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Abstract

Biological oxygen measurements by phosphorescence quenching make use of exogenous
phosphorescent probes, which are introduced directly into the medium of interest (e.g. blood or
interstitial fluid) where they serve as molecular sensors for oxygen. The byproduct of the
quenching reaction is singlet oxygen, a highly reactive species capable of damaging biological
tissue. Consequently, potential probe phototoxicity is a concern for biological applications.
Herein, we compared the ability of polyethyleneglycol (PEG)-coated Pd tetrabenzoporphyrin
(PATBP)-based dendritic nanoprobes of three successive generations to sensitize singlet oxygen. It
was found that the size of the dendrimer has practically no effect on the singlet oxygen
sensitization efficiency in spite of the strong attenuation of the triplet quenching rate with an
increase in the dendrimer generation. This unexpected result is due to the fact that the lifetime of
the PATBP triplet state in the absence of oxygen increases with dendritic generation, thus
compensating for the concomitant decrease in the rate of quenching. Nevertheless, in spite of their
ability to sensitize singlet oxygen, the phosphorescent probes were found to be non-phototoxic
when compared with the commonly used photodynamic drug Photofrin in a standard cell-survival
assay. The lack of phototoxicity is presumably due to the inability of PEGylated probes to
associate with cell surfaces and/or penetrate cellular membranes. In contrast, conventional
photosensitizers bind to cell components and act by generating singlet oxygen inside or in the
immediate vicinity of cellular organelles. Therefore, PEGylated dendritic probes are safe to use for
tissue oxygen measurements as long as the light doses are less than or equal to those commonly
employed in photodynamic therapy.

Introduction

Oxygen-dependent quenching of phosphorescencel:2 is a widely used method for imaging of
oxygen in biological systems, including tissue /in vivo (for several recent examples, see ref.
3-7). The method makes use of the energy transfer between the molecules of exogenous
phosphorescent probes in their excited triplet states (T1) and ground state triplet oxygen
(X3Zg) (Scheme 1).
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The dependence of the phosphorescence lifetime = on the partial pressure of oxygen (p(03))
throughout the physiological range of oxygen concentrations is described by the Stern—
Volmer relationship:

1/t=1/19+kqp (O2) (1)

where 7 is the phosphorescence lifetime in the absence of oxygen and &g is the bimolecular
collisional rate constant expressed in the units of pressure (mmHg? s1).8

The phosphorescence quenching occurs presumably via the energy transfer by the triplet—
triplet exchange mechanism, resulting in sensitization of singlet oxygen.® The latter is a
highly reactive species, implicated in a variety of toxic effects. In fact, the mechanism of the
phosphorescence quenching is the same as that of photodynamic therapy (PDT),10 albeit the
purpose of the latter is the generation of high doses of singlet oxygen (alAg) for killing
undesirable cells, whereas in phosphorescence imaging singlet oxygen is merely an
undesirable byproduct. Nevertheless, since phosphorescent probes are introduced directly
into the medium of interest (e.g. blood or interstitial fluid), phototoxicity is a legitimate
concern.11.12 This is particularly true if excitation intensities are high, as, for example, in
microscopy applications, and/or if measurements occur over long time periods.

Recently we described a general strategy for construction of “protected” soluble molecular
probes for biological imaging of oxygen.13 These probes consist of phosphorescent Pt and
Pd porphyrins or r-extended porphyrins (tetrabenzoporphyrins and tetranaphthoporphyrins)
encapsulated inside poly-arylglycine (AG) dendrimers. Dendrimers!415 are branched tree-
like macromolecules that exhibit a defined structure and a high degree of order. From a
topological viewpoint, dendrimers contain three distinct regions: core, branches and
surfaces. In the oxygen probes, phosphorescent metalloporphyrins play the role of cores,
while the surfaces are made of polyethyleneglycol (PEG) residues. PEGylated dendritic
jackets regulate the sensitivity and dynamic range of measurements via control of oxygen
quenching constant &, (eqn (1)). In addition, they insure probes’ aqueous solubility and
prevent interaction of the probes with biological systems. The latter property is very
important, since association of probes with proteins and other macromolecular objects in
biological environments may significantly affect the accessibility of the triplet cores to
oxygen, unpredictably changing the rate of quenching. PEGylation of the dendrimer
periphery makes probes insensitive to the presence of proteins and other biological solutes.
At the same time, PEG residues themselves only slightly affect the probe's accessibility to
oxygen, making it possible to change the probe's size without significantly altering oxygen
quenching parameters.

While several approaches to the construction of biological oxygen sensors are currently
under scrutiny,16-22 dendritic porphyrins23-27 are perhaps the most widely used for in vivo
oxygen measurements. This approach offers tunable optical properties and flexible chemical
design, which can be adapted to the needs of different types of /n vivo imaging applications.
Consequently, the question of their phototoxicity is becoming increasingly important.

Comprehensive evaluation of phototoxicity is a complex task, requiring specially designed
experiments for each type of tissue and/or each mode of imaging application, e.g. wide field
vs. scanning microscopy vs. near-infrared tomography. Nevertheless, generally useful
information can be obtained by comparing phosphorescent probes with standard PDT
sensitizers, whose primary function is to generate singlet oxygen and for which a wealth of
biological information is already available. Comparative tests can be carried out using
standard /n vitro cell-survival assays, which directly measure cytotoxicity of a treatment
under selected exposure conditions.

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 March 26.
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In this paper, we evaluated oxygen quenching properties of Pd meso-tetra(3,5-
dicarboxyphenyl)tetrabenzoporphyrin (PdTBP, also termed GO dendrimer) and PdTBP-
based PEGylated AG-dendrimers of three successive generations (G1-G3). Relative singlet
oxygen sensitization efficiencies were estimated by measuring singlet oxygen
phosphorescence in CoHs0H-CH30H mixture and in D,O. Dendrimer PATBP-(AG2-PEG)g
(G2) was tested in a cell survival assay against Photofrin, a clinically approved
photosensitizer. The tests revealed negligible phototoxicity of G2 compared to that of
Photofrin, suggesting that the oxygen probes can be safely used under illumination
conditions commonly employed in tissue oxygen measurements.

Experimental

Materials

All solvents and reagents were obtained from commercial sources and used as received.
Thin-layer chromatography was performed on aluminium-supported silica gel plates
(Aldrich). Column chromatography was performed on Selecto silica gel (Fisher).
Preparative size exclusion chromatography (SEC) was performed on S-X1 beads (Bio-Rad),
using THF as a mobile phase. 1H and 13C NMR spectra were recorded on a Brucker
DPX-400 spectrometer. The mass spectra were obtained on a MALDI-TOF VVoyager-DE™
RP BioSpectrometry workstation, using a.-cyano-4-hydroxycinnamic acid as the matrix.

Quartz fluorometric cells (Starna Cells, 1 cm optical path length) were used in both UV-Vis
and fluorescence experiments. Optical absorption spectra were recorded on Perkin Elmer
Lambda 40 or Perkin Elmer Lambda 650 UV-Vis spectrophotometers. Emission
measurements were performed on a Perkin Elmer LS-55 fluorometer, equipped with a
Hamamatsu R928-P PMT and a Xenon flash lamp or on an Edinburgh Instruments FS920
fluorometer, equipped with a Hamamatsu R2658P PMT. Singlet oxygen emission was
measured using a liquid nitrogen cooled ultrapure germanium crystal as a detector. Time-
resolved phosphorescence measurements were performed using either the Perkin Elmer
LS-55 instrument or an in-house constructed phosphorometer,28 adapted for time domain
operation. Photophysical experiments were performed using either air-equilibrated solutions
or solutions degassed by four pump-freeze-thaw cycles. Oxygen titrations were performed
using a previously described system.24

Electrochemical measurements were carried out using argon-purged CH3CN (Romil Hi-
Dry™) solutions at room temperature with an EcoChemie Autolab 30 multipurpose
instrument interfaced to a PC. The working electrode was a glassy carbon electrode (0.08
cm?2, Amel) and the counter electrode was a Pt wire. A silver wire was employed as a quasi-
reference electrode (QRE). Tetraethylammonium hexafluorophosphate (TEAPFg) (0.1 M)
was used as a supporting electrolyte. The potentials are reported relative to SCE. These were
measured with AgQRE (quasi-reference electrode) using ferrocene as an internal standard
(+0.395 V vs. SCE). The concentrations of the compounds examined were ca 10-3 M. Cyclic
voltammograms were obtained at scan rates in the range 0.2-5 V s 1. The experimental error
for the potential values was estimated to be £10 mV.

The synthesis of PATBP-core (G0) and generation-two dendrimer PATBP-(AG2-PEG)g (G2)
followed the earlier reported protocol.13 Compounds PATBP-(AGL-PEG)g (G1) and PdTBP-
(AG3-PEG)g (G3) were synthesized analogously to the corresponding Pt porphyrin-based
dendrimers, 3 using octacarboxylic acid GO as a core. The synthesis involved coupling of
dendrons (HoN-AGY-OBu or HoN-AG3-OBu)13 to GO with formation of poly-esters PATBP-
(AG1-OBu)g and PATBP-(AG3-OBu)g. The subsequent hydrolysis produced poly-acids
PdTBP-(AG!-OH)g and PdTBP-(AG3-OH)g, which were converted into the target

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 March 26.
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compounds G1 and G3 by esterification using PEG350 (polyethyleneglycol monomethyl
ether, Av. MW 350).

PdTBP-(AGL-OBu)s—The synthesis in general followed the protocol for compound Pt-1-
(AG1-OBu)g in ref. 13. Yield: 82%. 1H NMR (DMSO-dg) 6 10.62 (s, 8H), 9.46 (s, broad,
8H), 9.23 (s, broad, 4H), 9.08 (s, broad, 8H), 8.48 (s, broad, 16H), 8.10 (s, broad, 8H), 7.44
(m, 8H), 7.11 (m, 8H), 4.24 (t, /= 6.5 Hz, 32H), 4.19 (s, broad, 16H), 1.64 (m, 32H), 1.36
(m, 32H), 0.87 (t, J= 7.4 Hz, 48H). 13C NMR (DMSO-dg) 6168.9, 167.0, 166.3, 165.4,
141.8, 140.5, 138.4, 137.9, 135.8, 135.1, 131.6, 131.3, 129.1, 127.1, 124.6, 124.4, 124.1,
65.5, 44.3, 30.8, 19.4, 14.2. MALDI-TOF (m/2): calcd. for Co1oH2gN2gO4gPd: 3930.6,
found: 3931.5 [M + H*].

PdTBP-(AGLOH)g—The synthesis in general followed the protocol for compound Pt-1-
(AGL-OH)g in ref. 13. Yield: 92%. IH NMR (DMSO-dg) 610.34 (s, broad, 8H), 9.21 (s,
broad, 12H), 9.00 (s, broad, 8H), 8.44 (s, broad, 16H), 8.15 (s, broad, 8H), 7.41 (s, broad,
8H), 7.12 (s, broad, 8H), 4.18 (s, broad, 16H). 13C NMR (DMSO-dg) & 168.6, 166.8, 166.3,
164.3, 141.6, 139.9, 138.2, 137.9, 135.9, 134.9, 134.8, 132.4, 128.6, 126.8, 125.1, 124.4,
44.3. MALDI-TOF (m/2): calcd. for C14gH109N2004gPd: 3032.9, found: 3033.7 (M + H™);
3056.6 (M + Na*).

PdTBP-(AGIPEG)s—The synthesis in general followed the protocol for compound Pt-1-
(AGL-PEG)g in ref. 13. Yield: ~60%. 1H NMR (DMSO-dg) 610.63 (s, 8H), 9.43 (s, 8H),
9.20 (s, 4H), 9.04 (s, 8H), 8.50 (s, 8H), 8.13 (m, 8H), 7.43 (s, 8H), 7.08 (m, 8H), 4.5-3.0
(multiple peaks, ~620H). MALDI-TOF spectrum shows a bell-shaped peak centred around
7915 Da. Calcd Av. MW. 8.2 kDa.

PdTBP-(AG3-OBu)g—The synthesis followed the protocol for compound Pt-1-(AG3-
OBu)g in ref. 13. Yield: 69%. MALDI-TOF (/m/2): calcd. for CgggHgggN1160240Pd:
17180.83, found: 17204 [M + Na*] + 15215 [PATBP-(AG3-OBu); + Na*] + 13226 [PdTBP-
(AG3-OBu)g + Na'].

PdTBP-(AG3-OH)g—The synthesis followed the protocol for compound Pt-1-(AG3-OH)g
in ref. 13. Yield: 60% (for coupling and hydrolysis combined). Because of the high sample
viscosity and low mobility of the dendritic branches, it was impossible to obtain a high
resolution NMR spectrum even at elevated temperature. 1H NMR (DMSO-dg) 6 10.45 (bs,
52H), 9.5-7.9 (series of overlapped peaks, 228 H), 4.1-3.8 (series of overlapped peaks, 112
H). MALDI-TOF (m/2): calcd. for CgpgHag4N1160240Pd: 13592.8, found: bell-shaped peak
centred at 12.9 kDa.

PdTBP-(AG3-PEG)g—The synthesis followed the protocol for compound Pt-1-(AG3-
OPEG)g in ref. 13. Yield: ~55%. 1H NMR (DMSO-dg) & 10.7-10.3 (set of broad
overlapping peaks, 52H), 9.5-7.9 (set of broad overlapping peaks, 244H), 4.6-3.0 (set of
broad overlapping peaks, ~2400H). MALDI-TOF spectrum showed a broad peak centred at
27.5 kDa. Calculated Av. MW. 32 kDa.

Cellular clonogenic assays

All tissue culture solutions were purchased from Gibco (Invitrogen; Auckland, New
Zealand) with the exception of the fetal calf serum, which was purchased from HyCone
(Logan, UT, USA). The studies were performed using established cultures of radiation-
induced fibrosarcoma (RIF) murine cells. The media for cell line maintenance was MEM
alpha, supplemented with penicillin (100 units mI-1), streptomycin (100 pg mi-1) and .-
glutamine (2 mM). The studies involved incubating the cells for 18 h with either Photofrin

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 March 26.
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or G2 in the media with 5% Fetal Calf Serum (FCS). Photofrin and G2 were present in the
media at 17 uM and 0.4 M concentrations, respectively, as measured by the absorption at
630 nm. Cells to be illuminated in the absence of photosensitizer were removed from the
photosensitizer-containing media after the incubation period (18 h), briefly washed in Hanks
Balanced Salt Solution (HBSS), and incubated in photosensitizer-free media with 5% FCS
for an additional 1 h. Cells to be illuminated in the presence of photosensitizer were left in
the photosensitizer-containing media. Trypsin-EDTA (0.05%) was used to collect cells,
which were counted and re-suspended at ~2 x 10 cells mlI-1 in the media containing 5%
FCS. Cells to be illuminated in the presence of the photosensitizer had Photofrin or G2
added to the media to match their concentrations during the incubation. Aliquots of ~4 x 10°
cells were placed in tissue culture dishes (60 mm in diameter) and exposed to light of total
doses of 0, 0.5 (100 s), or 2 (400 s) J cm™2. The light source was a dye laser (Laserscope, San
Jose, CA, USA) operating at 630 nm (Rhodamine 640). The pump was a frequency-doubled
Nd:YAG laser (Laserscope, San Jose, CA, USA) with KTP frequency-doubling crystal. An
irradiance of 5 MW cm, as measured by a power-meter (Coherent, Auburn, CA, USA),
was delivered v7a microlens-tipped fibers (CardioFocus, Norton, MA, USA) over the area of
the tissue culture dishes. Following the exposure, cell aliquots were spun (as needed) to
remove photosensitizer-containing media. Cells were plated at concentrations of 102-108
cells per dish in tissue culture dishes (100 mm in diameter) that contained media with 10%
FCS. After 7-10 days of incubation (37 °C, 5% CO5), colonies of cells were fixed/stained
(2.5 mg mI-1 methylene blue in 30% alcohol), counted, and the plating efficiency was
calculated. In an additional study, the same incubation (in the presence of G2 and using
illumination dose of 2 J cm™2) conditions were employed to measure G2-induced
phototoxicity over higher probe concentrations, ranging from 2.5 to 20 pM.

Results and discussion

Synthesis

The structures of Pd meso-tetra(3,5-dicarboxyphenyl)tetrabenzoporphyrin (PdTBP or G0)
and dendrimers PdTBP-(AG”-PEG)g (= 1-3, G1-G3) used in this study are shown in Fig.
1. In the abbreviations: AG designates the arylglycine dendrimer, r7is the dendrimer
generation, PEG is polyethyleneglycol monomethyl ether (av. MW 350). Selected molecular
data for the compounds studied are summarized in Table 1.

The probes were synthesized as described previouslyl3 and characterized by standard
methods. The synthesis of porphyrin-dendrimers proceeds viathe convergent route, in which
ester-terminated AG-dendrons, bearing the amino-groups at their focal points, are attached
to the octacarboxyporphyrin core using an optimized peptide coupling reaction, based on the
HBTU/DIPEA chemistry. This procedure is very effective for Gen 1 and Gen 2 dendrimers;
however, for larger dendrimers complete dendrimerization of porphyrins becomes difficult,
since the cores contain eight closely positioned anchor points.13 Following hydrolysis of the
ester groups, the peripheral carboxyls on the dendrimers were modified with
polyethyleneglycol monomethyl ether (av. MW 350). Esterification of the dendrimers could
leave some of the peripheral carboxylic groups non-esterified. MALDI spectra of the
resulting PEGylated compounds (Fig. S6, ESIT) show broad peaks, whose maxima
correspond to ~90% of the carboxyls converted to PEG350 esters. Thus, compounds used in
this study, especially G2 and G3, should not be considered as monodisperse dendrimers;
however, the non-monodisperse nature of these materials does not affect conclusions about
the relationship between their average size and photophysical/photochemical behavior (see
below).

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 March 26.
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Photophysical properties

The photophysical properties of the PdTBP-dendrimers were examined in buffered aqueous
solutions (phosphate buffer, 50 mM) at pH 7.0-7.2, except for compound GO, which is
soluble only at higher pH (pH ~ 9). The absorption spectra of compounds G0-G3 are shown
in Fig. 2. The spectra are normalized by the values at the Q-band maxima and scaled by the
molar absorption coefficient of GO compound (e~ 9.0 x 104 M1 cm™1) to facilitate
comparisons.?? In the visible region, the spectra of all dendrimers are dominated by the
absorption of the core PATBP and in general resemble the spectrum of GO. The Q-band
maxima of G1-G3 (637 nm) are shifted by 174 cm™ to the red relative to the maximum of
GO0 (630 nm) and coincide with each other. In the Soret band region, the red-shift is larger
(304 cm1) and it progresses from GO (441 nm) to G1 (445 nm) to G2-G3 (447 nm). These
shifts are most likely caused by the gradual change in the porphyrin environment (e.g.
increase in hydrophobicity, interactions between the porphyrin r-system and aromatic
fragments of the dendritic arms, displacement of solvent, efc.) upon increase in the size of
the dendritic jacket and more effective core encapsulation. Similar changes have been
observed previously for other dendritically-encapsulated porphyrins,30:31

The Soret/Q intensity ratios for all G1-G3 compounds are noticeably lower than for GO.
This decrease could be to some extent related to the band broadening in the case of the
dendrimers, probably a result of partial aggregation. G3 shows the smallest broadening in
the series, and the integrated intensity of its Soret band (77.5 relative units) is very close to
that of GO (82.7 relative units). The small difference could be due to the different core
substituents, 7.e. carboxyls in GO and carboxamides in G3.

In Pd porphyrins, S;— T intersystem crossing occurs with practically unity efficiency;32
and the emission of PATBP's is entirely due to the T{— Sy phosphorescence.33:34
Compounds G0-G3 exhibit broad phosphorescence with maxima at 810-815 nm (Fig. 3). A
very weak fluorescence at ca. 700 nm was also observed for all the dendrimers in the series,
which was most likely originated from a free-base TBP impurity.34

In the absence of oxygen, phosphorescence lifetimes 7y and quantum yields ¢y (Table 2)
were found to increase in the series of the dendrimers with an increase in the dendritic
generation, resembling the trend observed for Pt porphyrin-based dendrimers.13 This effect
may be caused by a combination of several factors. First, it is possible that the non-radiative
deactivation of the T state occurs in part with involvement of the solvent (water) molecules,
located in the immediate vicinity of the porphyrin. As hydrophobic dendritic branches fold
and displace the solvent from the porphyrin environment, this relaxation pathway becomes
diminished. Secondly, spin—orbit coupling in Pd porphyrins is known to be related to
vibrational activity.34:35 Larger dendritic substituents may affect the vibrations of the core
by folding and enclosing the porphyrin into a motion-restricting pocket, thus affecting the
rate of T;—Sg intersystem crossing and increasing the probability of radiative relaxation
(phosphorescence).

The emission spectra of dendrimers GO-G3 in air-equilibrated aqueous solutions are shown
in Fig. 3. As expected, in the presence of oxygen the increase in the phosphorescence
intensity and lifetime with the dendrimer generation is much more pronounced than in the
case of deoxygenated solutions. This behavior is consistent with the diffusion-controlled
quenching of the T state of the core PdTBP by dioxygen. Larger dendrons shield the
porphyrin and attenuate the rate of oxygen diffusion more effectively. Similar effects have
been observed in other luminescent dendrimers, including phosphorescent [Ru(bpy),]%*
complexes,3% Pt13 and Pd porphyrins.23:24.26

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 March 26.
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Because of the presence of macromolecules with different numbers of peripheral PEG
groups, the phosphorescence decays of compounds G1-G3 were found to be not purely
single exponential. However, they could be well approximated by two-exponential
functions. The apparent phosphorescence lifetimes zwere calculated as intensity-weighted
averages, resulting in almost ideally linear Stern—Volmer oxygen quenching plots (Fig. 4).

The relative decrease in the plots’ slopes (Fig. 4) resembles that previously seen in the series
of Pt porphyrin-dendrimers.13 The bimolecular quenching rate constant for the unprotected
porphyrin GO was calculated to be 1.47 x 10° M1 5”1, This quite high value supports the
hypothesis that the phosphorescence quenching in these systems is controlled by oxygen
diffusion. The Stern—Volmer quenching plot was also constructed for compound G2 using
the phosphorescence intensity data. When plotted as /y// vs. p(O5) and zp/ T vs. p(O5), the
intensity and lifetime based plots fully overlapped (Fig. S5, ESIT), ruling out static
quenching. This result is not surprising given that there are no obvious oxygen coordinating
sites within the porphyrin-dendrimer, and that molecular oxygen is a very fast diffusing
quencher under the conditions of our experiments.

The yield of the phosphorescence quenching and sensitization of singlet oxygen (),
assuming that every quenching event leads to singlet oxygen generation (see below), is the
ratio of the quenching rate constant (&, x p(O2)) to the total rate of the triplet state
deactivation (1/z). Using eqn (1), nq can be calculated as:

T kqtop (02)
Ng=l—-—=—77—"7-"+ (2
0 1-kqrop(02)

Quenching constants 4y (Table 2) decrease in the series of dendrimers from GO to G3.
Nonetheless, because this decrease is partially offset by the increase in the phosphorescence
lifetime o, the quenching yields 7 change rather weakly throughout the series. For
comparison, the quenching constant Ay decreases by more than 30-fold from GO to G3,
while 774 decreases only by about 20%, /.e. from 0.97 (GO) to 0.78 (G3). As a result, the
unsubstituted porphyrin GO and all the dendrimers (G1-G3) can be considered efficient
singlet oxygen sensitizers in aqueous solutions, comparable in efficiency to other Pd
porphyrins, such as e.g. Pd tetrasulfonatophenylporphyrin (774 = 0.78 in air-equilibrated
aqueous solutions).3”

Similar trends in the quenching behavior were observed for compounds GO-G3 in
CoHsOH-CH30H 4 : 1 (v/v) solutions at 298 K (Table 2). The A values in all cases were
found to be higher than in aqueous solutions. As in other dendritic systems,23:24 this effect is
likely to be caused by the combination of higher solubility of oxygen in organic solvents3?
and less restricted oxygen diffusion through the body of the dendrimer to the triplet core. In
the diffusion-limited case, the quenching constant & is proportional to the product of
oxygen solubility and oxygen diffusion coefficient. A much less pronounced decrease in A
with an increase in the dendritic generation (Table 2) suggests that in alcohols AG-
dendrimers impose lesser barriers for oxygen diffusion than in water and, therefore, they are
likely to be less tightly folded and less dynamically constrained.

Singlet oxygen sensitization

Quenching of the triplet states of PATBPs in the dendrimers by oxygen can be due to the
energy transfer, presumably v/athe triplet-triplet exchange mechanism, or due to the
photoinduced electron transfer (PET), followed by either charge recombination or by escape
of the radicals from the solvent cage and subsequent chemistry. The PET pathway was ruled
out on the basis of spectroscopic and electrochemical measurements. The redox potentials of

Photochem Photobiol Sci. Author manuscript; available in PMC 2013 March 26.
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the dendrimers were measured in acetonitrile solutions at 298 K for G1 dendrimer by the
cyclic voltammetry method (see ESIT). Although dendritic substituents in some cases are
known to affect redox potentials of encapsulated cofactors,*0-41 for the purpose of our
analysis measurement performed for G1 provided a sufficient estimate of the PET driving
force for all the dendrimers in the series. Based on the first oxidation potential of G1 (1.46
eV vs. SCE) and the reduction potential of dioxygen (-0.8 eV vs. SCE),*2 the charge
separated state, corresponding to the oxidation of PdTBP, lies much higher in energy (ca.
2.3 eV) than the PATBP triplet state (ca. 1.5 eV). Thus, PET is highly endergonic in this
system, and the sensitization is likely to occur viathe energy transfer pathway.

The generation of singlet oxygen was demonstrated by direct measurements of its
phosphorescence (Amax = 1270 nm) upon photosensitization using compounds G0-G3 in
air-equilibrated CoHsOH-CH30OH mixtures (4 : 1, v/v) or in D,0. In H,O no emission was
observed, which is due to the much lower solubility of oxygen in water than in organic
solvents*2 and very low quantum yield of singlet oxygen emission (¢~ 10-7).43 In water,
singlet oxygen emission is efficiently quenched by OH vibrations as well as by the emission
re-absorption by the OH vibrational overtone.4*4° As a result, the lifetime of singlet oxygen
in water is very short, only 3.5 ps.46 On the other hand, in D0 the lifetime is significantly
longer, i.e. 67 ps.” Subsequently, singlet oxygen emission could be readily observed in air-
equilibrated D,O solutions.

The phosphorescence spectra of singlet oxygen in airequilibrated CoHsOH-CH30H
solutions after subtracting long-wavelength tails of the sensitizers’ phosphorescence are
shown in Fig. 5 (for uncorrected spectra, see Fig. S1-S2, ESIt). Because the absorbances of
the sensitizers at the excitation wavelength (635 nm) were kept the same for all the
compounds in the series, the intensities of singlet oxygen phosphorescence in these
experiments can be compared directly. The integrated emission intensities are proportional
to the quantum yields of singlet oxygen emission (7en) as sensitized by compounds G0-G3.
These values (7.,) are in turn the products of the yields of the sensitization reaction (7ens)
and singlet oxygen phosphorescence (7pnos0,)- As discussed above, sensitization in PdTBP-
dendrimers occurs by way of triplet-triplet energy transfer and provides virtually the only
pathway for oxygen-dependent quenching of the porphyrin triplet state. Therefore, 7ens Can
be considered equal to the oxygen quenching efficiency nq (eqn (2)), and:

Nem=71q X Minos0,  (3)

The values 7y, are practically the same for all the compounds GO-G3 in both C,H50H-
CH30H (Fig. 5) as well as in D,0O (not shown), which is consistent with only a very modest
decrease in the quenching efficiency (/) in going from GO to G3 (Table 2).

The described above results demonstrate that all the dendritic compounds in the studied
series indeed can produce singlet oxygen by way of photosensitization, and that in spite of
the dramatic differences in their quenching rate constants (k) the efficiencies of singlet
oxygen generation are very similar.

Cellular phototoxicity

Having determined that phosphorescent compounds GO-G3 are capable of generating
singlet oxygen, we set out to examine how cellular phototoxicity induced by these probes
compares to the phototoxicity of known PDT photosensitizers under conditions mimicking
those of oxygen imaging and/or PDT. The generation-two PdTBP-dendrimer (G2)*8 was
selected as a representative probe to be evaluated in a clonogenic survival assay. /n vitro
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clonogenic assays are routinely used to measure the survival and proliferative potential of
cells exposed to a drug or other cytotoxic treatment.

As a reference photosensitizer we selected Photofrin — a well-characterized clinically
approved drug, used in clinical treatments of Barrett's esophagus and early stage lung
cancer, as well as in palliation of obstructive esophageal or endobronchial cancer.4° In a
typical clinical application, Photofrin is administered intravascularly, and ~48 h later the
diseased tissue is irradiated locally at 630 nm.50-52 After 48 h of circulation, Photofrin
substantially, albeit not completely, clears from the blood,>® while accumulating in tumor
tissues, where it predominantly localizes in the mitochondria.>* Upon activation with light,
it generates singlet oxygen, which causes oxidative damage of the mitochondrial
membranes.>® The quantum yield of singlet oxygen sensitized by Photofrin in air-
equilibrated aqueous solutions varies across reports but has been estimated as 0.54 + 0.35.%6

Comparisons between efficiencies of phototoxic agents as measured by /n vitro assays can
be extrapolated to tissue applications, provided equal excitation efficiencies of
chromophores under comparison are utilized in both types of experiments. In tissue
applications, chromophores must have the same optical density and be excited at the same
wavelength to insure the same absorption and scattering distribution of the excitation light
throughout the tissue. Under these conditions, excitation efficiencies can be considered
equal. In /n vitro experiments conducted in ideal or weakly scattering solutions, equal
excitation efficiencies are achieved simply by using isoabsorbing (equal optical density)
solutions.

Clonogenic studies started with incubation of murine radiation-induced fibrosarcoma (RIF)
cells with either Photofrin (reference photosensitizer) or G2 for ~18 h. In order to mimic
conditions of /n vivo oxygen measurements, for which cells could be surrounded by a
solution of G2 in the interstitial space, illumination following the incubation was performed
on cells directly in a solution of the photosensitizer (G2 or Photofrin). Alternatively, in order
to assess phototoxicity induced by the photosensitizer adhered to or internalized by the cells,
after incubation the cells were rinsed for 1 h in the photosensitizer-free media prior to
illumination. In both types of experiments, the concentrations of G2 and Photofrin in the
incubation media were such that the solutions were isoabsorbing at 630 nm with 0.04 OD
(see ESIT). This absorbance corresponds to the concentration of Photofrin of about 10 pg
mi-1 or 17 uM (MW 600 g mol1)% and ~0.4 wM for G2. Clonogenicity, /.e. survival and
replicative potential, was assessed ca. one week later by evaluating the ability of the cells to
form colonies. The results are expressed as cell surviving fractions, i.e. the ratio of the
number of the colony-forming cells in a treated sample vs. that in the control, which
received neither photosensitizer nor light.

The surviving fractions of the colony-forming cells for both types of experiments, 7.e.
photosensitizer left in the medium during irradiation and photosensitizer removed from the
medium before irradiation, are plotted in Fig. 6 as a function of the light exposure. The
difference between the photodynamic activity of Photofrin and G2 appears immediately
clear from the graph. In the case of Photofrin, increase in the light exposure (from 0.0 to 0.5
to 2 J cm™2) is accompanied by a significant increase in the apparent phototoxicity,
especially when irradiation was performed in the medium containing the photosensitizer. In
fact, when the cells received the light dose of 2 J cm2, the induced toxicity was so high that
the surviving fraction could not be determined because it was below the lower level
sensitivity of the performed assay. In contrast, virtually no toxicity was observed in the case
of G2 neither when it was present in the medium nor after replacing the medium with
sensitizer-free solution. The surviving fractions (average + SE) of light-treated cells in the
case of G2 ranged from 0.7 + 0.2 to 1.2 £ 0.4, which is not significantly different from the
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surviving fractions of cells exposed only to light (without incubation with photosensitizer;
0.7 £ 0.1) or exposed only to G2 (without exposure to light; 1.3 £ 0.1). These results clearly
demonstrate that in spite of its ability to produce singlet oxygen, G2 does not act as a PDT
drug at light doses, which induce complete cell kill in the case of Photofrin.

Additional studies were performed with the purpose to establish at what concentration G2
does become phototoxic. In these experiments, concentrations of G2 varied from 2.5 pM to
20 pM and the illumination dose was 2 J cm™2. The results (Fig. S5, ESIT) unambiguously
demonstrate that G2 is non-phototoxic even when used at concentrations highly exceeding
(up to 40 times) those required for imaging.

The lack of apparent cellular phototoxicity of G2 is most likely related to its inability to
adhere to cellular membranes and/or diffuse or to be transported into cells. Using
microscopic imaging we have determined that incubation of different types of cells (e.g.
mouse macrophages, HeLa and human epithelial cells) with G2 or other similar PEGylated
dendritic porphyrins, 1357 does not lead to internalization of these probes even if they are
present in the media at concentrations as high as 150 pM and if incubations last as long as
24 h. In fact, a special internalization method had to be devised in order to deliver one such
probe inside cells to perform intracellular oxygen measurements.>’

Thus, PEGylation, which was employed originally to prevent interactions of probe
molecules with blood plasma proteins, simultaneously appeared to be an effective tool for
diminishing phototoxicity.

Singlet oxygen, which is the initial phototoxic species in Type Il PDT, has to be formed in
the immediate vicinity of its biological target(s) in order to inflict damaging processes,
eventually leading to cell death. The mean free-path of O, (alAg) in aqueous solutions is
estimated to be ~150 nm,%® which suggests that if the event of triplet quenching occurs at a
distance larger than 150 nm from the cell membrane, formation of Og(alAg) is unlikely to
have an impact on the cell viability. In cell suspensions or in cell cultures immersed in dilute
solutions of G2, the overwhelming fraction of quenching events occurs in the solution bulk,
and only a negligible number of Oz(alAg) molecules are generated sufficiently close to
cellular membrane. When the medium is replaced with solution containing no G2, cell
damage simply cannot occur because no photosensitizer is left in the sample.

In contrast to PEGylated probes, photosensitizers used in PDT bind to cellular substructures.
When subjected to illumination, bound photosensitizer molecules produce Og(alAg) in the
immediate vicinity of vulnerable cellular targets, inflicting photodamage and ultimately
compromising cell viability. In our study, PDT with Photofrin was performed under
conditions which resulted in nearly quantitative (>99.99%) cell kill, corresponding to the
surviving fraction of 0.0001. However, an isoabsorbing dose of G2 exposed to the same
illumination resulted in virtually no cell death (<1%) and the surviving fraction being
indistinguishable from non-treated control cells.

The probe concentrations employed in our study closely resemble those used /7 vivoin
standard tissue oxygen measurements by diffuse light, 7.e. ~0.1-1.0 pM. In such
experiments, a phosphorescent probe is introduced directly into the blood plasma or into the
interstitial fluid /n vivo, and the phosphorescence lifetime measurements are performed with
pulsed (time domain) or sinusoidally modulated (frequency domain) light sources. In a
common implementation, using a standard LED-based phosphorometer,28 a single oxygen
measurement typically requires averaging of 100-200 phosphorescence decays and takes
0.3-0.6 s to complete. During the measurement, the average power on the sample is about
40 pW (as measured by a power meter), which corresponds to 0.67% excitation duty cycle,
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and the illuminated area of tissue, ca. 0.6-0.7 cm in diameter (~0.4 cm?), is exposed to the
excitation flux of ca. 100 wW cm2. Assuming that individual measurements are performed
every two seconds, photon flux averaged over the entire course of the experiment is about
25 wW cm2, and after 30 min the illuminated area of tissue receives about 4.5 x 102 J cm™2
of energy.

In a typical PDT protocol, tissue treated with a photosensitizer is exposed to light such that
the flux on the surface is maintained at a level of ca. 75 mW cm™2. The light dose received
by a treated tissue after 30 min of PDT at 75 mW cm is 135 J cm2. Therefore, the light
flux used for PDT is ~750 times higher than the flux used for measuring oxygen, and the
total light exposure in PDT is ~3000 times higher than that in oxygen measurements. Based
on this example, it is reasonable to expect that if under conditions of PDT phosphorescent
probes do not induce phototoxic effects, as is the case for G2 vs. Photofrin, they should be
completely safe to use under illumination required in routine tissue oxygen measurement
applications. Clearly, there is a sufficient safety margin to allow for significant increase in
light flux and/or PEGylated probe concentration should stronger phosphorescence signals be
needed for oxygen measurement experiments.

Under conditions far below saturation of the triplet state, the rate of generation of Oz(alAg)
at a selected distance from the cellular membrane is proportional to the product of the
excitation flux and probe concentration. Therefore, in spite of the fact that G2 and similar
probes do not associate with cell membranes, a threshold can in principle be reached by
increasing either the concentration or flux where sufficient amounts of Oz(alAg) would be
generated close to the membranes and produce photodamage. These conditions can be
encountered, for example, in scanning microscopy applications,®”>? where phosphorescence
is generated by focused high intensity light. One way to overcome the phototoxicity problem
inherent to such measurements would be to encapsulate probes inside oxygen-permeable
carrier vesicles, designed to capture and scavenge Og(alAg).

Especially strong caution needs to be exercised when using phosphorescent probes that can
bind to cellular components. There are reports in the literature where such probes are being
considered for intracellular oxygen measurements, 3961 whereby the probes permeate
cellular membranes and may associate directly with cellular organelles. Our results suggest
that phosphorescence quenching and production of singlet oxygen in such systems can
easily inflict cellular damage even if measurements are performed using low excitation flux
conditions.

Conclusions

In this study we tested a series of dendritically-protected PEGylated phosphorescent probes
for their ability to generate singlet oxygen and inflict cellular photodamage. In spite of large
differences in the oxygen quenching rate constants, all tested PdTBP-dendrimers were found
to be able to sensitize singlet oxygen with approximately equal efficiency. Nevertheless,
when compared against commonly used photosensitizer Photofrin in a clonogenic cell-
survival assay, phosphorescent probe G2 showed virtually no phototoxicity. The lack of
phototoxicity is explained by the inability of PEGylated dendrimers to penetrate cellular
membranes and localize inside cells, while irradiation of extracellular probes by diffuse light
produces very small amount of singlet oxygen in the vicinity of sensitive cellular targets.

The above results suggest that protected phosphorescent probes can be safely used for
oxygen measurements in biological systems /n vivo. This conclusion is especially important
for applications where excitation of phosphorescence is effected by diffuse light, e.g. in 3D
phosphorescence lifetime imaging (PLI),%2 which combines phosphorescence quenching
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th diffuse optical tomography. In this imaging method, light exposures are much lower

than those encountered in PDT, and therefore phototoxicity is unlikely to present a problem.
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Scheme 1.

Diagram of photophysical processes occurring in phosphorescent molecules: /v —
excitation, isc — intersystem crossing; kg — rate constant of phosphorescence emission (& =
1/7y = k + Kk, Where & and kg, are the rate constants of the radiate and non-radiative
deactivation of the triplet state in the absence of oxygen); & — rate constant of bimolecular
quenching, which results in conversion of ground state oxygen 02(X3):g') into excited
singlet state oxygen Oz(alAg).
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Fig. 1.

Structures of phosphorescent PATBP-based dendrimers. PEG designates residues of
polyethyleneglycol monomethyl ether (av. MW 350).
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Fig. 2.
Absorption spectra of compounds G0-G3 in buffered aqueous solutions at 298 K.
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Fig. 3.
Phosphorescence spectra in air-equilibrated aqueous solutions at 298 K. The emission

intensities are directly comparable since the spectra were recorded for isoabsorbing solutions
at the excitation wavelength (Agx = 634 nm).
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Fig. 4.

Stern—-Volmer oxygen phosphorescence quenching plots for compounds GO-G3 in aqueous
solutions at 295 K. Lines show the fits of the raw data to the linear equations.
Phosphorescence decays were analyzed by two-exponential functions; apparent lifetimes =
were obtained by intensity-weighted averaging.
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Fig. 5.

Phosphorescence of singlet oxygen in air-equilibrated CoHsOH-CH30H 4 : 1 (v/v)
solutions (Amax = 1270 nm) as sensitized by compounds G0-G3. The tail phosphorescence
of Pd porphyrin-dendrimers was subtracted from the spectra (see Fig. S1, S2 (ESI) for the
raw data). The emission intensities are directly comparable, since the absorbances of the
sensitizer solutions at the excitation wavelength (635 nm) were kept equal for all the
compounds.
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Fig. 6.

Clonogenic survival data for RIF cells incubated with Photofrin or G2 during 18 h and
irradiated with 630 nm light. Hollow symbols — photosensitizer is absent from the medium
during irradiation. Filled symbols — photosensitizer is left in the medium during irradiation.
Surviving fractions are calculated as fractions of the colony-forming cells in the treated
samples compared to controls that received neither photosensitizer nor light. The data are
shown as average + SE from 3 independent studies. * No surviving cells were found for this
condition — the point indicates the lower limit of the assay sensitivity.
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Table 1

Selected molecular and data for phosphorescent PdTBP-dendrimers

Gen# Abbreviation Mw/Da® Number of peripheral PEG groups (oA
GO PATBP 1270 0 -

G1 PATBP-(AGL-PEG); 8358 16 28

G2 PATBP-(AG2-PEG)y 17214 32 38

G3 PATBP-(AG3-PEG); 34918 64 55

aCaIcuIated for ideal dendrimer modified with PEG residues of MW 350.

bEstimated from molecular mechanics simulations for folded states of ideal dendrimers (ESIT).
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