Volume 1 | Number 3 | October 2016 | Pages 219-346

Molecular Systems
Design & Engineering

Building and designing systems from the molecular level
http://rsc.li/molecular-engineering

ISSN 2058-9689

OF CHEMISTRY Mikhail A. Filatov and Mathias O. Senge |ChemE ENCINERRING
Molecular devices based on reversible singlet oxygen binding in optical
a and photomedical applications



Published on 31 May 2016. Downloaded on 03/10/2016 15:23:24.

Molecular Systems 5 Ghginshy
Design & Engineering

R EVI EW View Article Online

View Journal | View Issue

@ggfmig Molecular devices based on reversible singlet
oxygen binding in optical and photomedical
;Z;t; this: Mol. Syst. Des. Eng., 2016, 1, applications

Mikhail A. Filatov* and Mathias O. Senge

Polycyclic aromatic hydrocarbons are known to bind singlet oxygen with formation of endoperoxides,
which can be released upon heating. This process is now capturing broad attention due to its potential in
photomedicine. Singlet oxygen generation upon decomposition of endoperoxides at ambient temperatures
represents an alternative to classical photodynamic therapy (PDT), which is limited by hypoxia and reduced
Received 24th April 2016, light penetration into cancer tissue. Moreover, endoperoxide formation with chromophoric molecules al-
Accepted 24th May 2016 lows for a straightforward modification of the optical properties of the photoactive materials, e.g., shifting
DOI: 10.1039/c6me00042h of the absorption/emission wavelength which is usually achieved by chemical tuning. This review provides
a summary of the latest advances in this area of research along with a discussion of the basic properties of

rsc.li/molecular-engineering organic endoperoxides.

Design, System, Application

Singlet oxygen, a metastable higher energy state of the dioxygen molecule, has been the subject of active studied for several decades. A common method to
generate singlet oxygen employs the interaction between oxygen and photo-activated dye molecules. This found broad application in photomedicine due to
extremely high reactivity and toxicity of singlet oxygen generated within cells. The search for novel therapeutic agents has led to organic endoperoxides -
compounds being formed upon the reaction between singlet oxygen and aromatic hydrocarbon molecules. These compounds have been recognized as ad-
vanced carriers, able to store singlet oxygen at low temperature for prolonged periods of time and releasing it by decomposition upon heating. Importantly,
the stability of endoperoxides and the timescale of singlet oxygen release can be readily tuned from several hours to several days by means of chemical
modification. Moreover, due to reversibility of endoperoxide formation, the process can also be applied to control the optical properties of conjugated aro-
matic systems, which can be switched by light irradiation or heating. In recent years an increasing number of works applying this process in biomedical
and optics research have appeared. In this review we summarize the recent key developments in this area.

Introduction and anthracene derivatives, which can be chemically tuned to
release singlet oxygen in biological media.

Mechanistically, the interaction of such molecules with
singlet oxygen involves a [4+2] cycloaddition of 'O, with the
electron-rich carbon atoms yielding an endoperoxide (EPO)
of variable stability (Scheme 1).

The lifetime of the endoperoxide strongly depends on the
temperature. Thus, singlet oxygen can be ‘stored’ at low tem-
perature for prolonged periods of time and then ‘released’ by
decomposition upon heating. Decomposition reforms the
parent organic molecule and thus, the binding-release cycle
can be repeated. The lifetime can be readily tuned from

The reversible formation of organic endoperoxides has been
known for almost a century. In 1926 Dufraise and Moureu for
the first time observed the reaction between oxygen and tetra-
phenyltetracene (rubrene) under light irradiation, forming
endoperoxide which almost quantitatively released oxygen
upon heating to 120 °C." Following this initial report a num-
ber of works described studies of this process with polycyclic
aromatic hydrocarbons.> In 1967, Wasserman and Scheffer
showed that the oxygen released during decomposition of
endoperoxides is in the singlet excited state (‘A,) form. Due to
the important functions of singlet oxygen in biological pro-
cesses,’ this discovery attracted significant attention with re-

spect to the design of new pharmaceuticals. The best studied R R
examples of such systems are alkyl-substituted naphthalene Ry 0-5°C Ry
O, o e OB
Ry 25-40 °C R3
School of Chemistry, SFI Tetrapyrrole Laboratory, Trinity Biomedical Science Rs Ry Rs Ry
Institute, Trinity College Dublin, the University of Dublin, 152-160 Pearse Street, Ris = Ak, H
Dublin 2, Ireland. E-mail: filatovm@tcd.ie Scheme 1 Reversible addition of singlet oxygen to naphthalenes.
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several hours to several days by means of chemical modifica-
tion of the parent compound (Table 1). The main structural
effect that determines EPO stability is the number of fused
rings in the aromatic system. Introduction of electron-rich
substituents to the aromatic system increases the EPO stabil-
ity in the following order H < C¢Hs < CH; < OCH; < NR,.*
Additionally, steric effects play an important role and modu-
late the reactivity of the aromatic system towards 'O,. For
example, 1,8-dimethylnaphthalene can form EPO of much
higher stability compared to the 1,4-isomer (Table 1). This is
a result of changes in geometry during conversion of naph-
thalene into the endoperoxide and vice versa. 1,8-Dimethyl
naphthalene has a higher energy due to methyl-methyl repul-
sion and thus EPO decomposition is more endothermic than
for 1,4-naphthalene EPOs.”

The cycloreversion of the endoperoxide competes with a
homolytic cleavage of the peroxide bond leading to biradical
species and furthermore to rearrangements to epoxides or
quinones.® While this process must be taken into account for
anthracene and higher acenes, the cycloreversion of alkyl-
substituted naphthalenes is highly selective and not accom-
panied by rearrangement side-reactions.”

The main driving force for current studies on EPOs is the
activity of 'O, against bacteria, viruses, and malignant cells.®
Singlet oxygen is extremely reactive and toxic: under physio-
logical conditions it only diffuses a distance of about 2 um
before reacting or relaxing to its ground state. Thus, biomole-
cules in solution are oxidized if they react with singlet oxygen
before it deactivates. Due to this property singlet oxygen is
widely used as the medically active agent in photodynamic
therapy (PDT).’ First described by von Tappeiner at the be-
ginning of the 20th century,' it is nowadays recognized as
one of the most potent anticancer treatments. The process in-
volves light excitation of a tissue-localized photosensitizer
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Table1 Decomposition half-times of methyl naphthalene endoperoxides
determined by NMR at 25 °C (ref. 5)
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(PS), usually resulting in a triplet excited state, and further
energy transfer from PS to triplet oxygen, dissolved in the tis-
sue, yielding 'O,. Formation of singlet oxygen and other reac-
tive oxygen species results in oxidative damage of cells. Al-
though PDT shows great promise for clinical application, it is
limited in many aspects, e.g., low transparency of human tis-
sue'’ and hypoxia of cancer cells.'"> An attractive alternative
is the thermal release of 'O, from EPOs that are selectively
delivered into malignant tissue.

On the other hand, formation of EPOs can also be
exploited in photochromic systems for reversible changes of
optical properties, which can be induced by light or heating.
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Fig. 1 Diagram illustrating potential applications of reversible binding
of singlet oxygen.

Pioneering works by Schmidt and co-workers established the
guidelines for the structural design of highly reversible
photochromic EPO systems,"* and were followed by reports
on the photooxidation of acenes resulting in a modulation of
the spectral features.'* Due to the growing interest in new
chromophores for optoelectronic applications EPOs forma-
tion has attracted attention as a tool to modify the HOMO-
LUMO gap and emission properties."®

In recent years an increasing number of works describing
reversible binding of oxygen for the development of highly re-
versible photochromic systems and specific sources or traps of
0, have appeared. This is partly driven by the discovery of new
classes of molecules capable of reversible singlet oxygen bind-
ing such as dimethyldihydropyrenes'® and 2-pyridones."” The
latter provides a scaffold that allows for straightforward chemi-
cal modification and, notably, ensures reasonable solubility in
water, in contrast to naphthalene and anthracene derivatives.

Some earlier review articles covered the synthesis, mechanis-
tic aspects and applications of reversible singlet oxygen binding
systems.> Here, we provide an overview of recently reported mo-
lecular systems exploiting reversible singlet oxygen binding rel-
evant to optical and biomedical applications. The latter are il-
lustrated in Fig. 1. Our main focus will be on two perspectives
of the reaction of singlet oxygen with aromatic systems: (1) for
the modification of optical properties, e.g., shifting of absorp-
tion and emission bands; on and off switching of photo-
induced electron transfer; and (2) for biomedical applications
relying on the cytotoxic effect of '0,, e.g., photodynamic ther-
apy used for anti-cancer and anti-bacterial therapies.

Endoperoxide formation as a tool to
switch optical properties
Photochromic systems

Binding of singlet oxygen to aromatic system leads to a loss
of conjugation and consequently affects the HOMO-LUMO
gap. This, in turn, results in a blue-shift of endoperoxide ab-
sorption and emission bands with respect to the parent aro-
matic hydrocarbon. Taking into account the reversible char-
acter of this reaction, it offers particular potential for the
development of photochromic switches.
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EPOs as components of photochromic systems have been
reported in a number of studies.> 9,10-Diphenylanthracene
and its derivatives are particularly well suited for the target
application due to the enhanced thermal stability of the
endoperoxide, which decomposes only above 100 °C. Particu-
larly, compounds 1 and 2 and similar derivatives were found
to be useful as switches due to a striking difference in the
fluorescence intensity caused by oxygen binding.'® Due to the
large spectral shifts this has led to their use in chemical acti-
nometry’® and an ultra-sensitive radiation dosimetry system
was developed (Fig. 2).%°

The formation of endoperoxides from alkyloxy-
phenylanthracene 3 (Scheme 2) has been used in regenerative
photolithography.®* Due to the long alkyl chain 3 can form
transparent films on glass substrates. This allows ‘write’ by
applying laser irradiation, ‘erase’ by heating, and ‘re-write’ by
irradiation.*

Endoperoxides are usually prepared via sensitized photo-
oxygenation® or peroxidation (with the chemical source of
singlet oxygen based on the H,0,-Na,MoO, system).>* The
latter is especially useful for large scale synthesis and the
preparation of water-soluble derivatives.>® In both methods
the yields are higher in deuterated solvents, as the lifetime of
singlet oxygen is 10-1000 times longer compared to proton-
ated solvents.>® However, this makes endoperoxide synthesis
costly. Moreover, the endoperoxides have to be isolated and
purified under cooling, an inconvenient method especially
when column chromatography is required.*® An alternative
approach uses self-sensitized singlet oxygen addition.?”

O

-

Fig. 2 Photochromic switches based on anthracene derivatives.
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Scheme 2 Formation of endoperoxide 4 from the anthracene
derivative 3.
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Due to low values of intersystem crossing (ISC) of most ar-
omatic hydrocarbons, or, in other words, inefficient triplet ex-
cited state formation upon light absorption, their illumination
does not result in selective [4+2] oxygen addition, but rather de-
livers a mixture of products. Introduction of a heavy atom, e.g.,
Br, I or a metal into the molecule would increase ISC, thus pro-
viding self-sensitization of singlet oxygen and securing selective
endoperoxide formation. Similarly, this can be achieved by in-
corporation of endoperoxide forming hydrocarbons into dyads
with conventional 'O, sensitizers, such as porphyrins or
phthalocyanines.

The formation of such self-sensitized endoperoxides was first
noticed by Rodgers and co-workers with 1,6,10,15,19,24,28,33-
octabutoxynaphthalocyanine 5.* Compound 5 reacted with
oxygen in solution during steady-state photolysis with an Ar
ion laser and formed an endoperoxide 6 where the oxygen
had added to the benzene ring bearing butoxy substituents
(Scheme 3). Product formation involved singlet oxygen gen-
erated by triplet energy transfer from the photoexcited tet-
rapyrrole chromophore. The product was found to decom-
pose back to starting material upon heating or under light
irradiation.

Later Freyer and reported
(octaphenyltetraanthraporphyrazinato)palladium(u) 7  that
underwent a self-sensitized photoreaction in the presence of
oxygen to form the substituted palladium phthalocyanine
8 with four endoperoxide bridges (Scheme 4).>° The product
possessed photophysical properties similar to standard palla-
dium phthalocyanines. The complex bearing four endoperox-
ide bridges releases singlet oxygen upon excitation by two-
photon absorption (TPA) at 662 nm. The photocycloreversion
can occur at all four endoperoxide subunits recovering the
starting porphyrazine 7. This system is of special interest for
applications, e.g., for photodynamic therapy in tissue, be-
cause in this case the penetration depth of radiation is
greater due so so-called ‘transparency window of tissue’. Mol-
ecule 8 may also serve as an internal source of singlet oxygen
a crucial aspect for PDT of hypoxic tumors.

co-workers

Scheme 3 Endoperoxide of octabutoxynaphthalocyanine.
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Scheme 4 Formation of EPO 8 and its two-photon absorption in-
duced oxygen release.

A self-sensitized process resulting in binding four oxygen
molecules was recently described for tetraanthraporphyrins
(TAP), a newly explored class of near-IR light sensitizers rele-
vant to triplet-triplet annihilation photon up-conversion
(TTA-UC) applications.*® Upon interaction with molecular ox-
ygen the excited state of Pd(un) TAP 9 produced singlet oxygen,
followed by formation of endoperoxide (Scheme 5). The reac-
tion was found to be irreversible, showing no regeneration of
starting material upon heating. Notably, the absorption and
emission bands of the product showed a blue-shift of about
200 nm compared to 9 (Fig. 3). Thus, oxygen addition of TAP
sensitizer can be applied for tuning the excitation wavelength
of TTA-UC systems based on rubrene as an emitter.*"

Recently, Cobo, Royal and co-workers reported a new
photochromic self-sensitized 'O, binding system based on di-
methyldihydropyrene-cyclophanediene (DHP-CPD) couple.*”
Under optical and thermal stimuli this system can act as an
efficient oxygen carrier and singlet oxygen generator. The col-
ored DHP (“closed” form) can be converted into the colorless
CPD isomer (“opened” form) under visible-light irradiation.

formation  of

5 Self-sensitized
tetraanthraporphyrin 9.
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Fig. 3 Optical properties of TAP 9 and its endo-peroxide 10. (A) ab-
sorption and (B) phosphorescence in deoxygenated toluene solution.
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Back conversion can then be accomplished either by UV-
irradiation or heating.

The singlet oxygen binding and release processes in this
case is critically dependent on the substituents in the DHP
core. Generation of the endoperoxide from the simple di-
methyldihydropyrene takes place with low yields and is not
suitable for practical use.** In contrast, the pyridinium
substituted DHP 11 showed a high efficiency of the cycload-
dition reaction. This was interpreted as modulation of the en-
ergy states by pyridinium groups: the electronic excited state
initiating the DHP — CPD conversion becomes the lowest ex-
cited state in molecule 11.>* This significantly lowers the en-
ergy required for the conversion (from green to red light).

Irradiation of 11 with light (2 > 630 nm) in solution led to
quantitative formation of the thermodynamically stable, col-
orless cyclophanediene 12 (Scheme 6). Irradiation in air-
saturated solutions resulted in further formation of the endo-
peroxide 13. In this case the DHP derivative 11 plays the role
of 0, sensitizer. Thus, photogenerated 'O, reacts with CPD
12 to yield the corresponding EPO. Singlet oxygen can then
be thermally released upon heating 13 at 35 °C for several
hours. UV-spectroscopy indicated the quantitative recovery of
DHP 11 within several hours, proving the absence of degrada-
tion or formation of rearrangement products. The singlet oxy-
gen yield was found to be >85% (measured using the reac-
tion of 13 with 2,3-dimethyl-2-butene).

DHP derivatives were shown to generate and release 'O,
on indium tin oxide surfaces.*® This process potentially al-
lows the application of DHP as photoresistor and in photoli-
thography. The required DHP derivative 14, functionalized
with a silane subunit was prepared as outlined in Scheme 7.
Visible light irradiation (1 > 630 nm) of the surface under air
at room temperature resulted in the formation of the
immobilized endoperoxide, as indicated from UV-visible
spectroscopy by the disappearance of compound 14’s absorp-
tion bands. The back reaction took place with high yield ei-
ther thermally (5 h at 45 °C) or upon UV light irradiation.

Scheme 6 Conversion processes between the dimethyldihydropyrene-
cyclophanediene (DHP-CPD) photochromic couple.®?
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Scheme 7 Preparation of DHP 14 for anchoring to ITO surfaces.

However, after 6 cycles a slight degradation was observed as
the absorption of 14 decreased by 30% and thus the system
requires further optimization.

Protection of excited states from deactivation

Photonic applications based on triplet excited state genera-
tion*® are seriously limited due to susceptibility of triplet
states towards quenching by molecular oxygen. The utility
of corresponding applications is critically dependent on pro-
tection of corresponding materials from molecular oxygen.>”
A “passive protection” involves barrier materials for packag-
ing, sealing, or encapsulation of the active substances,
which prevent oxygen penetration, e.g., encapsulation into
polymer films*® or nano-** and microcarriers.® An alterna-
tive approach is “active protection”, which is based on the
use of oxygen scavenging species which react either with
triplet or singlet oxygen and thus prevent quenching of ex-
cited states.”

Similarly, we reported a new strategy for the protection of
a phosphorescent palladium(n) tetrabenzoporphyrin from
quenching based on its chemical modification with endoper-
oxide forming groups which do not affect the photophysical
properties of the porphyrin macrocycle.*”> Owing to the deoxy-
genation ability, 15 acts as a “self-healing” triplet sensitizer.

When irradiated with a laser or kept under daylight in
air-saturated solution, 15 formed a mixture of endoperox-
ides or ultimately, compound 16 upon complete addition
(Scheme 8). Absorption and emission spectra of 15 and 16
(Fig. 4A) showed that binding of oxygen did not affect opti-
cal properties, particularly the phosphorescence quantum
yields. Moreover, during short time laser irradiation of the
sample (minutes or less, depending on excitation intensity),
dissolved oxygen was bound to the sensitizer, performing
real-time “deoxygenation” of the sample. Due to the decrease
of the quencher concentration, the phosphorescence effi-
ciency increased.

Enhancement of porphyrin 15 phosphorescence could be
achieved in a local area (a spot) of excitation. In the course of
the measurement, the same laser beam being used for the ex-
citation of phosphorescence can simultaneously cause local
deoxygenation (Fig. 4B). Release of bound oxygen molecules
could be achieved upon heating 16 in solid form at 100-110
°C in vacuum for 3-5 h. Complete recovery of the anthracene
absorption and mass-spectrometry data proved the reversible
oxygen binding-release cycle.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6me00042h

Published on 31 May 2016. Downloaded on 03/10/2016 15:23:24.

Molecular Systems Design & Engineering

|
red aser 110°C
or daylight vacuum

Scheme 8 Reversible oxygen binding on the palladium benzoporphyrin
sensitizer 15.
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Fig. 4 (A) Change of absorption upon transformation of 15 into EPO
16. (B) Changes in phosphorescence intensity at 798 nm for toluene
solution of 15 prepared in oxygenated atmosphere during continuous
irradiation by red laser (633 nm, 100 uW cm™).

Compound 15 is a prospective material for application in
optoelectronic devices. Many of such devices (e.g., OLEDs)
have to be fabricated under almost O,-free conditions and
must be equipped with protective plastic layers to prevent O,
and water penetration in order to maximize their lifetime.
Much research and effort has been put into improved fabrica-
tion methods and appropriate device encapsulation to miti-
gate these environmental effects. Here, using the proposed
triplet sensitizer types becomes feasible, as it provides addi-
tional protection of the excited states population, comple-
mentary to the decrease of oxygen permeability by the plastic

This journal is © The Royal Society of Chemistry 2016
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layer. Although such a protection strategy is limited by the ca-
pacity of the sensitizer to bind no more than four oxygen
molecules, it may have potential in applications which re-
quire very low oxygen concentration levels.

Intramolecular oxygen transfer

An intriguing, but yet almost unexplored, approach towards
modifying the optical properties of molecules via interaction
with singlet oxygen is its intramolecular transfer between dif-
ferent aromatic subunits. Broadly studied FRET, PET and
proton transfer processes allow selective switching of optical
properties and are tuned by chemical modification of donor
and acceptor building blocks. If one regards singlet oxygen as
a species being transferred, then the donor and acceptor
should represent two aromatic hydrocarbons with low and
high endoperoxide stability, respectively. An ultimate benefit
of using such an approach would be the precise thermal con-
trol over absorption and emission intensities, which is inter-
esting from a viewpoint of optical temperature sensing.*?

Recently, the first example of such an intramolecular 'O,
transfer between two acenes was reported by Linker's
group in Potsdam.** They prepared the ester-linked naph-
thalene-anthracene dyad 17, wherein the naphthalene endo-
peroxide moiety plays the role of donor, transferring
singlet oxygen to the anthracene acceptor upon temperature
increase (Scheme 9).

The process can be monitored by the decrease of the an-
thracene absorption at 380 nm and the simultaneous in-
crease of the naphthalene absorption band at 280 nm. The
efficiency of the transfer is critically dependent on the mu-
tual orientation and distance between donor and acceptor.
Thus, when the anthracene and naphthalene endoperoxide
subunits were separated by a longer spacer, thermolysis
resulted in release of singlet oxygen without transfer to the
acceptor.”® At higher temperatures the system tends to evolve
free 0, instead of intramolecular transfer.

Controlled release of singlet oxygen
Endoperoxides as a source of oxygen for tissue

In regenerative medicine, necrosis of engineered tissue as a
result of oxygen depletion is a challenging problem. Necrosis
and apoptosis of cells under oxygen-deprived conditions im-
pair the healing process significantly, resulting in failure of
vital functions of tissue. Efforts have been dedicated to the

Mol. Syst. Des. Eng., 2016, 1, 258-272 | 263
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development of techniques for supplying hypoxic and anoxic
tissue with oxygen.*®

Jessen and co-workers reported the controlled release of
oxygen from water-soluble methylated pyridone endoperox-
ides as a method to rescue cells from death under anoxic
conditions.”” These molecules, combined with ascorbic acid
as singlet oxygen quencher, allowed survival of 3T3 fibro-
blasts (FBs) and rat smooth muscle cells (RSM) under
oxygen-depleted conditions.

In order to study the rate and efficiency of oxygen release
from pyridone-derived endoperoxides, a series of substituted
2-pyridones was synthesized and then subjected to photo-
oxygenation in the presence of 5,10,15,20-tetraphenylporphyrin.
Tri(ethylene glycol) ether moieties were attached to the pyrid-
one via N-alkylation to increase the pyridine endoperoxide sta-
bility and solubility in water and the resulting endoperoxides
were found to be stable when stored at —20 °C.

The half-lives of the endoperoxides were measured by 'H
NMR spectroscopy at 37 °C in H,0/D,0O (9:1) and found to
vary from 0.5 to 15 h, depending on the substitution pattern
(Table 2). In most cases, thermolysis yielded the starting
2-pyridone and singlet oxygen. However, in certain cases the
retro-Diels-Alder reaction was accompanied by a 2-pyridone
rearrangement and consequently gave low yields of singlet ox-
ygen. For example, non-methylated 2-pyridone endoperoxides
decomposed quickly and unspecifically within 30 min at 37
°C. 3-Methyl-2-pyridone endoperoxide 19 (Scheme 10), the

Table 2 Half-lives and singlet oxygen yields from 2-pyridone endoper-
oxides in water at 37 °C. R = CH,CH,(OCH,CH,0),CHs

Endoperoxide ti, h 10, yield, %
0 0.5 18
OJYO
y s
N
KH/OR
o
8.5 78

0 13 47

2 Me 4 50
OJQ/;O
z-
N
Me S}/OR
o]
o 15 10
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Scheme 10 Generation of triplet oxygen upon decomposition of
2-pyridone endoperoxide 19 in the presence of ascorbic acid.

compound with the most favorable properties, i.e. a long
half-life combined with a good yield of oxygen, was examined
in cell assays.

The addition of vitamin C as a physical and chemical
quencher was used to convert cytotoxic singlet oxygen pro-
duced upon endoperoxide thermolysis into triplet oxygen. Ef-
ficient quenching of singlet oxygen by vitamin C was demon-
strated through use of the singlet oxygen sensor green assay.

Compound 19, at 50 ug mL™", was found to be cytotoxic in
FBs in the presence of vitamin C under normoxic conditions.
However, reducing the endoperoxide concentration to 10 pg
mL™ in the presence of 100 ug mL™* vitamin C, resulted in
loss of any cytotoxicity and significant beneficial effect on cell
viabilities under anoxic conditions in FBs and SMC was ob-
served. Vitamin C alone (100 and 200 pug mL ") had no effect
on cell growth, but it enhanced cell survival. These results
were compared with the parent pyridone 20, being formed
upon thermal decomposition, which also showed no effect
on cell growth. Although the half-life time of 19 is 8.5 h,
SMCs showed increased cell growth under anoxic conditions
for over 4 days in the presence of the endoperoxide (10 ng
mL™) and vitamin C (100 ug mL™"). Thus, the compound effi-
ciently releases singlet oxygen within cells, followed by
quenching by vitamin C, giving triplet oxygen that rescued
cell growth under strictly anoxic conditions.

Clearly, 2-pyridone endoperoxides, particularly those at-
tached to polymers, represent a promising class of materials
for a broad range of medical treatments, particularly those
aimed at supporting tissue with oxygen.

Porphyrin sensitizers that trap, store, and release singlet oxygen

Connors and co-workers presented a composite molecule 21
with four 2-pyridone subunits attached at the meso
(5,10,15,20) positions of a porphyrin macrocycle. In the pres-
ence of oxygen and upon irradiation with light this com-
pound generated, stored and released singlet oxygen bound
directly to a porphyrin photosensitizer dye (Scheme 11).** 'H
NMR spectroscopy revealed that this cycle can be repeated a
number of times without detectable degradation or formation
of side products. Unlike conventional photosensitization
methods to produce singlet oxygen, the reversible storage ca-
pacity of compound 21 ensures that singlet oxygen will con-
tinue to be generated for hours after the excitation light
source has been removed.

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6me00042h

Published on 31 May 2016. Downloaded on 03/10/2016 15:23:24.

Molecular Systems Design & Engineering

light, O, || heat (>20 °C)

Scheme 11 Reversible generation, trapping, and release of singlet
oxygen by porphyrin 21.

The corresponding endoperoxide 22 could be obtained
upon irradiation of porphyrin 21 in a deuterated solvent un-
der a stream of O, gas at room temperature. The reaction
proceeded without significant formation of by-products, as
evidenced by "H NMR studies. Further heating of 22 in solu-
tion to 40 °C resulted in decomposition, recovering the par-
ent compound. Interestingly, here endoperoxide thermolysis
was not accompanied by ring rearrangement, particularly the
Kornblum-Delamare reaction,* as opposed to the 2-pyridone
derivatives studied by Jessen and co-workers.*”

Oxidation of the mustard gas simulant, 2-chloroethyl ethyl
sulfide (CEES), by singlet oxygen released in the dark from
the molecule 22 was demonstrated, too. Obviously, molecules
such as 22, possess significant potential for photomedical ap-
plications. Conventional PDT sensitizers produce singlet oxy-
gen only in the presence of light and thus any therapeutic ef-
fect is limited to the time of tissue treatment with light. In
contrast, when the sensitizer is ‘equipped’ with singlet oxy-
gen traps, such as 2-pyridone moieties, a part of the singlet
oxygen formed upon photosensitization is bound to the trap-
ping molecule. A fraction of singlet oxygen formed directly
upon sensitization is then responsible for an immediate ther-
apeutic PDT response. Following this initial response, a
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“slow” phase of the therapeutic effect could occur via singlet
oxygen evolution from the trapping moieties. Ultimately, this
may result in an increased therapeutic effect of the
treatment.

Photothermal release

Metal nanoparticles (NPs) are known to absorb visible light
at their surface plasmon resonance and convert it to heat lo-
calized near the surfaces of the nanoparticles.”® Heat gener-
ated from optically stimulated NPs have been used to kill
cancer cells in a localized, noninvasive manner, the so-called
photothermal therapy.>”

Anthracene 9,10-endoperoxides possess half-live times on
the scale of years at room temperature and normally release
singlet oxygen only when being heated above 100 °C.>> For
this reason, their application in biomedical treatments is very
limited. However, if a local heating in the desired region of
tissue is applied, anthracene EPOs could deliver singlet oxy-
gen in biological systems.

Branda and co-workers were the first to demonstrate that
the heat generated near the surfaces of gold nanoparticles
can cause endoperoxide decomposition with the formation of
singlet oxygen.>® Their approach for the light-induced release
of 0, is shown in Scheme 6 and uses the NPs system 23 with
anthracene anchored to a gold nanoparticle surface through
Au-S bonds (Fig. 5). This required preparation of a thiolated
anthracene derivative and anchoring to the NPs. The average
number of anthracene ligand molecules per nanoparticle was
estimated to be approximately 4300. The anthracene endoper-
oxides formation on the surface could be monitored by UV-vis
spectroscopy, as the endoperoxides do not absorb in the visi-
ble region, while anthracene possesses characteristic bands in
the 350-425 nm region. Upon heating to 95 °C in a solution of
tetrachloroethane the endoperoxide moieties released oxygen
on a timescale of several days. This property is crucial for ap-
plications under biological conditions, as the stability of the

Ph Ph

CHD —=m . L0

10 Hz, 10 mW per pulse
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Au NP

Fig. 5 Photothermal release of singlet oxygen from endoperoxide
ligands attached to gold nanoparticles.
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endoperoxides ensures no 'O, release during the delivery pe-
riod to the tissue. However, when exposed to green laser light
(532 nm, 10 Hz, 5 m]J per pulse, 10 ns), the nanoparticles 23
produce heat, sufficient to trigger thermolysis of the anthra-
cene endoperoxide, resulting in release of '0,. Notably, the
process did not result in a significant increase of the temper-
ature of the bulk sample. Conversion of the endoperoxide to
the anthracene is rapid and complete within 30 seconds after
laser excitation. The release of singlet oxygen was confirmed
by reaction with 1,3-diphenylisobenzofuran (DPBF) as an indi-
cator, which showed a decrease in absorption.

Photodynamic therapy

Photodynamic therapy (PDT) is a broadly used technique for
killing diseased cells by incorporating a combination of light
and a light-activated drug, known as a photosensitizer (PS).’
The singlet excited state of the PS formed upon absorption of
light undergoes intersystem crossing to populate a triplet ex-
cited state. The latter transfers energy to ground-state triplet
molecular oxygen, generating singlet oxygen. Singlet oxygen
is extremely reactive and toxic for cells. PDT is currently used
to treat a wide range of diseases characterized by neoplastic
growth, such as various cancers, actinic keratosis, age-related
macular degeneration and is used for disinfection and
sterilization.>*

A critical limitation of PDT therapy is associated with the
sensitivity of skin to strong light exposure. Systemic PDT
causes photosensitivity in patients’ skin for up to three
months®® following treatment, dependent upon the photo-
sensitizing drug used. Side effects may include pain, burn-
ing/stinging sensation, and itchiness. These sensations usu-
ally decrease rapidly once the illumination is paused or
exposure is terminated. A local anesthetic may be applied to
the treated area before or during PDT to relieve a pain. Due
to these side-effects and depending on the condition of the
skin, PDT light treatment of the patient usually lasts no lon-
ger than 30-60 min and requires repetitive procedures, the
scheduling of which must take into account the time re-
quired for the recovery of irradiated skin zones.

The need for repetitive irradiation procedures is, in part,
associated with the short lifetime of 'O, in biological media,
which is susceptible to physical quenching by water mole-
cules. This process leads to ground-state triplet oxygen in-
stead of oxidation reactions with biomolecules within malig-
nant cells. Depending on the solvent, singlet oxygen decays
back to the ground state with a half-life time (z;,) in the
range of 10°°~107> 5.”® Thus, the therapeutic effect of PDT is
limited to the actual time of light treatment, since photo-
sensitized singlet oxygen deactivates instantly. An extension
of the singlet oxygen generation timescale without increasing
the light irradiation time, which causes side-effects, would al-
low for a profound improvement of the PDT method. As a so-
lution, a process whereby singlet oxygen is gradually gener-
ated during an extended period of time after the light
treatment could be applied.
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Another limiting factor stems from most tumors develop-
ing hypoxic regions, which are highly resistant to chemother-
apy and radiotherapy.”” In such regions PDT cannot provide
therapeutic action, as the singlet oxygen concentration
achieved upon irradiation is too low to induce cytotoxic ef-
fects. Moreover, PDT itself causes hypoxia in tissue due to
fast consumption of the cellular oxygen.”® A possible solution
to overcome hypoxia in PDT is fractional irradiation of the
tissue with time periods in between, so that the intracellular
oxygen concentration can recover to a normal level.>® Again,
effective PDT under hypoxic conditions can be achieved by
using chemically generated singlet oxygen during the dark
period of fractional PDT, where photosensitized generation
of '0, is not possible. Thus, a combination of a photosensi-
tizer and a chemical source of singlet oxygen in a single mol-
ecule is highly desirable.

From this viewpoint an application of organic endoperox-
ides has obvious prospects. The decomposition of naphtha-
lene endoperoxides has already been shown to be suitable as
a source of singlet oxygen for biomedical applications. Exam-
ples include the induction of cellular damage in malignant
tissue and the potential utilization of biomimetic
endoperoxide-bond cleavage processes for the controlled de-
activation of bacteria, viruses, and parasites.®® Singlet oxygen
releasing naphthalene endoperoxide derivatives embedded in
nanoparticles were shown to induce a very strong cytocidal
effect on the proliferation of human breast cancer cells.®!
However, the use of endoperoxides in these biomedical appli-
cations is still in its infancy due to lack of carrier systems
which can ensure: 1) selective targeting of diseased cells and,
particularly, 2) prevent endoperoxide decomposition until the
drug is delivered into cells. This contrasts with conventional
PDT treatments, wherein a photosensitizer drug selectively
accumulates in tumor tissue and generates singlet oxygen
only if an external stimulus (light) is applied.

Endoperoxides as a source of singlet oxygen for hypoxic
tissue PDT

Recently, Yoon, Akkaya and co-workers demonstrated for the
first time that photothermal singlet oxygen release from an-
thracene EPOs on the gold nanorods (GNR), discussed above,
can induce apoptosis and lead to cell death.®” The target mo-
lecular system involved 9,10-diphenylanthracene EPO at-
tached to the surface of gold nanorods through thiol linkers.
Spectroscopic data revealed that each GNR carried approxi-
mately 6.5 x 10° endoperoxide molecules. Upon irradiation of
the resulting GNR solution at r.t. with 830 nm laser light, sin-
glet oxygen formation took place, as evidenced through trap-
ping with 1,3-diphenylisobenzofuran.

The cytotoxic effect of the GNR-endoperoxide generated
10, was demonstrated with HeLa cells incubated with GNR
for 24 h. After redistribution in the cells the GNRs were
found to be located within vacuoles. The cells were then irra-
diated for 10 min with an 808 nm laser (2.0 W cm™?) followed
by cell viability assays. The control compound, GNR without
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attached EPOs did not generate any oxidative stress in the
cell culture during the irradiation period. In contrast, GNR-
EPOs caused formation of reactive singlet oxygen species, as
indicated by microscopy studies with oxidative stress detec-
tion reagents. Addition of sodium azide, known to quench
singlet oxygen, resulted in a strong suppression of cell death.
The cell viability increased concomitantly to the concentra-
tion of azide added, confirming the hypothesis that cytotoxic-
ity is due to singlet oxygen formation from the endoperoxide.

However, it should be noted, that the light intensities re-
quired to induce a photothermal effect on gold nanorods are
rather high compared to those applied in regular PDT treat-
ments. Clinical PDT protocols are restricted to use light
intensities at the lesion surface of not exceeding 200 mW
ecm™ in order to avoid skin side-effects. Thus, although
photothermal 'O, is an alternative to a conventional PDT
treatment, many efforts are required to optimize the proper-
ties of the system.

Fractional photodynamic therapy

Endoperoxide-based therapies promise to overcome one of
the major PDT limitations - strong tumor hypoxia. It was pre-
viously assumed that a substantial therapeutic effect requires
large amounts of singlet oxygen to be produced and thus stoi-
chiometric agents, such as EPOs, would possess very limited
capacity to induce cell death. However, the demonstration
that even small amounts of singlet oxygen can cause an apo-
ptotic response clearly mandates a reevaluation and opens a
new chapter in photomedicinal treatments with oxygen.

Akkaya and co-workers reported a bifunctional compound
meeting the requirements for enhanced fractional photody-
namic therapy.”> When excited with red laser light (A = 650
nm), the BODIPY dye 24 generated singlet oxygen, which
later reacted with the 2-pyridone subunit to form the corre-
sponding endoperoxide 25 (Scheme 12). Upon cessation of ir-
radiation the thus formed endoperoxide underwent thermal
cycloreversion producing singlet oxygen in the absence of
light.

The bifunctional photosensitizer was tested in HeLa cell
cultures. The non-ionic surfactant cremophor was used to de-
liver the compound within a micellar structure and cells were
exposed to varying concentrations of compounds 24 and 25
for comparison. Irradiation was performed for 10 min every

650 nm light

R —
-

37°C
-10,

Scheme 12 Singlet oxygen generation by the bifunctional sensitizer
24.
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one hour for 24 cycles. Cell viability and cytotoxicity assays
showed that even low doses of compound 25 resulted in a
significant decrease of cell viability. The CCs, (50% cytotoxic
concentration) for EPO 25 was found to be considerably lower
than that of 24 after fractional irradiation of both, with a to-
tal illumination time of 4 h. This validated that dark produc-
tion of singlet oxygen by delayed release from endoperoxide
fragment in a large difference in cytotoxicity.

Selective activation of photosensitizers by interaction with
singlet oxygen

In order to minimize undesired side-effects, including dam-
age to healthy tissue during PDT treatment, photosensitiza-
tion of 'O, may be controlled at different levels. Specific ap-
proaches towards such a control are based, for example, on
PS self-quenching,®® FRET® or electron transfer.® Recently,
the chemical activation of a photosensitizer specifically in
the targeted tissue has emerged as an additional, effective
method.®”

Cosa and co-workers described a photosensitizer that acti-
vates upon interaction with 'O, and thus can be utilized to-
wards the controlled delivery of 'O, specifically in cells or tis-
sues that are under oxidative stress associated with increased
metabolic activity.®® The photosensitizer was based on a two-
segment photosensitizer-trap molecule, consisting of a
BODIPY dye and a chromanol a-tocopherol ring (Scheme 13).
Bromo- or iodo-substituted BODIPY ensured efficient inter-
system crossing to the triplet state and production of singlet
oxygen, while the chromanol segment provided photo-
induced electron transfer (PeT) that competes with ISC, thus
effectively reducing the yield of the triplet state.

Singlet and triplet quenching of the BODIPY excited state
by chromanol provided two means of prevention for 'O, for-
mation. Moreover, a-tocopherol, known to be an efficient
physical quencher of '0,, provided a third level of suppres-
sion of 'O, production. Oxidation of a trap segment with 'O,
or other reactive oxygen species unblocked the depopulation
of BODIPY excited states and allowed for 'O, sensitization.
Thus compound 26 is a versatile ROS-activatable sensitizer
with potential application in tissues where the metabolic im-
balance leads to increased ROS production, e.g., cancer cells
and wound tissue. The applicability of compound 26 was vali-
dated by selective inactivation of ROS-stressed bacteria.
Escherichia coli were incubated with 500 nM hydrogen

26 27

Scheme 13 Activation of sensitizer 26 via reaction with singlet
oxygen.
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peroxide, known to stimulate ROS production in cells, for 2 h
at 37 °C. A drastic decrease in colony forming units was
recorded following the combined action of compound 26 and
irradiation of stressed cells. No activation was observed for
non-stressed healthy cells.

Compound 26 exemplifies a new concept for developing
PSs that will enable the controlled delivery of 'O, into cells
where metabolic imbalance leads to a large production of
ROS.

Bioimaging
Sensing of singlet oxygen

Reactive singlet oxygen species (ROS), including singlet oxy-
gen, are part of the normal cell signaling system. They play
an important role in cell death and stress-response processes.
Consequently, recent years have seen more interest in the de-
velopment of probes for ROS.*

The development of detection methods and sensors for
'0, is of critical importance due to its relevance for anti-
bacterial and cancer treatments.”® Singlet oxygen is best
detected by its phosphorescence at 1275 nm. However, as
the emission quantum yield is extremely low (<107°) this
requires specialized instrumentation.”’ Indirect methods
for the detection have been developed based on oxidation
of chemical acceptors by 'O,, giving either colorimetric or
fluorescent responses. The first fluorescent probes for sin-
glet oxygen were based on the fluorescence decrease of an-
thracene derivatives, e.g., diphenylisobenzofuran and di-
ethylamino dansyl upon reaction with '0,. The simple
9,10-diphenylanthracene was initially reported for this,””
subsequently, water-soluble anthracene derivatives were
developed.”” However, these probes displayed a lack of se-
lectivity for '0,. Thus, water-soluble rubrene (5,6,11,12-
tetraphenyltetracene) derivatives have been employed, which
show rapid reaction with and high selectivity for '0,. How-
ever, their synthesis is rather involved.”

The most widely accepted strategy for the development of
modern singlet oxygen probes is based on the formation of
endoperoxides within the chromophore molecule, resulting
in ON/OFF switching of the intramolecular electron transfer
(PET). Such a probe design was initially suggested by
Nagano's group.”> Typically, the probe is a dyad composed of
a covalently-linked electron donor (an oxygen binding aro-
matic hydrocarbon) and an acceptor (fluorescent dye). The
energy levels of the subunits should correspond to the re-
quirement that the HOMO of the fluorophore is lower than
that of the oxygen binding subunit (Fig. 6). In this case PET
quenching of the fluorophore takes place in the absence of
singlet oxygen. When the donor is converted to EPO the
fluorophore emission increases.

A commercially available fluorescent probe, compound 28,
which is highly selective for 'O, among other ROS, the so-
called Singlet Oxygen Sensor Green (SOSG), has recently re-
ceived much attention in bioimaging.”® This compound is
poorly fluorescent (quantum yield ~1.9%)”7 due to
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Fig. 6 Fluorescence quenching of singlet oxygen probes via
intramolecular PET.

quenching of the fluorescein singlet excited state by PET. Re-
action with 'O, results in the formation of an anthracene-
EPO and consequently blocks PET due to lowering of the
HOMO level. The fluorescence quantum yield of this product
was measured to be 37%, showing a maximum emission at
525 nm. Although having some advantages over other fluores-
cent probes, particularly high selectivity, SOSG was shown to
generate singlet oxygen itself upon irradiation”” thus limiting
its use for quantitative measurements.”®

Other examples of well-established fluorescent PET probes in-
clude the 9,10-diphenyl and 9,10-dimethylanthracene-conjugated
xanthenes 29a-c, anthracene-substituted tetrathiafulvalenes
30a-b, and phosphorescent europium 31a-b, terdium (32)
and rhenium (33) complexes (Fig. 7), which are discussed in
a recent review devoted to luminescent probes.”” An obvious
common limitation of these probes is the need for excitation
in the visible part of the spectrum, which causes a cell auto-
fluorescence signal. Thus, special attention is now paid to
probes which can be excited in the “tissue transparency win-
dow” - a spectral range >650 nm, where natural pigments
have negligible absorption.

Recently, Majima and co-workers developed near-infrared
fluorescent probes composed of 9,10-dimethylanthracene and
silicon-containing rhodamine 34 (Fig. 8).*° Similar to xan-
thene-anthracene dyads, the Si-rhodamine chromophore is
quenched by PET in the absence of oxygen, resulting in 1%
fluorescence quantum yield. Upon reaction with 'O, it was
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Fig. 7 Singlet oxygen probes based on intramolecular PET.

Nz

E=2

_—C0; T 0,—_
N
~—co, " 0,c—"

R=H:31a 32
CHy: 31b

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6me00042h

Published on 31 May 2016. Downloaded on 03/10/2016 15:23:24.

Molecular Systems Design & Engineering

34

Fig. 8 A far-red fluorescent probe for singlet oxygen.

transformed into the bright form, showing an approximately
18-fold increase of the fluorescence intensity at 660 nm (17%
quantum yield). In contrast to SOSG, compound 30 is much
less prone to generate singlet oxygen itself upon irradiation
(©'0, = 0.02) and only negligible self-oxidation was observed.

Upon incubation with cells, the probe localized selectively
in mitochondria. Among different intracellular sensitizers, 34
selectively detected 'O, generated by 5-aminolevulinic acid-
derived protoporphyrin, co-localized in mitochondria. At the
same time, other lysosomal porphyrins did not induce fluo-
rescence changes of the probe. This approach is proposed for
the visualization of mitochondrial 'O, production during
PDT with high spatial resolution.

Optical molecular imaging

There is an ongoing interest in development of chemilumi-
nescent probes for in vivo imaging as an alternative to radio-
isotopes, which are known to cause ionization reactions
harmful for living systems.®" For bioimaging chemilumines-
cent probes offer the advantage of better signal-to-noise ratio,
as no excitation is required and thus autofluorescence of bio-
molecules is not observed.®> Although many organic mole-
cules exhibit chemiluminescence, potential candidates for
bioimaging are scarce, since visible light emission is readily
absorbed and scattered by tissue.®®

Thermolysis of organic peroxides was observed to be
followed by light emission in the early works of Dufraisse
and co-workers, who showed emission at 1276 nm upon de-
composition of 1,4-dimethoxy-9,10-diphenylanthracene. This
corresponds to a 22.5 kcal energy difference between the sin-
glet and triplet oxygen forms.®* Later, in reports by
Krasnovsky, an emission deriving from phthalocyanine dye
molecules was found to take place in the presence of naph-
thalene endoperoxides.®® This was interpreted based on the
hypothesis of Khan and Kasha®® as an energy transfer from
an excited singlet oxygen molecule to a fluorescent dye (step
1 in Fig. 9). However, the energy difference between singlet
oxygen and ground-state triplet oxygen is not large enough
for the excitation of the phthalocyanines and other dyes used
in the corresponding experiments. Thus it was assumed, that
the energy transfer takes place between a dye and two mole-
cules of singlet oxygen, a so-called ‘dimol’ (step 2 in Fig. 9).”

Based on this processes, Smith and co-workers developed
a thermally activated near-infrared chemiluminescent molec-
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Fig. 9 Energy transfer from singlet oxygen to a dye.

ular system for in vivo optical imaging.*® An interlocked [2]-
rotaxane 35, composed of a tetralactam macrocycle and a
squaraine dye possesses a strong absorption in the far-red re-
gion, able of singlet oxygen generation. Thus, under irradia-
tion with light in the presence of air it formed an endoperox-
ide at one of the anthracene subunits. This highly selective
formation of a mono(endoperoxide) is due to the encapsu-
lated squaraine steric effect, which prevents cycloaddition on
the second anthracene subunit to take place. The reaction is
not accompanied by formation of side-products, even at
prolonged irradiation times.

In contrast to other anthracene endoperoxides, cyclo-
reversion of 36 took place even at room temperature and fully
regenerated the starting squaraine rotaxane (Scheme 14). The
half-life time of the endoperoxide was found to be 3.2 h at 38
°C. Release of oxygen was accompanied by emission of light
at 733 nm from the excited state squaraine. Further investiga-
tions showed that excitation of the squaraine chromophore
takes place as an energy transfer from singlet oxygen to
ground-state squaraine. This emission can be regenerated af-
ter the sample is irradiated with light in the presence of oxy-
gen. The chemiluminescence wavelength can be tuned by in-
troducing other squaraine dyes into the parent tetralactam
macrocycle.

EPO 36 was then used for optical imaging in live mice af-
ter encapsulation into carboxylate-modified polystyrene
microparticles. Upon warming to body temperature, 36 emits
near-infrared light that readily penetrated through the tissue
and could be detected using a CCD camera (Fig. 10). The tar-
get background ratio (TBR) for chemiluminescence was
found to be as high as 11.6. On the other hand, the squaraine
chromophores in molecules 35 and 36 could be selectively ex-
cited and the resulting fluorescence monitored. However, the
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Scheme 14 Thermal oxygen release from a rotaxane endoperoxide.®”
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Fig. 10 Chemiluminescence from 32 penetrates through a living
mouse. (A) Experimental set-up for the measurements. (B,C) Pixel
intensity map of chemiluminescence transmitted through the mouse.®”
Copyright Macmillan Publishers Ltd.

fluorescence microscopy by means of squaraine excitation
from the particles gave substantially lower resolution (TBR
1.1) compared to chemiluminescence, due to light scattering
and tissue autofluorescence.

Although EPO 36 can release cytotoxic singlet oxygen, fast
energy transfer to the squaraine dye ensure its complete de-
activation prior to defusion from the local site. Indeed, stan-
dard cell toxicity experiments indicated that 36 (up to 20
mM) did not alter cell vitality in the dark.?® Thus, chemilumi-
nescence from rotaxane EPOs represents a promising tool for
in vivo molecular imaging applications. However, some tech-
nical complications need to be overcome, particularly the
complicated synthesis, selective delivery to target sites, and
stability at ambient temperature.

Conclusions

Clearly, the formation of organic endoperoxides upon reac-
tion of singlet oxygen with aromatic systems, is currently gar-
nering special attention. Their use can deliver a completely
new paradigm for 'O, carriers in photomedical treatments,
particularly in photodynamic therapy.

The ongoing expansion of the arsenal of reversible singlet-
oxygen binding molecules and, particularly, its release at am-
bient temperatures opens new perspectives for biomedical
applications. A combination of endoperoxide-forming mole-
cules with conventional photosensitizers allows: 1) an in-
crease of the actual lifetime of this highly reactive species in
tissue thus prolonging the therapeutic effect, 2) its use as a
source of oxygen in hypoxic tissue where conventional PDT is
not effective. In addition, a combination of EPO materials
with new photothermal nanomaterials provides a tool for pre-
cise control of the '0, production in selected regions of tis-
sue. From this perspective a development of new target deliv-
ery methods for EPO molecules and corresponding materials
is highly desirable.

On the other hand, formation of EPOs upon photooxida-
tion of aromatic systems suggests new means to modulate a
molecule's optical properties. In the past EPO formation has
been regarded as an undesired complication of working with
highly conjugated materials. However, as outlined here, the
process can become a useful alternative to existing tools for
the chemical tuning of photoactive materials. Additionally,
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there is a critical need to develop new biologically compatible
probes for the selective detection of singlet oxygen. Currently
employed fluorescent probes suffer from various limitations
and here the search for photochromic systems based on EPO
formation is a pending challenge.

Practical applications of reversible singlet oxygen binding
molecular devices are currently still in the developmental
stage and restricted by the synthetic availability of appropri-
ate molecules, target delivery methods, and detection tech-
niques. However, in light of the prospective benefits for
photomedicine and the many ongoing studies solutions for
the current limitations can be expected in the near future.
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