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Diffusion mediated cellular processes, such as metabolism, signaling 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
upon irradiation of adrug. 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 porhyrin dimer-based molecular rotor are used to quantify
intracellular viscosity changesin single cells. We show that there is a dramatic increase in
viscosity of the immediate environment of the rotor upon photoinduced cell death. The
effect of this viscosity increaseis directly observed in the diffusion-dependent kinetics of
the photosensitized formation and decay of akey 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 signaling and intracellular mass transport.



Diffusion-mediated cellular processes, such as metabolism, signaling and transport,
depend on the hydrodynamic properties of the intracellular matrix. The trandational
diffusion coefficient (D) for agiven 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 macromolecules.* Values of D for both small solutes'™ and
macromolecules®” in mammalian cells can be 5-50 times smaller than those in pure water.
Recent measurements in cell vesicles® demonstrated that the local microviscosity can be as
high as 140 cP, while the microviscosity in the aqueous phase of the cellular cytoplasmis
several cP, similar to that of pure water.*** Such large viscosity variations within acell can
influence diffusion and bimolecular reaction rates,'? and need to be considered, for
example, while 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 abiological environment.?**'* This approach complements viscosity-
dependent fluorescence depolarization work, pioneered by Perrin®® and Weber.'® Precise
calibration of the rotor response to viscosity can be achieved by either using fluorescence
lifetime-based measurements® or a ratiometric approach.** The current work uses a new
type of rotor, constructed as a conjugated porphyrin dimer (1, Fig. 1). Recently, the
remarkable non-linear optical properties of 1, together with its high intracellular uptake,
photostability and favorable photophysical properties, have been exploited to create an
efficient photosensitizer for one-photon and two-photon excited photodynamic therapy
(PDT) of cancer.?? In PDT, cell death and tissue eradication is achieved upon irradiation

of the photosensitizer and the subsequent production of cytotoxic species, in particular



singlet molecular oxygen, Ox(a'Ag), Fig. 1b.2* Now, by utilizing the properties of dimer 1
as both aPDT photosensitizer and a fluorescent ratiometric molecular rotor we (i) initiate
cell death viairradiation of 1, and (ii) monitor changesin 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 time-resolved single-cell
spectroscopic studies of Oz(alAg), monitoring its formation and decay rates with subcellular
resolution.

Results

The Molecular Rotor

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 units.?? Each conformer is characterized by
distinctive absorption and emission spectra. The emission of the dimer in fluid solution was
dominated by the lower energy planar conformation, whereas the emission of the less stable
twisted conformer could be observed from glassy matrices where rotation of the two
porphyrin units relative to each other is restricted.

The absorption and emission spectrafor 1 in solutions of varying viscosity, ranging from
0.6 to 950 cP, are shown in Fig. 1 and Fig. 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,%? astorsional 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 of the viscosity-dependent rotor response of 1 following 473 nm
excitation using a ratiometric approach 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 agood linear correlation, as expected from theory.?

Dimer 1 is efficiently incorporated into live cells.® The fluorescence spectrum of 1ina
cell, Fig. 2b, clearly shows two well-resolved maximaat ca. 710 and 780 nm,
corresponding to emission from the twisted and planar conformations of the dimer,
respectively. Using the viscosity calibration graph (Fig. 2ainset), we ascertain that the
viscosity of the intracellular compartments where 1 localizesis ca. 50 cP, see
supplementary information. A similarly high viscosity was reported for endocytotic
vesicles of live cells.®

The fluorescence spectrum of 1 was also recorded in the bulk cell culture medium. 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 to 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*° and
smaller charged porphyrins.*? Since the dimer 1 istoo large for highly specific ‘lock-key’
binding with intracellular proteins,?® which can significantly restrict its conformational
dynamics, the spectrum of intracellular 1 must reflect alarge ambient viscosity, not specific
binding. This point is corroborated by the independent singlet oxygen experiments, vide
infra.

An important advantage of monitoring intracellular microviscosity using molecular

rotorsis the possibility to characterize a dynamically changing environment. Weillustrate



this by recording emission spectra of 1 inside cellsduring PDT, i.e. irradiation with light
which ultimately resultsin cell death, Fig. 2c.

Upon irradiation with light, 1 sensitizes the production of cytotoxic Ox(a'Ag)™® (Fig. 1b)
and initiates cell death.'”?° The series of emission spectra obtained upon irradiation of 1in
asingle cell, Fig. 2c, correspond to a significant increase in the viscosity of the intracellular
environment surrounding 1. Importantly, the spectrum obtained for 1 in acell culture
medium does not change shape upon 473 nm irradiation, Fig. 2c (inset), suggesting that the
behavior observed for 1 inacell isnot aresult of binding to proteins. Using the calibration
graph (Fig. 2ainset), we determine the post-PDT viscosity of the cellular domains
containing 1 as (300+50) cP. Thisvalueis significantly greater than that obtained prior to
PDT (vide supra). Such aviscosity increase likely reflects cross linking reactions,
mediated by singlet oxygen or secondary reactive radicals, similar to those observed in
model and intracellular protein systems.?”*°

Snglet Oxygen Experiments

Increased viscosity can ater the rate of many diffusion-dependent processesin acell.
We set out to establish the effect of the photoinduced change in intracellular viscosity on
the kinetics of photosensitized formation and decay of cytotoxic Ox(a'Ag). It has been
demonstrated that in spite of an extremely low quantum yield of its emission, ca. 10°,

O,(a'Ag) can be monitored by its 1270 nm phosphorescence in single cells>"* Fig. 3a

shows averaged Oz(alAg) phosphorescence traces recorded at 1270 nm after excitation of 1
in cells. The two traces were obtained from the same cell location upon initial and
prolonged irradiation. The observed irradiation-dependent decrease in the rate of signal

decay, from (16 + 2 us)™ to (28 + 3 us)™?, suggests an increase in the viscosity of the



environment where O(a'Ag) has been produced, with a corresponding decrease in the rate

of bimolecular quenching,™ see supplementary information.

5,10,15,20-Tetrakis(N-methyl-4-pyridyl)-21H,23H-porphine (TMPyP, 2) isawell-
studied Oy(a'Ag) sensitizer."”*** We now turn to using TMPyP to investigate the effect of
irradiation-induced viscosity changes on Oz(alAg) Kinetics. The 1270 nm Oz(alAg) traces
recorded as a function of elapsed irradiation time of intracellular TMPyP are shown in Fig.
3b. The data clearly show irradiation-dependent decreases in both the rate of signal decay,
from (23.7 + 0.8 us)™* to (30 + 1 us)™, and in the rate of signal formation, from (<<1 ps)™
to (6 + 1 us)™. These changes are consistent with an increase in viscosity that influences
bimolecular events resulting in (i) Oz(alAg) formation i.e. triplet state sensitizer
deactivation by oxygen and (ii) Oz(alAg) decay i.e., collisionswith intracellular quenchers.

These irradiation-induced changesin the Oz(alAg) phosphorescence signals occur on
approximately the same time scale of elapsed irradiation as the fluorescence spectra
change of the molecular rotor (Fig. 2c inset). The coincidence of these time scales and the
fact that we observe a change in both triplet deactivation and singlet oxygen lifetimes,
allows us to rule out the depletion of oxygen in the local environment of the photosensitizer
as areason for the observed changesin the time resolved 1270 nm signals. In fact, the
integrated intensity of the Ox(a'Ay) phosphorescence signal increases as irradiation time
elapses, suggesting an increase, not a decrease, in the local oxygen concentration. The latter
would be observed if Oz(alAg) was produced in hydrocarbon-dominated domains where the

solubility of oxygen is much higher than in agqueous phase,® which is consistent with



photo-initiated cross linking leading to intracellular domains of high viscosity. In short,
PDT treatment of cellsindeed results in the viscosity-dependent decrease of the diffusion
and bimolecular reaction rates of speciesin acell.

Imaging Intracellular Viscosity Changes

In the highly heterogeneous environment of aviable cdll, it is particularly attractive 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 acell asa
function of elapsed irradiation time (Fig. 4). These images clearly show that the
intracellular viscosity isinhomogeneous and that intracellular viscosity increases during
irradiation.

Discussion

We report anew type of ratiometric fluorescent molecular rotor suitable for quantifying
and imaging of intracellular viscosity in live cells. The rotor enables real-time monitoring
of dynamic processesin cells. The latter has been illustrated by quantifying a significant
increase in intracellular viscosity during photoinduced cell death. We aso demonstrated
that such aviscosity increase indeed alters diffusion-dependent kineticsin a cell, illustrated
through changes in the photosensitized production and subsequent decay of the cytotoxic
species, singlet oxygen, Ox(a'Ag). A major challenge of studying dynamic biological
systemsisthat one must constantly consider phenomenathat alter the heterogeneous sub-
micron environment of acell. In thisreport, we have presented tools that will help to
unravel the underlying mechanisms of such processes.

M ethods



The viscosity of the methanol/glycerol mixtures at 22 °C was measured as described
previously,® see supplementary information.

The Chinese Hamster Ovarian carcinoma (CHO) and HelL a cell lines were obtained
from the European Collection of Cell Cultures (ECACC). Cellswere cultured in
Dulbecco’ s modified Eagle’ s medium (DMEM) with 10% foetal calf serum (FCS),
penicillin and streptomycin antibiotics and passaged when 70-90% confluent in 10 cm?®
flasks grown at 37°C in 5% CO,. For fluorescence imaging, cells were seeded at 10*
cells’'well in 0.2 ml of culture medium in untreated 8-well coverglass chambers (Lab-
Tek™, Nunc) and allowed to grow to confluence for 24 h. The culture medium was
replaced with the culture medium containing 10 uM of 1 or TMPyP and incubated for 20
hours. 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 buffer saline (PBS) and images taken at 22°C. The CHO cdll
linewas used in all experimentswith 1. The HeLacell line was used in all experiments
with TMPyP. Under our experimental conditions, 1 localizesin the cell cytoplasm™ and
TMPyP localizes in the cell nucleus and the cytoplasm.*® 3% *? Upon 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 X e lamp using interference filters to select the appropriate
excitation wavelength. Light emitted by the sample was detected through interference
filters using a 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 back-lighting was achieved with a tungsten
lamp provided as an accessory to an Olympus X 70 inverted microscope using an oil-
immersion 100x objective (NA = 1.30). The ratiometric images were obtained in Imagel]
software, see supplementary information.

The fluorescence spectra of 1 from cells were obtained using 473 nm pulsed excitation
from adiode laser (Becker&Hickl, BDL-473-SMC, 10 mW, 20 MHz) coupled to a
microscope. The output power was attenuated using neutral density filtersto < 0.1 mW.
The emission was spectrally dispersed using a spectrograph monochromator (Acton,
spectradrive 275) in the range between 500 and 800 nm and detected using a CCD (Andor
iDus BU440). The CCD was calibrated using the output of alow pressure mercury lamp
(435, 546, 579 and 706 nm) and aHeNe laser (633 nm).

For singlet oxygen detection, cells to be studied were contained in an atmosphere-
controlled chamber that was mounted onto the tranglation stage of an inverted microscope.
The sensitizer that had been incorporated into the cell wasirradiated using the output of a
femtosecond laser system through the microscope objective (Olympus, IR coating, 60x,
NA=0.90, irradiated spot size ~1 um diameter). The emitted light was collected using the
mi croscope objective, spectrally isolated using an interference filter (1270 £ 15) nm, and
transmitted to a cooled photomultiplier tube, operated in a photon counting mode, coupled
to amultiscaler (MSA 300, Becker & Hickl), see supplementary information. In atypical
experiment, excitation energies ranged from 3 to 10 nJ/pulse at arepetition rate of 1 kHz.
These experiments were performed using cells exposed to an atmosphere of 100 % oxygen,
which resultsin the most intense Ox(a'Ag) phosphorescence signal.>* During incubation,

the H,0O-based DMEM medium was exchanged with a D,O-based medium, as previously
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described.®! This procedure results in alarger quantum efficiency of singlet oxygen
emission, and has no ill effects on the viability of the cells over the time course of our

experiments.®
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Figure captions

Figure 1. (a) Structure of the porphyrin-dimer-based rotor 1; (b) a schematic representation
of one-photon photosensitized singlet oxygen production: irradiation of the
sensitizer (e.g., 1) populates asinglet excited state, S;; intersystem crossing from S;
produces along-lived triplet state, T1; energy transfer from T; to ground state
oxygen, OZ(X3Zg'), generates singlet oxygen; (c) absorption spectraof 1in
methanol/glycerol mixtures of increasing viscosity, from 0.6 cP (methanol, red line)
to 950 cP (95% glyceral, black line). The changes in absorption are consistent with
the formation of increasing amounts of the twisted conformer of 1 in more viscous
media.

Figure 2. Emission spectra obtained upon 473 nm excitation of 1 in solution and in cells.
(@) In methanol/glycerol mixtures of different viscosity; inset: double logarithmic
plot of the intensity ratio of the emission peaks at 710 nm and 780 nm vsthe
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) in acell (black) and in the bulk
culture medium supplemented with 10% FCS (red); (c) in acell recorded as a
function of time following irradiation at 473 nm (0.1 mW, 1 min/spectrum); inset:
theintensity ratio of the emission peaks at 710 nm and 780 nm vsirradiation timein
acdl (black) and in the culture medium, x3 (red). The intracellular intensity ratio
increases following irradiation corresponding to asignificant increase in local
microviscosity.

Figure 3. Time-resolved singlet oxygen phosphorescence traces recorded at 1270 nm from
D,O-incubated cells. (a) Signals produced upon 790 nm irradiation of 1inacell:
(m) the trace obtained in the first 3 min of irradiation, (O) the 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 5 cells; (b) Signals
produced upon 420 nm irradiation of TMPyP (2) in asingle location of a cell over
three subsequent periods of 3 min irradiation. The structure of TMPyPisaso

shown.
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Figure 4. Imaging the change in the intracellular viscosity using 1 via the ratiometric

approach. The transmission (&) and ratiometric fluorescenceimagesof 1 (b, c) ina

cell (Aex = 480+15 nm) obtained during initial (b) and advanced (c) stages of

irradiation; blue corresponds to lower viscosity, orange to higher viscosity, and all

viscosities are in the range >> 1 cP. The ratiometric images were obtained from
conventional fluorescence intensity images (d-f) using ImageJ software. The
intensity image with Age = 700£20 nm (e, f) recorded either in theinitia (e) or
advanced (f) stages of irradiation was divided by the intensity image with Age: =
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.
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