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Abstract: Singlet oxygen (1O2) is the excited state electronic isomer and a reactive form of molecu-
lar oxygen, which is most efficiently produced through the photosensitized excitation of ambient
triplet oxygen. Photochemical singlet oxygen generation (SOG) has received tremendous attention
historically, both for its practical application as well as for the fundamental aspects of its reactivity.
Applications of singlet oxygen in medicine, wastewater treatment, microbial disinfection, and syn-
thetic chemistry are the direct results of active past research into this reaction. Such advancements
were achieved through design factors focused predominantly on the photosensitizer (PS), whose
photoactivity is relegated to self-regulated structure and energetics in ground and excited states.
However, the relatively new supramolecular approach of dictating molecular structure through
non-bonding interactions has allowed photochemists to render otherwise inactive or less effective
PSs as efficient 1O2 generators. This concise and first of its kind review aims to compile progress
in SOG research achieved through supramolecular photochemistry in an effort to serve as a refer-
ence for future research in this direction. The aim of this review is to highlight the value in the
supramolecular photochemistry approach to tapping the unexploited technological potential within
this historic reaction.

Keywords: singlet oxygen; supramolecular chemistry; cavitands; cucurbituril; cyclodextrin; cal-
ixarene; singlet oxygen generation (SOG); photosensitizer (PS); oxidation; photodynamic therapy
(PDT); near IR (NIR)

1. Introduction

Singlet oxygen (1O2) is the common name of an electronically excited state of molecular
oxygen, which is less stable than the ubiquitous triplet molecular oxygen (3O2) in its ground
state that is found (and referred to) as ambient oxygen [1,2]. Though chemists understood
that the combination of light and organic dyes generated a highly reactive oxygen species
in the 1930s, a clear picture of its electronic state and intermediary nature did not emerge
until the late 1960s [3,4]. As the excited state electronic isomer of ambient oxygen, 1O2
possesses higher oxidative power and reactivity than ambient oxygen [5]. These features
confer a great deal of biological and chemical significance on this reactive oxygen species.
Singlet oxygen can be produced as a product in a (ground state) reaction between sodium
hypochlorite and hydrogen peroxide [6]. It can also be generated through direct laser
excitation of 3O2 at ~1064 nm [7]. However, the most convenient way of accessing this
species is through sensitization, wherein a photosensitizer in the excited triplet state relaxes
to its ground state by triplet energy transfer to ambient oxygen, resulting in 3O2 → 1O2 [8].

The biological relevance of this molecular species can be deduced from the works
published on its role as reactive oxygen species (ROS) in botany [9], atmospheric chem-
istry [10], cellular signaling [11], and physiopathology [12]. In medicine, photo-dynamic
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therapy (PDT, Figure 1) is a singlet oxygen-derived treatment modality that utilizes its cy-
totoxicity to achieve selective apoptosis or necrosis through its localized generation [13,14].
Due to its target specificity and minimal invasiveness, PDT is the preferred mode of
treatment for conditions such as psoriasis [15,16], certain forms of cancers (skin, bladder,
lung) [17–19], macular degeneration [20]. As a reactive oxygen species (ROS), its biological
oxidizing propensity holds promise as a disinfection technology to neutralize bacteria and
viruses [21,22].
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based on this chemical entity. While much is known about the electronic nature of singlet 
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In the broad swath of singlet oxygen literature, the supramolecular approach to SOG 
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dividual research articles and scientific novelty in those works to be represented in a re-
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The increased oxidative power and electronic configuration of 1O2 has given rise to
its use as a synthetic tool (Figure 2) to access numerous organic intermediates that are
not easily achieved through classical organic transformations [23–25]. Reactions such as
singlet-ene [26,27], cycloaddition (4 + 2 and 2 + 2) [28], and heteroatom oxygenations [29,30]
have been useful in fine chemical and large-scale synthesis of numerous natural products
and drugs (include pictures of reactions). A recently fast-growing interdisciplinary area
of research involving singlet oxygenation is designing functional systems such as self-
cleaning [31] and disinfecting materials [22,32], and lasers for solar energy conversion [33].
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As outlined above, there has not been any shortage of scientific exploration into
this ROS or its central in role in modern technology. It is predicted that there will be
a growing demand for newer inventions for medicinal, pharmacological, and chemical
applications based on this chemical entity. While much is known about the electronic
nature of singlet oxygen, its excited state dynamics, and physical properties, there are also
limits to its usefulness owing to theoretical and practical impediments associated with its
uncontrolled reactivity, medium-influenced deactivation, and deactivation pathways [34].
Chemists have developed several strategies to overcome these disadvantages and have
made tremendous progress in recent years in developing newer technologies based on this
reaction [35–37]. One such approach is the use of non-covalent interactions to control the
photosensitizer to modify singlet oxygen generation and its reactivity: the supramolecular
approach. There are several advantages to the supramolecular approach over others, such
as simplicity, the reduced need for chemical alterations of the PS, greater photodynamic
control, etc.

In the broad swath of singlet oxygen literature, the supramolecular approach to
SOG is a relatively less-explored endeavor. To our knowledge, there is no such review
that covers the research activity in this direction; however, there is a sufficient quantity
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of individual research articles and scientific novelty in those works to be represented
in a review, which is the aim of this effort. This review will compile research activity
that has utilized supramolecular interactions to control singlet oxygen generation and its
reactivity. Consistent with the majority of the published literature in this area, which has
used cavitands for controlling PS photochemistry, this review will predominantly contain
instances of SOG influenced by cavitands (a subset of supramolecular chemistry) with few
examples outside the host–guest chemistry realm.

2. Singlet Oxygen Background

Singlet oxygen is the common name of the electronically excited state of molecular
oxygen, which is less stable than molecular oxygen in its electronic ground state (Figure 3).
Molecular oxygen in its ground state contains two unpaired electrons. This is due to two
degenerate orbitals in its HOMO (3∑g

−, Figure 3, right). The vertical alignment of three
states in order of increasing energy is presented as a diagram in Figure 4. Two excited
singlet (electron-coupled) states exist for oxygen—1∑+

g and 1∆g—that are higher in energy
by 150 and 95 kJ/mol, respectively [38,39]. Under typical experimental conditions, the
1∑g

+ (upper excited) state rapidly relaxes to the lower energy 1∆g state; therefore, the vast
majority of the photophysicochemical phenomena of singlet oxygen are observed from the
1∆g state. Singlet oxygen is typically generated via energy transfer from the excited state
of a photosensitizer to the oxygen molecule (Figure 5). Photoexcitation of a PS molecule,
which possesses high ISC rates, engages in efficient spin-coupled triplet energy transfer
(T1,PS → S0,PS) to triplet oxygen (T1,O2 → S1,O2). Singlet oxygen thus generated is a much
more reactive form of oxygen, engaging in redox chemistry or weak phosphorescence in
the infrared region.
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from photosensitizer.

In photosensitized SOG, a sensitizer (typically a dye molecule) absorbs light in the
visual spectrum, resulting in its excitation to its first singlet state (S0,PS → S1,PS), followed
by rapid intersystem crossing to its first triplet state (S1,PS→ T1,PS). In this stage the excited
PS and molecular oxygen engage in efficient spin-coupled triplet energy transfer (T1,PS →
S0,PS)//(T1,O2 → S1,O2). Later advancements in laser technology leading to the advent of
powerful YAG lasers allowed direct excitation of 3∑g

− state to 1∑g
+ when excited at 1064

nm. Spin-allowed transition (singlet to singlet) and energetic proximity between the two
excited states results in rapid 1∑g

+→ 1∆g relaxation, which precludes any physicochemical
processes this species could undergo. However, photosensitized generation is the most
efficient, practical, and convenient method for producing singlet oxygen.

2.1. Stability, Detection and Quantification of Singlet Oxygen

Once generated, the prevalence of singlet oxygen in the medium can be observed
directly or indirectly (vide infra). Singlet oxygen in the 1∑g

+ state is a very short-lived
species with estimated lifetimes in the range of 10−9 to 10−11 s in solution; the lifetimes
are higher in gas phase due to lack of solvent-assisted non-radiative decay. On the other
hand, 1∆g is significantly long-lived as 1∆g → 3∑g

− is spin-forbidden, resulting in its
metastability. This bears out in the measured lifetimes of this species ranging in 10−3 to
10−6 s in solution and typically in milliseconds in gas phase, and at times even extending
into minutes [40].

Direct observation is achieved through spectroscopic monitoring of its radiative
deactivation pathway for the 1∆g → 3∑g

− transition, which results in its phosphorescence
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at 1268.7 nm. The intensity of phosphorescence of singlet oxygen registered in a calibrated
optical device is taken as a direct quantitative measure of its generation, which is useful in
calculating concentration-dependent quantities such as quantum yield. The unique NIR
phosphorescence of singlet oxygen is unambiguous, convenient, and direct; as a result,
its direct observation is highly advantageous whenever possible. However, this method
often suffers from weak signal intensity due to competing non-radiative pathways that are
generally more efficient.

Indirect detection refers to the estimation of SOG based on its reactivity with a chemical
agent, whose conversion is monitored through spectroscopy, spectrometry, or chromatogra-
phy. Commonly used reactions in this regard include oxygenation of tetramethyl piperidine
(TEMP) to form TEMPO, cycloaddition with anthracene followed by rearrangement to
yield anthraquinone, alcohols resulting from singlet oxygen-ene reaction, etc. [41]. The
spectroscopic signals of the product in comparison to the reactant are used to quantify
SOG. Examples include following absorption changes for the product or the reactant,
emission intensity of fluorophores, EPR signals of radical products such as TEMPO, ratio-
metric analysis of reactant/product signals, etc. Both methods—direct detection vs. probe
reactions—offer advantages and limitations, and typically more than one option is used to
reliably quantify singlet oxygen production.

2.2. Sensitized Singlet Oxygen Generation

Energy transfer between a photosensitizer (PS) in excited triplet state and 3Σg−, to
excite the latter to 1Dg or 1Sg

+ is referred to as sensitized singlet oxygen generation (SOG).
Photosensitizers that have a triplet state higher than the molecular oxygen’s lower excited
states (ET,sens > 95 kJ/mol; Ea − EX = 94.3 kJ/mol; Eb − EX = 157 kJ/mol; reference
Figure 4) are theoretically capable of serving as a sensitizer. However, practically useful
sensitizers should possess additional features such as high energy-transfer efficiency to
3Σg−, resulting in high quantum yield of singlet oxygen generation (1ΦO2). This requires
that the PS possesses the ability to maintain long triplet lifetimes as this increases the
probability of energy transfer (and therefore greater 1ΦO2).

2.3. Host–Guest Chemistry and Nano-Containers

Encapsulation of photoactive guest molecules such as photosensitizers within macro-
cyclic hosts has been a very efficient and simple approach to directing excited state molec-
ular behavior [42,43]. The field of supramolecular photochemistry is dedicated to this
endeavor. The advantage of the host–guest approach over others derives from the con-
venience due to reversibility, and the qualitative predictability of the complex structure.
Formation of host–guest inclusion complex is typically driven by two types of interac-
tions: attractive host–guest and/or solvophobic interactions. Combination of host–guest,
guest–guest, host–solvent, and guest–solvent interactions have been skillfully employed
by chemists to precisely control excited state behavior.

Several hosts are currently available for supramolecular chemists, although a few
macrocycles have been employed more frequently than others. Cyclodextrins (CDs) [44,45]
and cucurbiturils (CBs) [46,47] are arguably the most commonly utilized organic hosts due
to their supramolecular versatility, easy synthetic accessibility, and aqueous amenability;
this is also true in the case of singlet oxygen generation efforts. Calixarenes (CAs) [48] are
the next most commonly utilized host, though to a much lower extent than the former.
Each family of the aforementioned macrocycles possesses oligomers that are of comparable
dimensions to each other; as a result they affect similar photochemical outcomes in many
instances. At the same time, differences in their chemical functionalities, and therefore
different modes of interactions, have led to markedly different photochemistry as well. Octa
acid (OA) [49] is a relatively newly synthesized host with unique host characteristics, which
has given rise to previously unobserved inclusion dynamics and, therefore, supramolecular
photochemistry. The chemical structures of common hosts are provided in Figure 6, and
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their dimensions and comparative 3-D structures rendered through molecular modeling
are provided in Figure 7.
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3. Supramolecular Approaches to Singlet Oxygen Generation

A cavitand-regulated activatable photosensitizer with a dual role as singlet oxygen
generator (SOG) and fluorescent imager was reported by Wang et al. (Figure 8) [50].
Activatable photosensitizers (aPSs) are photodynamic therapy (PDT) agents that possess
the ability to simultaneously image cancer location and its selective ablation. Traditional
synthetic approaches to designing aPSs are inefficient and tedious due to the need for
combining various modules (photo-, physio-, and biochemical) covalently. An efficient
approach to the construction of a ter-modal system can be achieved through host–guest
inclusion based on supramolecular interactions. The system reported by Wang is based
on the host−guest interaction between the biotinylated toluidine blue (TB-B, Figure 8)
and CB8 to form ternary TB-B2@CB8 complex. This is a three-component system with the
biotin unit acting as cell-receptor anchoring unit, TB-B as singlet oxygen generator and
fluorophore, and CB8 as function regulator, as depicted in Figure 8 (left).
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Figure 8. (Left) Cavitand-based activatable photosensitizer (aPS) assembly for singlet oxygen generation and simultaneous
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work [50].

TB-B is a phenothiazinium dye (acting as a PS) with dual activity as an efficient SOG
and fluorophore. As a free, uncomplexed dye, TB-B generates singlet oxygen, which
is monitored through the endoperoxidation of anthracene 9,10-dipropionic acid (ADPA,
Figure 9A,B). As a luminophore, free TB-B also possesses strong fluorescence at ~650 nm.
In the presence of added CB8, the dye self-assembles into a ternary complex (TB-B2@CB8)
with head-to-tail guest arrangement owing to steric interaction between the bulky biotin
side arms. With CB8 acting as a physical barrier, the SOG ability of TB-B is suspended;
as two dyes are included within the cavity, TB-B also loses its ability to fluoresce due to
self-quenching presumably because of electron transfer (Figure 9C). Releasing complexed
TB-B through competitive guests known to have very high affinity for CB8, such as N-
terminated aromatic peptides, restores its photophysical activity. The utility of such a
system for simultaneous tumor oblation and imaging is presented in Figure 8 (right):
the biotin arm anchors the photo-inactive ternary complex (TB-B2@CB8) onto the cell-
surface receptor, which is then transported into the cell where intracellular N-terminated
aromatic peptides (N-Tap, Figure 8) release TB-B, restoring its photodynamic activity and
fluorescence. Monitoring of singlet oxygen generation through absorbance change for
ADPA and energy/electron transfer pathways is summarized in Figure 9.

Molecules 2021, 26, x FOR PEER REVIEW 7 of 21 
 

 

Figure 8. (Left) Cavitand-based activatable photosensitizer (aPS) assembly for singlet oxygen generation and simultaneous 
imaging. (Right) Utility of aPS for simultaneous cellular PDT and imaging. Image used with permission from original 
work [50]. 

TB-B is a phenothiazinium dye (acting as a PS) with dual activity as an efficient SOG 
and fluorophore. As a free, uncomplexed dye, TB-B generates singlet oxygen, which is mon-
itored through the endoperoxidation of anthracene 9,10-dipropionic acid (ADPA, Figure 
9A,B). As a luminophore, free TB-B also possesses strong fluorescence at ~650 nm. In the 
presence of added CB8, the dye self-assembles into a ternary complex (TB-B2@CB8) with 
head-to-tail guest arrangement owing to steric interaction between the bulky biotin side 
arms. With CB8 acting as a physical barrier, the SOG ability of TB-B is suspended; as two 
dyes are included within the cavity, TB-B also loses its ability to fluoresce due to self-
quenching presumably because of electron transfer (Figure 9C). Releasing complexed TB-
B through competitive guests known to have very high affinity for CB8, such as N-termi-
nated aromatic peptides, restores its photophysical activity. The utility of such a system 
for simultaneous tumor oblation and imaging is presented in Figure 8 (right): the biotin 
arm anchors the photo-inactive ternary complex (TB-B2@CB8) onto the cell-surface recep-
tor, which is then transported into the cell where intracellular N-terminated aromatic pep-
tides (N-Tap, Figure 8) release TB-B, restoring its photodynamic activity and fluorescence. 
Monitoring of singlet oxygen generation through absorbance change for ADPA and en-
ergy/electron transfer pathways is summarized in Figure 9. 

 
Figure 9. (A) Oxidation reaction used to monitor singlet oxygen generation. (B) Trends in singlet oxygen generation based 
on absorbance of ADPA alone (black), and ADPA with TB-B (on state, red) and ADPA, TB-B, CB8 and binding competitor 
(off state, blue). (C) Mechanism of energy and electron transfer pathways for on/off state. Images used with permission 
from published work [50]. 

The role of CB in a self-assembled polymeric network capable of generating singlet 
oxygen was demonstrated by Liu et al. [51]. Hyperbranched supramolecular polymers 
were obtained by mixing a tetranaphthyl-substituted porphyrin (TPOR, Figure 10) deriv-
ative and CB8 in aqueous solution, which was driven by host–guest interactions. The for-
mation of a supramolecular polymeric structure can cause disruption of the porphyrin 
aggregation, thus leading to enhancement of their singlet oxygen generation (SOG) effi-
ciency. Unlike the previous example (Figure 9) where complexation-induced suspension 
in SOG efficiency was observed, the TPOR polymeric network is photo-inactive when un-
complexed and generates singlet oxygen upon inclusion and polymer formation. This is 
because porphyrins are poor SOGs in general, as they remain aggregated due to their 
large, rigid, planar structures, which leads to aggregation-induced photo-deactivation. 
Affinity of CB8 for cationic guests disaggregates the TPOR units, while its ability to in-
clude two guests simultaneously results in formation of an extended 
…TPOR..CB..TPOR..CB..TPOR… network. The SOG efficiency of the polymer was moni-
tored through the oxidation of tetramethyl piperidine (TEMP  TEMPO) analyzed with 
EPR spectroscopy (Figure 11). TEMP is EPR-inactive while the oxidized product is a rad-
ical that presents a clear signal indicating the presence of singlet oxygen. The change in 
EPR-signal-monitored TEMP exposed in the presence and absence of polymeric TPOR 
shows the latter’s SOG efficiency. 
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on absorbance of ADPA alone (black), and ADPA with TB-B (on state, red) and ADPA, TB-B, CB8 and binding competitor
(off state, blue). (C) Mechanism of energy and electron transfer pathways for on/off state. Images used with permission
from published work [50].

The role of CB in a self-assembled polymeric network capable of generating singlet
oxygen was demonstrated by Liu et al. [51]. Hyperbranched supramolecular polymers were
obtained by mixing a tetranaphthyl-substituted porphyrin (TPOR, Figure 10) derivative
and CB8 in aqueous solution, which was driven by host–guest interactions. The formation
of a supramolecular polymeric structure can cause disruption of the porphyrin aggregation,
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thus leading to enhancement of their singlet oxygen generation (SOG) efficiency. Unlike the
previous example (Figure 9) where complexation-induced suspension in SOG efficiency was
observed, the TPOR polymeric network is photo-inactive when uncomplexed and generates
singlet oxygen upon inclusion and polymer formation. This is because porphyrins are poor
SOGs in general, as they remain aggregated due to their large, rigid, planar structures,
which leads to aggregation-induced photo-deactivation. Affinity of CB8 for cationic guests
disaggregates the TPOR units, while its ability to include two guests simultaneously
results in formation of an extended . . . TPOR..CB..TPOR..CB..TPOR . . . network. The SOG
efficiency of the polymer was monitored through the oxidation of tetramethyl piperidine
(TEMP→ TEMPO) analyzed with EPR spectroscopy (Figure 11). TEMP is EPR-inactive
while the oxidized product is a radical that presents a clear signal indicating the presence
of singlet oxygen. The change in EPR-signal-monitored TEMP exposed in the presence and
absence of polymeric TPOR shows the latter’s SOG efficiency.
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EPR signal for uncomplexed (black) and complexed (red) TPOR. (C) Plot of time-dependent change
in TPOR oxidation. Images used with permission from published work [51].

Another example of enhanced SOG of an otherwise photoactive dye rendered inactive
due to aggregation-induced photo-deactivation was reported by Leng et al. (Figure 12) [52].
Carboxyphenoxy phthalocyanines (CPTCs) were synthesized and tested for their nascent
SOG efficiency, which was quite low due to strong tendency for π-stacked aggregation.
Disaggregation through complexation using β-CD to form a 1:2 (CPTC@β-CD) com-
plex showed significant changes in absorption and emission characteristics as well as
its SOG efficiency.
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Figure 12. (Left) Chemical structure of CPTC and its complexation with host to form CPTC@β-
CD2 complex. (Middle) Complexation-induced changes in UV-Vis absorption spectrum. (Right)
Energy-minimized structure of complex. Image used with permission from published work [52].

The use of CBs in manipulating SOG efficiency of TPOR and its antibacterial efficacy
in solid-state was reported by Liu et al. [53]. The previous examples demonstrated the
value of cavitands in SOG in homogeneous media; the same in solid-state is even more
difficult as there is greater tendency for aggregation among dyes. Employing neutral hosts
such as cyclodextrins does not guarantee disaggregation in solid-state as protruded units of
the guests can engage in aggregation leading to photochemical deactivation. This tendency
for aggregation despite complexation can be avoided if ionic dyes are employed.

Liu et al. reported lowering of aggregation-induced deactivation upon complexation
to CB as shown in Figure 13. The dye, owing to its cationic charge was also well-adsorbed
onto Gram-negative bacteria (Escherichia coli). This led to strong bacterial disinfection
efficacy even in solid-state. The SOG efficiency of the complexed substance was followed
by monitoring the oxidation of TEMP in EPR (Figure 13B). Changes in the EPR signal for
the free and complexed EPR oxidation of TEMP showed a significantly marked increase
in singlet oxygen when the dye was complexed to CB8. Time-dependent studies showed
a steady increase in EPR signal for the TPOR@CB7 complex, producing singlet oxygen
indicating formation of TEMPO; the plot of EPR intensity for a mixture of photosensitizer,
TEMP mixture in the presence and absence of CB7 clearly demonstrated the role of cavitand
in manipulating SOG efficiency (Figure 13).
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A similar approach of enhancing SOG by preventing π-stacking of porphyrins using
cucurbiturils was demonstrated by Özkan et al. [54]. In this case, their approach involved
synthesizing a stable [5] rotaxane porphyrin (5R-POR) with CB6, which self-generates
through catalyzing 1,3-dipolar cycloaddition (click reaction, Figure 14A) between alkyne-
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substituted porphyrin and an azide-functionalized stopper core. Supramolecular influence
on modified photophysics of the sensitizer was clearly evidenced in its concentration-
dependent emission studies as an increase in concentration (5 to 20 µM) and showed
a clear decrease in emission intensity due to self-quenching (Figure 14B) as the result
of aggregation. Fluorescence quantum yield and lifetime measurements were 0.01 and
7.5 ns, respectively, in water at 5 µM. The oxidation reaction of 2,7-dichlorofluorescein
(DCF) diacetate with singlet oxygen to produce a highly fluorescent 2,7-dichlorofluorescein
was used to monitor SOG efficiency (Figure 14C) wherein singlet oxygen production
was proportional to the DCF concentration and, hence, higher fluorescence intensity;
comparison of fluorescence of DCF in the presence of rotaxane with that of control (non-
rotoxane porphyrin) showed a clear enhancement in SOG (Figure 14D,E). The application
of this system in photodynamic disinfection was demonstrated against Gram-positive and
Gram-negative bacteria.
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Sciano’s group investigated the effect of CB7 on the SOG efficiency of methylene blue
(MB, Figure 15, scheme A), a well-known and well-studied dye utilized for this purpose [55].
They studied the temporal characteristics of the excited MB in free and complexed form
through laser flash photolysis (LFP) and also monitored the NIR luminescence of 1O2. It
was observed that around 2% of MB remained aggregated in micromolar concentrations
(5.8 × 10−6 M), and addition of CB7 would have prevented aggregation, thereby resulting
in higher SOG efficiency.
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However, to the contrary, a slight decrease in NIR luminescence of 1O2 was observed
for MB@CB7 at micromolar concentrations (Figure 15C). Analysis of luminescence decay
at 1280 nm resulting from a 308-nm laser excitation showed a mono-exponential decay
with lifetimes of ~70 µs for the 1O2 for both free and complexed dye. However, there was a
noticeable lag (delay) in its generation and slightly decreased intensity, while ΦSOG only
decreased slightly (0.44) upon complexation compared to the free dye (0.52). This was
deduced to be a kinetic effect, which resulted from the increased energy barrier imposed by
an encapsulating cavitand that ground-state oxygen (3O2) has to overcome to achieve an
energy transfer (quenching) from the 3MB. This provided an opportunity for mechanistic
insight into the singlet oxygen generation processes as quantified by the penetration rate
constant of 2 × 10−8 M−1 S−1. This cavitand-imposed barrier effect that manifested as a
change in kinetic parameter correlated with decreased 1O2 quenching rate constant for
MB@CB7 (2.6 × 10−9 M−1 S−1 vs. 0.9 × 10−9 M−1 S−1).

The use of cavity-containing vesicles constructed with β-cyclodextrin derivatized with
lipophilic sidearms to produce singlet oxygen was demonstrated by Voskuhl et al. [56]
β-CDs derivatized with 7-n-dodecylthiol units on the primary rims and with oligo(ethylene
glycol) was used to prepare the cyclodextrin vesicle (CD-V, Figure 16), which resulted in
100 nm unilamellar bilayer structure. The cavities of CDs in the CD-V served as the host
to encapsulate the adamantyl sidearm tethered to an asymmetric zinc(II) phthalocyanine
dye with adamantyl anchor points (Adm-PC) to function as the sensitizer. Inclusion of the
adamantyl sidearm into the β-CD cavity resulted in the dye clasped to the vesicle through
host–guest inclusion. Disaggregation of the PC structure in vesicles was inferred from the
decreased absorption of the shoulder feature at 620 nm (Figure 16C) and the correlation
between absorption and excitation spectra (Figure 16C,D).
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Figure 16. (A) Adamantyl phthalocyanine (Adm-PC) bound to the surface cavity of CD-V nanoparticle. (B) Formation of
CD-V nanoparticle by tethered CD and representation of overall complexed structure. (C,D) Spectra of free (red) and bound
(black) Adm-PC. (E,F) Monitoring of singlet oxygen generation through spectral changes of ADMADM oxidation and its
plot. Images used with permission from published work [56].

The surface-immobilized dye was determined to be four times more effective (Φ∆ of
0.2 vs. 0.05 for bound vs. free PC) than the free dye for generating singlet oxygen, based on
cycloaddition reaction of generated singlet oxygen with ADMADM (9,10-anthracenediyl-
bis(methylene)dimalonic acid), which is a 1,9-anthracene derivative and functions similar to
ADPA as a probe for singlet oxygen as depicted in Figure 9; comparative study of the same
experiment performed with methylene blue yielded quantum yield of 0.5 (Figure 16E,F).
Increased SOG efficiency was attributed to the reduction in “inactive aggregates” due to the
decrease in aggregation-induced photo-deactivation. This was inferred from the decrease
in intensity of the minor absorption band at 620 nm upon CD immobilization.

Xiong et al. combined the host–guest inclusion phenomenon and nanomolecular
self-assembly to increase the singlet oxygen efficiency of a porphyrin derivative (5-4-
hydoxyphenyl)10,15,20-triphenylporphyrin for intracellular singlet oxygen generation [57].
Favorable binding interaction between carborane (CBn, Figure 17A) and the cavity of
polyethylene (PEG)-functionalized cyclodextrin was self-assembled into a nanoparticle
(NP, Figure 17B) micellar structure, which contained a well-defined cavity to encapsulate
the Hoph-TPOR. The dye encapsulated within the NPs showed a significantly higher
degree of singlet oxygen generation compared to the same dyes in aqueous medium
without the nanoparticle under control conditions. SOG was monitored using the change
in indocyanine green’s (ICG) absorbance as a quantitative measure; reaction between ICG
and singlet oxygen resulted in decreased absorbance due to loss of conjugation.

Comparing the time-dependent loss of ICG absorbance at 780 nm for the nanopar-
ticle solution vs. the control groups showed at least twofold increase in SOG. This was
established to be due to the prevention of aggregation of TPP within the CD nanoparticle,
which increased the efficiency of photosensitization of triplet oxygen; whereas in aqueous
media in control groups aggregation-induced non-radiative deactivation was responsible
for much lower SOG efficiencies. The nanoparticles also prevented the oxidative bleaching
of the dyes, which is often the case when singlet oxygen oxidizes the dye, by preventing
physical contact between the two entities.
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Figure 17. (A) Structure of the components of supramolecular assembly. (B) Process of the self-assembled micellar
nanoparticle. (C) Utility of the porphyrin-embedded nanoparticle in tumor cytotoxicity. Used with permission from
published work [57].

Demonstration of a supramolecular self-assembled and reversing singlet oxygen
sensitizer system was reported by Qin et al. [58]. As visually depicted in Figure 18B the dual-
stage system assembled through platinum-centered coordination chemistry was composed
of a sensitizer porphyrin (Por-D) donor and a dithienylcyclopentene acceptor (DTC-A) that
also acts as a photochromic switch that controlled the on/off sensitizing action. In terms of
their individual photoactivity, porphyrins are excellent singlet oxygen sensitizers while
dithienylcyclopentenes (DTC-A) are known for their reversible, wavelength-dependent
ring-opening/closure reactions; they also serve as an energy acceptor from the donor
porphyrin in its open form (Figure 19).
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Figure 18. (A) Structure of donor and acceptor/switch units in on/off SOG switch. (B) Self-assembled structure and their
photoreversibility, depiction of assembly embedded within nanoparticle and its SOG. (C) Fluorescence response from SOSG
assay of the metallacycle embedded within NPs showing high SOG efficiency with DTC-A in open form (red) compared to
the closed form (blue). (D) Switching between on/off cycle with UV and visible light and their SOG efficiency with SOSG.
Images used with permission from published work [58].
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Figure 19. Energy diagram depicting relative energies of Por-D, DTC-A in open and closed forms
controlling the on/off mode. Images used with permission from published work [58].

In this assembly, the DTC acted to quench the sensitizer in the cyclized (off state) form
through Por-D→ DTC-A energy transfer as the T1 state of DTC in cyclic form is lower
than that of Por. Such energy-transfer quenching could not occur in the open form as the
T1 of open form is higher than that of Por (Figure 19). Due to proximal placement of the
functional entities within the well-defined metallacyclic scaffold, 1O2 generation in the
ring-closed form state of the photochromic switch was quenched by photoinduced energy
transfer, whereas the generation of 1O2 in the ring-open form state was activated upon light
irradiation. The singlet oxygen generation was monitored by SOSG (singlet oxygen sensor
green) fluorescence. The PDT application of this system was achieved by encapsulating
this assembly within a nanoparticle system, which showed good tumor toxicity.

Another supramolecular on/off switch involving a polymeric matrix, which was
designed on the donor/acceptor interaction between porphyrin/dithienylethene assembly,
was constructed by Liu et al. involving the host–guest inclusion process [59]. This strat-
egy also took advantage of the bifurcated energy-transfer cascade depicted in Figure 19,
wherein the photo-dynamics could be directed through optical stimulus. The singlet oxy-
gen sensitizer and energy donor porphyrin (Por-SA) unit was supramolecularly buckled to
the DIET-CD acceptor through host/guest inclusion. The dithienylethene moiety could be
photochemically reversed between the open and the cyclized using visible and UV light
activation (Figure 20). While in the open form, photoexcitation of Por-SA guest at 422 nm
resulted in no energy transfer, and hence its fluorescence was observed at 650 nm (fluores-
cence on state); the unquenched Por-SA is also an excellent SOG sensitizer (on state).

Conversion of the open form to the closed form of DIET-CD through UV light
quenched the Por-SA, which was off state for fluorescence and SOG. Irradiation of the
mixture with visible light reverted the DET closed form back to the open form, which
turned on the SOG production. As can be seen in Figure 20, exposure of the mixture of
the open form (SOG on state) to 254 nm UV light resulted in lower emission with time, as
the open form converted to closed form. This resulted in Por-SA→ DET energy transfer,
which also corresponded to decreased SOG. The SOG was monitored using NIR emission
of singlet oxygen. The cycling between on/off states was demonstrated by monitoring NIR
emission of singlet oxygen with alternating UV and visible light exposure.
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tween two hosts (CB7, CB8) and one PS (toludine blue, TBO+) was demonstrated by Rob-
inson-Duggon et al. [60]. The well-known difference in complex stoichiometry (2:1 for CB8 
and 1:1 for CB7) and the greater preference of the PS to bind to CB8 over CB7 (1.9 × 1014 
M−1, and 5.5 × 106 M−1) were utilized in the design. Dual occupancy of TBO+ guest was the 
off state to aggregation-induced photo-deactivation (Figure 21), whereas singular occu-
pancy within CB7 was the on state for SO generation, especially due to the lack of deacti-
vation and enhanced activity due to cavity-enforced rigidity. The switch started off at an 
off state with the three components in the mixture with just TBO, CB8 and CB7 in the 
medium. At this state, stronger affinity of TBO for CB8 over CB7 resulted in a ternary 
complex formation that self-quenched upon photoexcitation. The PS was activated to the 
on state when a stronger CB8 guest (memantine, Mem) was added to the medium. The turn-
on mechanism involved displacement of the PS by Mem, which resulted in PS@CB7. While in 
the off state (with CB8) the dye showed a 10% decrease in 9,10-anthracenediyl-bis(meth-
ylene)dimalonic acid (ADMADM) fluorescence after 30 min of irradiation, the “on” state re-
duced its emission intensity to near zero (Figure 20). The free dye showed intermediate activ-
ity. 

 

 

Figure 20. Structure of DIET-CD host (A) and porphyrin guest (C). (B) Photochromic switch dynamics based on the
host–guest polymer formation and FRET process and alternating between on/off states with visible/UV lights. (D) Change
in fluorescence over time when open form is exposed to UV light. (E) Switching between the states as monitored through
1283 nm singlet oxygen phosphorescence. Images used with permission from published work [59].

An on-off switch based on manipulating the host/guest inclusion equilibrium between
two hosts (CB7, CB8) and one PS (toludine blue, TBO+) was demonstrated by Robinson-
Duggon et al. [60]. The well-known difference in complex stoichiometry (2:1 for CB8 and
1:1 for CB7) and the greater preference of the PS to bind to CB8 over CB7 (1.9 × 1014 M−1,
and 5.5 × 106 M−1) were utilized in the design. Dual occupancy of TBO+ guest was the off
state to aggregation-induced photo-deactivation (Figure 21), whereas singular occupancy
within CB7 was the on state for SO generation, especially due to the lack of deactivation and
enhanced activity due to cavity-enforced rigidity. The switch started off at an off state with
the three components in the mixture with just TBO, CB8 and CB7 in the medium. At this
state, stronger affinity of TBO for CB8 over CB7 resulted in a ternary complex formation that
self-quenched upon photoexcitation. The PS was activated to the on state when a stronger
CB8 guest (memantine, Mem) was added to the medium. The turn-on mechanism involved
displacement of the PS by Mem, which resulted in PS@CB7. While in the off state (with
CB8) the dye showed a 10% decrease in 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ADMADM) fluorescence after 30 min of irradiation, the “on” state reduced its emission
intensity to near zero (Figure 20). The free dye showed intermediate activity.
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Yan et al. constructed an entire supramolecularly assembled nanoparticle mediated 
by host–guest interaction and used it to generate singlet oxygen for PDT [61]. The self-
assembled structure was constructed based on a very simple idea of developing a supra-
molecular network between calixarene-tethered porphyrin (CA-POR), which contained 
the sensitizing unit, and macromolecular host; they used biviologen derivatives as the 

Figure 21. (A) The turn on/off of TBO affected through cavitand complexation and competitive guest Mem. (B) Fluorescence
of ADMADM used to monitor SOG generated when TBO+ is exposed to light in the absence of any CBs (red), in the presence
of 10.25 eq. of CB7 (dark blue squares) and 8.1 eq. of CB8 (light blue triangle). Images used with permission from published
work [60].

Yan et al. constructed an entire supramolecularly assembled nanoparticle medi-
ated by host–guest interaction and used it to generate singlet oxygen for PDT [61]. The
self-assembled structure was constructed based on a very simple idea of developing a
supramolecular network between calixarene-tethered porphyrin (CA-POR), which con-
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tained the sensitizing unit, and macromolecular host; they used biviologen derivatives as
the linker (Figure 22) that attached to the host through host–guest inclusion interaction
to result in a self-assembled nanoparticle. The size and morphology of the photoactive
NP matrix was controlled with the size of the linkers; with the right choice of linker (one
example shown herein) the macromolecular sizes of the NPs were varied between 100
and 600 nm. Study of host–guest interaction based on spectroscopic Job’s plot analysis
indicated that the cation–π interaction between the CA host and viologen guests is the
primary sustaining force for the NP assembly. The utility of these nanoparticles as efficient
PDT agents was demonstrated through their cytotoxicity toward HeLa cells. As shown in
Figure 22, the nanoparticles showed good biocompatibility as negligible cell death occurred
in the dark (black triangle), whereas a contrasting effect was observed when they were
exposed to 633 nm visible light (red triangle), where more than 50% cell death was noticed
in 60 min.
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Figure 22. Formation of nanoparticle through supramolecular inclusion of azo diphenyl guest and CA-POR. Cytotoxic
effect of the NP nanoparticle through its SOG efficiency. Image used with permission from published work [61].

A supramolecularly controlled on/off PS system was designed by Yuan et al. [62] that
self-terminated after a PDT cycle, which is advantageous in minimizing dark toxicity of
PSs (Figure 23). A BODIPY (BO-1) dye was used for this purpose, which showed enhanced
SOG efficiency when included in CB7, compared to the free dye in aqueous solution.
Strong binding was observed (1.46 × 106 M−1) with CB7 for 1:1 complex. Laser flash
photolysis measurements showed that the complexed BO-1 was long-lived (81.6 ms) in the
triplet state compared to the free PS (68.6 ms). The prolonged lifetime of the triplet state
enabled increased energy/electron transfer to O2, thus improving SOG, as evidenced using
DCFH’s fluorescence as probe for monitoring singlet oxygen. The increased lifetime was
presumably due to conferred rigidity, which reduces T1 → S0 ISC, or electronic quenching.
Photobleaching of the dye was also studied by the researchers, wherein the CB7 complex
underwent faster complete photobleaching (3 min) compared to the free dye (10 min). The
increased photobleaching rate was attributed to both the higher ROS concentration in the
medium for PS@CB7 as well as the increased oxidizability of bound dye as deduced from
cyclic voltammetry, which showed decreased oxidation potential for the second step that
was lowered by 51 mV.
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Figure 23. (A) Enhancement of SOG for BODIPY dye (BO-1) enhanced upon binding to CB7. (B) Fluorescence of DCHF
increase used to monitor SOG for free and bound BO-1. (C) Photobleaching trend based on DCHF fluorescence indicating
self-termination of the dye. (D) Triplet lifetimes of free (left) and complexed (right) BO-1. Image used with permission from
published work [62].

A simple case of supramolecular confinement of the PS and a “heavy atom effect”
promoter to enhance SOG efficiency was demonstrated by Naim et al. [63]. As formation
of the triplet state of the PS is essential for SOG, improving the S1 → T1 rates should
increase quantum yield (Φ∆) of SOG. In this case, a BODIPY (BO-1) dye with low Φ∆ (0.04)
was converted into an efficient generator by supramolecular confinement, enforcing its
co-occupation with iodine-containing hydrocarbons (Figure 24). Nanocomposites of BO-1
and tetraiodoethylene (TIE) were incorporated within matrices of the natural polymer
chitosan using the ionic-gelation approach. Irradiation of the nanocomposite in the presence
of dihydroxynaphthalene (SOG monitor) showed a clear increase in SOG efficiency as
evidenced through UV/Vis spectral changes representing formation of the corresponding
naphthoquinone (juglone) at 425 nm, which increased in intensity while that of DHN at
335 nm decreased. The enhancement of SOG was attributed to the well-known heavy atom
effect of large atoms, in this case the proximally placed iodines in TIE, which would have
increased the ISC rate of BODIPY through spin orbit coupling.
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and its reaction with DHN for monitoring. (D) Change in DHN and juglone mixture absorbance (signal from other species
subtracted) with time for monitoring SOG. Image used with permission from published work [63].
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The construction and use of a donor/acceptor supramolecular system for SOG acti-
vated by two-photon absorption for medical applications was reported by Raymo’s group
(Figure 25) [64].
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oxygen sensitization. (B) Emission spectra of nanoparticles containing donor and acceptor as emission of acceptor BO-2
observed upon excitation of donor DPA (a,b). Emission intensity of donor DPA corresponding to spectra (c,d), which
decrease in presence of acceptor. (C) NIR emission of singlet oxygen generated when both donor and acceptor are present
(e) vs. when only donor (g) or acceptor (f) is present. Image used with permission from published work [64].

Two-photon chromophorism is less common but offers tremendous advantage for
medical applications due to the tissue transparency, as the wavelength of light required for
photoexcitation is significantly higher (typically above 600 nm). The donor/acceptor duo
were chosen based on their spectral matching. The co-encapsulation of 9,10-disubstituted
anthracene donor (DPA) along with BODIPYs (BO-2s) acceptor within the polymer ma-
trix yielded a highly efficient singlet oxygen generator as monitored through its direct
phosphorescence. The energy transfer from the donor to acceptor was evident through
the dramatically enhanced fluorescence of the acceptor upon photoexcitation of the donor,
corresponding to the decrease in intensity of the donor compared to its individual activity.
This also correlated with the phosphorescence observed in the NIR region for singlet oxy-
gen. The medical application of this system was demonstrated through their cytotoxicity
toward the aggressive cervical cancer HeLa cells.

Photochemical dyads of covalently linked donor/acceptor units for influencing energy
or electron transfer steps have been used for increasing the SOG efficiency of sensitiz-
ers [65–68]. Dyads are molecular constructs designed to perform specific functions by
integrating two independently active units. The independent chemical units are integrated
to produce a desired chemical function, such as an antenna chromophore that captures
energy (photon) and efficiently transfers it (ET) to a metal complex capable of splitting
water (2H2O→ 2H2 + O2) [69]. Examples of dyads with C60 as one of the dyad components
have been constructed as it improves triplet lifetimes of the sensitizing unit through in-
creased ISC rates resulting from energy or electron transfer [66,70–72]. The supramolecular
equivalent of such a strategy was explored by Ooyama et al. [73]. A porphyrin-containing
molecular dimeric host was constructed, which was capable of encapsulating the C60 guest;
with the porphyrin host being the sensitizer and C60 serving as electron/energy-transfer
agent, it was expected that the resulting complex would also show increased singlet oxygen
efficiency. However, to the contrary, the dimeric host sensitizer alone without the guest
complexed showed a higher quantum yield of SOG (0.62) compared to the C60 complex
(0.52). Though this was unexpected, the study of the photo-dynamics of the free host and
the complex showed that photoexcitation resulted in a fully charge-separated state from
the excited singlet state, instead of its transition to the triplet state (Figure 26B), which
reduces its ability to act as a PS. The difference in SOG efficiencies was noticeable through
absorbance changes in the DHN conversion to juglone (Figure 26C).
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Image used with permission from published work [73].

The use of cavitands in influencing oxidation reaction outcomes in terms of reactivity
and selectivity was explored by Ramamurthy’s group [74]. Of particular value is the ene
reactions studied within the octa acid host. The “ene reaction” of singlet oxygen with a
reactant that contains multiple allylic hydrogen, such as 1-methyl cyclohexene, would
result in at least three allylic hydroperoxides in homogeneous media. However, oxidation
of methyl cyclohexene encapsulated within octa acid (OA) resulted in one isomeric product
as the predominantly major product.

Based on in-depth supramolecular analysis involving 2-D NMR experiments it was
deduced that the regioselectivity in the reaction is due to the structurally specific inclusion
of methyl cyclohexene within the OA cavity. The methyl group binds to the cavity facing
inward toward the narrow end of OA, and OA is a dimeric host, as depicted in Figure 27.
As the singlet oxygen enters the cavity, the first allylic hydrogen it is able to abstract is the
c-hydrogen (reactant in Figure 27A and red hydrogens in Figure 27B). The resulting allyl
radical rearranges to the tertiary radical, which couples with the oxygen radical to produce
the tertiary allyl peroxide almost exclusively.
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4. Conclusions

The instances of SOG systems outlined in this paper presented various approaches to
influencing the photophysics of photosensitizers and energy-transfer events that influence
the efficiency of this process. In all these cases, it was evident that the non-covalent
interaction afforded by cavitands and other supramolecular components are very useful
in manipulating the photo-dynamics of singlet oxygen generation. Be it enhancing the
inherent quantum yield of SOG, or switching activity on/off on demand, or complete
self-termination of the sensitizer itself after an SOG cycle for medical applications, the
supramolecular approach provides a great degree of control to exploit the excited- and
ground-state dynamics of the process. These are achieved through approaches such as
sensitizer aggregation/disaggregation, manipulation of energy/electron transfer between
donor/acceptor systems, perturbation of ISC rates with spin orbit coupling, dictating
PS ambient oxygen interaction, etc. The various aspects of SOG are addressed without
covalently modifying the sensitizer, which is convenient and efficient. The review also
highlighted the creative ways with which chemists have tuned the efficiency of this reaction
and used it for practical purposes. It is expected that the supramolecular approach to
affecting SOG will find commercial use in the near future and more such creative uses of
supramolecular chemistry will be explored.

Author Contributions: Conceptualization, M.P., and A.K.; methodology, M.P. and A.K.; software,
M.P., V.R. and E.R.; resources, M.P., A.K., V.R. and E.R.; data curation, A.K., E.R. and V.R.; writing—
original draft preparation, M.P. and A.K.; writing—review and editing, M.P., E.R. and V.R.; visualiza-
tion, M.P., A.K., V.R. and E.R.; supervision, M.P.; project administration, M.P.; funding acquisition,
M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This review results partly from the project funded by Nebraska Department of Economic
Development/Shabri LLC (Contract# 20-01-030). The corresponding author’s scholarly activity was
supported by the National Institute of General Medical Science of the National Institutes of Health
(NIH) under award number GM103427. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health.

Acknowledgments: M.P. thanks UNK’s OURCA and OSP for supporting and fostering research culture.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Turro, N.J. Modern Molecular Photochemistry; Addison-Wesley Publishing Co.: Boston, MA, USA, 1978; p. 628.
2. Ogilby, P.R. Symposium-in-print: Singlet oxygen singlet oxygen-introduction. Photochem. Photobiol. 2006, 82, 1133–1135.

[CrossRef]
3. Wayne, R.P. Singlet molecular oxygen. Advan. Photochem. 1969, 7, 311–371.
4. Greer, A. Christopher Foote’s Discovery of the Role of Singlet Oxygen [1O2 (1∆g)] in Photosensitized Oxidation Reactions. Acc.

Chem. Res. 2006, 39, 797–804. [CrossRef] [PubMed]
5. Krumova, K.; Cosa, G. Overview of reactive oxygen species. Compr. Ser. Photochem. Photobiol. Sci. 2016, 13, 3–21.
6. Khan, A.U.; Kasha, M. Singlet molecular oxygen evolution upon simple acidification of aqueous hypochlorite: Application

to studies on the deleterious health effects of chlorinated drinking water. Proc. Natl. Acad. Sci. USA 1994, 91, 12362–12364.
[CrossRef] [PubMed]

7. Blazquez-Castro, A. Direct 1O2 optical excitation: A tool for redox biology. Redox Biol. 2017, 13, 39–59. [CrossRef] [PubMed]
8. Schmidt, R. Photosensitized generation of singlet oxygen. Photochem. Photobiol. 2006, 82, 1161–1177. [CrossRef]
9. Triantaphylides, C.; Havaux, M. Singlet oxygen in plants: Production, detoxification and signaling. Trends Plant Sci. 2009, 14,

219–228. [CrossRef]
10. Khan, A.U.; Pitts, J.N.; Smith, E.B. Singlet oxygen in the environmental sciences. Role of singlet molecular oxygen in the

production of photochemical air pollution. Environ. Sci. Technol. 1967, 1, 656–657. [CrossRef]
11. Dmitrieva, V.A.; Tyutereva, E.V.; Voitsekhovskaja, O.V. Singlet Oxygen in Plants: Generation, Detection, and Signaling Roles. Int.

J. Mol. Sci. 2020, 21, 3237. [CrossRef]
12. Stief, T.W. The physiology and pharmacology of singlet oxygen. Med. Hypotheses 2003, 60, 567–572. [CrossRef]
13. Chilakamarthi, U.; Giribabu, L. Photodynamic Therapy: Past, Present and Future. Chem. Rec. 2017, 17, 775–802. [CrossRef]
14. Darlenski, R.; Fluhr, J.W. Photodynamic therapy in dermatology: Past, present, and future. J. Biomed. Opt. 2013, 18, 061208.

[CrossRef]

http://doi.org/10.1562/2006-06-19-RA-936
http://doi.org/10.1021/ar050191g
http://www.ncbi.nlm.nih.gov/pubmed/17115719
http://doi.org/10.1073/pnas.91.26.12362
http://www.ncbi.nlm.nih.gov/pubmed/7809041
http://doi.org/10.1016/j.redox.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28570948
http://doi.org/10.1562/2006-03-03-IR-833
http://doi.org/10.1016/j.tplants.2009.01.008
http://doi.org/10.1021/es60008a003
http://doi.org/10.3390/ijms21093237
http://doi.org/10.1016/S0306-9877(03)00026-4
http://doi.org/10.1002/tcr.201600121
http://doi.org/10.1117/1.JBO.18.6.061208


Molecules 2021, 26, 2673 21 of 23

15. Tandon, Y.K.; Yang, M.F.; Baron, E.D. Role of photodynamic therapy in psoriasis: A brief review. Photodermatol. Photoimmunol.
Photomed. 2008, 24, 222–230. [CrossRef] [PubMed]

16. Bruschi, M.L.; Bassi da Silva, J.; Rosseto, H.C. Photodynamic Therapy of Psoriasis Using Photosensitizers of Vegetable Origin.
Curr. Pharm. Des. 2019, 25, 2279–2291. [CrossRef]

17. Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel,
D.; et al. Photodynamic therapy of cancer: An update. CA: Cancer J. Clin. 2011, 61, 250–281. [CrossRef] [PubMed]

18. El-Hussein, A.; Manoto, S.L.; Ombinda-Lemboumba, S.; Alrowaili, Z.A.; Mthunzi-Kufa, P. A Review of Chemotherapy and
Photodynamic Therapy for Lung Cancer Treatment. AntiCancer Agents Med. Chem. 2021, 21, 149–161. [CrossRef]

19. Nseyo, U.O. Photodynamic therapy in the management of bladder cancer. J. Clin. Laser Med. Surg 1996, 14, 271–280. [CrossRef]
20. van den Bergh, H. Photodynamic therapy of age-related macular degeneration: History and principles. Semin. Ophthalmol. 2001,

16, 181–200. [CrossRef]
21. Floyd, R.A.; Schneider, J.E.; Dittmer, D.P. Methylene blue photoinactivation of RNA viruses. Antivir. Res. 2004, 61, 141–151.

[CrossRef]
22. Garcia-Fresnadillo, D. Singlet oxygen photosensitizing materials for point-of-use water disinfection with solar reactors. ChemPho-

toChem 2018, 2, 512–534. [CrossRef]
23. Ghogare, A.A.; Greer, A. Using Singlet Oxygen to Synthesize Natural Products and Drugs. Chem. Rev. 2016, 116, 9994–10034.

[CrossRef]
24. Isomura, M. Singlet oxygen for organic syntheses: Novel approaches for scale-up. Yuki Gosei Kagaku Kyokaishi 2010, 68, 262–263.

[CrossRef]
25. Nardello-Rataj, V.; Alsters, P.L.; Aubry, J.-M. Industrial Prospects for the Chemical and Photochemical Singlet Oxygenation of Organic

Compounds; Wiley-VCH GmbH & Co. KGaA: Weinheim, Germany, 2016; pp. 369–395.
26. Stephenson, L.M. Recent Experimental Developments in the Singlet Oxygen Ene Reaction with Olefins; Academic Press: Cambridge,

MA, USA, 1981; pp. 371–378.
27. Stephenson, L.M.; Grdina, M.J.; Orfanopoulos, M. Mechanism of the ene reaction between singlet oxygen and olefins. Acc. Chem.

Res. 1980, 13, 419–425. [CrossRef]
28. Adam, W.; Saha-Moller, C.R.; Schambony, S.B.; Schmid, K.S.; Wirth, T. Stereocontrolled photooxygenations-a valuable synthetic

tool. Photochem. Photobiol. 1999, 70, 476–483. [CrossRef]
29. Clennan, E.L. Overview of the chemical reactions of singlet oxygen. Compr. Ser. Photochem. Photobiol. Sci. 2016, 13, 353–367.
30. Clennan, E.L.; Pace, A. Advances in singlet oxygen chemistry. Tetrahedron 2005, 61, 6665–6691. [CrossRef]
31. Velez-Pena, E.; Perez-Obando, J.; Pais-Ospina, D.; Marin-Silva, D.A.; Pinotti, A.; Canneva, A.; Donadelli, J.A.; Damonte, L.; Pizzio,

L.R.; Osorio-Vargas, P.; et al. Self-cleaning and antimicrobial photo-induced properties under indoor lighting irradiation of
chitosan films containing Melon/TiO2 composites. Appl. Surf. Sci. 2020, 508, 144895. [CrossRef]

32. Sunday, M.O.; Sakugawa, H. A simple, inexpensive method for gas-phase singlet oxygen generation from sensitizer-impregnated
filters: Potential application to bacteria/virus inactivation and pollutant degradation. Sci. Total Environ. 2020, 746, 141186.
[CrossRef]

33. Belousova, I.M.; Danilov, O.B.; Kiselev, V.M.; Mak, A.A. Conversion of solar energy to laser beam by fullerene-oxygen-iodine
laser. Proc. SPIE 2011, 7822, 78220N/1–78220N/5.

34. Flors, C.; Griesbeck, A.G.; Vassilikogiannakis, G. Singlet Oxygen: Chemistry, Applications and Challenges Ahead. ChemPhotoChem
2018, 2, 510–511. [CrossRef]

35. Torring, T.; Helmig, S.; Ogilby, P.R.; Gothelf, K.V. Singlet oxygen in DNA nanotechnology. Acc. Chem. Res. 2014, 47, 1799–1806.
[CrossRef] [PubMed]

36. Ogilby, P.R. Singlet oxygen: There is indeed something new under the sun. Chem. Soc. Rev. 2010, 39, 3181–3209. [CrossRef]
37. Shen, Y.; Shuhendler, A.J.; Ye, D.; Xu, J.-J.; Chen, H.-Y. Two-photon excitation nanoparticles for photodynamic therapy. Chem. Soc.

Rev. 2016, 45, 6725–6741. [CrossRef]
38. Ogilby, P.R. Solvent effects on the radiative transitions of singlet oxygen. Acc. Chem. Res. 1999, 32, 512–519. [CrossRef]
39. Bregnhoej, M.; Westberg, M.; Minaev, B.F.; Ogilby, P.R. Singlet Oxygen Photophysics in Liquid Solvents: Converging on a Unified

Picture. Acc. Chem. Res. 2017, 50, 1920–1927. [CrossRef]
40. Wang, K.-K.; Song, S.; Jung, S.-J.; Hwang, J.-W.; Kim, M.-G.; Kim, J.-H.; Sung, J.; Lee, J.-K.; Kim, Y.-R. Lifetime and diffusion

distance of singlet oxygen in air under everyday atmospheric conditions. Phys. Chem. Chem. Phys. 2020, 22, 21664–21671.
[CrossRef]

41. You, Y. Chemical tools for the generation and detection of singlet oxygen. Org. Biomol. Chem. 2018, 16, 4044–4060. [CrossRef]
[PubMed]

42. Ramamurthy, V.; Inoue, Y. (Eds.) Supramolecular Photochemistry: Controlling Photochemical Processes; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2011; p. 623.

43. Balzani, V.; Credi, A. Supramolecular photochemistry: Recent advances. Nato. Asi. Ser. 1996, 485, 163–177.
44. Dodziuk, H. (Ed.) Cyclodextrins and Their Complexes; Wiley-VCH GmbH & Co. KGaA: Weinheim, Germany, 2008; p. 489.
45. Szejtli, J.; Osa, T. (Eds.) Comprehensive Supramolecular Chemistry. In Cyclodextrins; Pergamon: Oxford, UK, 1996; Volume 3,

p. 693.

http://doi.org/10.1111/j.1600-0781.2008.00376.x
http://www.ncbi.nlm.nih.gov/pubmed/18811862
http://doi.org/10.2174/1381612825666190618122024
http://doi.org/10.3322/caac.20114
http://www.ncbi.nlm.nih.gov/pubmed/21617154
http://doi.org/10.2174/1871520620666200403144945
http://doi.org/10.1089/clm.1996.14.271
http://doi.org/10.1076/soph.16.4.181.10299
http://doi.org/10.1016/j.antiviral.2003.11.004
http://doi.org/10.1002/cptc.201800062
http://doi.org/10.1021/acs.chemrev.5b00726
http://doi.org/10.5059/yukigoseikyokaishi.68.262
http://doi.org/10.1021/ar50155a006
http://doi.org/10.1111/j.1751-1097.1999.tb08241.x
http://doi.org/10.1016/j.tet.2005.04.017
http://doi.org/10.1016/j.apsusc.2019.144895
http://doi.org/10.1016/j.scitotenv.2020.141186
http://doi.org/10.1002/cptc.201800120
http://doi.org/10.1021/ar500034y
http://www.ncbi.nlm.nih.gov/pubmed/24712829
http://doi.org/10.1039/b926014p
http://doi.org/10.1039/C6CS00442C
http://doi.org/10.1021/ar980005p
http://doi.org/10.1021/acs.accounts.7b00169
http://doi.org/10.1039/D0CP00739K
http://doi.org/10.1039/C8OB00504D
http://www.ncbi.nlm.nih.gov/pubmed/29717312


Molecules 2021, 26, 2673 22 of 23

46. Kim, K.; Murray, J.; Selvapalam, N.; Ko, Y.H.; Hwang, I. Cucurbiturils: Chemistry, Supramolecular Chemistry and Applications; World
Scientific Publishing Europe Ltd.: Singapore, 2018; p. 264.

47. Nau, W.M.; Scherman, O.A. (Eds.) Cucurbiturils; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2011; p. 186.
48. Sliwa, W.; Kozlowski, C. (Eds.) Calixarenes and Resorcinarenes Synthesis, Properties and Applications; John Wiley & Sons, Inc.:

Hoboken, NJ, USA, 2009; p. 316.
49. Ramamurthy, V. Photochemistry within a Water-Soluble Organic Capsule. Acc. Chem. Res. 2015, 48, 2904–2917. [CrossRef]

[PubMed]
50. Wang, X.Q.; Lei, Q.; Zhu, J.Y.; Wang, W.J.; Cheng, Q.; Gao, F.; Sun, Y.X.; Zhang, X.Z. Cucurbit[8]uril Regulated Activatable

Supramolecular Photosensitizer for Targeted Cancer Imaging and Photodynamic Therapy. ACS Appl. Mater. Interfaces 2016, 8,
22892–22899. [CrossRef] [PubMed]

51. Liu, Y.; Huang, Z.; Liu, K.; Kelgtermans, H.; Dehaen, W.; Wang, Z.; Zhang, X. Porphyrin-containing hyperbranched supramolecu-
lar polymers: Enhancing 1O2-generation efficiency by supramolecular polymerization. Polym. Chem. 2014, 5, 53–56. [CrossRef]

52. Leng, X.; Choi, C.-F.; Luo, H.-B.; Cheng, Y.-K.; Ng, D.K.P. Host-Guest Interactions of 4-Carboxyphenoxy Phthalocyanines and
β-Cyclodextrins in Aqueous Media. Org. Lett. 2007, 9, 2497–2500. [CrossRef]

53. Liu, K.; Liu, Y.; Yao, Y.; Yuan, H.; Wang, S.; Wang, Z.; Zhang, X. Supramolecular photosensitizers with enhanced antibacterial
efficiency. Angew. Chem. Int. Ed. Engl. 2013, 52, 8285–8289. [CrossRef] [PubMed]

54. Ozkan, M.; Keser, Y.; Hadi, S.E.; Tuncel, D. A [5]rotaxane-based photosensitizer for photodynamic therapy. Eur. J. Org. Chem.
2019, 2019, 3534–3541. [CrossRef]

55. Gonzalez-Bejar, M.; Montes-Navajas, P.; Garcia, H.; Scaiano, J.C. Methylene Blue Encapsulation in Cucurbit[7]uril: Laser Flash
Photolysis and Near-IR Luminescence Studies of the Interaction with Oxygen. Langmuir 2009, 25, 10490–10494. [CrossRef]
[PubMed]

56. Voskuhl, J.; Kauscher, U.; Gruener, M.; Frisch, H.; Wibbeling, B.; Strassert, C.A.; Ravoo, B.J. A soft supramolecular carrier with
enhanced singlet oxygen photosensitizing properties. Soft Matter. 2013, 9, 2453–2457. [CrossRef]

57. Xiong, H.; Zhou, D.; Zheng, X.; Qi, Y.; Wang, Y.; Jing, X.; Huang, Y. Stable amphiphilic supramolecular self-assembly based on
cyclodextrin and carborane for the efficient photodynamic therapy. Chem. Commun. 2017, 53, 3422–3425. [CrossRef] [PubMed]

58. Qin, Y.; Chen, L.-J.; Dong, F.; Jiang, S.-T.; Yin, G.-Q.; Li, X.; Tian, Y.; Yang, H.-B. Light-Controlled Generation of Singlet Oxygen
within a Discrete Dual-Stage Metallacycle for Cancer Therapy. J. Am. Chem. Soc. 2019, 141, 8943–8950. [CrossRef] [PubMed]

59. Liu, G.; Xu, X.; Chen, Y.; Wu, X.; Wu, H.; Liu, Y. A highly efficient supramolecular photoswitch for singlet oxygen generation in
water. Chem. Commun. 2016, 52, 7966–7969. [CrossRef]

60. Robinson-Duggon, J.; Perez-Mora, F.; Valverde-Vasquez, L.; Cortes-Arriagada, D.; De la Fuente, J.R.; Gunther, G.; Fuentealba, D.
Supramolecular Reversible On-Off Switch for Singlet Oxygen Using Cucurbit[n]uril Inclusion Complexes. J. Phys. Chem. C 2017,
121, 21782–21789. [CrossRef]

61. Yan, H.; Pan, X.; Chua, M.H.; Wang, X.; Song, J.; Ye, Q.; Zhou, H.; Xuan, A.T.Y.; Liu, Y.; Xu, J. Self-assembled supramolecular
nanoparticles mediated by host-guest interactions for photodynamic therapy. RSC Adv. 2014, 4, 10708–10717. [CrossRef]

62. Yuan, B.; Wu, H.; Wang, H.; Tang, B.; Xu, J.F.; Zhang, X. A Self-Degradable Supramolecular Photosensitizer with High Photody-
namic Therapeutic Efficiency and Improved Safety. Angew Chem. Int. Ed. 2021, 60, 706–710. [CrossRef] [PubMed]

63. Naim, K.; Nair, S.T.; Yadav, P.; Shanavas, A.; Neelakandan, P.P. Supramolecular Confinement within Chitosan Nanocomposites
Enhances Singlet Oxygen Generation. ChemPlusChem 2018, 83, 418–422. [CrossRef]

64. Swaminathan, S.; Fowley, C.; Thapaliya, E.R.; McCaughan, B.; Tang, S.; Fraix, A.; Captain, B.; Sortino, S.; Callan, J.F.; Raymo, F.M.
Supramolecular nanoreactors for intracellular singlet-oxygen sensitization. Nanoscale 2015, 7, 14071–14079. [CrossRef] [PubMed]

65. Ozturk, E.; Eserci, H.; Okutan, E. Perylenebisimide-fullerene dyads as heavy atom free triplet photosensitizers with unique
singlet oxygen generation efficiencies. J. Photochem. Photobiol. A 2019, 385, 112022. [CrossRef]

66. Huang, L.; Yu, X.; Wu, W.; Zhao, J. Styryl Bodipy-C60 Dyads as Efficient Heavy-Atom-Free Organic Triplet Photosensitizers. Org.
Lett. 2012, 14, 2594–2597. [CrossRef]

67. Blacha-Grzechnik, A.; Krzywiecki, M.; Motyka, R.; Czichy, M. Electrochemically polymerized terthiopehene-C60 dyads for the
photochemical generation of singlet oxygen. J. Phys. Chem. C 2019, 123, 25915–25924. [CrossRef]

68. Agazzi, M.L.; Durantini, J.E.; Gsponer, N.S.; Durantini, A.M.; Bertolotti, S.G.; Durantini, E.N. Light-harvesting antenna and
proton-activated photodynamic effect of a novel BODIPY-fullerene C60 dyad as potential antimicrobial agent. ChemPhysChem
2019, 20, 1110–1125. [CrossRef]

69. Meyer, G.J. Antenna molecule drives solar hydrogen generation. Proc. Natl. Acad. Sci. USA 2015, 112, 9146–9147. [CrossRef]
[PubMed]

70. Milanesio, M.E.; Alvarez, M.G.; Rivarola, V.; Silber, J.J.; Durantini, E.N. Porphyrin-fullerene C60 dyads with high ability to form
photoinduced charge-separated state as novel sensitizers for photodynamic therapy. Photochem. Photobiol. 2005, 81, 891–897.
[CrossRef]

71. Kamkaew, A.; Lim, S.H.; Lee, H.B.; Kiew, L.V.; Chung, L.Y.; Burgess, K. BODIPY dyes in photodynamic therapy. Chem. Soc. Rev.
2013, 42, 77–88. [CrossRef] [PubMed]

72. Huang, L.; Cui, X.; Therrien, B.; Zhao, J. Energy-Funneling-Based Broadband Visible-Light-Absorbing Bodipy-C60 Triads and
Tetrads as Dual Functional Heavy-Atom-Free Organic Triplet Photosensitizers for Photocatalytic Organic Reactions. Chem. Eur. J.
2013, 19, 17472–17482. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.accounts.5b00360
http://www.ncbi.nlm.nih.gov/pubmed/26488308
http://doi.org/10.1021/acsami.6b07507
http://www.ncbi.nlm.nih.gov/pubmed/27513690
http://doi.org/10.1039/C3PY01036H
http://doi.org/10.1021/ol070888x
http://doi.org/10.1002/anie.201303387
http://www.ncbi.nlm.nih.gov/pubmed/23804550
http://doi.org/10.1002/ejoc.201900278
http://doi.org/10.1021/la9011923
http://www.ncbi.nlm.nih.gov/pubmed/19735127
http://doi.org/10.1039/c2sm27353e
http://doi.org/10.1039/C6CC10059G
http://www.ncbi.nlm.nih.gov/pubmed/28211930
http://doi.org/10.1021/jacs.9b02726
http://www.ncbi.nlm.nih.gov/pubmed/31088049
http://doi.org/10.1039/C6CC02996E
http://doi.org/10.1021/acs.jpcc.7b07736
http://doi.org/10.1039/C3RA48064J
http://doi.org/10.1002/anie.202012477
http://www.ncbi.nlm.nih.gov/pubmed/32978887
http://doi.org/10.1002/cplu.201800041
http://doi.org/10.1039/C5NR02672E
http://www.ncbi.nlm.nih.gov/pubmed/26238536
http://doi.org/10.1016/j.jphotochem.2019.112022
http://doi.org/10.1021/ol3008843
http://doi.org/10.1021/acs.jpcc.9b06101
http://doi.org/10.1002/cphc.201900181
http://doi.org/10.1073/pnas.1511569112
http://www.ncbi.nlm.nih.gov/pubmed/26199420
http://doi.org/10.1562/2005-01-24-RA-426R.1
http://doi.org/10.1039/C2CS35216H
http://www.ncbi.nlm.nih.gov/pubmed/23014776
http://doi.org/10.1002/chem.201302492
http://www.ncbi.nlm.nih.gov/pubmed/24318269


Molecules 2021, 26, 2673 23 of 23

73. Ooyama, Y.; Enoki, T.; Ohshita, J.; Kamimura, T.; Ozako, S.; Koide, T.; Tani, F. Singlet oxygen generation properties of an inclusion
complex of cyclic free-base porphyrin dimer and fullerene C60. RSC Adv. 2017, 7, 18690–18695. [CrossRef]

74. Natarajan, A.; Kaanumalle, L.S.; Jockusch, S.; Gibb, C.L.; Gibb, B.C.; Turro, N.J.; Ramamurthy, V. Controlling photoreactions with
restricted spaces and weak intermolecular forces: Exquisite selectivity during oxidation of olefins by singlet oxygen. J. Am. Chem.
Soc. 2007, 129, 4132–4133. [CrossRef] [PubMed]

http://doi.org/10.1039/C7RA02699D
http://doi.org/10.1021/ja070086x
http://www.ncbi.nlm.nih.gov/pubmed/17362015

	Introduction 
	Singlet Oxygen Background 
	Stability, Detection and Quantification of Singlet Oxygen 
	Sensitized Singlet Oxygen Generation 
	Host–Guest Chemistry and Nano-Containers 

	Supramolecular Approaches to Singlet Oxygen Generation 
	Conclusions 
	References

