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Dual Use of Porphyrazines as Sensitizers and
Viscosity Markers During Photodynamic Therapy

M. Angeles Izquierdo,® Aurimas Vy$niauskas,® Svetlana A. Lermontova,” Ilya S.
Grigoryev,’ Natalia Y. Shilyagina, “Irina V. Balalaeva,® Larisa G. Klapshina,”
Marina K. Kuimova®*

Porphyrazines have recently emerged as a useful class of tetrapyrroles suitable for
photodynamic therapy of cancer (PDT) with excellent uptake and retention properties in
vivo. Here we demonstrate that the photophysical properties of cyano-phenyl porphyrazine
pz1 are strongly viscosity dependent, i.e. the fluorescence lifetime and the quantum yield of
pzl increase as a function of solution viscosity. We have calibrated pzl as a red-emitting
fluorescent ‘molecular rotor’ in a large range of viscosities from 80 to ca 5500 cP, in
solutions of various solvent compositions and temperature. On the other hand, pzl works as
an efficient PDT sensitiser, i.e. it induces apoptosis and necrosis in cells upon irradiation
with red light through formation of singlet oxygen. We demonstrate that PDT in cells using
pzl is accompanied by a significant viscosity increase by monitoring the fluorescence
lifetime of the rotor. We suggest that this increase could be used as a completely new type of

diagnostic and dosimetry tool during a PDT treatment.

Introduction

Viscosity is an important parameter determining the diffusion
rate of species in condensed media. In biological systems, it can
change as a consequence of disease, malfunction and cell
death.® In the last decades, several fluorescence-based
methods have been developed for probing diffusion on the
microscopic scale, since they are minimally invasive and can be
used to quantify small volumes of samples. Examples include
fluorescence recovery after photobleaching, fluorescence
correlation spectroscopy,® ® single particle tracking” and, more
recently, molecular rotors.%°

Molecular rotors are a group of fluorophores in which
fluorescence depends on the rate of intramolecular rotation. In
media of high viscosity, intramolecular rotation is inhibited
resulting in significant increases of the emission intensity and
the fluorescence lifetime.® The development of ratiometric or
fluorescence lifetime-based sensors is desirable, because they
can be wused in imaging experiments as concentration
independent probes to monitor viscosity in heterogeneous
systems such as cells, with organelles exhibiting a broad range
of viscosity values.'®*® Very importantly, dynamic imaging
with molecular rotors allows to monitor viscosity changes upon
perturbation, if the time scale of a change is slower than the
time required for image acquisition. For example, we have
previously reported changes in viscosity during light induced
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cell death in photodynamic therapy (PDT) of cancer, utilising a
fluorescent molecular rotor, which allowed a concentration-
independent ratiometric detection.®

While several molecular rotors of various structures are
currently available, there is an active research effort into new
viscosity-sensitive fluorophores.*?* 17 One desirable feature is
intense absorption and emission of red light that can be useful
in vivo to enable deep tissue penetration in the ‘tissue optical
window’.

Chart 1. Molecular structures of porphyrazines pz1-pz2

%w

pz1Ry=H,R,=F

pz2 Ry = CHz, R; = H
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Fig. 1. Fluorescence characterisation of pzl in glycerol at
varied temperatures (4 — 36 °C). (A) Fluorescence spectra. (B)
Time resolved fluorescence decays (C) Fluorescence quantum
yield vs viscosity. (D) Lifetimes (zy, 75, 7ay) VS Viscosity.

Porphyrazines have recently emerged as a very important class
of tetrapyrroles suitable for PDT with excellent uptake and
retention properties in vivo.'® °® PDT is a clinical treatment for
several types of cancer and relies on the excitation of a
photoactive drug, which subsequently produces short-lived
cytotoxic species, such as singlet oxygen.?

One of the important challenges in PDT is the correct light
dosimetry, to achieve the most favourable treatment outcome.?*
2 Herein, we report a new red-emitting viscosity-sensitive
molecular rotor pz1 (Chart 1) that is suitable for quantitative
measurements of viscosity in a large dynamic range. We also
demonstrate a new approach to the PDT dosimetry, based on
fluorescence lifetime measurements of pz1. PDT in cells using
pzl is accompanied by cell death and a significant viscosity
change, as measured by its fluorescence lifetime. Thus we
demonstrate that photoinduced changes in viscosity could be
used as a new diagnostic tool during PDT treatments and could
be indicative of the treatment outcome.

Results and discussion

Photophysical characterization in solution

In order to explore the potential use of pzl as a viscosity
marker, the photophysical properties were first studied in
different solvents in a wide range of viscosities and polarities
(Table S1, Figs. S1A and 1B; ESI). The absorption and
emission maxima (ca 580 and 640 nm, respectively) are
polarity dependent and shift bathochromically as the polarity
decreases, see ESI. We note that the quantum yields of pzl are
less than 0.02 in low viscosity media, regardless of the polarity
of the solvent. Only in viscous media, such as glycerol,
concentrated aqueous sucrose solutions and castor oil, the
compound is highly fluorescent.

2| J. Name., 2012, 00, 1-3
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Fig. 2. Radiative and non-radiative constants plotted against the
viscosity.

To investigate how the fluorescence properties of pzl depend
on viscosity we have recorded fluorescence spectra and time
resolved fluorescence decays in solutions of a large range of
viscosities ranging from 1 cP to 5360 cP. First, a spectroscopic
study of pz1 was carried out in glycerol at temperatures ranging
from 36 °C to 4 °C, which corresponds to a viscosity range
between 5360 cP and 440 cP, Fig. 1. The UV-visible absorption
spectra of pzl are independent of viscosity and temperature
(Fig. S1C; ESI). The shape and maximum wavelength of the
emission spectra also do not change. However, a marked
increase in the fluorescence intensity is observed upon the
viscosity increase. The quantum yield vs viscosity graph
conforms to the Forster-Hoffmann Equation 1,%° where z and «
are constants, 7 is viscosity (Fig. 1C). Notably, viscosity also
correlates with the fluorescence lifetime (z) according to
Equation 2,2 Fig. 1B.

The decays of pz1 were fitted to a biexponential model and the
values of both lifetimes were found to increase with the
viscosity of the media (Fig. 1D).

D =27 (Equation 1)

a Equation 2
Ti= ZkFln ( q )

To confirm that pzl indeed works as a molecular rotor we
calculated the radiative (k;) and the non-radiative rate constants
(kn), based on the quantum vyield and the average lifetime
values (z,,) and the results are shown in Fig. 2. As viscosity
increases up to 4000 cP, k, remains constant while k,, decreases
sharply. Thus, the increase in the fluorescence intensity and the
lifetime with increasing viscosity must be due to the
suppression of non-radiative processes, such as intramolecular
rotation.® ° In the example above, we have achieved the change
in viscosity by changing the temperature, however, similar
results were also obtained in various mixtures of
methanol/glycerol performed at a fixed temperature (Fig. S2;
ESI). Overall, our results are consistent with pz1l acting as a
molecular rotor, that works in a wide viscosity range. Pzl
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represents one of the most red emitting lifetime-based
molecular rotors reported to date, which is a useful feature that
allows to achieve deeper tissue penetration, due to a good
overlap with the ‘tissue optical window’.

Since pz1 is a new molecular rotor that is based on a previously
unexplored molecular structure, we have synthesised a
derivative pz2 (Scheme 1, ESI) to investigate the possible
mechanism of the intramolecular non-radiative decay. The
presence of the ortho-methyl group in pz2 was expected to
hinder the rotation of the C-C bond between the tetrapyrrole
macrocycle and the phenyl unit. The photophysical properties
of pz2 were measured in glycerol, castor oil and methanol and
are shown in Table S1 and Fig. S3 (ESI). The absorption and
emission bands of pz2 are similarly positioned to the bands of
compound pzl1, but the quantum vyield in glycerol at room
temperature is 0.39, 1.4x higher than the quantum yield of pz1
under the same experimental conditions. The fluorescence
decays of pz2, which are biexponential, are characterised by
longer lifetimes, suggesting that the rotation of the phenyl unit
plays an important role in the molecular rotor properties of pz1l
core.

In order to compare the sensitivity of pz1 and pz2 to viscosity,
the calibration curve was obtained for pz2 in glycerol as a
function of temperature in the same range of viscosities as
determined for pz1 (Fig. 3). The corresponding plots for pz2,
according to the logarithmic form of the Forster Hoffmann
Equation (Equation 3),2 show a shallower slope, again
confirming that the function of pz2 as a molecular rotor is
restricted due to the presence of the methyl substituent on the
phenyl group. A similar trend was observed when comparing
pz2 to a control molecule related to pzl, but without the
fluoride group in the para position of the phenyl substituent
(data not shown). This resembles the function of the molecular
rotor Bodipy-meso-phenyl, where the rotation of the phenyl
group in the meso-position (as well as its function as a
molecular rotor) was eliminated by introducing ortho-methyl
substituents to the phenyl group.!® However, the possible
electronic effect of the para fluoride substituent on the
photophysics of pz1 can not be ruled out.

While pz2 also acts as a molecular rotor, it is clearly less
sensitive to changes in viscosity and therefore pz1 was used in
all subsequent experiments.

z
logz, =a|0977+|09(k—j (Equation 3)

r

Calibration curves

To ensure the most complete calibration of pzl, we have
measured the fluorescence quantum yield and fluorescence
lifetimes in solutions of methanol/glycerol of different
compositions and at different temperatures.

The calibration curves obtained for three different mixtures of
glycerol/MeOH (from 70 to 90% glycerol) and pure glycerol

This journal is © The Royal Society of Chemistry 2012
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recorded at temperatures between -2 °C and 36 °C exhibit a
strong response to viscosity up to 5360 cP (Fig. S4; ESI). The
curves 7 = f(n) obtained in all four solvents follow a similar
trend, with a small deviation which could be due to temperature
or polarity effects. The close overlap of all four traces allows us
to rule out temperature as the main effect on the k,, and assign
the changes in k,,, Fig. 2, to the effect of viscosity.
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Fig. 3. Calibration graph of 7 vs 7 according to Equation (3) in
glycerol for pz1 and pz2. (A) 7y vs 17; (B) 7 VS 7.
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Fig. 4. Phasor plot of TCPSC (black, Ae = 635 nm) and FLIM
(red, Aexc = 800 nm) data of pzl recorded in different media
(see Fig. key): a) glycerol at varied temperatures 4 — 36 °C; b)
glycerol: MeOH (9:1) at varied temperatures 4 — 29 °C; ¢)
glycerol: MeOH (8:2) at varied temperatures -2 — 25°C; d)
glycerol: MeOH (7:3) at varied temperatures -2 — 22°C; e)
glycerol/MeOH mixtures at 37°C, containing 70 — 100 %
glycerol; f) glycerol:MeOH mixtures at 22 °C, containing 70 —
100 % glycerol g) different concentrations of BSA, from 0.12
to 5.03 equivalent, h) a polymer brush.

Phasor analysis of solution data

Noting that the fluorescence decays of pzl are biexponential
we have used the phasor approach to analyse the data (see
experimental section). Phasors provide a model free approach
for visualizing heterogeneity in time-resolved fluorescence
data.*® In addition, in the phasor approach trends are easy to see
upon visual inspection of the phasors of data,®* which will be
extremely useful when analyzing variability in Fluorescence
Lifetime Imaging Microscopy (FLIM) data upon photoinduced
cell death. In a phasor approach, the real component, s(w), of a
Fourier transform of the decay is plotted vs the imaginary
component g(w). Each decay is identified by their position
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relative to the universal circle, a circle centred at (0, %) in the
coordinates above, with a radius of 1/2. The monoexponential
decays lie on the circle while the biexponential decays lie on
the secant connecting two individual decay components.

The phasor plot of the decays of pzl recorded in different
mixtures of glycerol/MeOH as a function of temperature is
shown in Fig. 4. As noted previously, a good overlay is
observed for the different mixtures of the same viscosity. As
the viscosity increases, a deviation of phasors from the
universal circle is observed, highlighting a more pronounced
biexponential nature of these decays.

We have developed a method to quantify the unknown
viscosity of a phasor point lying on or near the universal circle,
by measuring an angle between the g axis and a secant between
the centre of the universal circle and the point of interest (see
Fig. S5; ESI). This approach, which we termed ‘angle phasor
representation’, will be useful when quantitatively interpreting
the phasor data of pz1 binding to proteins or when in cells.

Interaction with macromolecules

When inside a cell, it is likely that pzl will interact with
various bio- or macro-molecules. To examine the effect such
interaction might have on the spectroscopic properties of pzl,
we recorded the fluorescence spectra and decays of pzl in
liposomes, in aqueous solution upon interaction with bovine
serum albumin (BSA) and in a rigid polymer that is known to
effectively solubilise pz1%* (Table S2; ESI).

Liposomes are a convenient model system to mimic lipid
membranes.®* 3 The absorption and emission spectra of pzl
were measured in aqueous suspensions of liposomes, when
incorporated in two types of lipid coatings, L-a- lecithin and
1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC). The
absorption and emission maxima are very similar in both
samples (Table S2; ESI). These values (Aaps = 592 — 596 nm
and Ae, = 634 — 639 nm) are very close to those observed in
polar solvents and in glycerol (1gs = 593 nm and A, = 635 nm)
(Table S1, ESI) and indicate that pzl is located in a relative
polar environment, rather than in a non-polar lipid tail region of
the bilayer. The localization of pzl near the non-viscous
interface of water-lipid heads is further confirmed by short
fluorescence decays observed in both liposome systems (Table
S2; ESI). From these data we conclude that pz1 is not likely to
incorporate inside lipid bilayers in cells.

Considering the propensity of organic dyes to associate with
proteins® we have recorded the decays of pzl in the presence
of varying concentrations of BSA. In the presence of BSA a
significant increase in the quantum yield and the fluorescence
lifetime is observed, indicating that the interaction of pzl with
BSA does indeed take place. A significant blue shift in the
absorption and the emission spectra is observed upon increasing
BSA concentration (Table S2; ESI). This large blue shift and
the phasors that are situated inside the universal circle, Fig. 4,
set the BSA data apart from every other dataset obtained for
pz1l. We hypothesise that in the presence of BSA, the structural
flexibility of pz1 is reduced due to binding. Based on this data,

4| J. Name., 2012, 00, 1-3

we also hypothesise that upon increasing concentration of BSA
in solution, two modes of binding of pz1 and BSA might occur,
see Fig. S10, ESI.

Finally, we have investigated the behaviour of pzl in the
presence of amphiphilic polyimide brushes, as a model for
complete immobilization of the molecular rotor. Previously,
these brushes were used as solubilizers and nanocontainers for
delivery of pz1 in vitro.®2 The absorption and emission spectra
of pz1 in polymer brush exhibit maxima at 597 nm and 639 nm,
respectively, and a dramatic increase in the quantum yield, to
0.54, the highest value observed in any solvent system
investigated so far at room temperature. Importantly, fitting the
decay traces to a biexponential function reveals a very long
fluorescence lifetime of 6.91 ns (96% contribution), indicating
that pz1 is located in a very rigid media, where intramolecular
rotation is strongly hindered. The decay collected for pzl for
the polymer brush is included in the phasor plot, Fig. 4. This
point is located close to the semicircle, as expected from its
almost monoexponential decay and follows the trend of the
calibration data, providing the phasor value which we will
assume to be close to complete immobilisation of pz1. Thus we
believe that the phasor approach allows an easy calibration of
the observed lifetime data.

A B

Fig. 5. Confocal images of SK-OV-3 cells recorded following
incubation of a layer of live cells with 4 uM solution of pz1 in
HBSS for 30 minutes. (A, B) Fluorescence images at different
magnification (Age = 561 nm, Aen = 600 — 800 nm). (C)
Composite images of fluorescence and white light transmission.
Scale bar is 20 pm in A and 10 pm in B and C.

Microscopic characterization

Cell staining experiments were carried out in SK-OV-3 cells
using different incubation concentrations of pzl at 37° C. The
working concentration was fixed between 2 — 4 pM, which
allowed good count rate and did not have any negative effect on
the cell viability (Figure S6, ESI). Confocal images reveal a
good cellular uptake for the dye and a remarkable increase in
the fluorescence signal of the dye in cells (Fig. 5), as compared
to the weak signal observed in low viscosity solutions (0.37 — 2
cP, Table S1, ESI) and in the cell incubation media (1 cP).
These results indicate that pz1 is located in an environment
with restricted mobility within cells. However, fluorescence
intensity values are concentration dependent and cannot be used
to monitor viscosity in heterogeneous systems.

In order to obtain concentration independent microscopic data,
FLIM images were obtained from SK-OV-3 cells incubated
with porphyrazine pzl1, Fig. 6. The data can be fitted with a
biexponential function with a good 4* (Fig. 6F). The lifetime
histograms of 7; and 7, are of a nearly Gaussian shape, with the

This journal is © The Royal Society of Chemistry 2012
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maximum at 0.23 ns and 1.22 ns, respectively (Figs. 6A and
6B, left panels). The relative contribution histograms of «; and
o, are of a nearly Gaussian shape as well, with the maximum at
0.89 and 0.11, respectively (Figs. 6B and 6D, left panels).
While the same decay model is appropriate for the fitting of
both the calibration datasets and in cells, it is immediately
obvious that the parameters from these two fits are different.
Thus, the amplitude of the shorter decay component z; is ca
90% in cells, while it was shown to be 20% in model mixtures
of 100-5000 cP (Fig. S4; ESI). However, at low viscosity the
calibration data show z; as low as 40-50%.
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Fig. 6. FLIM histograms (left panels) and FLIM images (right
panels) of SK-OV-3 cells incubated with 4 puM solution of pz1
obtained following 800 nm pulsed excitation and (600 — 750)
nm fluorescence detection. A seismic colour scale used to
assign the lifetimes (A) 7, (C) » and (E) za; the relative
contributions (B) «; and (D) « and (F) the 4* in the
corresponding images.

It is also noteworthy, that no direct correlation is observed
between the pzl decays in cells and the BSA binding data,
either at low or high BSA concentrations. In summary, we
cannot simply use the calibration dataset to determine the
viscosity of the pz1 microenvironment in cells. However, the
overall imaging experiments reveal a remarkable increase in the
fluorescence signal and lifetime of pzl in cells as compared to
the weak signal observed in low viscosity solutions. These
results indicate that pz1 is located in a microenvironment of
restricted mobility and it could be potentially used to monitor
processes associated with changes in the local rigidity of the
media, such as photoinduced cell death during PDT.

PDT dosimetry

Tetrapyrrol macrocycles, such as porphyrins and porphyrazines,
are well established as photosensitisers in PDT.? 3% we

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

investigated the potential use of the compound pzl as PDT
sensitizer in SK-OV-3 cells. Selective irradiation of cells
loaded with pz1 resulted in dose dependent loss of cell culture
viability (Fig. S6, ESI) and dramatic morphological changes,
including cell contraction and detachment along with blebbing
and bubble formation were observed in confocal experiments
(Fig. S7; ESI). Cell death was confirmed by SYTOX® green
nucleic acid stain that penetrates cells with a compromised
plasma membrane (Figs. 7A and 7B). Viability control
experiments in the absence of photosensitizer show that cells
loaded with Rhodamine 123 exhibit the fluorescence
characteristic of viable mitochondria after irradiation,
confirming that the observed phototoxicity is due to the
presence of pz1 in cells (Fig. S8; ESI).

= cell before iradiation
== « cell after irradiation
= glycerol

(@]

Intensity (a. u.)

600 650 700
Wavelength (nm)

Fig. 7. (A, B) Sequential acquisition of fluorescence confocal
images of SK-OV-3 cells incubated with 4 uM solution of pzl
(Aexe = 561 nm, A, = 650 — 759 nm) and 1 uM solution of
SYTOX® green nucleic acid stain (Aey. = 488 nm, Ay, = 500 —
530 nm). (A) Before and (B) 15 min after selective irradiation
at Adee = 561 nm of the cells included within the dashed
rectangle. Scale bar 50 pM. (C) Normalized fluorescence
spectra of pzl in cells before and after irradiation and in
glycerol (Aexe = 561 nm, em 590 — 785 nm, 10 nm detection
bandwidth, 5 nm detection step).

The emission spectra of pzl in cells were recorded before and
after irradiation (Fig. 7C) and are similar to the emission
spectrum of pzl in glycerol. All spectra were recorded on the
same microscope setup to avoid errors associated with different
detector sensitivities. The shape and the position of the spectra
are identical in cells and in glycerol and the pzl spectrum in
cells does not change upon irradiation (Fig. 7C). No blue shift
is observed for pzl in cells with respect to glycerol, giving
evidence against the surface-binding scenario as was observed
in the BSA experiments. However, other types of binding
cannot be excluded.

The data above demonstrate that pzl has two important
functions: it is simultaneously a PDT photosensitiser and a
molecular rotor that can measure viscosity. Only one previous
example of such dual function has been reported, a conjugated
porphyrin dimer that measured viscosity via ratiometric spectral
detection.”® It was previously demonstrated using the above
compound that intracellular viscosity increases dramatically
during photoinduced cell death.*®

We have investigated the applicability of pzl for real time
monitoring of photo-induced dynamic changes in viscosity
during PDT using FLIM. SK-OV-3 cells were irradiated at 561
nm every 3 minutes and FLIM images acquired consecutively
after each irradiation reveal a significant irradiation-dependent

J. Name., 2012, 00, 1-3 | 5
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increase in the fluorescence lifetimes of the dye (Figs. 8 A-C).
These results are in agreement with previous data in cells
obtained using a conjugated porphyrin dimer as a ratiometric
molecular rotor.*®

The plot of fluorescence lifetime of pz1 vs the irradiation time
reveals that the most significant changes in the lifetime take
place during the first 6 min of irradiation (Figs. 8D, E), after
which the increase is no longer noticeable. A change in the
amplitude of two populations (lifetime components) of pzl is
also observed, both factors indicating a change in the rigidity of
the media. We again confirmed by SYTOX green staining that
the cells irradiated in the FLIM experiment are permeable to
SYTOX green stain after 6 min of irradiation (Fig. S9, ESI).
The above results indicate that the increase in fluorescence
lifetime of pzl with irradiation can be useful as a new
dosimetry tool for monitoring the progress of PDT treatment,
by linking the marked increase in viscosity upon irradiation to
cell death.

PDT is a clinically relevant treatment modality, which is
currently used for a range of neoplastic conditions. However,
PDT dosimetry remains one of the important challenges, with
physical properties of the tissue, light source placement for the
relevant measurement and uncertainties in tissue oxygenation
strongly affecting dosimetry measurements in vivo. On a single
cell level, attempts to quantify singlet oxygen required for cell
death have been made, but the quantification is restricted to the
extracellular space at best.’’ We believe that detecting
molecular rotor fluorescence can become a new unique
approach to PDT dosimetry, utilising the phenomenon of
structural changes on the cellular level of tissues subjected to
PDT.

Lifetime 1

018+
0.35 0 2 4 6 8 101214 16 18 20
Irradiation time (min)

025 030
Histogram z,

Fig. 8. (A-C) FLIM images of SK-OV-3 cells incubated with 4
UM solution of pz1 for 30 min (¢ = 800 Nm, A, = 600 — 750
nm). (A) Before, (B) after 3 min and (C) after 18 min
irradiation (Aexc = 561). (D) FLIM histogram of z; obtained
after different irradiation times. (E) Plot of z; vs irradiation
time.

The mechanism of the viscosity increase upon irradiation

6 | J. Name., 2012, 00, 1-3

The FLIM data of SK-OV-3 cells incubated with pzl before
and after initial irradiation (Figs. 9 A-C) were analysed using
the phasor approach (Figs. 9 D-F) in order to simplify the
analysis of FLIM images. Fig. 9D shows the specific clustering
of points in the phasor plot corresponding to the FLIM data of
pzl in cells before irradiation. In this case, the phasor does not
lie on the universal circle, consistent with the fact that a
complex decay was detected in the classical FLIM analysis,
Fig. 6. Figs. 9E and 9F show the appearance of an additional
clustering of points, corresponding to cells that have been
irradiated and changed their environment markedly, as detected
by pzl. The second phasor cloud corresponding to the
irradiated cells lies further to the top and left of the universal
circle consistent with the increased average lifetime (and
effective viscosity) of these cells. It should be noted that the
phasor cloud of irradiated cells exhibits a very well defined
cluster of data points, indicating that the FLIM data of
individual cells result in similar values after irradiation. This
was further confirmed by comparison of the 7, FLIM
histograms of the individual irradiated cells from Fig. 9C.

It is interesting to note that the phasors of healthy and irradiated
cells appear to lie on the straight line connecting two points of
the universal circle, characterised by the viscosities of 51 cP
and > 5000 cP. Continuous irradiation leading to PDT causes a
progressive shift upwards and left on a secant connecting these
two viscosity points, Fig. 9G. This is consistent with a gradual
change in % abundance of the population of each of these
environments. Thus, it appears that PDT with pz1 creates high
viscosity environments (viscosity of ca 5000 cP) and depletes
lower viscosity environments (viscosity of ca 50 cP), rather
than causes a continuous change in viscosity. Such level of
detail was not accessible with ratiometric analysis of viscosity
increase during PDT, reported previously.®

a, gly:MeOH (10:0)

b, gly:MeOH mix 37 C

¢, polymer brush

d, cells before irradia

e, cells 20 min after irradia
f, cells 130 min after irradia
g- h, intersection points

O e v 4 7 & &

Fig. 9. (A-C) FLIM images and (D-F) phasor plots of SK-OV-3
cells incubated with 4 uM solution of pzl obtained following

This journal is © The Royal Society of Chemistry 2012
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800 nm pulsed excitation and (600-750) nm fluorescence
detection. (A, D) Before and (B, E) 20 min and (C, F) 130 min
after selective irradiation of the cells included within the dashed
rectangle (irradiation conditions A¢. = 561 nm, 5 min). A
seismic colour scale is used to assign the lifetimes in the FLIM
images. (G) Phasor plot including (a) calibrations of pzl in
glycerol at varied temperatures, (b) calibrations of pzl in
glycerol:MeOH at 37 °C, (c) a polymer brush, (d-f) the
centroids of the clustering of points corresponding to graphs D-
F, (g-h) intersection points corresponding to viscosities of 51 cP
and > 5000 cP. Scale bar is 20 pm.

It is noteworthy that the initial viscosity of ca 50 cP measured
here is similar to 80 cP measured by ratiometric molecular rotor
based on the conjugated porphyrin dimer structure inside SK-
OV-3 cells before PDT.'® The second type of the environment
that is apparently created by PDT is very rigid. However, we
note that pz1 is not completely immobile there, as the lifetime
value is significantly lower than for pz1 in a polymer brush (6.9
ns; shown by a star sign on Fig. 9G) or the binding scenario in
the case of BSA (Fig. S10; ESI). Likewise, an increase in the
contribution of a rigid-type environment upon irradiation seems
inconsistent with binding. Alternatively, a shorter fluorescence
decay component of pzl in healthy cells might be due to
quenching, which could be alleviated to a certain extent upon
PDT, causing a lifetime increase. Overall, our results indicate
that the phasor plot representation is a simple and convenient
tool for monitoring microenvironmental changes associated to
photoinduced cell death during PDT. At the same time, the
level of detail available from the lifetime analysis is
considerably greater than what was possible with the
ratiometric analysis which cannot distinguish between two
species of different ‘viscosity’ in the same diffraction (or
acquisition) limited pixel.

In order to investigate the mechanism of photoinduced viscosity
increase. SK-OV-3 cells incubated with pzl were irradiated in
the presence of NaN3, a well known guencher of singlet oxygen
that works intracellularly.*™ > The confocal and FLIM images
obtained during irradiation in the presence of NaN; are shown
in Fig. S11 (ESI) and show no irradiation-induced changes.
These results suggest that the observed increase in viscosity
observed in the presence of pz1 is mediated by singlet oxygen
and probably involved singlet oxygen-induced crosslinking,
which is also consistent with the large viscosity increase upon
irradiation. We hypothesise that it is indeed the cross links that
create an extremely rigid environment for pz1, characterised by
a viscosity of 5000 cP.

Conclusions

Here we presented a new molecular rotor pz1 which works as
an excellent dual agent, allowing a simultaneous PDT treatment
and the monitoring of its progress and the mechanism by
fluorescence lifetime imaging. The phasor analysis of FLIM
data allowed us to detect at least two domains of high viscosity
in cells, of 50 and 5000 cP, and the formation of the latter was
promoted by PDT. While the main focus of this study was to
improve our fundamental understanding of the light induced

This journal is © The Royal Society of Chemistry 2012
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processes in the irradiated cell, we also believe that these
results can have practical significance to PDT treatment of
cancer. Further research is required to elucidate exact links
between viscosity in individual cells and the mechanism of
lesion death (i.e. apoptosis and necrosis). As such, compound
pzl is currently being tested in vivo in mice cancer models.
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