were monitored simultaneously.
Each sample well was measured repetitively every 1�6 min by
taking two TR-F intensity readings at delay times of 30 and 70 μs
and gate time 100 μs. Measured TR-F intensity signals for each
sample well were converted into phosphorescence lifetime (τ)
values: τ = (t1 � t2)/ln(F1/F2), where τ is probe fluorescence
lifetime, t1, t2 are the two delay times, and F1, F2 are the cor-
responding TR-F intensity signals, and plotted as time profiles.16

When recording respiratory responses to stimulation, the
plate with loaded cells was initially monitored for 10�40 min to
reach gas and temperature equilibrium and obtain basal icO2

signals. Then the plate was quickly withdrawn from the reader,
compoundswere added to the cells (10 μL of 10� stock solution
per well) and monitoring was resumed. The resulting TR-F
signals were converted into lifetime profiles for each sample
well. These profiles were subsequently converted into icO2

concentration (μM), using the calibration function of the icO2

NP probe. Necessary controls (without cells, without probe) and
samples with respiring cells were incorporated as appropriate.

Calibration of the PtPFPP NP probe was performed directly
in live cells on the TR-F reader placed in a hypoxia chamber (Coy
Scientific) which was sequentially equilibrated at different pO2:
1.0�20.88 kPa. The cells were treated with 10 μM AntiA to
inhibit respiration and ensure that their icO2 levels are equal to
the external O2 determined by the settings of the hypoxia
chamber. Following∼30 min of temperature and gas equilibra-
tion of the plate at the selected pO2, steady-state TR-F intensity
readings were recorded for the samples containing nonrespir-
ing cells preloaded with the NP probe. Since hypoxia chambers
are difficult to equilibrate below 2% O2, a zero O2 calibration
point was produced by chemical deoxygenation with glucose
oxidase enzyme (0.1 mg/mL). Corresponding lifetime values
were calculated and plotted against O2 concentration in the
medium at given pO2 (20.88 kPa pO2 in air corresponds to 209 μM
O2 in solution at þ37 �C). The resulting set of data points was
fitted with a mathematical function (giving the best R2), which
was subsequently used as calibration function to convert mea-
sured lifetime values into icO2 concentration.

icO2 imaging experiments with MEF cells were performed
on thewide field fluorescencemicroscope Zeiss Axiovert 200, in
intensity mode. There were 3 � 104 cells in 70 μL of medium
seeded into glass bottom imaging dishes (Matek) with double-
chamber culturing inserts (Ibidi, Germany), grown for at least
24 h to a confluentmonolayer, incubatedwith 10 μg/mL PtPFPP
NP for more than 3 h, washed once, and thenmeasured in 70 μL
of DMEM at 37 �C. After a stable basal signal in the selected
region of interest (ROI) with resting cells was obtained, the
incubation chamber lid was gently opened, 7 μL of 10� drug
stock (FCCP andAnti A)were added to cells, andmonitoringwas
resumed. Images for individually chosen ROIs taken periodically

over 60 min were extracted, exported, and processed to gen-
erate phosphorescence intensity images and time profiles.

ECA Assay. The ECA rate was monitored as described.12 Briefly,
MEFs were seeded and loaded with the PtPFPP NP probe in
standard conditions. Then medium was replaced with unbuf-
fered DMEM, supplemented with 1 mM sodium pyruvate and
10 mM glucose, pH 7.4 (ECA measurement buffer), and cells
were maintained in a CO2-free incubator at 37 �C for 3 h to
release absorbedCO2. Then themediumwas replacedwith 100μL
of fresh ECAmedium containing 2 μMof pH-Xtra probe, and the
plate was measured kinetically on the Victor reader at 37 �C
for 30�90 min using the TR-F mode and Europium filter set
(340( 35 nm excitation and 615( 8.5 nm emission). Each time
TR-F intensity signals were measured at two delay times of 100
and 300 μs and ameasurement window of 30 μs and converted
into lifetime values: τ = (t1 � t2)/ln(F1/F2). To determine relative
changes in the ECA, lifetime changes of the pH-Xtra probe (i.e.,
dτ/dt) for treated samples were compared to that of untreated
controls.

ATP, LDH, and Protein Content. Cellular ATPwasmeasured using
CellTiter-Glo Assay kit in white 96-well plate (Greiner Bio One),
using Victor reader and standard chemiluminescence settings.
Cell membrane integrity after loading with NP was tested using
CytoTox-ONE Assay kit (LDH release) and clear bottom 96-well
plates (Greiner Bio One). Signals for unloaded cells were taken
as 100% viability. Total protein content was determined using
BCA Protein Assay kit. These assays were conducted according
to manufacturers' protocols.

Statistics. All the results are presented as mean values (
standard deviation (error bars on the plots), usually for 6�8 re-
plicates (sample wells). Imaging data are presented as average
values for 3�10 individual cells. Each experiment was repeated
3�5 times to ensure consistency of results.
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