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Imaging intracellular viscosity of a single cell
during photoinduced cell death
Marina K. Kuimova1,2 *, Stanley W. Botchway3, Anthony W. Parker3, Milan Balaz4, Hazel A. Collins4,
Harry L. Anderson4, Klaus Suhling5 and Peter R. Ogilby2 *
Diffusion-mediated cellular processes, such as metabolism, signalling and transport, depend on the hydrodynamic
properties of the intracellular matrix. Photodynamic therapy, used in the treatment of cancer, relies on the generation of
short-lived cytotoxic agents within a cell on irradiation of a drug. The efﬁcacy of this treatment depends on the viscosity
of the medium through which the cytotoxic agent must diffuse. Here, spectrally resolved ﬂuorescence measurements of a
porphyrin-dimer-based molecular rotor are used to quantify intracellular viscosity changes in single cells. We show that
there is a dramatic increase in the viscosity of the immediate environment of the rotor on photoinduced cell death. The
effect of this viscosity increase is observed directly in the diffusion-dependent kinetics of the photosensitized formation
and decay of a key cytotoxic agent, singlet molecular oxygen. Using these tools, we provide insight into the dynamics of
diffusion in cells, which is pertinent to drug delivery, cell signalling and intracellular mass transport.

D

iffusion-mediated cellular processes depend on the hydrodynamic properties of the intracellular matrix. The translational diffusion coefﬁcient D for a given intracellular solute
depends on the ﬂuid-phase viscosity of the cytoplasm, as well as
on collisions and interactions that occur between the solute and
intrinsic cellular macromolecules1. Values of D for both small
solutes1–5 and macromolecules6,7 in mammalian cells can be 5–50
times smaller than those in pure water. Measurements in cell
vesicles8 demonstrated that the local microviscosity can be as high
as 140 cP, whereas the microviscosity in the aqueous phase of the
cellular cytoplasm is 1–2 centipoise, similar to that of pure water9–
11
. Such large viscosity variations within a cell can inﬂuence diffusion and bimolecular reaction rates12, and must be considered, for
example, when developing strategies for drug delivery and
cancer therapy.
Fluorescent molecular rotors, in which the non-radiative decay of
an excited state can be altered by the ambient viscosity, have
emerged as a new modality for measuring the microviscosity in a
biological environment8,13,14. This approach complements viscosity-dependent ﬂuorescence depolarization work, pioneered by
Perrin15 and Weber16. Precise calibration of the rotor response to
viscosity can be achieved by using either ﬂuorescence lifetimebased measurements8 or a ratiometric approach14. The present
work uses a new type of rotor, constructed as a conjugated porphyrin dimer (1, Fig. 1a). The remarkable nonlinear optical properties of 1, together with its high intracellular uptake, photostability
and favourable photophysical properties, have been used to create
an efﬁcient photosensitizer for one-photon and two-photon
excited photodynamic therapy (PDT) of cancer17–20. In PDT, cell
death and tissue eradication are achieved on irradiation of the
photosensitizer and the subsequent production of cytotoxic
species, in particular singlet molecular oxygen, O2(a1Dg)
(Fig. 1b)21. Now, by using the properties of the dimer 1 as both a
PDT photosensitizer and a ﬂuorescent ratiometric molecular
rotor, we (i) initiate cell death via irradiation of 1 and (ii) monitor

changes in the intracellular viscosity of light-perturbed single
cells. Finally, we illustrate the effect of the light-induced viscosity
change on intracellular diffusion and reaction rates by direct timeresolved single-cell spectroscopic studies of O2(a1Dg), monitoring
its formation and decay rates with subcellular resolution.

Results
The spectroscopic properties of a butadiyne-linked porphyrin
dimer, structurally related to 1, have been described in terms of
two conformations: planar and twisted, referring to the relative position of the porphyrin units22. Each conformer is characterized by
distinctive absorption and emission spectra. The emission of the
dimer in ﬂuid solution is dominated by the lower-energy planar
conformation, whereas the emission of the less-stable twisted conformer can be observed in glassy matrices, in which rotation of
the two porphyrin units relative to each other is restricted.
The absorption and emission spectra for 1 in solutions of varying
viscosity, ranging from 0.6 to 950 cP, are shown in Figs 1c and 2a.
The spectral changes that occur with an increase in viscosity are
consistent with the formation of increasing amounts of the
twisted conformer of 1 (ref. 22) as torsional rotation about the butadiyne link becomes slower in viscous media. Thus, we assign the
emission maximum of 1 at 710 nm to the twisted conformation
and the emission maximum at 780 nm to the planar conformation.
The calibration, using a ratiometric approach, of the viscositydependent rotor response of 1 following 473-nm excitation is
shown in Fig. 2a (inset). The plot of the intensity ratio of the two
ﬂuorescence peaks of 1 against viscosity in double logarithmic coordinates shows a good linear correlation, as expected from theory23.
The dimer 1 is efﬁciently incorporated into live cells19. The ﬂuorescence spectrum of 1 in a cell (Fig. 2b) clearly shows two
well-resolved maxima at approximately 710 and 780 nm, corresponding to emission from the twisted and planar conformations
of the dimer, respectively. Using the viscosity calibration graph
(Fig. 2a, inset), we ascertain that the viscosity of the intracellular

1

Chemistry Department, Imperial College London, Exhibition Road, London SW7 2AZ, UK, 2 Center for Oxygen Microscopy and Imaging (COMI),
Department of Chemistry, University of Aarhus, Århus DK-8000, Denmark, 3 Central Laser Facility, Science and Technology Facilities Council,
Rutherford Appleton Laboratory, Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11 0QX, UK, 4 Oxford University, Department of
Chemistry, Chemistry Research Laboratory, Oxford OX1 3TA, UK, 5 Department of Physics, King’s College London, Strand, London WC2R 2LS, UK.
* e-mail: m.kuimova@imperial.ac.uk; progilby@chem.au.dk
NATURE CHEMISTRY | VOL 1 | APRIL 2009 | www.nature.com/naturechemistry
© 2009 Macmillan Publishers Limited. All rights reserved.

69

ARTICLES
MeO

NATURE CHEMISTRY

O

O
3

3

N

+

N

N
Zn

Me N
N

MeO

O

OMe

N

+

Zn
N

N

N Me
N

O

3

OMe
3

S1

hν

Fluorescence

T1
Chemistry
Energy transfer
O2(a1Δg)
1,270 nm emission
vs
physical deactivation
O2(X3 Σ g−)

S0

Absorbance

0.4

0.2

0.0
500

600
700
Wavelength (nm)

800

Figure 1 | Principles of intracellular viscosity detection and singlet-oxygen
generation using a porphyrin dimer. a, Structure of the porphyrin-dimerbased rotor 1. b, Schematic representation of one-photon photosensitized
singlet-oxygen production: irradiation of the sensitizer (for example 1)
populates a singlet excited state, S1; intersystem crossing from S1 produces a
long-lived triplet state, T1; energy transfer from T1 to ground-state oxygen,
1
O2(X3S2
g ), generates singlet oxygen, O2(a Dg). c, Absorption spectra of 1 in
methanol/glycerol mixtures of increasing viscosity, from 0.6 cP (methanol,
red line) to 950 cP (95% glycerol, solid black line). The changes in
absorption are consistent with the formation of increasing amounts of the
twisted conformer of 1 in more-viscous media. Arrows indicate the direction
of change on irradiation.

compartments where 1 localizes is approximately 50 cP (see
Supplementary Information). A similarly high viscosity has been
reported for endocytotic vesicles of live cells8.
The ﬂuorescence spectrum of 1 was also recorded in the bulk cell
culture medium (Fig. 2b). Here, the emission spectral shape shows
only a slight deviation from that in non-viscous solutions (Fig. 2a).
The small increase in apparent viscosity measured by 1 in the
culture medium compared with methanol corresponds to the
surface binding of 1 to bovine serum albumin (BSA), as previously
established for a series of ionic dimers similar to 1 (ref. 19) and for
smaller charged porphyrins24,25. As the dimer 1 is too large for
highly speciﬁc ‘lock–key’ binding with intracellular proteins26 that,
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in turn, would restrict its conformational dynamics, the spectrum
of intracellular 1 must reﬂect a large ambient viscosity rather than
speciﬁc binding. This point is corroborated by independent
singlet-oxygen experiments (see below).
An important advantage of monitoring intracellular microviscosity using molecular rotors is the possibility of characterizing a
dynamically changing environment. We illustrate this by recording
emission spectra of 1 inside cells during PDT; that is, on irradiation
with light, which ultimately results in cell death (Fig. 2c).
On irradiation with light, 1 sensitizes the production of cytotoxic
O2(a1Dg) (ref. 19; Fig. 1b) and initiates cell death17,20. The series of
emission spectra obtained on irradiation of 1 in a single cell (Fig. 2c)
correspond to a signiﬁcant increase in the viscosity of the intracellular environment surrounding 1. Importantly, the spectrum
obtained for 1 in a cell-culture medium does not change shape on
473-nm irradiation (Fig. 2c, inset), suggesting that the behaviour
observed for 1 in a cell is not a result of binding to proteins.
Using the calibration graph (Fig. 2a, inset), we determined
the post-PDT viscosity of the cellular domains containing 1 as
300+50 cP. This value is signiﬁcantly greater than that obtained
before PDT (see above). This viscosity increase probably reﬂects
crosslinking reactions, mediated by singlet oxygen or secondary
reactive radicals, similar to those observed in model and intracellular protein systems27–30.
Increased viscosity can alter the rate of many diffusiondependent processes in a cell. We set out to establish the effect of
the photoinduced change in intracellular viscosity on the kinetics of
photosensitized formation and decay of cytotoxic O2(a1Dg). It has
been demonstrated that, in spite of the extremely low quantum
yield of its emission (of the order of 1026), O2(a1Dg) can be
monitored by its 1,270 nm phosphorescence in single cells31,32.
Figure 3a shows averaged O2(a1Dg) phosphorescence traces recorded
at 1,270 nm after excitation of 1 in cells. The two traces were
obtained from the same cell location on initial and prolonged
irradiation. The observed irradiation-dependent decrease in the
rate of signal decay, from (16+2 ms)21 to (28+3 ms)21, suggests
an increase in the viscosity of the environment in which O2(a1Dg)
has been produced, with a corresponding decrease in the rate of
bimolecular quenching12 (see Supplementary Information).
5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H,23H-porphine
(TMPyP, 2, Fig. 3b) is a well-studied O2(a1Dg) sensitizer12,31,32. We
now turn to the use of TMPyP to investigate the effect of
irradiation-induced viscosity changes on O2(a1Dg) kinetics. The
1,270 nm O2(a1Dg) traces recorded as a function of elapsed
irradiation time of intracellular TMPyP are shown in Fig. 3b. The
data clearly show irradiation-dependent decreases both in the rate
of signal decay, from (23.7+0.8 ms)21 to (30+1 ms)21, and in the
rate of signal formation, from (1 ms)21 to (6+1 ms)21. These
changes are consistent with an increase in viscosity that inﬂuences
bimolecular events that result in (i) O2(a1Dg) formation, that is,
triplet-state sensitizer deactivation by oxygen, and (ii) O2(a1Dg)
decay, that is, collisions with intracellular quenchers.
These irradiation-induced changes in the O2(a1Dg) phosphorescence signals occur on approximately the same timescale of
elapsed irradiation as the ﬂuorescence spectral change of the molecular rotor (Fig. 2c, inset). The coincidence of these timescales,
and the fact that we observe a change in both the triplet deactivation
rate and singlet oxygen lifetime, allows us to rule out the depletion
of oxygen in the local environment of the photosensitizer as a
reason for the observed changes in the time-resolved 1,270 nm
signals. In fact, the integrated intensity of the O2(a1Dg) phosphorescence signal increases as irradiation time elapses, suggesting an
increase, not a decrease, in the local oxygen concentration. The
latter would be observed if O2(a1Dg) were produced in hydrocarbon-dominated domains where the solubility of oxygen is
much higher than in an aqueous phase33, which is consistent with
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Figure 2 | Emission spectra obtained upon 473 nm excitation of 1 in
solution and in cells. a, Excitation in methanol/glycerol mixtures of different
viscosities. The inset is a double logarithmic plot of the intensity ratio of the
emission peaks at 710 and 780 nm versus solution viscosity. The changes in
emission are consistent with the formation of increasing amounts of the
twisted conformer of 1 in more-viscous media, and this makes ratiometric
viscosity calibration possible. b, Excitation in a cell (black) and in the bulk
culture medium supplemented with 10% FCS (red). c, Excitation in a cell
recorded as a function of time following irradiation at 473 nm (0.1 mW, 1 min
per spectrum). The arrow indicates the direction of change on irradiation.
The inset shows the intensity ratio of the emission peaks at 710 and 780 nm
versus irradiation time in a cell (black) and in the culture medium, 3 (red).
The intracellular intensity ratio increases following irradiation, corresponding
to a signiﬁcant increase in local microviscosity.
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Figure 3 | Time-resolved singlet-oxygen phosphorescence traces recorded
at 1270 nm from D2O-incubated cells. a, Signals produced on 790 nm
irradiation of 1 in a cell: black squares, trace obtained in the ﬁrst 3 min of
irradiation; circles, trace obtained from the same cell location in a
subsequent 3 min period. Traces are offset for clarity, and each was obtained
by averaging measurements from ﬁve cells. b, Signals produced on 420-nm
irradiation of TMPyP (2) in a single location of a cell over three subsequent
periods of 3-min irradiation. The arrow indicates the direction of
change on irradiation.

photoinitiated crosslinking leading to intracellular domains of high
viscosity. In short, PDT treatment of cells indeed results in a viscosity-dependent decrease in the diffusion and bimolecular reaction
rates of species in a cell.
In the highly heterogeneous environment of a viable cell, it is
particularly attractive to be able to obtain a spatially resolved
image of intracellular viscosity. Here we use the spectrally resolved
ﬂuorescence measurements of 1 to obtain ratiometric viscosity
maps of a cell as a function of elapsed irradiation time (Fig. 4).
These images clearly show that the intracellular viscosity is inhomogeneous and that intracellular viscosity increases during irradiation.

Discussion
We have reported a new type of ratiometric ﬂuorescent molecular
rotor suitable for quantifying and imaging intracellular viscosity
in live cells. The rotor enables real-time monitoring of dynamic processes in cells. This has been illustrated by quantifying a signiﬁcant
increase in intracellular viscosity during photoinduced cell death.
We have also demonstrated that such a viscosity increase indeed
alters diffusion-dependent kinetics in a cell, illustrated through
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Figure 4 | Imaging changes in intracellular viscosity using 1 in the ratiometric approach. a–c, Transmission image (a) and ratiometric ﬂuorescence (b,c)
images of 1 in a cell (lex ¼ 480+15 nm) obtained during initial (b) and advanced (c) stages of irradiation; violet corresponds to lower viscosity and orange to
higher viscosity, and all viscosities are in the range  1 cP. d–f, Conventional ﬂuorescence intensity images from which the ratiometric images were obtained
using ImageJ software. The intensity image with ldet ¼ 700+20 nm (e,f), recorded in either the initial (e) or advanced (f) stages of irradiation, was divided
by the intensity image with ldet ¼ 800+20 nm (d). Image (d) remained unchanged during irradiation. The changes from (b) to (c) and from (e) to (f)
demonstrate that the intracellular viscosity increases during irradiation.

changes in the photosensitized production and subsequent decay of
the cytotoxic species singlet oxygen, O2(a1Dg). A major challenge
when studying dynamic biological systems is that one must constantly consider phenomena that alter the heterogeneous submicrometre environment of a cell. In this report, we have
presented tools that will help to unravel the underlying mechanisms
of such processes.

Methods
The viscosity of the methanol/glycerol mixtures at 22 8C was measured as described
previously8 (see Supplementary Information).
Carcinoma of the Chinese hamster ovary (CHO) and HeLa cell lines were
obtained from the European Collection of Cell Cultures (ECACC). Cells were
cultured in 10 cm3 ﬂasks at 37 8C in 5% CO2 in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) with 10% fetal calf serum (FCS), penicillin and streptomycin antibiotics,
and were passaged when 70–90% conﬂuent. For ﬂuorescence imaging, cells were
seeded at 104 cells per well in 0.2 ml of culture medium in untreated 8-well
coverglass chambers (Lab-Tek) and allowed to grow to conﬂuence for 24 h. The
culture medium was replaced with a culture medium containing 10 mM of 1 or
TMPyP and incubated for 20 h. To facilitate incorporation of 1, the culture medium
for incubation was prepared by dilution from 1.0 mM stock of 1 in DMSO.
Following incubation, the chambers were washed twice with phosphate-buffered
saline (PBS), and images were taken at 22 8C. The CHO cell line was used in all
experiments with 1. The HeLa cell line was used in all experiments with TMPyP.
Under our experimental conditions, 1 localizes in the cell cytoplasm19 and TMPyP
localizes in the cell nucleus and the cytoplasm12,31,32. On excitation of TMPyP, the
ﬂuorescence and singlet-oxygen signals can be detected independently from both
cell locations.
Fluorescence cell imaging was performed by irradiating the entire cell and its
surroundings with a steady-state Xe lamp, using interference ﬁlters to select the
appropriate excitation wavelength. Light emitted by the sample was detected through
interference ﬁlters using a charge-coupled device (CCD) camera (Evolution QEi
controlled by ImagePro software, Media Cybernetics) placed at the image plane of
the microscope. Bright-ﬁeld images were recorded using the same CCD camera, and
backlighting was achieved with a tungsten lamp provided as an accessory to an
Olympus IX70 inverted microscope using an oil-immersion 100 objective (NA ¼
1.30). The ratiometric images were obtained using ImageJ software (see
Supplementary Information).
The ﬂuorescence spectra of 1 from cells were obtained using 473 nm pulsed
excitation from a diode laser (Becker & Hickl, BDL-473-SMC, 10 mW, 20 MHz)
coupled to a microscope. The output power was attenuated using neutral-density
ﬁlters to ,0.1 mW. The emission was spectrally dispersed using a spectrograph
monochromator (Acton, Spectradrive 275) in the range between 500 and 800 nm,
and was detected using a CCD (Andor iDus BU440). The CCD was calibrated using
the output of a low-pressure mercury lamp (435, 546, 579 and 706 nm) and a HeNe
laser (633 nm).
72

For detection of singlet oxygen, cells to be studied were contained in an
atmosphere-controlled chamber that was mounted onto the translation stage of an
inverted microscope. The sensitizer that had been incorporated into the cell was
irradiated using the output of a femtosecond laser system through the microscope
objective (Olympus, IR coating, 60, NA ¼ 0.90, irradiated spot size approximately
1 mm diameter). The emitted light was collected using the microscope objective,
spectrally isolated using an interference ﬁlter (1,270+15 nm), and transmitted to a
cooled photomultiplier tube, operated in a photon-counting mode, coupled to a
multiscaler (MSA 300, Becker & Hickl; see Supplementary Information). In a typical
experiment, excitation energies ranged from 3 to 10 nJ per pulse at a repetition rate
of 1 kHz. These experiments were performed using cells exposed to an atmosphere
of 100% oxygen, which results in the most-intense O2(a1Dg) phosphorescence
signal5,32. During incubation, the H2O-based DMEM medium was exchanged with a
D2O-based medium, as previously described31. This procedure results in a greater
quantum efﬁciency of singlet-oxygen emission, and has no ill effects on the viability
of the cells over the time course of our experiments31.
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