molecules

Review

Direct and Indirect Chemiluminescence: Reactions,
Mechanisms and Challenges

Marina A. Tzani 1©, Dimitra K. Gioftsidou 1, Michael G. Kallitsakis !, Nikolaos V. Pliatsios !,

Natasa P. Kalogiouri !

check for

updates
Citation: Tzani, M.A.; Gioftsidou,
D.K.; Kallitsakis, M.G.; Pliatsios, N.V.;
Kalogiouri, N.P.,; Angaridis, P.A.;
Lykakis, I.N.; Terzidis, M.A. Direct
and Indirect Chemiluminescence:
Reactions, Mechanisms and
Challenges. Molecules 2021, 26, 7664.
https://doi.org/10.3390/
molecules26247664

Academic Editor:

Chryssostomos Chatgilialoglu

Received: 24 November 2021
Accepted: 14 December 2021
Published: 17 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Panagiotis A. Angaridis !, Ioannis N. Lykakis 1*

and Michael A. Terzidis #*

1 Department of Chemistry, Aristotle University of Thessaloniki, University Campus,

54124 Thessaloniki, Greece; marina_tzani@hotmail.com (M.A.Tz.); dimgpan10@yahoo.gr (D.K.G.);
kallitsos29@gmail.com (M.G.K.); npliatsios@gmail.com (N.V.P.); kalogiourin@gmail.com (N.P.K.);
panosangaridis@chem.auth.gr (P.A.A.)

Department of Nutritional Sciences and Dietetics, International Hellenic University, Sindos Campus,
57400 Thessaloniki, Greece

Correspondence: lykakis@chem.auth.gr (I.N.L.); mterzidis@ihu.gr or mterzidi@gmail.com (M.A.T.)

%
Abstract: Emission of light by matter can occur through a variety of mechanisms. When it results
from an electronically excited state of a species produced by a chemical reaction, it is called chemilu-
minescence (CL). The phenomenon can take place both in natural and artificial chemical systems and
it has been utilized in a variety of applications. In this review, we aim to revisit some of the latest
CL applications based on direct and indirect production modes. The characteristics of the chemical
reactions and the underpinning CL mechanisms are thoroughly discussed in view of studies from the
very recent bibliography. Different methodologies aiming at higher CL efficiencies are summarized
and presented in detail, including CL type and scaffolds used in each study. The CL role in the
development of efficient therapeutic platforms is also discussed in relation to the Reactive Oxygen
Species (ROS) and singlet oxygen (10,) produced, as final products. Moreover, recent research
results from our team are included regarding the behavior of commonly used photosensitizers upon
chemical activation under CL conditions. The CL prospects in imaging, biomimetic organic and
radical chemistry, and therapeutics are critically presented in respect to the persisting challenges and
limitations of the existing strategies to date.

Keywords: chemiluminescence; reaction mechanisms; singlet oxygen; reactive oxygen species;
light emission

1. Introduction

Chemiluminescence (CL) is the spontaneous emission of light from an electronically
excited state of a species produced by a chemical reaction [1]. Nature uses CL (called
bioluminescence) in many living organisms such as fireflies, mushrooms, shells, jelly-
fish, [2] worms and bacteria, mainly for communication or defense roles [3]. In biological
systems, bioluminescence occurs from in situ enzyme-catalyzed chemical transformations,
for example luciferin [4] reacts with oxygen in the presence of luciferase enzyme [5],
magnesium [6-9] or calcium ions and adenosine triphosphate (ATP), leading to lumines-
cence [10-12]. The reaction involves chemical activation of specific molecules (A) via
oxidation, resulting in a chemiexcited intermediate (CEI) (C* or D*; excited species indi-
cated by *) that releases its energy either via light emission (direct) or by transferring it,
through a chemiluminescence resonance energy transfer (CRET) process, to an adjacent
fluorophore (E) that becomes excited (E*); this fluorophore subsequently releases part of
its energy by emitting light. These two distinct mechanisms dictate the two types of CL,
direct and indirect, respectively, as shown in Figure 1.
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Figure 1. Direct (a) and indirect (b) chemiluminescence.

Typical examples of molecules that emit light via direct CL are luminol and luciferin,
two of the most well-studied luminogenic substances which are susceptible to oxidation
by hydrogen peroxide (H,O,) and superoxide radical anion (O,°7). The emitted light is
the result of changes in the chemical structure of the produced chemiexcited intermediates.
Under certain conditions, singlet oxygen ('O,) can also be produced at high amounts, as
chemiexcitation product, by peroxides via direct CL. 'O, upon radiative relaxation emits
infrared light at 1270 nm if not previously trapped, affording oxidation products [13].
The production of 'O, under CL conditions is discussed later in the text (vide infra). In
addition, oxalate esters and 1,2-dioxetane derivates serve as efficient precursors both for
direct and indirect CL providing tunable emission systems depending on the photophysical
properties of the energy acceptor fluorophore, with a wide range of applications in sensing
and diagnosis, molecular imaging, and cancer treatment [14,15].

In indirect CL, energy transfer takes place, resulting in excitation of a fluorophore
or a photosensitizer that can further act independently. In the presence of molecular
oxygen (O,), the photosensitizer can generate reactive oxygen species (ROS) such as O,°”,
hydroxyl radicals (HO®) or 'O,. These species have a broad spectrum of reactivity with
biomolecules [16-19] and can be used in photodynamic therapy (PDT) to induce selectively
cancer cell death, as well as other chemical transformations [20-23].

Most of the studied CL systems exhibit flash-type single-color light emissions that
usually limit their applications. Long-lasting multicolor CL in aqueous solutions is highly
desirable, especially in biological applications, however a controllable chemical procedure
still remains a challenge. CL is a powerful tool in analytical chemistry that is used for the
detection and quantification of reactive oxygen and nitrogen species [24,25], and numerous
biological materials such as DNA [26], RNA [27], proteins [28], microorganisms, cells,
metals [14,29], etc. [30,31]. Lately, immunoassays have been also used for the detection of
SARS-CoV-2 [32].

Moreover, CL has been considered as an alternative photo-uncaging option in drug-
delivery technologies for meeting the increasing demand for efficient strategies [15]. How-
ever, in biological systems, several issues have to be addressed, such as: (i) the tissue
penetration of the incident light used for photoactivation of the emitted photons represents
one of major barriers limiting efficiency in imaging or other applications, (ii) light can
be scattered or absorbed by other biomolecules inside the cell, and (iii) light intensity
is inversely proportional to the square of the distance from the light source, in this way
causing weak interaction between an incident photon and a molecule (see Jablonski energy
diagram, Figure 2) which leads to poor photochemical interactions. CL has increasingly
attracted the interest of the research community, providing solutions to persisting prob-
lems of typical photochemical procedures. Recent successful examples from imaging and
therapeutics fields highlight the great potential of CL-induced applications. To date, the
reported reviews discuss CL mainly focused on chemiluminescent molecules such as lu-
minol, cypridina luciferin and peroxyoxalates or analogues that can be used in sensing,
imagine and therapeutic applications [33-36].
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Figure 2. Jablonski diagram showing typical photoexcitation and radiative relaxation.

The aim of this review is to provide a summary of the recent developments in this
field, based on direct and indirect CL. An overview of the strategies leading to better
analytical sensitivity is included along with recent indicative examples. The role of 1O,
as a chemiexcitation product is also described in relation to the application and further
development of more efficient CL-induced therapeutic platforms. Finally, unpublished
results of our research regarding the behavior of commonly used photosensitizers as energy
acceptors under CL conditions are also included together with discussion on the prospects
and the challenges of CL applications in imaging, biomimetic organic and radical chemistry,
and therapeutics.

2. Mechanistic Aspects of the Types of Chemiluminescence: Direct and Indirect

Among the different types of luminescence, the most typical ones are photolumines-
cence (PL), chemiluminescence (CL), bioluminescence (BL), and electrochemiluminescence
(ECL). A list of recent references for each luminescence type is provided in Table 1.

Table 1. Types of luminescence based on different activation mode.

Type of Luminescence Activation Mode References
Photoluminescence (PL) Photoexcitation [37-39]
Chemiluminescence (CL) and Bioluminescence (BL) Chemiexcitation [40,41]
Electrochemiluminescence (ECL) Electrochemical Excitation [42]

In PL, incident photons are the driving force for the emission of light by a molecule.
Upon absorption of a photon of a particular energy, the molecule becomes photoexcited to
an electronically excited state (Figure 2). Among the various paths that can be followed to
dissipate the excess energy, radiative relaxation can occur via phosphorescence (T1—Sy) or
fluorescence (51 —Sp).

Electrochemiluminescence (ECL) is the production of light by an excited species that
has been generated electrochemically, i.e., an electron transfer reaction at the surface of
an electrode (Figure 3). Numerous review articles and monographs are found in the
literature to date on the electrogenerated CL, describing the fundamentals, mechanisms
and applications. Thus, in this review we will not further discuss this type of CL [42].
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Figure 3. Electrogenerated chemiluminescence (ECL) mechanism.

In bioluminescence (BL), which is naturally occurring CL, light is emitted by live
organisms. Various luminophore molecules, enzymes and cofactors are involved in the
more than 30 different bioluminescent systems known to date [40]. As was mentioned
before, CL is a process in which chemical reactions can generate an excited intermedi-
ate who can emit light directly—direct emission—or transfer its energy to an acceptor
fluorophore—indirect emission—(Figure 1). The FRET (Forster Resonance Energy Transfer
or Fluorescence Resonance Energy Transfer), which refers to the nonradiative transfer of
energy from an excited donor to an acceptor mediated by electronic dipole-dipole cou-
pling, between the oxidized CL reagent (excited state donor) and a fluorophore (acceptor) is
referred as chemiluminescence resonance energy transfer (CRET). Apart from bioimaging
and sensing applications, recent advances in the PDT field revealed that CL could act as an
alternative to conventional light sources. The proximity of the light source to the “target”
molecule, as is the case for CL, assists the photochemical transformations to progress faster
and photon flux requirements are lower in respect to the procedures based on conventional
type of light sources [41].

3. Direct Chemiluminescence

To the best of our knowledge, one of the very first examples of direct CL is dated
back in 1928 [43], and it is based on the oxidation of luminol by HyO, (Scheme 1) [44,45].
After luminol’s oxidation, a strong blue emission with Amax = 425 nm is recorded through
a reverse intersystem crossing (rISC) [46—48] that can last from a second up to few hours,
depending on the quantity of the reacting species, the presence of specific additives and
the “feeding” process. The light emission of luminol and its derivatives can be assisted by
catalysts such as peroxidase and heme, which are usually used as additives. For example,
horseradish peroxidase (HRP) is involved in the production of a luminol free radical by
two molecules of luminol anion [49].

1
NH, O NH, O 3 NH, O NH, O
rTlH HO® o® N riSC 0© | fluorescence o® . f
, ———— —_—
NH 11,0, o5 %o o5 hv
o additives
luminol 3-aminophthalate 3-aminophthalate 3-aminophthalate
triplet dianion (T+) singlet dianion (S) singlet dianion (S4)

Scheme 1. Luminol chemiluminescence mechanism.
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Similarly to luminol, cypridina luciferin emits blue light after oxidation by molecular
oxygen catalyzed by cypridina luciferase (Scheme 2) [50-52]. Moreover, emission was also
recorded after oxidation of 2-methyl-6-phenyl-3,7-dihydroimidazo[1,2-a]pyrazin-3-one, a
cypridina luciferin analogue, by O,°. At the time of its discovery, this selective oxidation
provided a unique opportunity for direct CL detection of O,°*~ and further development of
other similar chemiluminescent probes [6].
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Scheme 2. CL of cypridina luciferin, coelenterazine and their derivatives after oxidation [6-9].

A D-luciferin hydrazine analogue has been synthesized for the selective imaging of
Cu?*. The CL reaction relies on the catalytic transformation of hydrazide analogue to
D-luciferin that is further converted to oxyluciferin by luciferase in the presence of ATP
and Mg?* (Scheme 3) [53].
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Scheme 3. CL of D-luciferin hydrazine analogue catalyzed by Cu?*
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Besides the commonly used luminol and cypridina luciferin scaffolds, other com-
pounds such as peroxyoxalates, dioxetane, acridinium and chromone derivatives were also
developed and have been used lately as efficient, direct CL reagents in various applications.
A summary of recent direct CL applications is provided in Table 2 along with details on
the system and the scaffold used.

Table 2. Summary of recent scaffolds, systems and applications based on direct chemiluminescence [54].

Scaffold System Applications References
Luminol Without System, Cobalt-Doped Hydroxyapatite =~ Monitoring of Advanced Oxidation Processes, [55-50]
Nanoparticles, Cu-Metal-Organic Frameworks Sensing, HyO, and O,°*~ Detection
ADLumin-1 Amyloid Beta (AP) Species Probe [60]
Precursor of Dioxetane Containing the 102 Detection in vitro and in vivo, Monitoring
Dioxetane Dicyanomethylchromone Moiety, Functional of p-Galactosidase Activity—Drug Uncaging, [54,61-64]

Carbapenemase Activity, Enzymatic Activity of

Self-immolative Molecular Scaffolds Prostate Specific Antigen (PSA)

3.1. Direct Chemiluminescence by Luminol and Its Derivatives

In aqueous luminol solutions, HyO, usually acts as an oxidant causing CL. However,
luminol can also be oxidized catalytically by ozone, 'O,, and hypochlorites in the presence
of various transition metal ions. In contrast, in aprotic solvents (i.e., DMSO) luminol’s CL
depends on the pH (basic conditions are required) and the presence of Op. Recently, it
was proposed that the decomposition of the dianionic cyclic peroxide intermediate (CP?™),
i.e., 1,2-dioxane-3,6-dione dianion, causes the chemiexcitation of luminol, as shown in
Scheme 4. Computational studies have supported a stepwise single-electron transfer (SET)
from the amino-phthaloyl to the O—O bond, initiating the decomposition of CP>~ [65].

0]
oxidation
NH base o
U
NH &
light path
NH, O dark path NH, O
luminol

back SET So

Scheme 4. Proposed luminol chemiexcitation mechanism.

It is also reported that luminol CL could be significantly enhanced in the presence
of hydroxylated intermediates generated by persulfate-based advanced oxidation pro-
cesses (AOPs) of 1,2-divinylbenzene (DVB). Since the emission of light found to be depen-
dent on the oxidation efficiency of the recalcitrant pollutants, luminol CL was proposed
(Figure 4) for tracking a wider range of hydroxylated intermediates generated during
persulfate-based AOPs under different degradation conditions, and other relevant organic
compounds [55].

In most cases, where transition metals are involved, metal-peroxide complexes and
metal-luminol or metal-luminol-O, intermediates (M-LHOOH) are formed, which are
believed to be the key intermediates for the CL of luminol-based systems (Scheme 5) [65].

Cobalt-doped hydroxyapatite nanoparticles (CoHA-NPs) have been reported to en-
hance luminol CL intensity by more than 75 times compared to the conventional luminol-
H,0, system. During investigations on the impact of CoHA-NPs sizes, composition, and
crystallinity on the CL intensity, it was found that the maximum CL intensity is achieved by
polycrystalline NPs, owing to their larger surface area. The proposed mechanism involves
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the ionization of HyO, under basic conditions, leading to the formation of hydroperoxide-
anions, which subsequently interact with the Co atoms on the NPs surface, forming the
metal-hydroperoxide intermediate. The peroxyl radicals, after decomposition of the in-
termediate, are degraded into HO®, which ultimately oxidizes luminol leading to the
chemiexcited intermediate (Figure 5) [56].

82082_ 82082_

heat \82\08

AN

ring open
heat

8208 ﬂ
v

HO_
NH, O NH, O
luminol

Figure 4. CL mechanism for monitoring hydroxylated intermediates generated on persulfate-based
AOPs.

NH, O
LHOOH
Scheme 5. LHOOH intermediate proposed as the key compound for luminol’s CL.
. o} o}
OH" + HpOp -7 m . NH 0© /
~ —_ + —_— —
ENGE L NH oo hv
NH, O NH, O
luminol

Figure 5. Free radical CL mechanism for the luminol-H,O,-Co-HAp NPs.

A new artificial heme-enzyme, so-called FeMC6*a [57], was also found to enhance
luminol CL emission signal in comparison to the horseradish peroxidase (HRP)-based
sensors (Figure 6), when used in a HyO,-detecting bioassay [49,66-71].

o) o)
NH _FeMC6*a H202 0©® 00
THO, “ O e + }hv
202 O@ oe
NH2 NH2 NH, OH NH, O NH, O signal
read
H, 3-AP

Figure 6. Proposed reaction mechanism of luminol oxidation catalyzed by FeMCé6*a.

The catalytic activity of Cu-metal-organic frameworks (Cu-MOFs) with flower mor-
phology, obtained from Cu-based metal-organic gels, was reported to promote persistent
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CL in luminol-H,O; systems. According to the proposed mechanism, luminol’s CL was
attributed to the gradual generation of HO®, O,*~ and 'O, species (Figure 7) and recom-
bination of HO® and O,*~ into 'O, on the surface of Cu-MOFs, which also resulted in
prolonged CL [58].

O
0© f
0 o hv
Cu-MOFs
NH
NH, O C®
LH, H20, low or no emission

Figure 7. Cu-MOFs catalyzed luminol CL.

Recently, it was also reported that luminol’s CL efficiency can be tuned by manip-
ulating the electronic properties of the aromatic ring via substitution, with the 8-methyl
substituent providing the highest ®¢; enhancement (Figure 8). In silico studies revealed
that the 8-substitution assists the cleavage of the O-O bond via the negative charge donation
to the in situ formed peroxide [72]. Previous studies on the factors that could possibly
influence luminol’s CL indicated that both steric and electronic effects play a significant
role [73].

N02 NH2 HO
COCH anchorlng NH
E— ‘ t
: moiety NH
COOCH ring
substitution Me O
(R'= H or Me or Ph or 4-OH-CgH) 1 8'322 2 ”Ezlﬁ
2 ! = 0.058 at pH=
(R"=H or Me orPh) ! CL  0.017 at pH=8

Figure 8. Substitute luminol derivatives with enhanced CL at pH 8, 10 and 12.

3.2. Direct Chemiluminescence from Probes Other Than Luminol

Apart from luminol derivatives, isoluminol [73], pyridopyridazines and phthalhy-
drazides [59] that were studied and used as CL probes [74], other molecules have been also
designed and used in various CL applications which are not based on luminol’s chemi-
cal structure. J. Yang and coworkers reported the synthesis and validation of a new CL
molecule, so-called ADLumin-1, as a turn-on probe for amyloid beta (Af3) species with
maximum emission at 590 nm. This probe was then found that can be used in indirect CL
via CRET to a curcumin-based NIR fluorescent imaging probe, so-called CRANAD-3, thus
more information will be provided in the section on indirect CL (vide infra) [60].

Peroxyoxalate chemiluminescence (PO-CL) is one of three most common CL reac-
tions [75]. It is a base-catalyzed reaction of an aromatic oxalic ester with Hy,O; in the
presence of a fluorophore, also commonly referred to as activator (ACT) [76]. When
ACT interacts with the in situ-generated high-energy intermediate (HEI), usually a 1,2-
dioxetanedione, light emission occurs. The process relies on the reaction between the
diphenyloxalate and HyO, that generates 1,2-dioxetanedione [77] which spontaneously
decomposes to carbon dioxide via a paramagnetic oxalate biradical intermediate [78,79].
Several catalysts have been proposed so far, with imidazole being the most commonly
used one [80]. Imidazole acts as a nucleophilic and base catalyst at different reaction
steps [81]. Apart from imidazole, only few catalysts appear to work efficiently, and
among them are: sodium salicylate, 4-N,N-dimethylaminopyridine and its derivatives,
and a mixture of 1,2 4-triazole and 1,2,2,6,6-pentamethylpiperidine [82,83]. Cabello et al.,
working on the kinetics of the PO-CL, used three oxalic esters of diverse reactivity (e.g.,
bis(2,4,6-trichlorophenyl) oxalate (TCPO), bis(4-methylphenyl)oxalate (BMePO), bis|2-
(methoxycarbonyl)-phenyl]oxalate (DMO)). The mechanistic studies performed in the
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presence of sodium salicylate in partially aqueous medium showed that the reaction rate
constants were determined by Hy,O; and sodium salicylate amounts (Scheme 6). Further
studies showed that by increasing the salicylate concentration there is a decrease in the
CL efficiency, probably due to the interaction between salicylate and the in situ-produced
HEI From experiments using different oxalic esters, a variation in the CL emission was
reported, with DMO showing the highest quantum yields in the aqueous medium used
(1:1 v/v of DME/H,O) [84].

0. _O"Na'

O~__OH
OH k, +
a) + HO0p <« —= OH , Ho; + Na

sodium salicylate

O  OAr i O  OOH
b) >_< + HO, H + ArO
A0 O A0 0
O OOH Sham, © o
0 »X . Y1 4+ aoH
A0 O fast 0-0
o) 0
d T 1 + AcT 2C0, + ACT + F hv

0-0
Scheme 6. Mechanism of PO-CL between an oxalic ester and H,O,, occurring via specific base catal-

ysis (SBS) by sodium salicylate, through the formation of (a) hydroperoxy anion, (b) monoperoxalic
ester and (c) 1,2-dioxetanedione, which subsequently leads to (d) carbon dioxide and light emission.

When 2,6-lutidine was used as a non-nucleophilic base catalyst on the TCPO CL
reaction, it was found that the concentrations of 2,6-lutidine and H,O, play a crucial role
in the rate-determining step. The reaction was found to follow a general base catalysis
mechanism (Scheme 7) [85].

) OAr 0] OOH
+ HyO, + Lut ——> + Ar—OH + Lut
A0 O slow a6 0

O OOH |y & P ACT
= ——> V1 4+ A—0H —>_ 2c0, + Fhv
AC o  fast 0-0 CIEEL

Scheme 7. Reaction mechanism of TCPO with H,O, in DME under general base catalysis by 2,6-
lutidine (Lut) towards CL emission in the presence of a fluorophore.

Among other CL molecules of interest are the 1,10-phenanthroline dioxetanes, gen-
erated after treatment of 1,10-phenanthroline with 104~ in the presence of HyO,. It has
been reported that 1,10-phenanthroline dioxetanes enhance light emission in respect to
the 104 ~-H, O, system alone. The proposed radical-based mechanism involves the C°=C°
bond of 1,10-phenanthroline that is initially attacked by HO®, leading to a dioxetane in-
termediate responsible for the CL emission (Scheme 8) [86]. The CL of the 104~ /peroxide
system and the factors influencing the emission have been recently reviewed elsewhere [87].

Investigation into the CL efficiency of four bicyclic dioxetanes bearing 2-hydroxybiphenyl-

4-yl (a), 2-hydroxy-p-terphenyl-4-yl (b), 2-hydroxy-p-quaterphenyl-4-yl (c), or 2-hydroxy-
p-quinquephenyl-4-yl (d) (Figure 9) moieties, showed that a-c emit light from 466 nm
to 547 nm during their decomposition while d was found to emit light of much weaker
intensity from 490 nm up to 607 nm, depending on the solvent (water, acetonitrile or
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DMSO). The CL efficiencies of the latter dioxetanes in aqueous media were found to be
enhanced in the presence of additives such as B-MCD (B-methylated cyclodextrin) or TBHP
(tributylhexadecylphosphonium bromide) [88].

HO  OH o, o°
7\ HOZIKOH

— 104

=4

N N= \—/ 7 N\
(‘Ho6 HO NoONT e
H20, strong CL

O0—0 emission HO OH
0, _ fhv _

\ / / \ --------------- X------ > \ / /_\ _A. \ / /_\
N N= N N NN
AL o} /

Oz o - OOH

Figure 9. Bicyclic dioxetanes bearing 3-hydroxyphenyl substituted with a p-oligophenylene moiety.
(a) 2-hydroxybiphenyl-4-yl; (b) 2-hydroxy-p-terphenyl-4-yl; (c) 2-hydroxy-p-quaterphenyl-4-yl; (d) 2-
hydroxy-p-quinquephenyl-4-yl.

M. Yang et al. constructed a NIR chemiluminescent probe by caging the precursor of
Schaap’s dioxetane scaffold and a dicyanomethylchromone acceptor for selective 'O, detec-
tion. In the presence of 10, the probe is oxidized, affording the phenol-dioxetane moiety
which undergoes spontaneous bond cleavage leading to the formation of the chemiexcited
product responsible for the CL emission (Figure 10). With this probe, they were able to
detect 10, in vitro with a turn-on bathochromic CL signal in the NIR region at 700 nm and
image intracellular 'O, produced by a photosensitizer under simulated photodynamic
therapy conditions [54]. Similarly, hyperconjugated push-pull dicyanomethylchromone
systems were used for the in vivo detection of HyO, and B-galactosidase activity [61].
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Figure 10. Chemiluminescent probe activated by 'O, with maximum emission at 700 nm.

The CL emission mechanism proposed for the Schaap’s dioxetane probes [89-91], in-
volves Chemically Initiated Electron Exchange Luminescence (CIEEL) [1,92] with a solvent-
cage back electron-transfer step, which affords the 2-adamantanone and the chemiexcited
phenolate that is responsible for the light emission (Scheme 9) [92,93].

ET

“o oy
0. .
O PG removal : 00O
N * -
S o o 0
[e) o S) .
O e s
+
f hv

back ET

Scheme 9. Proposed CIEEL mechanism for triggered CL of Schaap’s dioxetane probes.

Recently, modified ortho-nitrobenzyl and spiropyran 1,2-dioxetane probes have been
synthesized and studied towards photoactivation by 254 nm or 365 nm photons. Irradiation
of ortho-nitrobenzyl 1,2-dioxetanes with 254 nm light resulted in the formation of the
chemiexcited phenolate after deprotection, while the spiropyran 1,2-dioxetane irradiation
at A = 254 nm afforded the open merocyanine chromophore intermediate that was finally
converted to the corresponding excited phenolate with maximum emission at 500 nm. This
open merocyanine intermediate was able to act as a photoswitch, thus it could return to
its spiropyran form under white light irradiation subsequently after UV light irradiation
(Scheme 10) [94].
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Scheme 10. Modified 1,2-dioxetane probes activated by UV light.

Shabat and coworkers described the development of functional self-immolative molec-
ular scaffolds based on Schaap’s dioxetane probes, and described their use in signal ampli-
fication and real-time monitoring of enzymatic activity or drug release. The general mode
of action involves a triggering event for releasing a chemiexcited product, the CL reporter
unit, and the payload which can be a reagent molecule, a drug or a prodrug. This strategy
was used successfully in monitored release of the cytotoxic agent monomethyl auristatin E
(MMAE) from prodrug Gal-A-Pept (Scheme 11). The prodrug is initially recognized by a
B-galactosidase, releasing intermediate A-Pept which undergoes 1,6-elimination to afford
the MMAE drug and quinone-methide A. Then, intermediate B is produced by the reaction
of A with H,O, subsequently releasing 2-adamantanone and the chemiexcited phenolate
C*. Green emission at 550 nm is observed due to radiative decay of the phenolate to the
ground state [62].
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Me® o MeO
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MeO.__O
H,O
OH -
®O
+ X c
f hv. COOMe COOMe

COOMe

Scheme 11. Activation mode of the self-immolative chemiluminescence prodrug Gal-A-Pept by

B-galactosidase.
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Carbapenemase-producing organisms (CPOs) pose a severe threat to antibacterial
treatments due to the acquisition of antibiotic resistance. Recently, Das et al. demonstrated
the first carbapenemase CL probe (CPCL) for the detection of carbapenemase and CPOs.
The unique structural design of CPCL enables the probe to rapidly disassemble via an
efficient 1,8-elimination process upon hydrolysis of the -lactam ring by a carbapenemase
(Figure 11). This process results in the release of a chemiexcited phenolate that under-
goes radiative relaxation, producing photons at 540 nm that enable a rapid and selective
detection of carbapenemase activity [63].

a

OH
Hy g
Carbapenemase
(@] —_—
Uj — 1,8-elimination
R
HOOC
cl 0%
& 0

MeOOC CPCL

Cl O

S)
(0]

f OMe
hv +

-

MeOOC MeOOC

Figure 11. Carbapenemase activity monitoring based on chemiluminescent probe.

The same as above reporter for monitoring carbapenemase activity CL was also
used for detection of prostate-specific antigen (PSA) enzymatic activity by using artificial
metalloenzymes (ArMs). The probe activation mechanism is based on a catalytic cleavage
of a specific peptidyl substrate, followed by a release of a phenoxy-dioxetane intermediate
affording a chemiexcited benzoate that emits a green photon. The benefit and simplicity of
a CL assay to detect seminal fluid was effectively demonstrated by on-site measurements
using a small portable luminometer [64].

Other efficient CL molecules are based on acridinium ester dyes analogues. The
acridan dyes are quaternary acridine derivatives that become luminescent directly after
their activation [95-100]. The mechanism of CL involving a dioxetane intermediate was
first introduced by McCapra (Scheme 12) [101,102]. The simplicity of their synthesis and
the high quantum yield (up to ca. 7%) [102], together with their ability to become oxidized
under alkaline conditions, making acridinium derivatives highly suitable for sensing and
chemiluminometric analysis [95,103]. Research on the design of new acridinium derivatives
with even higher activity is an ongoing process [104].

Acridine-9-carboxylate derivatives [e.g., (4-(methoxycarbonyl)phenyl-10-methyl-10A*-
2,7-dimethyl-acridine-9-carboxylates)] were used for studying the CL efficiency in the
7-10 pH range. Reactions of acridine-9-carboxylates with HyO; result in the formation of a
relatively unstable dioxetanone intermediates. The chemiexcited methyl-acridone products
formed after the decomposition of the dioxetanone intermediates are responsible for light
emission. Among the compounds studied, 4-(methoxycarbonyl)phenyl- derivative gave
the highest CL intensities at pH 7—10, indicating that the introduction of electron-donating
groups at the 2,7-positions on the acridine moiety plays a crucial role in the whole process
(Scheme 13) [105].
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Scheme 13. Proposed CL mechanism of 4—(methoxycarbonyl)phenyl—lO—methyl-10)\4—2,7—dimethyl—
acridine-9-carboxylates.

4. Indirect Chemiluminescence

In the indirect CL process, energy is transferred by the chemiexcited molecule (energy
donor, D) to a second molecule (acceptor, E), which is further excited during the process.
In the resonance excitation transfer mechanism, D and E are not in contact and may be
separated by as much as 10 nm, although 1 nm or smaller transfer distances are more
convenient. Except for distance, other factors dictating the energy transfer include the
lifetime of the excited state of D and the degree of the overlap between the emission
spectrum of D and the absorption spectrum of E. Usually, the higher overlapping the
more efficient the energy transfer from D to E. The solvent is another crucial factor for
the energy transfer between D and E molecules, however this effect includes a lot of
specific characteristics properties of each system, such as the solvent cage factor. The short-
range energy transfer by the wavefunction overlap between the donor and the acceptor,
meaning overlap between the electronic clouds, is also a crucial factor. Particularly, both
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the Forster Resonance Energy Transfer or Fluorescence Resonance Energy Transfer (FRET)
and Dexter Energy Transfer, with the second occurring when the D-E wavefunctions
overlap, contribute to the energy transfer of the system, promoting its scope. FRET, which
refers to the nonradiative energy transfer from an excited donor to an acceptor mediated
by electronic dipole—-dipole coupling, between a CL reagent as the excited donor and
a fluorophore acceptor, is referred to as chemiluminescence resonance energy transfer
(CRET) [106].

Two different modes of indirect CL emission can be distinguished, intermolecular
and intramolecular CL, as shown in a simplified manner in Scheme 14A,B, respectively.
After the triggering event, chemiexcited D is formed and then its energy is transferred
to E, e.g., a photosensitizer (PS). When E is not directly linked with the chemiexcited
species (Scheme 14A), the intermolecular distance between D and E (photosensitizer) plays
crucial role in the energy transfer, with a direct emission (“escaping” photons) taking
place together with the secondary emission. Sometimes this mode of action is crucial
for distinguishing the two different events and their efficacy rate: one of the initial CL
emission (direct emission) and the second is processed from the excited acceptor properties
(Scheme 14A, secondary emission). On the other hand, in the case of an intramolecular
system, the chemiexcited donor (D) is linked with the energy acceptor molecule (E) and a
secondary emission pathway is favored (Scheme 14B).

(A) Inter-molecular CRET

chemiexcited E E f
— —
energy Donor energy acceptor, excited hv
% hv

direct
emission

(B) Intramolecular CRET

chemiexcited E Ground state E
energy Donor energy acceptor Donor excited > % hv

Scheme 14. Intermolecular (A) and intramolecular (B) indirect CL emission modes.

The absorbance band of conventional photosensitizers such as Rose Bengal and
TetraPhenylPorphyrin (TPP) (Type II photosensitizers) [107-110], as well as W1pO3p*~
(Type I photocatalyst) [111-113], fit well into the requirements for efficient CRET and
high CL emissions [114]. Quantum Dots (QDs) have been also used successfully in vari-
ous CRET studies. QDs are luminescent semiconductor nanocrystals with very distinct,
size-dependent physicochemical behavior [106]. It should be noted that the excited photo-
sensitizer or QDs can trigger various reaction cascades. For example, in the presence of
molecular oxygen they can result in the production of ROS (e.g., 1O,, HO®, O,*~). This
function is used in CL-induced photodynamic therapies and is described later in the text in
more details (vide infra) [115].

A summary of recent direct CL scaffolds, systems and their applications are provided
in Tables 3 and 4, based on intra- and inter-molecular modes of reaction.
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Table 3. Summary of recent scaffolds, systems and applications based on intermolecular indirect chemiluminescence.

Scaffold System Applications References
ADLumin-1 CRANAD-3 AP Species Probe [60]
Chlorine6 Containing QDs Polymeric NPs,
Luminol Fe(Il) Deuteroporphyrin IX Chloride NPs, HyO, Imaging and Therapy [116-118]
CdSeTe Core QDs
Peroxyoxalate 9,10-Diphenylanthracene Cationic Polymerization [119]
™ ™ ; ~ :
Dioxetane Emerald"™ and Emerald II'™ Enhancers, Imaging of B-Galactosidase and [116,120-122]

Carboxy-SNAREF-1 Dye Nitroreductase Activities, H,S, Ratiometric pH

Table 4. Summary of imaging, sensing and therapy approaches based on intramolecular indirect chemiluminescence.

Scaffold System Applications References

Molecular pH-Sensitive Carbofluorescein
Dioxetane Probe Ratiometric pH Imaging in Live Animals [123]
Precursor of Dioxetane

Cypridina Luciferin Sulforhodamine 101 O,°™ Detection [124]

Phenoxy-Dioxetane
7-Hydroxycoumarin

Monitoring of Matrix Metalloproteinase

FRET Quencher Activity

[125]

4.1. Intermolecular Chemiluminescence Emission Mode

J. Yang and coworkers, as mentioned above (vide supra), reported on the ADLumin-
1 probe for Af} species (Figure 12). To overcome problems related to short emission of
ADLumin-1 they used the CRET strategy for transferring the energy to CRANAD-3, a
curcumin-based, NIR fluorescent imaging probe emitting in the near-infrared region, at
730 nm (vide supra) [60].

) ) :
]

N
T

N

H

N

HN_ N
‘ Turn on \[ ~
NF - N/ PN
\\ N/ N/

CL response \ \

site
Binding site
ADLumin-1 F\B,F
@O"e\o
‘\ X NP ‘\

NN CRANAD-3 N NS CRET
emission
730 nm

Figure 12. Indirect CL from ADLumin—1/CRANAD-3 system.

Spiroadamantane 1,2-dioxetanes have been used in CL assay for in vivo visualization
of B-galactosidase enzymatic activity in transgenic mice. For achieving this, an acceler-
ant (diethanolamine in buffer containing EmeraldTM enhancer, T2081) was administered
along with the p-D-galactopyranoside trigger (3-chloro-5-(5'-chloro-4-methoxyspiro[1,2-
dioxetane-3,2'-tricyclo[3.3.1.13,7]decan]-4-yl)phenyl -D-galacto pyranoside Galacton Plus).
Thus, the energy was transferred by the produced chemiexcited intermediate to the
Emerald™ accelerant, causing emission at 540 nm (Figure 13) [120].
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Figure 13. Indirect CL via energy transfer from activated by B-galactosidase 1,2-dioxetane to the
d™

Emeral enhancer emitting at 540 nm.

Other modified 1,2-dioxetane probes were also synthesized and used for in vivo imag-
ing of hydrogen sulfide (H,S). The reduction of the azide on the para-azidobenzyl carbonate
moiety triggered the self-immolative cleavage, affording the chemiexcited phenolate. Then,
the energy transfer via CRET to the Emerald II™ CL enhancer [121] allowed detection at
545 nm (Figure 14) [122].

N3 e -

o 0 o OO\O
Ot
0]
Cl Cl

pH7.4

HO o o
O
coo® .
g o 0

ﬁv Emerald 1™ enhancer 0 OMe
535 nm energy cl
transfer

Figure 14. Indirect CL via energy transfer from H,S-activated 1,2-dioxetane to the Emerald II™

enhancer emitting at 535 nm.

Another important study by Lipper et al., described that CL energy transfer from
Schaap’s dioxetane probe can be efficiently used for ratiometric pH imaging. Their ap-
proach was based on energy transfer after the emission of phenolate during radiative
relaxation to the pH-sensitive dye carboxy-SNARF-1 in CL-enhancer solutions, providing
thee relative intensities at 535 nm, 585 nm and 650 nm due to relaxation of the protonated
and deprotonated dye, respectively (Figure 15) [116].

Recently, a supramolecular strategy was reported, achieving a highly efficient CL-
initiated cascade FRET by following a three-criteria rule: (i) D emission and the E absorption
spectral overlapping; (ii) 10 nm or less as the D-E distance; and (iii) orientation of the D and
E dipoles (see also Scheme 14). For this purpose, a nanoassemble B-cyclodextrin (8-CD)
was used in an aqueous luminol/H;O; solution in the presence of various fluorophores,
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which enable an accelerated multicolor CL with flexible emission wavelength in the range
of 410-610 nm. Hydroxypropyl methylcellulose was utilized to slow down the diffusion
rate, while the reaction was buffered by addition of solid Ca(OH),. Moreover, it was found
that Co?*-chitosan increased the CL emission of the system when merged with the g-CD
nanoassembly system [126].
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Figure 15. Indirect CL via energy transfer from 1,2-dioxetane to the Emerald I
subsequently to the carboxy-SNARF-1 dye (pKa = 7.4), emitting at 585 nm and 650 nm depending on
the pH.

I™ enhancer and

Another interesting CL system of cyclic peroxides was catalytically produced by
tetrahydrofuran hydrogen peroxide in the presence of BSA-stabilized Gold Nanoclusters
(Au@BSA NCs). Gold nanoclusters were found to accelerate the decomposition of the
THEF-hydroperoxides and promoted CRET between the chemiexcited dioxetane derivatives
and the Au@BSA NCs (Figure 16). The CL emission (Amax = 650 nm) was found to be
further enhanced by the presence of copper ions [127].

LO)CO @ %o Au@BSA NCs f

650 nm

weak emission

QD o ° °

\ o} / 0 _o Au@BSANCs
::) /

AU@BSA NCs l):o o o

. O
. l/} 435 nm ol 650 nm
HO O strong emission
\_'O/ 435 nm
2

Figure 16. CL mechanism of the Au@BSA NCs-THF-CPO-Cu?* system.

From the investigation into the CL behavior of an amphiphilic conjugate (defined
as CLP) NPs, it was revealed that the NPs consisting of chlorine6 (Ce6), conjugated with
luminol and polyethylene glycol undergo CRET with energy transfer to Ce6 upon triggering
with H,O,. The CLP NPs were tested in cancer cells with high expression of H;O, and
monitored at 660-740 nm. In addition, excited Ce6 was capable of producing 'O, in situ
PDT against HyO,-high tumors, inhibiting lung metastasis. In vitro and in vivo experiments
showed that CLP NPs could be a promising system in nanotheranostics, providing imaging
and therapy, simultaneously, particularly in tumors with high levels of H,O, [128].

Black Phosphorene (BP) QDs were initially studied in CL experiments upon reaction
with HyO; and HCIO by Y. Lv and coworkers [129]. The same group two years later
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reported on the extension of the study with NH,-functionalized BP QDs (N-BPQDs) and
showed that surface modification dictates the energy gap and electron mobility, thus
favoring CL emission at 500 nm after triggering by persulfates [130].

Luminol’s analogue, L012, that shows 100 times higher than luminol CL intensity after
oxidation by HyO, at pH 7, was also used as a CRET donor. In vitro and in vivo studies with
polyenthylene(glycol)-coated CdSeTe core QDs, used as energy acceptors, demonstrated
that they can image H,O, in live cells, pointing out the high potential of the system in the
diagnosis of H,O;-associated diseases. The chemiexcited QDs were able to emit light at
780 nm, thus allowing monitoring [117].

The same luminol analogue L012 and H,O, were recently studied in the presence
of Fe(Ill) deuteroporphyrin IX chloride-polymer dots (FeDP-Pdots) as CL catalysts to-
wards cancer therapy, providing high concentrations of ROS due to high CRET efficiency
(Figure 17) [118].

ROS production

LO12* 102
T
< > light
% H>O, emission
L0112 302
cRDG-FeDP-Pdots CRET

tumor cell

Chemiluminescence Therapy

Figure 17. CL dynamic therapy based on L012/H,O, catalyzed by FeDP-Pdots.

CL has been also used in polymerization reactions. Linear polymer chains were synthe-
sized along with cross-linked functional polymeric networks as a result of CL photoinitiated
cationic polymerization based on a sulfonium salt (Figure 18). The polymerization reac-
tion initiated CL emission at 430 nm. The photoinitiator decomposition after excitation
produced protonic acids that were capable of initiating cationic polymerization of oxirane
(epoxides) and vinyl monomers. The presence of iodonium salt in the initiating system
was found to increase the polymerization efficiency [119].

Cationic
* photopolymerization

Ph
Cl :\R YO%
ClGOZ (O cl H20, O}—(O Ph

/Iight H+ﬂ

- Ph
Clo o Cl 00 emission
° SOOI,
cl 0
HO@C[ KR e W
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Figure 18. CL induced cationic polymerization by using sulfonium salt as a photoinitiator.

4.2. Intramolecular Chemiluminescence Emission Mode

An intramolecular CRET approach based on chemically initiated electron exchange
luminescence (CIEEL) has been recently adapted, while developing the first single molecule
ratiometric CL probe for imaging pH in live animals. The proposed direct-indirect emission
hybrid methodology, with emissions at 530 nm and 580 nm, relies on an acrylamide 1,2-
dioxetane scaffold linked via a piperazine linker to a pH-sensitive carbofluorescein. This
methodology withholds many characteristics that make it suitable for applications in
quantifications of other important analytes produced in vivo (Figure 19) [123].
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Ratio-pHCL-1 /

pH depedent emission

Figure 19. Design and mechanism of ratio-pHCL-1 (CIEEL).

Teranishi proposed a cypridina luciferin analogue for detecting O,°*~ via intramolecu-
lar CRET to sulforhodamine 101. The energy transfer from the oxidized imidazopyrazinone
to the acceptor dye results in light emission at 610 nm (Scheme 15). A similar approach
was studied earlier with fluorescein analogue FCLA, emitting at 532 nm [124].

N__N
R= | J/
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/\/
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7
OH
O 0
HO  OH
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Scheme 15. Chemical structures of chemiluminescent probes emitting light at 610 nm.

A novel on—off CRET system based on phenoxy-dioxetane 7-hydroxycoumarin scaf-
fold for light emission, upon slow chemiexcitation in aqueous solution, was recently
reported. The energy donor is covalently linked to a quencher via a peptide linker that is
recognizable by metalloproteinases. In the absence of enzymatic activity CRET is on, thus
the energy is transferred to the quencher. When the peptide linker is cleaved by enzymes
CRET is off, thus light emission is observed (Figure 20). The system was tested in cancer
cells, showing good detection levels in matrix metalloproteinase activity [125].
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Figure 20. Chemiluminescence activation mechanism of a Glow-CRET system.

5. The Dual Role of Singlet Oxygen in Chemiluminescence

Singlet oxygen was discovered and confirmed spectroscopically in the early 1960s
when the H,O, /hypochlorite system was at the epicenter of the CL studies [131-138]. Its
emission at 1270 nm was attributed to the monomeric singlet oxygen and the emissions
at 633 nm and 703 nm, to its dimeric aggregate form (Scheme 16). It is noteworthy that
the energy difference between the ground state of O, (*%) and its singlet excited state
¢ Ag, singlet oxygen, 10,) is 22.5 kcal /mol. Moreover, its lifetime depends significantly on
the solvent (e.g., ~59 ms in carbon tetrachloride, 9.8 &+ 0.6 pus in methanol-hy, 77 £ 4 us
acetonitrile and 3.7 4+ 0.4 us in water) [139,140].

%0, + ;?,,V (1270 nm)

('0g); — 2°0, + } py (633 nm and 703 nm)

102
102

Scheme 16. 102 chemiluminescence with emissions at 633 nm, 703 nm and 1270 nm.

During recent decades, an increasing number of studies have focused on exploring the
role of 'O, in chemistry, biology, medicine and environmental and material sciences. Lately,
the increasing interest of the scientific community in novel therapies has led to further
exploration of 10, against persisting diseases (i.e., cancer). Thus, a significant amount
of the new studies are now focused on the generation modes and the photophysical
properties [141], dictating its interaction with other biomolecules in live cells. On the
other hand, '0; is a very important oxidizing agent in organic chemistry transformations.
There are two main approaches for generating 'O,. The first, and more famous one,
involves light and a photosensitizer, while the less famous one is hydroperoxide-based
and it is often called the “in dark” process, since 'O, is produced in the absence of light.
To avoid confusion between the CL-induced lOsz‘OdLlCtiOl’l and the CL of the 10O, itself,
we should distinguish here the two completely different CL. The energy transfer and
radiative processes of the CL energy acceptors or chemiexcited intermediates are illustrated
in Figure 21.

The majority of the recent photochemical or CL studies on 'O, applications employ
well-known and established methodologies for generating an efficient amount of the
oxidizing agent based on photosensitizers such as TTP, Rose Bengal, Cu?* [142], RuZ* and
Ir** complexes, phthalocyanines [143,144] and other analogues. Kellett and his coworkers
have presented a class of di-copper (II) complexes based on the synthetic chemical nuclease
[Cu(Phen);]" (where Phen = 1,10-phenathroline), that were selective against solid epithelial
cancer cells from line panel NCI-60. Among other ROS, their agents are found to catalyze
intracellular 'O, contributing to oxidative DNA damage [145]. Recently, our team has also
explored the role of Cu* complexes in the photochemical production of 'O,. We found and
presented for the first time that [Cu(Xantphos)(neoc)]BF, can be used as an alternative and
very efficient photosensitizer in 'O,-mediated C-H allylic oxygenations [146].
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Figure 21. The CL-induced 'O, production (A), the CL emission produced by the radiative decay of
singlet oxygen (B) and CL emission after the activation of a probe molecule by 10, (Q).

Recently, in our group, the plausible production of 'O, was studied under different
CL reaction conditions and in the presence of various sensitizers. In this study, except
for the common solvents used in CL procedures, diethylphthalates, the greener ethyl
acetate was found to give unexpectedly good results. In addition, several photosensitizers,
i.e., Rose Bengal (RB), Methylene Blue, 9,10-diphenylanthracene (9,10-DPA), Eosin Y and
Rhodamine B, were tested for light emission through the CL process, with RB providing
the best results based on the light emission duration. In the presence of TCPO, H,O,,
RB, sodium salicylate and a mixture of ethyl acetate/acetonitrile in a ratio of 2/1, light
emission was observed for 40-50 min (Scheme 17). Under these CL conditions and in
the presence of 1-phenylcycloalkene, no allylic oxidation product was observed. For
comparison, the same solution was bubbled with molecular oxygen and irradiated using a
Xenon lamp (300 W, A > 320 nm) [147-149], however, no oxidation products were observed.
In the absence of TCPO and H,O, the corresponding alkene was oxidized leading to the
corresponding allylic hydroperoxides via a 'O, oxidation pathway, within 20 minutes
(Scheme 17). These results indicate that the observed CL phenomenon didn’t induce 10,
production, or the energy transfer and radiative processes of the CL energy acceptors
or chemiexcited intermediates are not enough for the oxidation of cycloalkene. Further
experiments using different photosensitizers and initial alkenes are in progress to determine
this new intermolecular oxidation pathway [150].
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Scheme 17. The CL-induced singlet oxygen production for the oxidation of 1-phenylcyclohexene in
“green” solvent ethyl acetate.
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6. Future Prospects

Various technologies have emerged during the past few years aiming to fine-tune the
molecular scaffolds and the experimental conditions under which CL can be used for the
development of more advanced molecular sensors and new materials, in drug delivery,
theranostics and polymerization reactions. To that end, several scaffolds such as dioxetanes
and luminol-based systems, etc., have already shown great potential and are expected to
play a significant role in the years to come. The growing demand for highly efficient PDT
platforms that could produce significant amounts of reactive species under CL conditions
may also reveal another important research direction that is still unexplored, regarding the
replacement of light sources by CL in standard photochemical reactions.

A summary of the major obstacles that cause delay in the expansion of the CL appli-
cations include, but are not limited to, (i) the photophysical properties of the CL probe
such as the fluorescence quantum yield, emission wavelength, photon flux, CL kinetic
profile; (ii) the solubility and stability of the CL probe in the reaction media; (iii) the dis-
tance between the energy donor and energy acceptor, plus their emission and absorption
spectral overlapping, in the case of direct CL; (iv) the selectivity of the triggering agent and
oxidation mechanism of the CL substrates; (v) the efficiency of the emission mechanism
(i.e., CIEEL); (vi) the toxicity, when considering bioapplications.

Recently there has been a tremendous increase in the number of new photochemical
reactions reported in the literature. Nonetheless, reports of industrial applications utilizing
this new knowledge are still scarce and mainly limited to flow-chemistry processes. Maybe
nature can inspire the research community to find a solution to this problem through CL?
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