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ABSTRACT

Pointsource photodynamic therapy (PSPDT) is a newly
developed fiber optic method aimed at the delivery of photo-
sensitizer, light and oxygen to a diseased site. Because of a
need for developing photosensitizers with desirable proper-
ties for PSPDT, we have carried out a synthetic, photophysi-
cal and phototoxicity study on a series of PEGylated
sensitizers. Chlorin and pheophorbide sensitizers were read-
ily amenable to our synthetic PEGylation strategy to reach
triPEG and hexaPEG galloyl pheophorbides and mono-,
di-, triPEG chlorins. On screening these PEG sensitizers, we
found that increasing the number of PEG groups, except for
hexaPEGylation, increases phototoxicity. We found that
three PEG groups but not less or more were optimal. Of
the series tested, a triPEG gallyol pheophorbide and a tri-
PEG chlorin were the most efficient at generating singlet
oxygen, and produced the highest phototoxicity and lowest
dark toxicity to Jurkat cells. A detailed kinetic analysis of
the PEGylated sensitizers in solution and cell culture and
media is also presented. The data provide us with steps in
the development of PSPDT to add to the PDT tools we have
in general.

INTRODUCTION

Pointsource photodynamic therapy (PSPDT) is a promising
approach for topical applications of photodynamic therapy (Fig. 1)
(1-3). It is a method of delivering photosensitizer, oxygen and light
directly to the region of treatment. It consists of a hollow optic fiber
delivering light and oxygen to a porous silica cap. Photosensitizer
molecules are attached to the cap via a photocleavable linker. When
light is applied, the photosensitized singlet oxygen initiates cleav-
age reactions liberating the photosensitizer molecules. To be inde-
pendent of the local oxygen concentration, oxygen can be flushed
through the hollow fiber. This method of treatment provides high
local confinement of photosensitizer location.

The use of pheophorbide-a leads to a high hydrophobicity of
the photosensitizer once it is cleaved from the fiber tip. In aque-
ous environment, like open tissue, an adherence of the photosen-
sitizer on the fiber tip is inevitable. This needs further steps in
testing and device construction in PSPDT. To improve the local
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distribution and minimize adherence of the photosensitizer on the
fiber tip after its release, we synthesized and characterized six
water-soluble photosensitizers for their potential use on the fiber
tip for PSPDT.

Thus, the objective of this study was to synthesize and evaluate
the performance of several water-soluble PEGylated sensitizers.
We have synthesized and evaluated six sensitizers for their use
in vitro with Jurkat cells. Fig. 2 shows the sensitizers: triPEG gal-
loyl pheophorbide acid 1, triPEG galloyl pheophorbide 2, hexa-
PEG galloyl pheophorbide 3 and mono-, di-, triPEG chlorins 4-6.
Here, we hypothesized that adjusting the number of PEG sub-
stituents from low to high will reveal some superior ones. We have
tested our hypothesis with an investigation of photophysics and
Jurkat cell photokilling activity.

The new sensitizers 1-6 vary the number of PEG groups
incorporated into pheophorbide-a or chlorin es conjugates
(Fig. 2). Previous work (4) has examined PEGylated chlorin eg
photosensitizers, which were studied for hydrolytic stability, con-
formational flexibility, solubility and ovarian OVCAR-5 cancer
cell phototoxicity. However, expanding on the PEGylation series
in chlorins and pheophorbides for improved photophysical char-
acteristics in 1-6 and in the Jurkat cancer cell line seemed worth-
while with respect to PDT evaluation to add to the tools we
have for PSPDT in general.

MATERIALS AND METHODS

General information. Pyropheophorbide-a, chlorin e, mTHPC (Foscan®),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N,
N-dimethyl-4-aminopyridine (DMAP), tri(ethylene glycol) monomethyl
ether (MW = 164.20), methyl 3,4,5-trihydroxybenzoate (methyl gallate),
potassium carbonate (K,COj3), lithium aluminum hydride (LiAlHy),
sodium hydroxide (NaOH), 30% HB1/AcOH, p-toluenesulfonic acid
(p-TsCl), Triton X-100, methanol, ethanol, dichloromethane,
tetrahydrofuran (THF), chloroform-d and chloroform were purchased
commercially from Sigma-Aldrich or Fluka Biochemika. Synthesized
products were purified by column chromatography using flash silica
gel 200-400 mesh particle size. 1D and 2D NMR data were
acquired on Bruker DPX400 MHz NMR instrument. HPLC data were
obtained on a PerkinElmer 200 series instrument equipped with a
bondclone 10 C;g column at 254 nm. UV-vis spectra were collected
on a Hitachi U-2001 instrument. High-resolution mass spectrometry
(HRMS) data were collected on an Agilent iFunnel 6550 Q-ToF LC/
MS system.

Synthesis of triPEG galloyl pheophorbide acid (1). Compound 1 was
synthesized from triPEG galloyl 7 and pyropheophorbide-a methylester
in 2 steps as reported in literature (5). Briefly, pyropheophorbide-a
methylester was reacted with 30% HBr/AcOH (1.0 mL) followed by
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Figure 1. The concept of pointsource photodynamic therapy (PSPDT)
for the delivery of sensitizer, oxygen and light (and hence singlet oxy-
gen) to a particular biological site via a hand-held implement.

reaction galloyl-triPEG 7 and K,COj; in anhydrous dichloromethane to
form triPEG galloyl pheophorbide methylester. The ester was hydrolyzed
in tetrahydrofuran and methanol using K,CO; to form triPEG galloyl
pheophorbide carboxylic acid 1 in 40% overall yield (41.0 mg,
0.036 mmol) and over 99% purity. UV—vis (CHCl3): Apa = 411 nm
and 664 nm.

Synthesis of triPEG pheophorbide benzyl ester (2). Pyropheophorbide-
a (203 mg, 0.038 mmol) dissolved in 10 mL  anhydrous
dichloromethane was added 64.2 mg (0.108 mmol) of triPEG galloyl 7,
9.16 mg (0.072 mmol) of DMAP and 20.2 mg (0.108 mmol) of EDC
under N, atmosphere. The reaction was stirred overnight at room
temperature. Upon completion of the reaction, solvent was removed
under vacuum and the residue obtained was chromatographed on a silica
column, eluted with 5% (v/v) methanol in dichloromethane to obtain 2 in
51% yield (20.0 mg, 0.018 mmol) and 97% purity. HPLC:
fr = 19.24 min in 5% (v/v) water in acetonitrile solvent system. 'H
NMR (400 MHz, CDCl;) ¢ (ppm): 9.41 (d, J = 1.2 Hz, 1H), 9.30 (s,
1H), 8.54 (s, 1H), 7.96 (dd, J = 17.8, 11.6 Hz, 1H), 6.51 (s, 2H), 6.32—
6.08 (m, 2H), 5.32-5.02 (m, 2H), 5.02-4.86 (m, 2H), 4.57-4.40 (m, 1H),
4.35-4.25 (m, 1H), 4.14-4.01 (m, 6H), 3.83-3.29 (m, 47H), 3.23-3.12
(m, 3H), 2.88-2.51 (m, 1H), 2.44-2.15 (m, 1H), 1.81 (d, J = 7.3 Hz,
3H), 1.67 (t, J = 7.6 Hz, 3H), 0.39 (s, 1H), —1.75 (s, 1H). >*C NMR
(101 MHz, CDCl3) 6 (ppm): 19591, 172.83, 171.77, 152.66, 144.66,
141.83, 138.44, 137.92, 136.47, 136.25, 132.02, 131.05, 130.73, 129.11,
122.94, 108.19, 104.07, 97.16, 72.28, 71.94, 71.90, 70.70, 70.67, 70.64,
70.51, 70.48, 69.66, 68.85, 66.56, 51.86, 50.07, 48.15, 31.12, 29.80,
2321, 19.50, 17.33, 12.19, 12.16, 11.22. UV—vis (CHCly):
Jmax = 411 nm and 664 nm.

Synthesis of hexaPEG galloyl pheophorbide (3). To 41.0 mg
(0.036 mmol), triPEG galloyl pheophorbide acid 1 in 10 mL anhydrous
dichloromethane was added 64.2 mg (0.108 mmol) of triPEG galloyl 7,
9.16 mg (0.072 mmol) of DMAP and 20.2 mg (0.108 mmol) of EDC
under N, atmosphere. The reaction was stirred overnight at room

temperature. Upon completion of the reaction, solvent was removed
under vacuum and the residue obtained was chromatographed on a silica
column, eluted with 5% (v/v) methanol in dichloromethane to obtain 3 in
52% yield (30.7 mg, 0.018 mmol) and 98% purity. HPLC: g = 8.58 and
9.55 min (2 diastereomers of 3) in 5% (v/v) water in acetonitrile solvent
system. 'H NMR (400 MHz, CDCl;) 6 (ppm): [9.73 (d, J = 30.5 Hz,
1H), 9.55 (s, 1H) are either meso 5-H or 10-H], 8.59 (d, J = 3.0 Hz,
1H), 6.62-6.51 (m, 4H), 6.01 (dd, J = 14.1, 6.9 Hz, 1H), 5.39-5.08
(m, 2H), 4.99 (dd, J = 8.9, 6.7 Hz, 2H), 4.68 (d, J = 11.7 Hz, 1H), 4.52
(td, J =117, 9.9, 4.5 Hz, 2H), 4.40-4.28 (m, 1H), 4.21-4.06 (m, 8H),
4.04-3.27 (m, 90H), 3.18 (d, J = 2.7 Hz, 3H), 2.72 (dddd, J = 344,
19.4, 8.0, 4.9 Hz, 2H), 2.50-2.26 (m, 2H), 2.18 (d, J = 6.6 Hz, 3H),
1.84 (dd, J = 7.3, 2.2 Hz, 3H), 1.73 (t, J = 7.6 Hz, 3H), 0.42 (s, 1H),
—1.72 (s, 1H). *C NMR (101 MHz, CDCl3) & (ppm): 196.06, 172.82,
171.38, 160.40, 160.35, 155.06, 155.01, 152.69, 152.67, 150.92, 148.96,
144.99, 141.27, 141.17, 138.76, 138.70, 138.51, 137.91, 137.84, 136.34,
136.30, 135.41, 133.72, 132.79, 132.75, 131.08, 131.05, 130.56, 128.43,
108.27, 107.60, 106.06, 104.10, 98.06, 97.76, 92.80, 72.30, 71.97, 71.93,
71.90, 71.85, 70.76, 70.71, 70.65, 70.56, 70.51, 70.48, 70.45, 69.68,
69.59, 68.90, 68.66, 66.57, 59.03, 59.00, 58.97, 51.70, 50.00, 48.08,
31.19, 31.10, 29.92, 24.62, 24.51, 23.21, 19.50, 17.52, 12.10, 11.28,
11.22, 11.16. UV—vis (CHCl3): Apax = 415 nm and 668 nm.

Synthesis of triPEG galloyl (7). Compound 7 was synthesized from
diethylene glycol monomethyl ether and methyl gallate in three steps
using a modified literature procedure (6). Briefly, triethylene glycol
monomethyl ether 4 was reacted with p-TsCl in the presence of NaOH in
THF to form PEG tosylate 5, which was further reacted with methyl
gallate 6 in the presence of K,CO; in acetone to form PEGyled methyl
gallate of 7. The ester group in 7 was reduced with LiAlH, in THF to
form triPEG galloyl alcohol 8 in 58% yield.

Singlet oxygen measurements. Singlet oxygen kinetics were measured
using a TCMPC 1270 singlet oxygen luminescence detection system
(SHB Analytics, Germany) with a frequency doubled Nd:YAG Laser
(Coherent, Germany) and a self-developed dye laser as excitation source.
The measurements were performed with 10 ns excitation pulses with a
pulse energy of 365 nJ at 650 nm. Kinetics data were acquired from 10
measurements of 5-s integration time per measurement. The TCMPC
1270 was configured with a bandpass filter with 1270 nm center
wavelength and 20 ns channel width. A bi-exponential kinetic model was
fitted to determine rise and decay time, and the amplitude of the singlet
oxygen luminescence kinetics (7,8) for the measurements of the
pheophorbide-a conjugates (1-3) in aqueous solution and cells and for
the measurements of the chlorin eq conjugates (4-6) in aqueous solution.

Singlet oxygen luminescence kinetics generated by the chlorin eg
conjugates (4-6) in cell suspension were analyzed using target analysis
methods as described in (9,10). A sequential compartment model as
described in detail in (9) was used to describe the singlet oxygen
luminescence kinetics generated by the chlorin es conjugates (4-6) in
cell suspension. The model consists of two compartments with a trans-
fer efficiency of one from the first, the source compartment, to the
second compartment and a concentration matrix containing a stretched
exponential decay for the source compartment (representing the photo-
sensitizer) and an exponential decay for the sink compartment (repre-
senting singlet oxygen).

Singlet oxygen measurements were carried out in aqueous solution
and in Jurkat cells. For the measurements of the singlet oxygen genera-
tion properties in aqueous solution, the sensitizers were diluted in H,O
with 1% Triton X-100 (Fluka Biochemika) and 1% ethanol (Sigma-
Aldrich) to an optical density of 0.06 at 532 nm. Singlet oxygen lumi-
nescence was measured for 10 s with excitation pulses of 160 nJ at
532 nm. All other parameters were alike to the above mentioned. For
the measurements in cells, a 10-mL Jurkat cell suspension was incu-
bated with the photosensitizers as described below and washed (400 g,
3 min) with PBS (Biochrom) two times to remove all extracellular pho-
tosensitizers. Following, the cell pellet was suspended in 5 mL PBS
and given into two cuvettes (cubic, 10 mm, Sarstedt AG, Germany).
Until the measurements were started, the cell suspension was kept under
subdued light.

Flash photolysis measurements. To assign the rise and decay time of
the singlet oxygen luminescence kinetics to the singlet oxygen lifetime
and the sensitizer’s triplet lifetime, latter was determined independently
using laser flash photolysis. The setup consists of a 420-2500 nm laser
(EKSPLA, pulse width 4-6 ns) as pump light and a stabilized 488 nm
LED as probe light. The samples were excited at 650 nm, and transient
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Figure 2. Structures of the PEGylated sensitizers are shown: triPEG galloyl pheophorbide acid 1, triPEG pheophorbide benzyl ester 2, hexaPEG galloyl

pheophorbide 3 and mono-, di-, and triPEG chlorins 4-6.

absorption from the lowest triplet state (triplet-triplet absorption) was
detected using a 490 £+ 10 nm interference filter and a Si-photodiode
with an integrated fast differential pre-amplifier (Elektronik Manufaktur
Mahlsdorf). The resulting signal was digitized by an oscilloscope
(PicoScope 2208B, Pico Technology). This setup allows the
determination of triplet lifetimes down to 0.1 ps.

Cell culture and incubation conditions. The Jurkat cells (clone E 6-1
human acute T-cell leukemia) were grown in RPMI 1640 medium with
L-glutamine supplemented with 10% fetal calf serum (FCS),
100 U mL™" of penicillin and 100 pg mL~" of streptomycin without
phenol red (Biochrom). The cells are cultivated at 37°C in 100%
humidity and 5% CO, and are seeded in new cell culture medium every
2 or 3 days. For in vitro studies, the cells were incubated with 3 pm of
sensitizer in the cell culture medium under subdued light for 4 h.

Phototoxicity and dark toxicity tests. The dark and phototoxicity test
was prepared on 96-well plates. A 100-uL Jurkat cell suspension
(~1 000 000 cells mL™') was seeded in each well and left in the
incubator for 24 h. After this 24 h, the cells were incubated with
additional 100-pL  cell culture medium containing the different
photosensitizers as mentioned above. The clinical approved
photosensitizer mTHPC (Foscan®, biolitec) was used as positive control.
As a blank control, the cell suspension was incubated with 0.3% ethanol,
as ethanol was introduced due to the use of sensitizer stock solutions in
ethanol. Each 96-well plate was prepared with 10 wells of each of the 6
photosensitizers, 10 wells with the reference and 10 wells with the
positive control. The remaining 16 wells were used as empty value,
which means 200 pL of cell culture medium without cells. After 4 h of
incubation, the cells were illuminated with white light LEDs
(~300 mJ cm ™, 3 min). For the dark toxicity test, the cells were
incubated under the same conditions, without illumination. After

illumination, the cells were incubated in darkness, 37°C, 5% CO,, for
additional 24 h. Afterward, the viability of the cells was measured by
Alamar Blue test using a plate reader (Victor3, HP) for the measurement
of the resorufin fluorescence.

RESULTS AND DISCUSSION

Sensitizer synthesis

Six polyethylene glycol pheophorbide-a and chlorin eq (1-6)
compounds were synthesized (note that “PEG” refers specifically
to a single, monodisperse methoxytriethylene glycol group). Two
of the sensitizers (2 and 3) are new, and their synthesis is
described here. The synthesis of the other four sensitizers (1, 4-6)
has been reported previously (4,5). Our synthesis led to 1 in
40%, 2 in 51%, 3 in 52%, 4 in 50%, 5 in 48% and 6 in 33%
overall yields. Based on HPLC data, the purity of 1 was 99%, of
2 was 97%, of 3 was 98%, of 4 was 95%, of 5 was 99% and of
6 was 99%.

TriPEG galloyl pheophorbide 2 and hexaPEG galloyl
pheophorbide 3 were synthesized as shown in Schemes 1 and 2.
Using a previously reported procedure (6,11,12), triPEG galloyl
7 was synthesized in 58% in a three-step process from tri-
ethylene glycol monomethyl ether and methyl gallate. Scheme 1
shows the condensation reaction of pyropheophorbide-a with
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Scheme 2. Synthesis of hexaPEG galloyl pheophorbide 3.

triPEG galloyl 7 in the presence of EDC and DMAP to form tri-
PEG pheophorbide benzyl ester 2. Figure 3 (upper spectrum)
shows the "H NMR spectrum of 2. For 2, a portion of the
HMBC spectra are shown in Figure S5 (Supporting Information)
where three sets of signals detected for the 17° (172.8 ppm) car-
bonyl carbon coupled to protons attached to the 17' (2.31 ppm),
17% (2.65 ppm) and benzylic PEG 17* (4.95 ppm) carbons, sug-
gesting an ester linkage between the 17> carbonyl carbon of PPa
and PEG group.

Scheme 2 shows the condensation reaction of triPEG ether
pheophorbide acid 1 with triPEG galloyl 7 in the presence of
EDC and DMAP to form hexaPEG galloyl pheophorbide 3. Fig-
ure 3 (lower spectrum) shows the 'H NMR spectrum of 3. For
3, we believe an epimerization of 3'-H causes a splitting of the
meso hydrogens (5-H, 10-H and 20-H) because 3 are diastere-
omers. This splitting is evident in some cases, for example 9.73
(d, J = 30.5 Hz, 1H), but less resolved in other cases, for exam-
ple 9.55 (s, 1H) and 8.59 (d, J = 3.0 Hz, 1H) presumably due to

overlapping peaks. Also for 3, a portion of the HMBC spectrum
in Figure S11 (Supporting Information) shows three sets of sig-
nals detected for the 3* (70.7 ppm) carbonyl carbon coupled to
protons attached to the 3' (6.01 ppm) and aromatic PEG
(6.55 ppm) carbons, suggesting a linkage between the 3' alkyl
carbon and one PEG group thought the ether bond. Also, portion
of the HMBC spectrum shows correlation 17° (172.8 ppm) car-
bonyl carbon coupled to protons attached to the 17' (2.65 ppm),
172 (2.3 ppm) and benzylic PEG 17* (4.97 ppm) carbons, sug-
gesting a linkage between the 17° carbonyl carbon of PPa and
another PEG group through ester bond. COSY spectra for 3
showed correlation between the newly formed peak for 3%-proton
at 2.29 ppm and 3'-protons at 6.01 ppm.

Photophysical investigations

To investigate the capability of 1-6 as photosensitizers, the sin-
glet oxygen luminescence was detected in aqueous solution and
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Figure 3. 'H NMR spectrum of 2 (upper spectrum). 'H NMR spectrum of 3 (lower spectrum) with the appearance of 4 aromatic protons between 6.5
and 6.6 ppm from both galloyl PEG groups with the 3" protons at 6.01 ppm and a disappearance of alkene 3* protons from (6.2 ppm), in comparison
with 2. We attribute the splitting of the meso 5, 10 and 20-H’s to the two diastereomers of 3.

in Jurkat cell suspensions in vitro. Figure 4 shows the time- were more complex than the pheophorbide-a conjugates 1-3, as

resolved luminescence of singlet oxygen in aqueous solution and is discussed below.
Jurkat cell suspensions generated by photosensitizers 1-6. The In aqueous solution, the singlet oxygen lifetime (75) of 1-6 is

lifetime data are shown in Table 1. In Jurkat cells, the singlet 3.5 us (mean value) and the triplet lifetime (tp) is 2.2 ps with
oxygen luminescence kinetics by the chlorin eg conjugates 4-6 only slight deviation.
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In Jurkat cells incubated with pheophorbide-a conjugates, 1-3
singlet oxygen lifetimes of about 3.5 ps with negligible changes
of the triplet lifetimes have been observed. However, with chlo-
rin eq conjugates 4-6 in cells, complex singlet oxygen lumines-
cence kinetics were observed, which cannot be described by a
bi-exponential kinetics model (7,8,13—15). The bi-exponential
model describes the singlet oxygen luminescence kinetics of one
species of photosensitizer in a homogeneous microenvironment.
A deviation from this model indicates at least one of the two fol-
lowing scenarios: (1) There is more than one species of photo-
sensitizer, or (2) the photosensitizer’s microenvironment is
inhomogeneous on a scale of tenth of nanoseconds (16).

1- 3 in Jurkat cells in vitro
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Figure 4. Singlet oxygen luminescence generated by PEGylated

pheophorbides 1-3 and chlorins 4-6 in aqueous solution and in cells.

Additional experiments were carried out on chlorin eg conju-
gates 4-6 to probe why there was deviation from the bi-exponen-
tial model. A first step was the investigation of 4-6 in all cell
media components involved in the cell experiments.

Figure 5 shows the kinetics of the singlet oxygen lumines-
cence generated by chlorin eg conjugate 4 in cell culture medium
and in water. The singlet oxygen luminescence kinetics in water
follow the bi-exponential kinetics model as expected. In contrast
to the singlet oxygen luminescence kinetics in water, the kinetics
in cell culture medium could not be fitted bi-exponentially, but
shows complex kinetics, very similar to the kinetics in cell sus-
pensions. Photosensitizers 1-6 were diluted in cell culture medium
for incubation of the Jurkat cells. We reason the origin of the
complex singlet oxygen luminescence kinetics in cells is due to a
change of the photosensitizers properties in cell culture medium.

As a next step, absorption spectra were recorded in order to
find possible changes due to, for example, aggregation. Figure 6
shows the absorption spectra of chlorin es conjugate 4 in water
and in cell culture medium. Only negligible changes can be
observed, hence no indication of aggregation of photosensitizer
molecules can be observed. As aggregation of the photosensitizer

1200

——4inH,0
4in RPMI 1640 1
(10% FCS)

1000 r

800 r

600 r

400

1O2 luminescence (counts)

200 |

0 10 20
time [ps]

Figure 5. Singlet oxygen luminescence in water and in complete Ros-
well Park Memorial Institute (RPMI) 1640 media generated by 4. In cell
culture medium is an obvious change in kinetics compared to water.
[Color figure can be viewed at wileyonlinelibrary.com]

30

Table 1. Effect of PEG group substitution on pheophorbide and chlorin on the singlet oxygen lifetime and triplet lifetime of 1-6 in aqueous solution

and cell suspension.

Aqueous solution*

Cell suspension*

Compound A [ps] T [ps] 7 [ps] Tr [ps] B’ trpr [psl
1 3.57 £ 0.04 2.32 + 0.03 3.85 + 0.08 1.84 + 0.08 - 1.84 + 0.05
2 3.53 £ 0.03 1.89 + 0.03 4.04 £+ 0.07 1.81 £ 0.07 - 1.80 £ 0.04
3 3.49 + 0.05 2.46 + 0.04 35403 29403 - 2.73 + 0.06
4 3.52 + 0.04 222 + 0.04 1.7 + 04 16.9 + 0.89 0.7 14 +1

5 3.58 + 0.04 2.29 + 0.03 4.14 £ 0.09 2.3 +02 0.8 2.37 + 0.07
6 3.62 + 0.04 1.95 + 0.04 420 + 0.06 15+03 0.7 1.6 + 0.1

*Deviation equates 95% confidence interval of the fit. "Identical 8 values were used for evaluating both, singlet oxygen luminescence kinetics and flash
photolysis data. *Obtained from flash photolysis measurement.



is unlikely, an interaction of the photosensitizer with at least one
compound of the cell culture medium appears evident.

In prior investigations, a shielding of another photosensitizer
(meta-tetra(hydroxy-phenyl)-chlorin) by human serum albumin
was found (17-19). In those studies, the albumins-shielded pho-
tosensitizer was taken up by the cells and was released inside
Jurkat cells after an incubation time of 24 h (17-19).

Due to the albumins various binding sites for hydrophobic
compounds such as hydrophobic cavities (20,21), the probability
of interaction of the photosensitizers with albumins is very high
(17-19,21-24). Hence, the albumins are able to shield the photo-
sensitizer molecules and prevent its interaction with oxygen (17,
23,24). The shielding of the photosensitizer molecules by albu-
mins does not necessarily led to a change in its absorption spec-
trum. Because the cell culture medium contains 10 % FCS, it is
most probable that the singlet oxygen generation properties are
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Figure 6. Absorption spectra of chlorin 4 in H,O cell culture medium.
Only negligible changes between H,O and cell culture medium can be
observed. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 7. Flash photolysis signal of 5 in cell suspension. The residues
show that a mono-exponential kinetics model do not fit the data.

Photochemistry and Photobiology, 2017, 93 1265
changed due to the interaction of the photosensitizer with albu-
min. Unfortunately, we are unable to perform comparative exper-
iments in the absence of FCS, as FCS is vital for the cells used
in this study.

A shielding of the photosensitizer by albumins would change
the oxygen accessibility to the photosensitizer. As oxygen
quenching is the dominant deactivation process of the photosen-
sitizers triplet state, a change of the oxygen accessibility would
lead to a change of the photosensitizers triplet-state depletion. A
shielding of the photosensitizer would also involve a change of
its microenvironment, leading to a change in the singlet oxygen
deactivation kinetics.
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Figure 8. Singlet oxygen luminescence kinetics of 5 in cell suspension.
The residues show the necessity of a stretched exponential kinetics for
the depletion of the photosensitizer’s triplet state.
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Figure 9. Dark and phototoxicity effects on Jurkat cells treated with
3 um sensitizers 1-6 irradiated by white light LEDs (~300 mJ cm 2,
3 min) after 4-h incubation. The blank contains 0.3% ethanol to check
for its influence on the cells. mTHPC was used as positive control. The
viability of cells was measured by a resazurin fluorescence assay. Data
are normalized to the resorufin fluorescence of the reference dark toxicity
experiment. The error bars represent the mean + standard deviation of
40 samples (n = 40).
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The singlet oxygen luminescence kinetics includes both, pho-
tosensitizer triplet depletion (triplet lifetime) and singlet oxygen
deactivation (singlet oxygen lifetime). An inherent property of
the kinetics of singlet oxygen is that it cannot be differentiated
from the other without additional information. Even in a homo-
geneous environment, an assignment of rise and decay time of
the luminescence kinetics on its own to the lifetimes of the pho-
tosensitizer’s triplet state and the oxygen’s singlet state is not
possible (7,8,16). For that reason, the triplet-state depletion kinet-
ics was investigated separately using laser flash photolysis. For
measuring the triplet-state depletion in absence of oxygen, it was
shown in (17) that gently flushing a cell solution with nitrogen
in darkness leads to a substitution of oxygen by nitrogen, with-
out killing the cells.

That is why the triplet-state depletion kinetics of chlorin eg
conjugate 4-6 in cells was further investigated by laser flash pho-
tolysis as a next step. The samples were gently flushed with
nitrogen for one hour in darkness. Before and after nitrogen
flushing, singlet oxygen luminescence kinetics and laser flash
photolysis measurements were performed.
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It was found that the depletion of the triplet state of the chlo-
rin es conjugates 4-6 in all experiments, both flash photolysis
and singlet oxygen luminescence measurement, is more complex
and cannot be described by a mono-exponential decay. However,
it can be described by a stretched exponential decay kinetics,
using a Kohlrausch function

=eof (1)

as described in (25). This is exemplified in Fig. 7 by the flash
photolysis signal of chlorin e conjugate 5 in cells in the pres-
ence of oxygen and in Fig. 8 by the corresponding singlet oxy-
gen luminescence signal. The Kohlrausch function is an
empirical function that considers a distribution of depletion kinet-
ics of the molecules’ triplet state by introducing an empirical
stretching parameter f with 0 < <I, which corresponds to the
distribution of rate constants (25-27).

Measurements after flushing the samples with nitrogen deliver
matching results; that is, singlet oxygen luminescence vanishes

Figure 10. Image of PEGylated sensitizers in which 2 and 6 are most promising for covalent attachment to probe tips for PSPDT because of good 74
and 71 values in aqueous solution and in cell suspension, and high phototoxicity and low dark toxicity to Jurkat cells.



and flash photolysis brings a transient absorption signal, which
cannot be described mono-exponential but only with a stretched
exponential kinetics, revealing a triplet lifetime of about 300 ps
for all chlorin eq conjugates. Data analysis of both, singlet oxy-
gen luminescence kinetics and triplet-state depletion kinetics,
lead to the same value of f independently.

This is an evidence that all chlorin eq conjugates appear in
several species, leading to a distribution of the photosensitizers
triplet-state lifetime. This matches to the hypothesis of the albu-
min interaction.

It was found that the triplet depletion part of the singlet oxy-
gen luminescence kinetics does not follow an exponential decay,
leading to a deviation of the singlet oxygen luminescence kinet-
ics from the aforementioned bi-exponential model. A deviation
of the singlet oxygen deactivation part of singlet oxygen lumi-
nescence kinetics from an exponential decay can only be deter-
mined by analyzing the direct time-resolved singlet oxygen
luminescence data. The measured Kkinetics of 4-6 can be
described by a model containing a mono-exponential singlet oxy-
gen deactivation. However, it appears likely that the photosensi-
tizer’s microenvironment is inhomogeneous, but the influence of
the inhomogeneity on the singlet oxygen luminescence Kinetics
is small compared to the influence of the triplet depletion kinet-
ics.

Table 1 lists the singlet oxygen lifetimes and triplet-state life-
times of the photosensitizers that were obtained in aqueous solu-
tion and in cells. Compared to all other chlorins and
pheophorbides, chlorin eg conjugate 4 in cell suspension is strik-
ing with a short singlet oxygen lifetime and a very long triplet-
state lifetime.

Photodynamic Kkilling of jurkat cells

The phototoxicity of 1-6 was tested in vitro on Jurkat cells in
suspension. Figure 9 shows the viability of Jurkat cells after
incubation with the PEGylated sensitizers. The blank control
contained 0.3% ethanol and the sample with mTHPC was used
as positive control. None of the samples showed any significant
dark toxicity. The PEGylated sensitizers 1-6 and mTHPC
showed higher phototoxicity compared to dark toxicity.

As a clinical approved photosensitizer, the positive control
mTHPC can be considered a “gold standard” in comparison with
our PEGylated sensitizers 1-6. The phototoxicity of photosensi-
tizers 2, 5 and 6 are in the same range or even higher than
mTHPC, which corresponds to expectations expressed by mea-
surement of the singlet oxygen generation in vitro. The phototox-
icities of 1, 3 and 4 are significantly lower compared to mTHPC.
Based on these, phototoxicity experiments 2 and 6 show a maxi-
mal effect and low dark toxicity. We note that, due to our illumi-
nation of the cells with white light, differences in the absorption
spectra of these sensitizers 1-6 are expected to be negligible
compared to other uncertainties.

Mechanistic summary

Our study of PEGylated photosensitizers 1-6 found that:

1 Photosensitizers 1-6 are synthesized in good overall percent
yields. Pheophorbide-a conjugates 1 and 2 were more straight-
forward to synthesize due to the single attachment of a triPEG
galloyl group. Coupling of individual PEG groups in a step-
wise fashion to chlorin e was required for 5 and 6.

Photochemistry and Photobiology, 2017, 93 1267

2 Our photophysical measurements suggest an interaction of the
PEGylated chlorin es conjugates 4-6 with albumins. Singlet
oxygen luminescence kinetics as well as triplet-state depletion
kinetics suggest that the interaction with albumin leads to sev-
eral different species. There was a noticeable difference in the
kinetics of chlorin eq conjugate 4 in cells. The different species
cannot be distinguished from the data with satisfying numeri-
cal certainty.

3 A correlation was found between phototoxicity and the number
of PEG groups in 1-6. There was an increase in the Jurkat cell
phototoxicity for pheophorbide triPEGylation (2) compared to
hexaPEGylation (3) (24% to 4%, respectively). We attribute
this to the hexaPEGylation enhancing solvation and diminish-
ing photosensitizer intercalation into cell membranes. Figure 9
shows that triPEGylation in 2 had enhanced phototoxicity com-
pared to 1, suggesting that the poor phototoxicity of 1 was due
to the carboxylic acid group via reduced intercalation into cell
membranes. Chlorin eq triPEGylation (6) increased the cell
phototoxicity compared to monoPEGylation (4) from 77% to
4%. Compared to the other PEGylated sensitizers in the series,
the monoPEG 4 was the poorest with drawbacks in cell suspen-
sion and low phototoxicity.

CONCLUSION

With the completion of the synthesis and in vitro evaluation of
photosensitizers 1-6, we found that 2 and 6 generate singlet oxy-
gen most efficiently as well as possess highest phototoxicity and
lowest dark toxicity to Jurkat cells. The introduction of less or
more than 3 PEG groups was clearly less than optimal. In terms
of being a test bed for PEG sensitizers, the synthesis of 2 had
fewer steps and was higher yielding compared to 6, but both
have favorable photophysical properties for their potential incor-
poration to fiber tips for PSPDT (Fig. 10). The next objective is
to synthetically attach 2 and 6 by their alkene side groups to sil-
ica device tips for PSPDT, and the localized killing of head and
neck cancer in a mouse tumor model.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Figure S1. '"H NMR spectrum of compound 2 in CDCl;.

Figure S2. '*C NMR spectrum of compound 2 in CDCl;.

Figure S3. HSQC spectra of compound 2 in CDCl;.

Figure S4. HMBC spectra of compound 2 in CDCl;.

Figure SS. Expanded HMBC spectra of compound 2.

Figure S6. COSY spectra of compound 2 in CDCl;.

Figure S7. HPLC spectrum of compound 2.

Figure S8. 'H NMR spectrum of compound 3 in CDCl;.

Figure S9. '*C NMR spectrum of compound 3 in CDCl;.

Figure S10. HSQC spectra of compound 3 in CDCls.

Figure S11. HMBC spectra of compound 3 in CDCl;.

Figure S12. Expanded HMBC spectra of compound 3 in
CDCl;.
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Figure S13. COSY spectra of compound 3 in CDCl;.
Figure S14. HPLC spectrum of compound 3.
Figure S15. UV-Vis spectra of compounds 1, 2 and 3.
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