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ABSTRACT: Singlet molecular oxygen ('O,) has been reported
in wide arrays of applications ranging from optoelectronic to
photooxygenation reactions and therapy in biomedical proposals.
It is also considered a major determinant of photodynamic therapy
(PDT) efficacy. Since the direct excitation from the triplet ground
state (?0,) of oxygen to the singlet excited state 'O, is spin
forbidden; therefore, a rational design and development of
heterogeneous sensitizers is remarkably important for the efficient
production of 'O,. For this purpose, quantum dots (QDs) have
emerged as versatile candidates either by acting individually as
sensitizers for 'O, generation or by working in conjunction with
other inorganic materials or organic sensitizers by providing them a
vast platform. Thus, conjoining the photophysical properties of
QDs with other materials, e.g., coupling/combining with other inorganic materials, doping with the transition metal ions or
lanthanide ions, and conjugation with a molecular sensitizer provide the opportunity to achieve high-efficiency quantum yields of
'0, which is not possible with either component separately. Hence, the current review has been focused on the recent advances
made in the semiconductor QDs, perovskite QDs, and transition metal dichalcogenide QD-sensitized 'O, generation in the context
of ongoing and previously published research work (over the past eight years, from 2015 to 2023).
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1. INTRODUCTION

Singlet molecular oxygen ['O, ( 1Ag)] , interchangeably written
as '0,, is the lowest excited state oxygen of the triplet molecular
oxygen ground state [0, (32; )], whichis a gotent electrophilic,
highly reactive, and short-lived species.'™* The activation of
triplet molecular oxygen was initially reported by Kautsky in
1938 while working with the photo-oxidation of fluorescence
dyes where activated oxygen was produced.” In 1960, Seliger
detected the generation of activated oxygen in the form of faint
red light emitted from a mixture of sodium hypochlorite and
hydrogen peroxide with a low-resolution photomultiplier.'® The
faint red light was later validated by Khan and Kasha in 1963 by
photographing chemiluminescence, and they termed it an
excited state of molecular oxygen.'' In 1964, Foote and Wexler
confirmed the formation of activated oxygen in photosensitized
reactions.'” Thus, since its discovery, 'O, has provoked a great
deal of interest in the scientific community, usin§ in a wide array
of applications such as cancer therapeutics,”~*'>'* antiparasitic
and antimicrobial,”*'>'® stereoselective photochemical syn-
thesis,"” oxidation of organic pollutants in wastewater treat-
ment,”” and photochemical upconversion.”® Principally, 30, is
inert to biomolecules because the two unpaired electrons with
parallel spins are located in two separate 7* molecular orbitals,
which give it low redox potential (—0.16 V). The strong
oxidizing property of 'O, arises from electron pairing in one of
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these two degenerate 7* molecular orbitals, while the other 7*
orbital remains unoccupied.”” Thus, the presence of an empty
7* orbital imparts strong acidic properties (i.e., accepting an
electron pair) to '0,.”*" Singlet molecular oxygen plays multiple
key roles in the physiological processes of living organisms: it is
involved in sterilizing immunity (such as a defensive tool in
phagocytes against bacteria and viruses); *” it is associated with
triggering ultraviolet A (UV-A)-induced biological effects
through activation of gene expression and oxidative genotoxicity
and is involved in the lipoperoxidation process;”*~
messenger in cell signaling;26 and it is involved in the alteration
of the permeability of epithelial mitochondrial membranes and
the metabolism of many living organisms.”* In biological
systems, 'O, may be produced by two processes: light-
dependent and light-independent (dark reactions).”” During
the dark reactions, 'O, can be produced by oxygenases
(lipoxygenases)™® or peroxydases (myeloperoxidase),”” the
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reaction of ozone with biomolecules, the reaction of

hydrogen peroxide (H,0,) with hypochlorite (ClIO~) or
peroxynitrite,”” ** and the thermodecomposition of dioxe-
tanes.>>*® However, the light-dependent process involves
endogenous photosensitizers, which upon excitation by the
UV component of solar radiations transfer energy from the
triplet excited state to ground state oxygen by type II
photosensitization.”*” Beside, several chemical sources can
convert *0,, in the dark, into 'O, with quantitative yields. Some
of them include the disproportionation of H,O, by MoO;,
oxidation of ClO™ by H,0,, base-catalyzed disproportionation
of peracids, and the reduction of ozone by triphenyl
phosphite.”**** Unfortunately, the translation of these reactions
into biological systems is not possible due to the non-
compatibility with the physiological environment.*

Since the direct excitation from the triplet ground state of
oxygen to the singlet excited state is spin forbidden, different
extended conjugated s-electronic systems containing organic or
metalorganic photosensitizers (PS) are used to generate 'O, by
transferring energy from the excited triplet state of PS to *O,,
which in turn converts the >0, into 'O, and leaves the PS at its
ground state.""°™%13 However, the sensitizers based on
conjugated 7-electronic systems have significant disadvantages
such as insolubility in aqueous media, poor photochemical
stability, poor target selectivity, low extinction coefficients, a
narrow absorption band, and large singlet—triplet splitting
(hundreds of meV).”'****" Therefore, for efficient and
persistent 'O, generation, PS of high performance having a
high oxidation tolerance are strongly required.” One way of
addressing these problems is through nanoscale architecture,
such as the incorporation of PS into dendrimeric or polymeric
materials, encapsulation in liposomes, or inclusion of PS in
hybrid core—shell nanoparticles (NPs) or porous nanomaterials
(NMs).">®* The nanoformulation of PS along with other
multifunctionalities provides additional potential diagnostic
information, imaging-guided highly precise delivery to a site of
interest, accurate localization, and therapeutic benefits at the
same time.”*>*? For this purpose, QDs have emerged as high
performance and versatile nanotools due to their unique
physicochemical and size-dependent optoelectronic properties.”
Besides, the optoelectronic properties of QDs can be
manipulated by other parameter such as by fine-tuning their
composition via gradient alloying‘%’45 or ion exchange (cationic/
anionic) induced alloying** ™ or by the mutual alignment of the
valence band (VB) and conduction band (CB) of core and shell
materials in core—shell heterostructures,”’ ~>* which make them
superior to the other photoluminescence materials.

Semiconductor QDs have been shown to be highly efficient
sensitizers for 'O, production either individually or function-
alized with other inorganic materials or molecular sensi-
tizers.””*>*°7 Individually, QDs can be light activated to
produce 'O, via triplet energy transfer (TET)>°' ™ or charge
transfer”"**°>” or energy transfer from dopant defects®® to
dioxygen. On the other hand, QDs functionalized with
molecular acceptors involve QDs energy transfer to a molecular
acceptor which subsequently sensitizes 'O, produc-
tion. %% ~7! Thus, QDs offers distinct advantages over
the conventional molecular and inorganic nanosensitizers (i..,
polymeric NPs, plasmonic NPs, metallic NPs, lanthanide NPs,
etc.) in terms of versatile sensitization of 'O, generation by
various mechanisms and fine-tuning of their optoelectronic
properties by multiple parameters in the wide UV—vis and NIR-

I (700—900 nm) and NIR-II (1000—1700 nm) re-
L 5,14,20,51,54,64,65,72,73
gions.

This review focuses on the recent developments in the QD-
assisted emerging strategies for enhanced photosensitized 'O,
generation via different mechanisms: (i) direct energy transfer
from the dark states/triplet states of QDs to ground-state oxygen
producing '0,,'7% (ii) charge transfer from the QDs

conduction band (CB) to dioxygen forming O; which
subsequently interacts with the valence band (VB) to produce
10,,21636657 and (iii) QD—PS conjugates involving the QDs
energy transfer to the PS via Forster resonance energy transfer
(FRET),**3737977! Dexter-like energy transfer (DET), or
sequential triplet—triplet energy transfer (TTET),”*™*" which
subsequently sensitize 'O, generation.””**337%

1.1. Biomedical Applications of Singlet Molecular
Oxygen. 1.1.1. Photodynamic Therapy. Owing to its strong
oxidizing nature, 'O, exhibits high reactivity toward electron-
rich organic substrates such as olefins, dienes, and polycyclic
aromatic compounds.”*® Tt is shown as one of the major
cytotoxic species implicated in photodynamic therapy (PDT) of
cancerous tissues® 'V HI3747S gnd diseases such as
porphyria’* and cataracts.”® Singlet oxygen is aslo used as an
effective tool to inactivate or kill the pathogens, i.e., bacteria,
viruses, and fungi.'>**’” It reacts readily with electron-rich/
unsaturated substrates such as DNA, RNA, unsaturated fatty
acids, and cholesterol and protein/amino acids such as cysteine,
histidine, methionine, tryptophan, and tyrosine methionine,
forming endoperoxides, hydroperoxides, and dioxe-
tanes. >~ OH3LS378=80 Thyo the damage induced to biomole-
cules leads to a cascade of reactions culminating in several
biological events: (1) necrosis/or apoptosis of tumor cells; (2)
destruction of tumor microvasculature and platelet aggregation;
and (3) stimulation of autoimmune and inflammatory responses
that eliminate the remaining tumor cells.*>”

1.1.2. Smart Drug Delivery. The nanoformulation of smart
drug delivery has opened a new avenue in clinical practices to
achieve a highly precise and on-demand controlled release of
therapeutic agents®' at a specific location, thus improving the
treatment efficacy while minimizing/evading the off-site
problems. In the system, the therapeutic agents are con-
jugated/chemically linked with a light-sensitive photosensitizer.
Upon exposure to light, the photosensitizers produce 'O, which
triggers the release of therapeutic agents at a site of interest and a
desired time.®' ~** For example, Mo et al®? developed singlet
oxygen-responsive light-activated siRNA endosomal release
(LASER) using porphyrin lipid nanoparticle (LNP) encapsu-
lated siRNA to achieve an enhanced siRNA endosomal escape
and significantly improved knockdown efficacy. The porphyrin
lipids enabled LNPs to generate 'O, upon light irradiation which
disrupted the endosomal membrane, therby triggering siRNA
endosomal escape to cytosol.*®

1.1.3. Biomaterial Modifications. Singlet oxygen is often
employed in biomaterial sciences to modify the functionalities
or enhance the biocompatibility of biomolecules or therapeutic
agents/medical devices. For example, it can be utilized in
peptide and protien modification,**"*° i.e., proteins—protein
cross-linking and protein knockdown, conjugating fluorescence
tags to biomolecules, and protein/enzyme immobilization on
material surfaces for biocatalysis and biosensing,*** etc. Singlet
oxygen-responsive protein—protein cross-linking plays a vital
role in various biochemical processes including environmental
sensing, signal transduction, and maintaining cellular organ-
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Figure 1. Schematic illustration of the synthesis and complementary characterization techniques for QDs with possible sensitization pathways for

singlet molecular oxygen ('O,) generation.

ization. For example, singlet oxygen-responsive protein—protein
cross-linking is used for for wound suturing, tissue repair, tissue
bioprinting where photoactivated materials derive the formation
or degradation of chemical bonds with spatiotemporal control,*”
and treatment of accommodative intraocular lenses to reverse
presbyopia.* "%

2. FUNDAMENTAL OPTOELECTRONIC PROPERTIES
OF QDS

Quantum dots (QDs) are a new type of ultrasmall condensed
matter particles that have drawn highly fundamental and applied
interest as potential vehicles for photodynamic therapy. Their
characteristic optoelectronic properties, owing to the quantum
confinement in individual QDs, leading to novel exciton
generation and recombination in the intrabandgap, provided
remarkably relevant energy/electron transfer features for optical
applications.42’54’89’90 For instance, QDs are potential sensi-
tizers, individually>*"*'~®” or together with organic photo-
sensitizers"*> 7% ~7! a5 surface carriers for singlet molecular

34330

oxygen ('0,) generation. The mechanistic approach toward the
sensitization of singlet oxygen generation by QDs, involving
energy transfer and migration between the sensitizer and
molecular oxygen, is a challenging task. The reported studies
have revealed that it usually occurs through the triplet energy
transfer pathway.” Thus, detailed optical properties along with
an insight into the electronic structure are paramount to probe
the sensitization mechanism of the singlet oxygen generation.
X-ray absorption spectroscopy (XAS) is a highly element-
specific technique that probes efficiently the local atomic/
electronic structure of the photoabsorber (metal site) in NCs.”!
The lattice disorder, oxygen vacancies, and defects in the lattice
can be probed by quantitative X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS) analyses.s’90 The emission color of the QDs
is extended over the wide visible to near-infrared (NIR)
wavelength ranges, mainly due to the size-dependent quantum
confinement effects, originating from the spatial confinement of
electron—hole pairs (excitons) in one or more dimensions
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within a material, carrying a discrete electronic energy level
structure when compared to the bulk material counter-
parts.”>%#3375899092 The quantum confinement effect usually
occurs in semiconductors, when the particle sizes are reduced to
the same order as the exciton radius, i.e., to a few nanometers,
providing modified exciton properties with a changeable
bandgap in relation to the size of the nanocrystal. Usually,
reported studies have revealed that the emission wavelengths of
QDs have been tuned by either changing their size and shape or
doping with d-transition metals/lanthanide ions.*””’ Never-
theless, Khan and co-workers® have recently reported the tuning
of the emission colors from orange to blue based on interfacial
ion exchange (predominantly exchange of Se*” by the $*~
anion) for the CdSe/ZnS core/shell nanocrystals with a similar
crystal size. They probed the interfacial anion exchange in core/
shell lattices of the QDs by quantitative extended X-ray
absorption spectroscopy (EXAFS) data analyses and demon-
strated that the increase in the exchange of selenide by a sulfide
anion in the core lattice caused blue shifting in emission band
regions from the orange to blue. Thus, it is worthwhile to
mention that an integrated approach of complementary
characterization techniques, for instance, studying size-depend-
ent morphological behavior of QDs by transmission electron
microscopy, electronic/local atomic structure of their lattice by
XAS together with probing emission by optical spectroscopy,
and 'O, detection, is required to gain detail knowledge on the
sensitization of singlet oxygen ('O,) generation by quantum
dots (Figure 1).

Hence, this review focuses on the recent designs and
advancement of 'O, sensitizers based on three different types
of quantum dots: (i) semiconductor quantum dots, (ii)
perovskite quantum dots, and (iii) transition metal dichalcoge-
nide quantum dots. Therefore, in this section, we discuss the
optoelectronic properties of the above-mentioned QDs by using
different spectroscopic techniques.

2.1. Semiconductor QDs. Recently, inorganic photo-
chemistry has emerged as highly performant and versatile for
potential use in 'O, generation for photodynamic ther-

py.5‘43’59’64’67 For this purpose, semiconductor QDs represent
one of the leading quantum materials in the inorganic chemistry
area. Quantum dots are tiny light-emitting particles (1—10

m)>"**”* made up of hundreds to thousands of atoms, such as
Iand VI (e.g, Ag,X, X: S, Se, and Te),"***** [l and VI (ZnX and
CdX, X: S, Se, and Te),' #20#14231354899093 111 4nq V (InAs,
InP, InSb, GaAs, and GaSb),"****"*? IV and VI (PdX, X: S, Se,
and Te),”"**359% and 1, 111 and VI, groups (AgInX,, CulnX,,
X: S, Se, and Te) #5Ls40473:92

It is noteworthy that the semiconductor QDs were initially
reported in the early 1980s by Ekimov'>”> and Brus™ as
nanoscale-size crystals in the glassy matrix and colloidal
solutions, respectively. After more than 30 years since their
discovery, the growing progress in QD materials has led to their
use in a vast array of applications such as biolabeling, biosensing,
multiplexed bioima§ing, selective targeting, diagnostics, and
nanotheranostics, ! #2°473758990.9295 O\Iyg are considered an
intermediate species between atoms or molecules as well as bulk
materials, which combine the different features that are found
individually either only in bulk inorganic materials or in organic
molecules.”** The key characteristics of the QDs are the
bandgap widening, discretization of electronic states, and
quantum confinement effect when the particle size dwindles to
a length scale lesser than Bohr’s radii.””*****">"* The
photoluminescence properties of QDs originate from the

radiative recombination of photogenerated charged carriers
(electron—hole pair) due to the quantum confinement
effect.****°° Under light exposure, an electron—hole pair
(also known as an exciton) (Figure 2a) is generated by exciting

a) 4 c)
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Figure 2. Representation of the photogenerated electron—hole pair
(exciton), radiative recombination of the exciton, the NC size effect on
quantum confinement, and the respective emission color of QDs (a).
Photographs of luminescent CdSe/ZnS QDs under UV light irradiation
(b). Gradient alloy, interfacial alloy (right top row), and representative
diagrams of bands alignment (right middle to bottom row) in core—
shell quantum dots (c).

the electron to the quantized band structure depending upon the
transition probabilities. Subsequently, the exciton is relaxed
back, releasing the energy through various pathways: phonon-
assisted relaxation, exciton radiative recombination, non-
radiative decay due to surface states/traps, auger recombination,
electronic energy transfer to the vibrational energy level of
ligands, etc.*>">37373

The optoelectronic properties of QDs originate from size-
dependent quantum confinement effects; therefore, changing
the size and shape of the PL emission can be predictably tuned
over a wide wavelength range (Figure 2a,b), such as from the
UV—vis to NIR-I (700—900 nm) and NIR-II (1000—1700 nm)
regions.14’20’64’65’72’73 Additionally, QDs also present upconver-
sion optical features by convertin§ multiple low-energy photons
into a single high-energy photon.”>** Thus, due to their unique
spectroscopic properties, QDs have excelled as traditional
organic dyes, having 100—200 times better photochemical
stability, 10—50 times larger extinction coeflicients, longer
lifetime than those of luminescent dyes, comparatively narrower
emission bands, and 10—20 times brighter luminescence.””*”*
Recent advances have led to the development of emission color-
tunable QDs without changing their size by manipulating their
composition effect (Figure 2¢) via gradient alloying>"”%">* or
cationic (metal) and anionic (chalcogenides) induced interfacial
alloying/exchange’ or judicious incorporation of dopant
impurities, i.e., d transition metals and lanthanide
ions, ! #42913463648990 These additional features provide a
new platform to engineer QDs of similar size with different
desired photonic properties.

Furthermore, the optoelectronic properties can also be
modulated by the mutual alignment of the valence band (VB)
and conduction band (CB) of core and shell materials in core—
shell heterostructures (Figure 2c). Hence, by tailoring the shell
thickness, the optoelectronic properties can be designed and
tuned, which is usually unachievable with discrete QDs of either
core or shell materials.”"”>> Based on the alignment of the CB
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and VB in core—shell heterostructures, QDs have been classified
into different types: type-I, inverse type-I, type-1I, and quasi-
type-II heterostructures.”>>* In type-I materials, the bandgap
of the core is smaller and is sandwiched within shell materials of
the wider bandgap (Figure 2c). As a result, both charged carriers
are completely cordoned off in the core by the shell, and the
bandgap emission is almost preserved or undergoes a small red
shift.”*>*"?%%7 Contrarily, in the inverse type-I QDs, the
bandgap of the shell is localized in the bandgap of the core, and
the electron—hole pair is confined entirely or partially in the
shell. Upon increasing the shell thickness, the heterostructure
QDs, bandgap alignment is switched from type-I to type-II or
quasi-type-II structure, where the VB or CB of the shell material
lies within the bandgap of the core (type-II), or the band
alignment is flat and the offset between conduction band edge
states of the core and shell smaller (quasi type-I1).>" Thus, the
exciton is spatially segregated over the entire QDs (Figure 2c).
In type-II QDs the charge carrier recombination occurs across
the core—shell interface, and consequently, the PL emission
wavelength is smaller than that of the bandgap comprising
materials due to spatially indirect transitions.”* It is noteworthy
that in the core—shell heterostructure the lattice mismatch
between the two crystalline materials with different lattice
parameters is a crucial factor to be considered during shell
growth. A larger mismatch causes the stress at the interface,
which is relieved by generating interfacial misfit dislocations that
act as nonradiative centers and reduce the quantum yield
(QY).5’54

Relatively large spin—orbit coupling is another remarkable
property of QDs, which in conjunction with the crystal field
causes fine splitting of the excitonic states into close ener
spacing (1—15 meV) between the bright and dark states.”>”*””
The exchange interaction in QDs between the S = + 1/2
electron and ] = & 3/2 hole produces excitons with total angular
momenta projections IN | = 1 and 2. Since the spin angular
momentum of a single photon is 1, the optical transition of IN|
= 1is dipole allowed (known as a bright exciton, BE), whereas |
N,| = 2 is dipole forbidden (known as a dark exciton, DE).*'%°
Therefore, the BEs having antiparallel spins assume singlet-like
character, while the parallel spins of the DE give it a triplet-like
character.”'%° These triplet excited states of QDs are
remarkably important in the photochemistry area because of
their exceptionally long lifetime enabled by the spin-forbidden
nature of their recombination, which provides them a long
enough time window for many chemical transformations, such
as photoredox catalysis, photocycloaddition, and photoisome-
rization. Additionally, the spin configuration of triplet states
allows access to unique chemical reactivity with >0, via TET to
produce 'O,; thus, the QDs act like molecular sensitizers.*'

2.2. Perovskite QDs. Perovskite quantum dots are another
unprecedented class of semiconductors with a broad range of
optoelectronic properties represented with the general chemical
formula ABX;, where A is a monovalent alkali (Cs* and Rb*) and
methylammonium cation (CH;NH;* and CH(NH),"); B is a
bivalent cation (Ge®*, Pb?*, and Sn**); and X is a monovalent
anion (CI~, Br~, and I7).**¢"6>%9% Thege kind of QDs possess
outstanding intrinsic features of direct bandgaps, strong light—
matter interactions, broadband absorption, large light-absorp-
tion coefficients, reduced PL blinking, high electron—hole
mobility, and long carrier diffusion length and are spectrally
tunable from ultraviolet to NIR by changing the proportions or
replacing the A-site monovalent cation or X-site halogen

anion.*”*%® Perovskite QDs are highly tolerant to dopant

impurities which impart them additional new optical, magnetic,
and electronic properties.”® The other advantage is that they are
not difficult to prepare and are compatible with room-
temperature deposition processes. Owing to these unique
properties, perovskite QDs hold great promise for photovoltaics,
lasers, color-tunable light-emitting diodes (LEDs), photo-
detectors, and phototransistor applications.*®

2.3. Transition Metal Dichalcogenide QDs. Two-dimen-
sional transition metal dichalcogenide (TMD) QDs with a
comparable structure to graphene have attracted growing
interest during the past years in the energy, environment, and
nanomedicine fields.'®’ Among them, the TMDs with
stoichiometric combinations (MX,) of transition metals (M:
Mo, W, Nj, Ry, etc.) and chalcogens (X: S, Se, and Te) possess
strong in-plane bonding and weak out-of-plane interactions
which give them unique X—M—X sandwich structures.'”">'%¢
The optoelectronic properties of TMDs are widely tunable by
the combined mechanisms of quantum confinement, doping,
strain, external fields, and environmental effects. Atomic defects
originating from vacancies give them additional unique optical,
chemical, physical, and electrical properties.'”>'*® Owing to the
layered structure, TMD has a large surface area and an increased
number of potential binding sites for different molecules.'*’
Therefore, these unique features make them attractive materials
for transistors, photodetectors, organic light-emitting diodes,
solar cells, catalysis, gas sensors, diagnosis, and therapy. 18,101

3. PHOTOPHYSICS OF SINGLET MOLECULAR
OXYGEN

3.1. Fundamentals of '0, Generation. Molecular oxygen
in the ground electronic state has two parallel spins for two
unpaired electrons in its outer orbital, labeled as a triplet state or
0,(°Z;), while its two higher-energy excited state species,
02(13@ ) and O,('Z! ), consist of the antlparallel electron,
resembhng singlet electronlc states.” The O, (! v+) lies 22 keal
above triplet oxygen, whereas 02( 2*) has an energy of 37 kcal
above that of the ground state.” Due to the extremely short-lived
(<1 ns)” and fast deactivation of the latter, only the first excited
singlet state O, (" v+) will be considered in this review . The
singlet oxygen in the excited state relaxes back to the triplet
states [0,(V2) — 0,(Z;)] and [0,('%}) — 0,(Z;)],
emitting the extra energy in the form of phosphorescence at
around 1270 and 762 nm, respectively.”>®’" The direct
excitation from the triplet ground state of oxygen (*0,) to the
singlet excited state ('O,) is spin forbidden (spin-flip process);
therefore, the photosensitizers (PS) are necessary to generate
'0, by transferring energy from the excited triplet state of the PS
to the ground state of >0,*~*"'#**7* (Figure 3). Photosensitizers
in the excited state undergo intersystem crossing (ISC),
populating a long-lived, lower energy triplet excited state (T}).
The electron in the triplet state either returns to the ground
state, emitting the energy via phosphorescence, or interacts with
other molecules to promote reactive species through two
different reactions: (i) In the type I process, the activated PS
interacts with biological substrates to form free radicals such as
anions or cations by transferring electrons or abstraction of the

proton. The generated ROS such as superoxide (O3 b, may
undergo further oxidation/reduction, producing hydroxyl
radicals (HO®) and hydrogen peroxide (H,0,). (ii) In the
type II process,””'%” the excited triplet state interacts directly
with 30, producing '0,*~***”* (Figure 3). It is noteworthy that
reaction types I and II proceed simultaneously in a competitive

https://doi.org/10.1021/acsomega.3c03962
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Figure 3. Schematic illustration of photosensitizer (PS) activation,
energy transfer via ISC, triplet—triplet energy transfers between the PS
and *0,, and the formation of 'O, (type I) and ROS (type II). (S:
sensitizer; Sy: ground singlet state; S;: excited singlet state; ISC:
intersystem crossing; T: triplet excited state).

manner;'°® however, the ratio of both depends upon the type of
sensitizers, the concentration of molecular oxygen, and the
substrate category. In clinical practices, the efficiency of 'O,
generation by a type Il reaction is considered to be the principal
determinant of PDT efficacy.

3.2. Detection of '0,. To date, different methods have been
developed to detect singlet oxygen 'O,: (i) directly, by recording
the photophysical radiative properties of 'O,, ie., from the
phosphorescence emission at 1270 nm or phosphorescence
decay curves by monitoring the emission at 1270 nm,>**~°*!%
or by recording EPR spectra in the gas phase owing to the
paramagnetic properties of 'O, and (ii) indirectly, by using some
standard chemical reporter/probe which reacts with 'O,,
producing chemically isolatable or spectroscopically detectable
products or intermediates®”*""'’ (Figure 4). Thus, the
products or intermediate species produced are subsequently
identified by chemiluminescence (CL), EPR, absorption, and
fluorescence spectroscopy techniques, for each of which some of
the commercially available probes include fluoresceinylcypridi-
na luciferin analogues (FCLA), 2,2,6,6-tetramethylpiperidine

(TEMP), 1,3-diphenylisobenzofuran (DPBF), and singlet
oxygen sensor green (SOSG), respectively.”" "'

3.3. Limitations of Molecular Sensitizers. Enhancing 'O,
generation is an important strategy to achieve maximum
therapeutic efficacy in the PDT treatment of tumors and cancer.
Traditional PDT is usually performed by using various organic
or metalloorganic sensitizers.”*'> However, despite their
success and advancement, conventional molecular sensitizers
are subject to multiple significant intrinsic limitations: (1) most
of the PS have hydrophobic extended 7 networks, thus rendering
them poor aqueous solubility and aggregation in aqueous
solution;”** (2) they have poor photostability and are prone to
photodegradation at irradiation for prolonged time, releasing
phototoxic products;'>'* (3) they have characteristically large
singlet—triplet splitting (hundreds of meV),'”*' thus the
indirect access to the triplet excited state of a molecular
photosensitizer is energy consuming (over 300 eV energy losses
can occur)™'"* and requires high energy UV illumination which
may lead to PS photobleaching and photodegradation;® (4) they
show narrow absorption bands and are excited by UV—visible
light which has less penetration capability, thus making them less
successful for deep rooted and bulky tumors;”®'* and () they
have long half time of excretion and poor selectivity to targeting
sites which tend to accumulate in the skin and eyes, leading to
phototoxicity and photosensitivity for prolonged times.'”'"'"?
The nonselective uptake by other cells and tissues mitigates the
therapeutic efficacy of PDT. Therefore, many research groups
are working actively to overcome these shortcomings by
developing new nanomaterial-based photosensitizers.

3.4. QDs in Advancing '0, Generation. The emergence
of inorganic sensitizer materials, especially QDs, has yielded
promising results in addressing the existing issues associated
with molecular sensitizers. QDs potentially offer considerable
advantages in terms of facile synthesis, size-tunable electronic
and photophysical properties, broadband light absorption, high
molar extinction coeflicients, long luminescence lifetimes, high
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Table 1. Summary of 'O, Generation by QDs and QD—PS Conjugates and Detection by Various Means

EVE

Light Power Mode of 'O, QYs (%) of
Quantum dots (QDs) source/nm density generation Methods of 'O, detection 0, Target cells ref
Blue-emitting CdSe/ZnS 400 17.57 TET Phosphorescence and 18 - S
mW cm ™ ERGO
Green-emitting CdSe/ZnS 400 17.57 TET Phosphorescence and 12 - S
mW cm™> ERGO
Yellow-emitting CdSe/ZnS 400 17.57 TET Phosphorescence and 14 - S
mW cm™ ERGO
ZnSe(S) 302 - TET SOSG - - 63
CulnSe/ZnS:Mn-FA 808 or 650 1 W cm™ TET DCFH-DA - 4T1 64
CdSe/CdS (18 nm) white light — — TET ADMA and 25 Hela 65
phosphorescence
CdSe/CdS (26 nm) white light — — TET ADMA and 35 Hela 65
phosphorescence
ZnAgInS/ZIF-8 420-780 100 Charge transfer EPR - S. aureus and E. coli 67
mW cm™?
ZnO/Au 805—860 0.1Wem™  Charge transfer ABDA - - 21
CdSe(S) 302 - Charge transfer SOSG - - 63
ZnO/CQDs visible light — — Charge transfer EPR - — 116
CQDs/CdSe/rGO visible light ~ — Charge transfer EPR — — 110
ZnO@PDA/Ag—Ag,0 400—650 1sw Charge transfer EPR - E. coli and S. aureus 1S
NaErF,@ZnO 980 0.6 W cm™ Charge transfer DCFH-DA BHP-5-16 SS
NaYF,:Yb/Tm@NaYF,:Yb/ 980 2W Charge transfer ABDA - Hela 117
Er@Zn,Cd,_S
CdSe/ZnS-ZnPc 532 SmWcem™  FRET phosphorescence - - SS
CdTe/ZnS- ZnPc—R6G-FA 400 and 530 20 mW cm™>  FRET SOSG/EPR/ 91 KB cells 43
phosphorescence
ZnCulnS/ZnS-mTHPP 660 164.51] cm™2 FRET - - B16F10-Nex2 cellsand 56
E. coli
CdSe/ZnS-TPP 460 3mWem™  FRET SOSG - - 57
CdSe/ZnS-Ce6 40S - FRET phosphorescence - - 69
CdSe,S,.,/ZnS-ZnPc 1000 100 FRET ABMDMA - — 70
mW cm™?
CdSe/ZnS-TPP 460 3 mW cm™ FRET SOSG 20 - 57
CdSe-PCA 488—600 - TTET phosphorescence - - S8
CdSe-ACA 505 1 mJ TTET phosphorescence - - 20
CdSe-PCA 505 1 mJ TTET phosphorescence - - 20
InP-QCA 400 0.2 yJ/pulse  TTET phosphorescence - - 59
InP-NA 400 0.2 yJ/pulse ~ TTET phosphorescence - - 60
CsPbCl; and CsPbBr;-RhB 460 30 mW TET DPBF 31.8 - 66
MAPbX; (MA = CH;NH;, X = 473 - TET phosphorescence and 34 - 62
Br, 1) DPBF
Silica-coated Cs;PbBr 400—700 - TET DPBF, EPR, MO, and - - 61
carotene
Mn?*-doped CsPbCl 365 - Mn?" detects energy ~ Phosphorescence and 4'- 108 - 68
transfer MAP/N
MoS, 200—1000 - TET EPR - - 118
MoS, 400—-800 100 TET ABDA - SW480 103
mW cm™?
MoS, solar light 0.4 mW cm™  Charge transfer EPR - E. coli and S. aureus 77

photoluminescence quantum yields, negligible bright-to-dark
exciton relaxation energy loss (i.e., anti-Stokes shift), trivial
postsynthesis functionalization and modification of surface
chemistry, superior photochemical stability, and high resistance
to photodegradation.””**>3¥3*738990 A¢ the typical energy
spacing between the bright and dark states (1—15 meV) is much
smaller than that between the singlet and triplet states
(hundreds of meV) in the molecular system, therefore, less
energy loss occurs during sensitization in inorganic QDs
compared to organic counterparts.””*>*' The trivial postsyn-
thesis functionalization provides the QDs with high solubility in
a solvent of choice coupled with offering tens of hundreds of
high affinity binding sites at the surface.”” These binding sites
can be potentially linked to the number of multifunctional

moieties through the coordination of metal ions on the QDs
surface or van der Waals or electrostatic interactions,”” which
enable the rational design of nanohybrids with multicomponent
architectures, showing a vast array of functionalities.*”**""*
QDs possess a single exciton; however, the multivalent bindings
provide the QDs with the additional kinetic advantages of
energy or charge transfer, and their rate increases linearly with
the number of adsorbed molecular acceptors. Excessive
consumption of oxygen and vascular shutdown during PDT
results in hypoxia, thus reducing the therapeutic efficacy and
preventing the full therapeutic response. Moreover, solid tumors
have regions of intrinsic hypoxia because of the compromised
microcirculation and decreased perfusion.”'**? Therefore, QDs
can act as hydrogenase-type catalysts and convert hydrogen
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peroxide (H,0,), which may be present in high concentration in
tumors, into *0,."*”""* QDs provide us the opportunity to use
either as an individual sensitizer of 'O, generation (via TET or
charge transfer) > 7% or b linking to some other sensitizer
acceptor molecules,”"**°¥°*%7 thus acting like versatile
sensitizers for 'O, generation (Table 1). The size-dependent
confinement of excitons ensures the photophysics of QDs to
position them strategically and selectively precise to an
absorption profile of a molecular acceptor for potential energy
transfer via FRET or TTET processe}s.20’43’53’55_60’114 It is
noteworthy that the QDs also present variable shape
morphology such as spheres, wires, rods, and platelets coupled
with modifiable surface chemistry by depositing different
anionic- or cationic-rich inorganic materials or molecular surface
ligands. These features of QDs provide a vast platform to
selectively adsorb molecular accegtors through hydrophobicity,
charge, size, shape, etc.2A253,63,06,67 Additionally, QDs nano-
formulations of PS improve the solubility, tumor cells/tissue
specificity, controlled delivery, and accumulation of conjugated
PS in high concentrations at the tumor masses.''> Moreover, the
smaller size NCs enhance the biodistribution and prolong the
circulation time and enable tumor targeting either by active
targeting through surface modifications with specific cancer-
teil;getisnﬂligands or an enhanced permeation and retention
effect. ™~

4. DESIGN AND MECHANISM OF QDS ENERGY
TRANSFER

The type of energy transfer mechanism depends on the
alignment between the conduction band (CB) of QDs and the
singlet state of molecules in a donor—acceptor system. If the
position of the singlet excited state of the molecular acceptor is
below and close to the CB of QDs, the energy transfer can occur
either by Forster energy transfer (FRET) or Dexter energy
transfer (DET) to create a singlet excited state accept-
or,”%#33576075 O the other hand, TET is a preferred pathway
if the singlet excited state of molecules lies above the CB of
QDs.119 However, long-range dipole-based FRET, short-range
DET, and electron transfer are considered dominant non-
radiative pathways to transfer singlet energy in donor—acceptor
(D—A) systems. The term FRET is named after Theodor
Forster, a theoretical physicist who proposed an equation to
quantify the energy transfer efficiency from an energy donor (D)
to an acceptor (A) in 1948. FRET is a nonradiative energy
transfer process from an excited state donor (D*) to a proximal
ground state acceptor (A) through a long-range transition dipole
moment, producing a donor in the §round state (D) and an
acceptor in the excited state (A*),”>"*" shown by the following
mechanism (i):

DY+A—>D+A @

The energy transfer rate constant (kpggr) relies on the degree of
dipole—dipole coupling (Coulombic interactions), the signifi-
cant spectral overlap between the emission of the donor and
absorption of the acceptor within an approximate distance
between 1 and 10 nm,"**'*! and the dipole orientation of
donor/acceptor species. The Forster dipole—dipole formalism
in terms of rate constant can be expressed by eq 1."*’

Ry’
frrer = 1/ TD(T) M)

where R, is the Foster radius (D—A distance where Egppy is
50%); ris the distance between D and A; and 7y is the lifetime of
the donor in the absence of the acceptor. FRET follows the 7~
dependence; therefore, the energy transfer rate constant (kgggr)
decreases with increasing donor/acceptor distance to the power
of — 6 (kgger & 77%). The R, can be calculated by eq 2

RS = (879 x 107 mol)n @k )

where @y, is the fluorescence quantum yield of a D; n is the
refractive index of a surrounding medium; k* is the dipole
orientations; and j is the spectral overlap integral. FRET, being a
resonant dipole coupling process, depends upon the dipole
orientation between the donor and acceptor typically approxi-
mated as 2/3.""”"* Additionally, FRET also depends upon the
lifetime and QYs of the donor and the quenching efficiency of
the acceptor.'”' The energy transfer efficiency (Egr) of FRET
can be determined by using the ratio between fluorescence
intensities and the decay lifetime of the D in the presence and
absence of the A, as expressed by following eq 3.”'
Bgr=1-— Ia _y_
Iy ™ €)
where Iy, and I}, are the fluorescence intensities and 7, and 7y
the decay lifetimes of the D in the presence and absence of the A,
respectively. If the molecular acceptor exhibits fluorescence, the
efficiency of FRET is measured by the decrease in the
fluorescence of donors accompanied by an increase in acceptor
fluorescence. However, when the acceptor is nonfluorescent,
FRET results in the quenching of donor fluorescence.

On the other hand, the DET process developed by David L.
Dexter in 1953 is determined by short-range intermolecular
orbital overlap and proceeds via an electron exchange process
between the donor/acceptor within a relatively shorter distance
(12 nm)."*® The Dexter energy transfer coupling is generally
mediated by direct two-species coupling (D*A — DA*) and
sequential one-species superexchange couplings or electron
transfer: D*A — D*A” — DA* and D*A — D™A* — DA*.'*
The formalism for DET in terms of the rate constant of electron
exchange can be expressed as exponential decay by eq 4:'*°

DA

=2r/1,

kper = Kje (4)

DET, being rooted in electron exchange, relies on the K orbital
interactions, ° van der Waals radii of the donor—acceptor, and j
spectral overlap. However, in FRET the j is convoluted with the
€, extinction coefficient. In contrast, the DET rate constant kpgr
is an exponential function of the donor/acceptor distance kpgr
& e—2r/r[,.120

Similarly, electron transfer requires orbital overlap between
D—A and depends upon the inner and outer sphere
reorganization of the D—A pair and the solvent system. The
theory of electron transfer was developed by Marcus in 1965. In
a conventional QDs electron transfer model, the electrons on the
CB are assumed to be transferred to the acceptor, while the hole
remains unchanged on the VB, thus generating a charge-
separated state with QDs, which eventually undergoes interfacial
charge recombination to regenerate the ground state by back-
electron transfer or is formally viewed as hole transfer from QDs.
The formalism for nonadiabatic electron transfer is given by the
following eq 5.'**

Lo IHP
h J4mAk T

_(A+ gy
42k T

(8)
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Figure 5. Jablonski diagram of energy migration from the triplet excited state of QDs to the ground state of molecular oxygen, modified from refs S, 61,

102 (a), reduction of oxygen at the CB and oxidation of superoxide O{. at the VB to produce 'O,, modified from ref 67 (b), energy transfer from the
QDs donor to the triplet state of the molecular acceptor, modified from refs $8—60 (c); and energy transfer from the QDs donor to molecular acceptor
via either FRET or DET/sequential charge transfer (d,e), respectively, modified from refs 66, 71, 120.

where H is the electronic coupling strength; A is the total
reorganization energy for electron transfer; AG is the driving
force; kg is the Boltzmann constant; 7 is the Plank constant; and
T is the temperature. Similar to the DET process, the electronic
coupling strength is assumed to decay exponentially with D—A
distance given by the following eq 6.

H* = HZe ™" (6)

where H, is the electronic coupling factor that depends upon the
overlap between diabetic wave functions representing localized
charges. The square moduli (H?) of these wave functions rely
exponentially on (e), the separation distance (r) with a
prefactor and decay rate (/) which is material dependent.

5. DEVELOPMENT OF QDS-BASED SENSITIZERS

QDs nanomaterials can sensitize the 'O, by multiple
mechanisms, thus acting like a versatile photosensitizer. The
design of the energy transfer process is important in a QDs
donor—acceptor system because it enables one to optimize the
excited-state interaction and efliciently transfer energy to
dioxygen.zo’%’l20’53’55_60’114 QDs possess multiple channels
for energy transfer to generate singlet oxygen 'O, directly or
indirectly, including singlet energy transfer, triplet energy
transfer, surface trap energy transfer, and electron transfer
from QDs. Furthermore, QDs materials can generate 'O,
directly by molecular-like sensitization via TET>**°'~°° (Figure
Sa) or indirectly by charge transfer”"0*0%¢7 (Figure Sb). For
example, in the QDs under irradiation, the electrons are
promoted to the CB, while holes are left behind on the VB,
creating an electron—hole pair (exciton) or singlet excited state.
The QDs then undergo relaxation via the ISC process (in the
language of molecular sensitizer) to convert singlet excitons to
triplet excitons which interact with 30, producing 'O, via TET®
(Figure 5a), or the electrons on the CB interact with *0, and

produce O3 " which is subsequently oxidized by the holes on the
VB to yield '0,”" (Figure 5b). In another strategy, QDs are
linked to some other organic PS by electrostatic interaction or
covalent bonding, producing a QDs—PS hybrid nanostructure

(Figure Sc—e) which operates as an energy donor fluorophore
(QDs) and ground state acceptor molecule (PS). 20435576075

Since direct excitation of a PS triplet state is spin forbidden,
the PS singlet excited state undergoes ISC or singlet fission to
produce triplet excited states.'”” Alternately, molecular triplet
states are populated by strategically placing the bandgap of QDs
smaller than the singlet excited state of the acceptor but greater
than its triple excited state'”>® (Figure 5c). Thus, QDs due to
small energy spacing between bright states and dark states have
mixed single/triplet character and can be expected to undergo
energetically favorable singlet/triplet energy transfer to triplet
excited states (Figure Sc) of the molecular acceptor,' 2120
Similarly, for singlet energy transfer, the bandgap of QDs is
placed higher than the singlet excited state of the molecular
acceptor (Figure Sd,e). Such energy transfer is accomplished via
either FRET or DET or sequential charge transfer (Figure Sd,e)
depending on the spectral overlap and distance between donors
and acceptors.'*’ Thus, these unique features of 'O, generation
can enable the QDs superior nanophotosensitizers over the
molecular and nanomaterial-based photosensitizers including
the polymeric, plasmonic, metallic, and ceramic NPs, etc.

5.1. Generation of '0, by Semiconductor QDs.
Semiconductor QDs have been reported to generate 'O, by
multiple mechanisms, either individually, i.e., via triplet energy
transfer (TET) and charge transfer, or in conjugated form with
other inorganic materials or molecular sensitizers, i.e., via
Forster resonance energy transfer (FRET) and Dexter-like
energy transfer (DET) or sequential triplet—triplet energy
transfer (TTET).

5.1.1. Triplet Energy Transfer (TET). Quantum dots have
been treated as potential molecular sensitizers, due to their
unique singlet-/triplet-like behavior.”*>**'** These unique
features endow the QDs with excellent catalytic properties for
the generation of 'O, via energy transfer from the triplet excited
state of QDs to the ground state of triplet oxygen. The QDs
application as a sensitizer for 'O, generation via TET was
initially proposed by Samia et al. in 2003 between the
photoexcited CdSe compound and >0, in toluene, which was
confirmed by decay emission at 1270 nm. They were able to
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Figure 6. Detection of 'O, formation indirectly by the chemical trapping method and directly by spectroscopic analyses for yellow-emitting QDs (1),
green-emitting QDs (II), and blue-emitting QDs (III). Jablonski diagram of 'O, generation by QDs (a). Reaction of 'O, with ERGO produced EEP
and EHP (b). HPLC analyses of the decomposition of ERGO and production of EEP and EHP after reacting with 'O, generated by QDs and
phenalenone (standard photosensitizer) (c). Rate constants of ERGO decomposition (d). Phosphorescence decay curves of 'O, in water (e) and
chloroform (f). Detection of 'O, quenching in the steady state in the presence of a-tocopherol and QDs (1) (g), QDs (1I) (h), and QDs (III) (i) by a
photomultiplier. The figures (f—h) show the signal from 'O, without a-tocopherol (control) and in the presence of different concentrations of a-
tocopherol. Adopted with permission from ref 5. Copyright 2023, American Chemical Society.

produce 'O, directly by CdSe quantum dots independently
without the involvement of traditional PS or indirectly linking to
PS (e.g., phthalocyanine: Pc4).'**

The efficiency of the QDs energy migration to dioxygen
depends upon the composition and photoluminescence proper-
ties of nanocrystals. For example, we studied yellow-, green-, and
blue-emitting CdSe/ZnS QDs having various interfacial alloy
compositions and different shell thicknesses for 'O, generation
efficiency in the light without linking to molecular sensitizers.
The different yellow-, green-, and blue-emitting CdSe/ZnS QDs
were labeled as QDs (I), QDs (II), and QDs (III), respectively.
The generation of 'O, via TET from QDs to *O, (Figure 6a)
was analyzed using an Ergosterol compound (ERGO) as an 'O,
scavenger and phenalenone as a standard photosensitizer.
ERGO is known to react with 'O, in a Deils—Alder
cycloaddition reaction, forming ergosterol-5,8-endoperoxide
(EEP) and ergosterol 7-hydroperoxide (EHP) (Figure 6b).
Thus, the appearance of characteristic EEP and EHP peaks in
the HPLC chromatogram confirms the reaction of 'O, with
ERGO (Figure 6¢). The molecular-like sensitization of QDs was
suggested to be responsible for TET to the ground state of
oxygen, forming 'O,.

The QDs showed different 'O, generation efficiencies, which
were attributed to the difference in the shell thickness and
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quantum confinement effect. The 'O, quantum yields by using
the QDs as a photosensitizer were calculated from the rate
constants (Figure 6d) of ERGO decomposition as 0.14, 0.12,
and 0.18% for yellow-, green-, and blue-emitting CdSe/ZnS
QDs (I, 1L, and IIT), respectively. The blue-emitting QDs (III)
exhibited comparatively higher QYs because in terms of
downhill driving force the excited state of the QDs sensitizer
can transfer energy effectively by positioning itself higher than
the lower energy state of the acceptor.”®”®'*> On the other
hand, lower QYs for green-emitting QDs were attributed to the
excessive passivation of CdSe by ZnS. It was previously reported
that a thick shell of ZnS over CdSe creates a barrier that
diminishes the energy transfer.”’

The generation of singlet oxygen was also detected by
measuring the lifetimes from the luminescence decay curves
based on the 'O, phosphorescence at 1270 nm under irradiation
at 400 nm with a LED as a light source. We found different decay
values for singlet oxygen in water and chloroform, which were
found to be consistent with that for the 'O, previously reported
at 3.5 us (in water)” and 215 ps (in chloroform).” The observed
different lifetimes of 'O, in water and chloroform (Figure 6Ge,f)
were attributed to a different energy transfer from electronic
states of 'O, to vibrational states of solvent molecules. The 'O,
generation via TET was further confirmed by using a-
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Figure 7. Schematic illustration of the QD-FA probe-assisted visualization of tumor regions and antitumor therapeutic performance in BALB/c mice.
The QD-FA probe was used to visualize the tumor through fluorescence and MRI dual-modularity imaging and simultaneously employed for therapy
via built-in multifunctionality, i.e., photothermal therapy and 'O,-promoted photodynamic therapy. Reproduced with permission from ref 64.

Copyright 2022, American Chemical Society.

tocopherol, which acts as a scavenger of 'O,. It was observed
that the signal (Aepission = 1270 nm) from 'O, was quenched by
increasing the amount of a-tocopherol (Figure 6g—i).

The 'O, generation is also strongly dependent on the type of
doping species, surface chemistry, and concentration of QDs.
For example, Bailon-Ruiz and Perales-Pérez*® synthesized
cadmium (or zinc) selenide (or sulfide) systems such as
CdSe(S), ZnSe(S), and Cu-doped ZnSe(S) QDs (water-
soluble) of different compositions and surface chemistry and
studied their capability of 'O, generation. It was observed that
ZnSe(S) produced 'O, via TET, and its efficiency was enhanced
after doping with the Cu®* ion. However, the 'O, generation by
CdSe(S) was supposed to be due to energy or electron
transfer.”” The combination of the triplet-sensitization proper-
ties of QDs with other different functional moieties introduces
additional properties to the resulting system, which serves as
both diagnostics and therapeutics. For example, Li et al.**
developed a folic acid (FA) functionalized theranostic QDs
probe containing NIR-II emissive CulnSe core and a Mn-doped
ZnS outer shell to sensitively visualize the tumor through
fluorescence and MRI dual-modularity imaging and for
simultaneous use for therapy via built-in multifunctionality.
The photoexcited CulnSe (labeled as CISe) and CulnSe@
ZnS:Mn (CISe@ZnS:Mn) QDs produced 'O, via the TET
process”* which along with photothermal therapy (PTT, heat
generated due to nonradiative relaxation pathways) was used to
eliminate and prevent tumor growth in 80% of BALB/c mice
(Figure 7). The FA endowed the QDs to preferentially target the
4T1 tumor cells in mice. Hence, the nanoplatforms exhibited
high-performance NIR-II fluorescence and MRI dual-modality
imaging and displayed excellent therapeutic efficacy.”*

The QD-FA probe showed outstanding antitumor therapeutic
performance (Figure 8a—h) in mice bearing 4T1 tumors of ~
100 mm?® under 808 or 650 laser irradiation compared to QD-FA

treatment without laser irradiation (which exhibited a 7.2-fold
increase), PTX-treated groups (8-fold increase), a PBS group
(10.8-fold increase), and a PBS group followed by 808 or 650
nm laser irradiation (9.4-fold and 10.5-fold increases,
respectively).®*

The engineering of QDs with different morphologies, i.e.,
one-, two-, and three-dimensional geometries, endows nano-
crystals (NC) with novel photophysical and photochemical
features. He et al.” fabricated CdSe/CdS dots and rods of 18
and 26 nm which showed two- and three-photon absorption
action cross sections at 800 and 1300 nm biological I and II
windows, respectively. The CdSe/CdS dots/rods, under white
light irradiation, produced an efficient 'O, via the TET process
with QYs of 25 and 35% for nanocrystals of 18 and 26 nm,
respectively, compared to those of bare spherical CdSe (5% in
toluene solution).”> The QDs showed the upconversion
phenomenon with excellent two-photon-excited photodynamic
therapy effect against HeLa cancer cells, under excitation at 800
nm (1 W cm™).

5.1.2. Charge Transfer. Since the recombination of photo-
generated charge carriers competes with the interfacial electron
transfer, the QDs can transfer electrons or holes to surface-
bound molecules which leads to the formation of intermediates
followed by stable products. For example, electrons in the
conduction band (egg) are reduced with dissolved oxygen to

produce superoxide O3 " intermediate species, which are
subsequently oxidized with holes in the valence band (hyg),
generating singlet oxygen ('O,), as shown by mechanism (ii).

QDs + hv — hi; + egy
ecg + 0, = O
h% + O; - 102 (ii)
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Figure 8. Antitumor therapeutic performance of the QD-FA probe in vivo. Schematic illustration of QD-FA probe-assisted antitumor PTT and PDT
(a). Thermal images of tumor-bearing mice, injected with PBS or the QD-FA probe, were recorded after irradiation under 808 nm laser (1.0 W cm™2,
10 min) and a 650 nm laser (1.0 W cm™2, 10 min) for different time intervals (b). The observed temperature changes at the tumor area during the laser
irradiation (c). Photographs of tumor-bearing mice after receiving intravenous injections of the QD-FA probe, the QD-FA probe with subsequent 808
or 650 nm laser irradiation, PBS, PBS with subsequent 808 or 650 nm laser irradiation, and paclitaxel (PTX) (d). Relative tumor volumes (e) and body
weight of tumor-bearing mice (f) after various treatments. Representative images of tumor tissues harvested from each group, as indicated, after
treatment for 20 days (g). Histological staining of tumor tissues harvested after 1 day of treatment (h) Reproduced with permission from ref 64.
Copyright 2022, American Chemical Society.

Wang et al.”” fabricated successfully GSH-capped ZnAgInS (ZIF-8). The MOFs and ZAIS QDs nanocomposites (QDs@
(ZAIS) QDs encapsulated with metal—organic frameworks ZIF-8) were observed to produce efficient 'O, under visible light
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Figure 9. Schematic illustration of a photogenerated electron—hole pair, formation of 'O, and ROS, and antibacterial mechanism of the QDs@ZIF-8
probe under visible-light irradiation. Reproduced with permission from ref 67. Copyright 2021, Elsevier.

(Figure 9). It was found that the photogenerated egy interacted
with dioxygen adsorbed on the surface of QDs@ZIF-8 to

produce O that was subsequently oxidized with hys, producing
'0, (Figure 9). The Zn—S bonds between QDs and ZIF-8 acted
as electron-trapping sites which inhibited carrier recombination,
leading to a further increase in 'O, and ROS generation. The
QDs@ZIF-8 exhibited excellence antibacterial performance
against S. aureus and E. coli under visible-light irradiation by
destroying the bacterial cell membrane, degrading the intra-
cellular biomolecules such as DNA and protein and oxidizing
GSH.

5.1.3. QDs in Combination with Other Inorganic Materials.
Coupling of QDs with other inorganic NCs is an effective
strategy to improve 'O, generation due to the mobility of
interparticle charges and slower electron—hole recombina-
tion.>*"'%!'® Quantum dots have been reported as generally
weak sensitizers to produce 'O, compared to conventional
molecular photosensitizers;” therefore, to enhance their photo-
sensitization efliciency they are integrated with other nano-
crystals such as Pt, Au, Ag, Pd, and TiOZ,ZI‘126 where the QDs
act as a photosensitizer and the decorated NCs are utilized as a
catalytic center to activate %0, to 102.1 '%In contrast to the type
II pathway, the inorganic hybrid NCs follow the type I pathway
for 'O, generation. Upon light absorption, electrons are
promoted to the CB where they interact with O, to produce

O3, which are subsequently oxidized by holes on the VB to yield
10,.1521 10116 Bor instance, Zhou et al.*! integrated core Au
nanorods with a ZnO shell that acted as NIR light-activated
photosensitizers. These Au nanorod/ZnO core—shells were
found to demonstrate effective generation of 'O, under
continuous-wave NIR light irradiation, with the thicker ZnO
shells displaying higher 'O, generation efficiency. The
mechanism of 'O, generation was attributed to the injection
of NIR light-excited hot electrons of Au nanorods into the CB of
ZnO (Figure 10a). The injected electrons were scavenged by

dioxygen to form O; which was subsequently oxidized (Figure
10b) by the holes on Au nanorods to form '0,.”!

Another strategy of enhanced 'O, generation is to use QDs
conjugated with carbon-based nanomaterials, which have
diverse applications including nanophotonics, nanoelectronics,
and nanotheranostics. Quantum dots containing the largest
bandgap require high-energy excitation which limits their
widespread applications. Therefore, architecting QDs hetero-
structures by coupling with low-energy photoexcitation
materials can provide promising optical results. Li et al.''®
synthesized carbon quantum dot (CQD) modified ZnO hybrid
materials (CQDs/ZnO), and their dispersity was improved by
loading on halloysite nanotubes (Figure 10c). The hybrid

materials were found to J)roduce efficient O3 " and 10, under
UV—visible excitation.''® It was observed that under visible-
light irradiation the photogenerated electrons in the HOMO
level could be promoted to the LUMO level of CQDs and then
transferred to the conduction band of ZnO where they interact

with dioxygen, producing the O3 “and '0, species (Figure 10c).
The nanohybrids were observed to exhibit very high photo-
catalytic degradation activities against tetracycline hydro-
chloride (TC-HCI).'"®

Similarly, Huo et al.''® fabricated composites of CQDs/
CdSe/reduced graphene oxide (rGO) with enhanced photo-
catalytic activities for TC-HCL It was observed that the
introduction of rGO enhanced the charge transfer rate, thus

producing more ROS such as HO®, 05 ,and '0,. The proposed
mechanism for 'O, was described as an electron—hole pair
generated in CdSe after visible-light irradiation. The CdSe
transfers the photoelectrons via CQDs to the surface of rGO

where they interacted with O, to form the O .; meanwhile,
CQDs also generated electron—hole pairs, enhancing the yields

of HO® and O; . Subsequently, the Oy " interacted with holes at
the conduction band and generated 10,.1"0

QDs optoelectronic properties can be tailored to have n-type
or p-type characters, which can be coupled with other n-type or
p-type materials to construct a p—n heterojunction, thus
restraining the recombination of the electron—hole pair and
enhancing the ROS generation efficiency. Guo et al.'> coupled
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Figure 10. Schematic illustration of charge separation in Au nanorod/ZnO and mechanism of 'O, generation by the nanoconjugates (a) and the
corresponding electronic structure configuration (b) under NIR light irradiation. Reproduced with permission from ref 21. Copyright 2018, American
Chemical Society. Schematic illustration of the band structure, charge separation in CQD/ZnO@HNTs, and mechanism of 'O, and ROS generation
by nanohybrids under visible irradiation (c). Reproduced with permission from ref 116. Copyright 2019, Elsevier.

an n-type ZnO core with p-type Ag—Ag,O by polydopamine
(PDA) to construct core—shell nanocomposites with a p—n
heterojunction. Interestingly, the light absorption capacity of
ZnO was remarkably enhanced after surface modification by
PDA/Ag—Ag,0 nanoparticles and ZnO@PDA/Ag—Ag,0
which were found to yield a high amount of 'O, compared
with unmodified ZnO and ZnO@PDA nanosheets. Upon LED
irradiation of ZnO@PDA/Ag—Ag,0, the Ag,O nanoparticles
were excited to generate the h{y and ecy pair. The ecy in the CB
of Ag,O was subsequently transferred to the CB of ZnO due to
the inner electric field existing in the p—n junction. Meanwhile,

the PDA acted as a sensitizer, and the Ag nanoparticles worked
as electron transfer mediators in this process. The CB of ZnO

possesses more negative energy (—0.36 eV) than the O,/03 ’
potential (—0.33 eV); therefore, the ecy in the CB reacted with

O, to generate the Oz_.- The O3 ’ subsequently interacted with
h{y in the VB of Ag,0, producing a high amount of 'O, (Figure
11A).

The nanocomposites exhibited superior disinfection effi-
ciency under irradiation against E. coli and S. aureus. To validate
the disinfection ability of nanocomposites in vivo, S. aureus was
inoculated into the back skin of Kunming mice. The ZnO@
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Figure 11. Schematic illustration of band structure alignment, charge separation in ZnO@PDA/Ag—Ag,0, and the proposed mechanism of ROS
generation and photocatalytic degradation by the nanoconjugates under visible LED irradiation (A). Representative photographs of S. aureus infected
wounds harvested after 3 days of PDT treatment (B): control (a), ZnO@PDA/Ag—Ag,O without irradiation (b), and ZnO@PDA/Ag—Ag,0O with
irradiation for 15 min (c). The insets show the wound images on the first day of treatment. H&E stained micrographs of infected mice tissues harvested
after 3 days of PDT treatment (C): control (a), ZnO@PDA/Ag—Ag,O without irradiation (b), and ZnO@PDA/Ag—Ag, O with irradiation for 15 min
(c). The bottom panel, i.e., a’,b’, ¢/, shows the magnified partial version of a, b, and c. Black arrows: inflammatory cells; green arrows: red blood cells;
and yellow arrows: vacuolization. Reproduced with permission from ref 15. Copyright 2022, Elsevier.

PDA/Ag—Ag,O under LED irradiation effectively minimized
the bacterial growth and accelerated wound healing (Figure
11B,C) due to the 'O, generated by the nanocomposites
coupled with the release of Ag nanoparticles, as compared with
the control and ZnO@PDA/Ag—Ag,0O without irradiation.'®
Since NIR light has high tissue penetration capability,
sensitizers with excitation in the NIR window are the primary
consideration for potential application in PDT treatment. Based
on this concept, a system of NaErF,@ZnO upconversion
nanoparticles (UCNPs) was designed by overcoating blue- (415
nm), green- (525/545 nm), and red-emitting (661 nm) NaErF,
UCNPs with ZnO. Upon excitation by 980 nm NIR irradiation,
the UV emission from NaErF,-sensitized ZnO catalyzed H,O,
and O, to produce 'O, by energy transfer. The NaErF,@ZnO
UCNPs showed 59% cell lethality against thyroid tumor cells
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(BHP 5-16 cells).”' Similarly, Wang et al.''” fabricated
NaYF,:Yb/Tm@NaYF,:Yb/Er UCNPs which were subse-
quently passivated by Zn,Cd,_,S quantum dots. The UCNPs/
Zn,Cd;_,S were excited with NIR light from solar energy, which
further activated the Zn,Cd,_,S via the FRET or irradiation
energy transfer (IET) process to produce a photogenerated
electron—hole pair. The resulting activated UCNPs/Zn,Cd,_,S
were observed to exhibit a high production ability of 'O, and
HO®.'"7

5.1.4. QDs-Conjugated Sensitizers. A QD-conjugated
photosensitizer (QD-PS) has been broadly used by many
research groups to maximally harvest the energy of QDs for
indirect 'O, generation. In a QD-PS system, the QDs in the
excited state energy transfer to the surface-anchored molecular
acceptor/sensitizer via Forster resonance energy transfer

https://doi.org/10.1021/acsomega.3c03962
ACS Omega 2023, 8, 34328—34353


https://pubs.acs.org/doi/10.1021/acsomega.3c03962?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03962?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03962?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03962?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

(FRET)**573799771 or Dexter-like energy transfer (DET)
processes or sequential triplet—triplet energy transfer
(TTET).** " The molecular sensitizer subsequently transfers
its energy 1n0n£§,(51g[61?),,§19y— 7t10 the ground triplet-state oxygen
generating - O,.

Forster Resonance Energy Transfer (FRET). The concept of
indirect 'O, generation can be better explained by a study
performed by Monte et al.”' The authors developed a system of
CdSe/ZnS QDs as an energy donor and zinc-phthalocyanine
(ZnPc) as an energy acceptor, which is a sensitizer of 'O,
generation (Figure 12). The FRET efficiency of the QD-ZnPc
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Figure 12. Photoluminescence spectra of CdSe/ZnS-ZnPc (a). The
multipeak Gaussian fitting shows four emission peaks from QDs (630
nm), ZnPc (685 and 744 nm), and 'O, (707 nm). Jablonski energy
diagram representation of energy transfer from QDs to ZnPc and
ground state molecular oxygen, producing 'O,: PL (photolumines-
cence), ISC (intersystem crossing), Ph (phosphorescence), and ET
(energy transfer). Reproduced with permission from ref 71. Copyright
2020, Wiley-VCH.

was measured by the relative decrease in the photon diffusion
length at an emission wavelength of 630 and 707 nm, using the
microluminescence scan surface technique (MSST). In
sequence, QDs at different concentrations were mixed with a
fixed amount of ZnPc to produce a FRET nonradiative process.
A decrease in the photon diffusion length was observed when the
QDs and ZnPc came closer to each other to a distance of 1—10
nm, signifying the occurrence of FRET. Hence, in a cascade-like
process, the QDs transferred their energy to ZnPc, and in turn,
ZnPc excited *0,, generating 'O, (Figure 12). The photo-

luminescence of QD-ZnPc exhibited four different emission
peaks arising from QDs (630 nm), ZnPc (685 and 744 nm), and
10, (707 nm).”*

Moreover, the PS accumulation at the tumor area is
remarkably important in cancer treatment by PDT. Therefore,
the surface modifications of QDs with specific cancer-targeting
ligands enable them to evade the reticuloendothelial system
(RES) and achieve the maximum concentration of PS at tumor
masses by active targeting. For example, Shen et al.” designed a
unique CdTe/ZnS QDs-Zn-porphyrin (TMPyP-Zn-QDs com-
plexes) hybrid nanoparticle (HyNP) through micelle encapsu-
lation with highly fluorescent organic photosensitizer rhod-
amine 6G (R6G) and NIR fluorophore (NIR775) by folic acid
(FA) labeled amphiphilic phospholipid polymers (Figure 13a).
The HyNPs were named HyNPsl (without R6G and FA),
HyNPs2 (without FA), and HyNPs3 (containing both R6G and
FA). The QDs fluorescence at 560 nm acted as an energy donor,
and TMPyP acted as an energy acceptor. The nanohybrids were
reported to have large porphyrin payloads and strong light
absorption, thus contributing to a high production of 'O,
quantum yield (® = 0.91) compared to the standard
photosensitizer Rose Bengal (® = 0.75). The high 'O, QY
was attributed to an efficient dual-energy transfer process from
the respective QDs and R6G (Figure 13b) to the in situ formed
TMPyP-Zn in HyNDPs.

In In vivo studies, the HyNPs demonstrated a high ability to
escape RES and accumulated preferentially in tumors through
folate-receptor-mediated active delivery (Figure 13c), allowing
noninvasive fluorescence imaging of tumors and their ablation
via PDT (Figure 14a—d), without causing noticeable side
effects. After 20 days of treatment, the tumor volumes were
reduced significantly in mice receiving the HyNP3 probe and
light irradiation as compared to control (mice receiving either
saline,4}-IyNP1, HyNP1 + light irradiation, HyNP3, or light
only).™

Tsolekile et al.’® developed nanohybrids consisting of
ZnCulnS/ZnS (ZCIS/ZnS) QDs and 5,10,15,20-tetrakis(3-
hydroxyphenyl)porphyrin (mTHPP). The ZCIS/ZnS-mTHPP
nanoconjugates exhibited the highest reduction in cell viability
(72%) against the murine metastatic melanoma (B16F10-Nex2)
cell line compared to bare QDs (19%) and mTHPP (19%).%

After the NP enrichment at the tumor area, the clinical use of
PDT agents for deep tissue tumor curing remains challenging
because most of the PDT agents are activated by short
wavelength light which hardly travels far into biological tissues
due to light-scattering effects and absorption of biological
chromophores.”> In this case, it is desirable to use photo-
sensitization by deeply penetrating NIR light rather (lower
energy) than UV—visible light (higher energy). However, the
electronic energy levels of molecular sensitizers are usually
higher than those of the lower energy exciting photons of NIR
light. Therefore, the PDT activity in such a case can be obtained
by coupling molecular sensitizers to other strongly multiphoton-
absorbing species. Drozdek et al.”” developed biocompatible
polymer nanocapsules loaded with two-photon absorption
excited (800—1000 nm) CdSe,S,;_,/ZnS and zinc(II) phthalo-
cyanine (ZnPc) as a simple hybrid system for demonstrating
bioimaging, energy transfer, and potential PDT applications.
The absorption spectrum (650—750 nm) of the ZnPc acceptor
overlapped quite precisely with the emission spectrum (658 nm)
of the QDs donor, which exhibited 16—19% FRET efficiency.
However, the obtained results showed that'O, was produced
about five times more by free ZnPc compared to QD-conjugated
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ZnPc, probably due to the energy loss during the FRET
process.”’

Dexter-Like Energy Transfer (DET) or Sequential Triplet—
Triplet Energy Transfer (TTET). Traditional approaches
generally involve intersystem crossing (ISC) to transfer energy
from the singlet excited state to the excited triplet state. Such a
formation of ISC between singlet—triplet excited states is energy
consuming (up to 1 eV in forming the triplet)'”*' and requires
UV irradiation (higher energy) due to the large energy gap
between singlet and triplet states,””'”” which limit their
selectivity and usage. Recently, QD-sensitized TET has been
explored as a promising route for triplet sensitization of
molecular acceptors at lower energy that was previously
accessible at high-energy UV irradiation.'”” The triplet exciton
shows unique additional advantages including long excited-state
lifetime, large exciton diffusion lengths, slow excitation energy
release, and exciton migration, which make the QDs an
outstanding candidate for energy donors.”*%° QDs are excellent
light-harvesting materials with a tunable absorption from the
visible to near- and mid-infrared regions and have prevalent
triplet excited states.””*”%*?%''* Therefore, significant research
has been devoted to conjoining the QDs and molecular acceptor
due to the realization of nonemissive triplet exciton transfer
from QDs to a molecular acceptor with high efficiency in a
concerted Dexter-like energy transfer (DET) or sec}uential
triplet—triplet energy transfer (TTET).'¥*5870098120.127 1y 5
direct DET, the QDs transfer their electron and hole to an
acceptor without involving an intermediate charge transfer state,
whereas the indirect or sequential energy transfer proceeds via a
charge transfer intermediate.'”® A good review of the
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mechanistic aspects of TTET is available from the Tang and
Lian groups.'*® Hence, the QDs transfers a triplet exciton to the
excited triplet state of a molecular acceptor via TTET, which
consequently transfers energy to 302, thus generating '0,.
Quantum dots generally have closer energy spacing (1—15
meV)*??%7%120 between the bright (singlet-like character) and
dark (triplet-like character) exciton states and diszplay intrinsic
features of rapid/near-isoenergic spin dephasing.'”” The nearly
degenerate singlet/triplet excitons give the QDs the highest
triplet excited state energies among all the visible-light triplet
photosensitizers (up to 3.26 eV, 380 nm)."'* These photo-
physical properties of QDs can be strategically positioned by
tuning their particle size into the triplet energy state of the
molecular acceptor for potentially transferring the exciton from
the QDs to the molecular acceptor. In terms of a downhill
driving force, the triplet state position of the acceptor is slightly
lower than the excited triplet state of the QDs donor. Thus, the
QDs with a stronger quantum confinement effect present a
stronger driving force for transferring sg)in—triplet excitons from
the band edge to molecular acceptors.'”” The resulting triplet
exciton stored in the molecular acceptor can subsequently
enable facile bimolecular sensitization of 'O, generation.b'9
However, the close positioning of triplet states in such
nanohybrids also has an inverse effect and triggers reverse
TTET (rTTET), and its probability increases with the
decreasing energy gap between QDs and the molecular acceptor
(Figure 15), which is detrimental to the overall yield of TTET.”
Smaller energy gaps promote a more rapid and efficient -TTET
process. For instance, Mongin et al>® showed that in CdSe
surface-anchored 1-pyrene carboxylic acid (PCA) a triplet
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Figure 15. Schematic representation of CdSe-PCA constructs showing
the associated energy levels, reverse triplet—triplet energy transfer
(rTTET), various PL wavelengths, triplet—triplet energy transfer
(TTET) decay pathways, and formation of 'O,. Modified from ref S8.

exciton transfers backward to CdSe from the molecular acceptor,
producing photoluminescence, when the energy separation
between the band edge of QDs and the first triplet excited state
of PCA (2.00 eV) is less than 0.54 eV (Figure 15). This
phenomenon is attributed to near quantitative TTET from
CdSe to PCA, producing a molecular triplet state reservoir that
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thermally repopulated the photoluminescent state of QDs
through endothermic rTTET. However, in the presence of
oxygen-saturated conditions, the QDs photoluminescence led to
a dramatic decrease in intensity due to very efficient energy
transfer to *O,, producing 'O,. The CdSe-PCA nanohybrids
were suggested to be a promising candidate for oxygen
photosensitization and PDT as the materials displayed no
signs of photodegradation upon prolonged photolysis.>”

In another study, Mongin et al.”’ surface-anchored CdSe as a
light-absorbing triplet sensitizer with two different triplet
acceptors, namely, 9-anthracenecarboxylic acid (ACA) and 1-
pyrene carboxylic acid (PCA). Under green light excitation, the
CdSe/ACA and CdSe/PCA sensitized triplet excitons migrate
from QDs to a surface-anchored molecular acceptor which
further enabled exothermic triplet energy transfer to O,
producing '0,.”° Similarly, in different studies, Zhang and
Castellanoe al.>”®° decorated blue-emitting InP QDs with 1-
and 2-naphthoic acid (NA) and 8-quinolenecarboxylic acid
(QCA) to leverage triplet excitons in NCs in concert with
surface-anchored molecular acceptors for producing thermally
activated delayed photoluminescence (TDPL). The nano-
hybrids enabled facile bimolecular 'O, triplet sensitization
phosphorescence at 1270 nm.*”*® Besides, they reported that
the QCA was anchored on blue-emitting InP QDs, and its long-
lived triplet energy was strategically positioned between the
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bright and electron trap states of quantum dots (Figure 16). The
nanohybrid was constructed in such a way as to bypass the
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Figure 16. Schematic illustration of InP/QCA nanoconjugates
depicting all the relevant photophysical processes and the correspond-
ing energy level diagram. The InP/QCA nanohybrids resulted in a
quantitative TTET from the dark states of photoexcited InP QDs to the
excited triplet states of surface-bound QCA that subsequently
sensitized 'O, generation. Reproduced with permission from ref 59.
Copyright 2022, American Chemical Society.

electron trap in TDPL and repopulate the excitons from excited
triplet QCA on the bright state of QDs via rTTET. The QCA-
functionalized InP nanohybrids also resulted in a quantitative
TTET from photoexcited InP QDs to surface-bound QCA and
readily sensitized 'O, generation, suggesting them as a
promising candidate for potential photodynamic therapy.*”

5.2. Generation of '0, by Perovskite QDs. Nowadays,
perovskite QDs have emerged as active materials for the
sensitization of 'O, generation involving different mechanisms,
e.g, TET, TTET, and energy transfer from defects to dioxygen,
thus acting like a versatile sensitizer. Due to the small energy
spacing between the dark and bright states (10 meV) of
perovskite QDs, the band edge exciton carries mixed features of
both dark and bright states irrespective of their ordering. The
dark state is treated like the triplet state of the molecular system
and plays a deterministic role in the triplet sensitization via the
TET process.*” For instance, Gu et al.°" studied in detail the
generation of 'O, induced by silica-coated Cs,PbBr perovskite
QDs in the presence of 1,3-diphenylisobenzofuran (DPBF),
3,3',5,5 -tetramethylbenzidine (TMB), and methyl orange
(MO) as the probe molecules. The decrease in the DPBF
absorption intensity, turning of colorless TMB into yellowish,
and change of orange MO solution into canary suggest that 'O,
is produced by the TET from the QDs to ground state oxygen.
To further confirm the formation of 'O,, carotene was
introduced as a scavenger with TMB and MO, which
significantly inhibited the decomposition of TMB and MO,
suggesting that the active substrate produced by the QDs was
'0,. The study demonstrated that the QDs acted as effective
photosensitizers to produce 'O, via TET rather than electron
transfer®' (Figure 17a).

Similarly, Zhang and Xu® reported for the first time that
metal halide perovskite MAPbX; (MA: CH;NH;, X: Br, I) QDs
(having photoluminescence emission at 517 nm and QYs of

0.64) can effectively generate 'O, with an ®qp of up to 0.34. The
mechanism of 'O, formation was concluded to be due to TET
from QDs to dioxygen. The researchers found that an excited
triplet state is formed only when the free charge carriers from
different QDs meet and recombine to form a new exciton. If the
initial exciton is restrained in the same quantum dot or the
photogenerated charge carriers are trapped within the same QDs
and have no chance to get out, there will be no formation of a
triplet excited state.®”

Perovskite QDs are known as defect tolerant, enabling them
to adopt atoms or ions of appropriate elements into the lattice.
Thus, the judicious incorporation of dopant impurities is
another way to increase the quantum yields of 'O,. For example,
Li et al.®® incorporated manganese divalent (Mn?*) ions into
CsPbCl, which produced an enhanced amount of 'O, (Pgps =
108%) as compared to 4'-methoxyacetophenone/naphthalene
(4-MAP/N) with known singlet oxygen yield (D, yap/n =
96%, in cyclohexane). Under irradiation at 355 nm, the QDs
transferred its exciton to Mn”* (bulk) in the nanocrystal, which
subsequently activated two surface Mn** defect states followed
by nonradiative energy transfers to two surrounding oxygen
molecules producing 'O, (Figure 17b). It was found that with
increasing the oxygen amount the luminescence intensities of
Mn** (at 610 nm) and defects (at 950 nm) experienced a
continuous decrease, while the phosphorescence of 'O, (at 1270
nm) exhibited a sharp increase (Figure 17c), substantiatin§ the
energy transfer from Mn*" to the ground state of oxygen.®

Perovskite QDs also provide a vast platform for dopant
impurities and surface-anchored molecular acceptors, which act
synergistically to produce an enhanced amount of 'O,. In
surface-functionalized nanoconjugates, QDs can transfer energy
to surface-anchored molecular sensitizers in a concerted Dexter-
like energy transfer or sequential TTET that subsequently
sensitizes 'O, formation. For instance, Luo et al.%® reported
electron-transfer-mediated TET from CsPbCl; and CsPbBr; to
surface-anchored RhB. It was found that electron transfer from
QDs to RhB was also followed by hole transfer. Thus, the RhB
sensistéized by QDs subsequently interacted with *O, generating
'0,.

5.3. Generation of '0, by Transition Metal Dichalco-
genide QDs. Similar to semiconductor QDs, transition metal
dichalcogenides (TMDs) QDs have been reported to generate
'0, by triplet energy transfer. Under light irradiation, electrons
are excited to the CB (excited S, state), leaving behind holes on
the VB (ground S, state). The electrons in the CB are
subsequently transferred to the excited T states through ISC
where it produces 'O, via TET to dioxygen.'® For example,
Zhu et al.'”” fabricated blue photoluminescent original MoS,
QDs (named as O-QDs) with various sulfur contents followed
by alkaline etching which created high-density sulfur-vacancy
defects to obtain base MoS, QDs (named as B-QDs). The
increase in defect density was observed to result in decreased
energy bandgap and increased active sites, which favored
stronger binding affinity toward O, (Figure 18d—f). The binding
energies of O, absorption were found to be enhanced drastically
with S defects, thus bringing out a higher content of oxygen on
the QDs surface (Figure 18f) and resulting in high quantum
yields of the 'O, generation. The B-QDs demonstrated
enhanced generation of ROS as compared to the O-QD system
(Figure 18a—c), which was attributed to improved ecg and hyg
pair separation and the reduced energy gap between S, and T
with a concomitant strengthening binding affinity between QDs
and 30,. It was found that the QDs in S, states reacted in two
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pathways: (a) the QDs interacted with absorbed O, to produce

(O)y "and HO® through hydrogen (electron) (type I reaction) and
(b) the QDs generated 'O, through TET to dioxygen (type II
reaction)'%* (Figure 18g).

In addition, Zhu et al.'” reported that MoS, with higher
surface defects exhibited more effective photodynamic proper-
ties to kill cancer cells than those with lower defects at the same
concentration, suggesting that this system is a good candidate
for PDT. The thickness and size of TMD can also increase the
'0, and other ROS generation efficiencies. Tian et al.”” reported
the generation of singlet oxygen for MoS, QDs by converting

02_' into '0,. These QDs exhibited potential antimicrobial
properties against E. coli and S. aureus under environmental
conditions as the thickness and size decrease with a trend as
shown: MoS, QDs > MoS, nanosheets > bulk MoS,. In in vivo
experiments, the potential antimicrobial activities of QDs
showed effective wound healing (Figure 19a—c) under
simulated solar light irradiation and exerted protective effects
on normal tissues.””
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Interestingly, TMD also exhibits intrinsic peroxidase-like
activity and can decompose H,0, without photoirradiation,
producing 'O, along with other ROS. Li et al.'”* reported the
decomposition of H,0, into 'O, along with other ROS in the
presence of MoS, QDs. The production capability of ROS
depended upon the temperature and concentration of H,O,
without artificial control of pH and light irradiation.'** Similarly,
Sun et al.''® described the generation of 'O, for WS, by the
decomposition of H,O, in the presence of sodium hypochlorite.
It was found that NaClO oxidized W(IV) of WS, to W(VI)
which subsequently reacted with H,O, to generate 'O, and
peroxotungstate."> TMD has been proposed to couple with
other inorganic materials for enhanced 'O, generation and
photodynamic therapy purposes. A composite system of MoS,
nanosheets loaded with Ag NPs was constructed to form a
heterojunction with suppressed electron—hole recombination.
Under light irradiation (660 nm), the photogenerated electrons
were transferred from MoS, to Ag NPs due to the fast transport

of silver where they reacted with O, to generate O3 "and HO®,
while the photogenerated holes interacted with O, to produce
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Figure 18. Correlation of ROS generation efficiency of B-QDs (a) and O-QDs (b) as a function of white light irradiation (200—1000 nm) time in the
presence of a ROS indicator (H,DCFDA) in 1 X PBS (7.4) solution. PL enhancement [(F — F,)/F,] of H,DCFDA after irradiation in the presence of
QDs with various S content, as indicated (c). Optimized geometric structures with increasing degrees of defects (as indicated, d = 0, S, 10, and 30) of
MoS,-d0, MoS,-dS, MoS,-d10, and MoS,-d30 QDs showing the side view of the Mo—S bond MoS,: green, yellow, and red spheres stand for the Mo, S,
and O atoms, respectively (d). Charge density difference of >0, absorbed on the defect binding sites of MoS, QDs with various sulfur vacancies; the
positive and negative charges are shown in red and green, respectively (e). Correlation between the degrees of defects and binding energy (affinity) of
oxygen molecules (upside) and ratios of charge transfer density between ‘O, and defects of QDs (downside) (f). Proposed mechanism of ROS
generation by QDs (g). Eyy: valence band level. EF: Fermi level. Ecg: conduction band level. ISC: intersystem crossing. AEgy: the energy gap between
singlet excited state (S,) and triplet excited state (T;) (® and ® refer to photocatalysis process, @ refers to photodynamic process). Reproduced with

permission from ref 102. Copyright 2022, Wiley-VCH.

'0,. The Ag/MoS, demonstrated enhanced antibacterial
efficiency against S. aureus (~98.66%) and E. coli (~99.77%)
mainly because of '0,.'® The other TMD-based heterojunc-
tions, which have been studied for 'O,-mediated antibacterial
purposes, include both MoS,/Cu'” and MoS,/Ag,PO,."*

6. SUMMARY AND OUTLOOK

Singlet molecular oxygen ('O,) has been used in a wide array of
applications ranging from clinical practices, water purification
and wastewater treatment, organic synthesis, and photo-
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degradation to pharmaceutical delivery.” Due to the multiple
challenges associated with the currently available conventional
sensitizers and the need for the next generation sensitizers, this
review presents a comprehensive overview of recent designs and
developments over the past decade in QDs (i.e., semiconductor
QDs, perovskite QDs, and transition metal dichalcogenide
QDs) and QD-PS conjugates for the generation of 'O,. We have
also described how the chemical composition, optoelectronic
properties, and type of surface-anchored molecular acceptor can
affect the efficiency of 'O, production. Traditional sensitizers
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based on the conjugated 7-electronic system have several key
challenges, i.., insolubility in aqueous media, low quantum
yields, poor photochemical stability for prolonged time, low
extinction coefficients, and large singlet—triplet splitting
(hundreds of meV).>***" For this purpose, QDs have emerged
as a highly performant and versatile nanotool to improve the
efficiency of 'O, production. Their unique physicochemical and
optoelectronic properties, relying upon a size-dependent
quantum confinement effect, composition effect,” and mutual
alignment of the valence band (VB) and conduction band (CB)
of core and shell materials in core—shell heterostructures,”* ~>*
make them superior over other nanosensitizers. Quantum dots
have been reported to show great chemical diversity toward the
sensitization of 'O, generation: they can generate 'O, either
directly by TET to dioxygen®®'~® or indirectly by charge
transfer”"%*%“%” to create superoxide radicals which are
subsequently converted by QDs to 'O,. Quantum dots provide
a vast platform for linking with other organic or metalorganic
sensitizers,”*>°°° which transfer excitons to surface-anch-
ored sensitizers through FRET***737%°77! or DET/
TTET,* ™ thus subsequently sensitizing 'O, generation.
Quantum dots also offer the opportunity to couple with other
inorganic NCs, which is an effective strategy to enhance 'O,
generation due to the improved mobility of interparticle charges
and slower electron—hole recombination.'>*""'%''® Although
the photophysical data of 'O, QYs for individual QDs are not
very strong,5 QDs in combination with other inorganic
materials'*>>*>"'%""” or molecular sensitizers””****~°° hold
great promise to enhance 'O, production efficiency. Quantum
dots can also be surface functionalized with specific ligands, i.e.,
antibodies or proteins, to achieve active tumor targeting in PDT
treatment.”> Thus, the integration of QDs with other multi-
functional modalities improves diagnosis and therapeutic
efficacy. Since solid tumor tissues have hypoxic microenviron-
ments and PDT is an oxygen-consuming modality, continuous
consumption of O, further exacerbates the hypoxic conditions,

which limits the efficacy of PDT. QDs can relieve hypoxia by
converting H,O, into *O, which may be produced in high
concentrations by tumor tissues.'”* Based on versatile perform-
ance, unique optoelectronics, and physicochemical properties, it
is expected that QDs can prove as promising candidates for next-
generation sensitizers of 'O, generation, which will be used for
simultaneous diagnosis and PDT modality. However, for clinical
applications of QDs in PDT, most of the current research on
QDs has been performed for in vitro or in vivo mice models;
therefore, their translation to the human body and more
preclinical data are required to understand the pharmacokinetics
andsgharmacodynamics of bare QDs or QDs coformulated with
PS.
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