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Cage the firefly luciferin! – a strategy for developing
bioluminescent probes

Jing Li, Laizhong Chen, Lupei Du and Minyong Li*

Bioluminescent imaging (BLI) has been widely applicable in the imaging of process envisioned in life sciences.

As the most conventional technique for BLI, the firefly luciferin–luciferase system is exceptionally functional

in vitro and in vivo. The state-of-the-art strategy in such a system is to cage the luciferin, in which free luciferin

is conjugated with distinctive functional groups, thus accommodating an impressive toolkit for exploring

various biological processes, such as monitoring enzymes activity, detecting bioactive small molecules,

evaluating the properties of molecular transporters, etc. This review article summarizes the rational design of

caged luciferins towards diverse biotargets, as well as their applications in bioluminescent imaging. It should

be emphasized that these caged luciferins can stretch out the applications of bioluminescence imaging and

shed light upon understanding the pathogenesis of various diseases.

1. Introduction

Bioluminescence is a natural phenomenon that emits visible
light produced by a chemical reaction within a living organism.
This occurrence can be found in various living organisms,

including bacteria, marine organisms and insects.1–5 The North
American firefly (Photinus pyralis) is one of the main luminous
species found in insects.6 As the most studied bioluminescent
system, the firefly luciferin–luciferase reaction has been well
studied for at last 50 years. In such a firefly luciferase–luciferin
system, at least two chemicals are demanded: one is called
luciferin that produces the light after being oxidized by an
enzyme, and the other is called luciferase, which can catalyze
the oxidation of luciferin. Other molecules, such as oxygen, ATP
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and magnesium ions acting as co-factors, may also be necessi-
tated. Firefly luciferase (Fluc) can catalyze a two-step oxidation
of luciferin (LH2), thus emitting yellow to green light, as well as
releasing oxyluciferin, CO2 and AMP. It needs to be underlined
that the light can be emanated, ranging from 530 to 640 nm,
depending on the pH,7,8 polarity of the solvent,9 microenviron-
ment of the enzyme10 and a manifold of other reasons.11,12 A
highly sensitive charge-coupled device (CCD) camera can cap-
ture such light shedded by oxyluciferin, noninvasively, to create
a pseudo-color image based on the light intensity that is
superimposed on a reference photograph of the animals. For
that reason, the location and mass of luciferase-labeled cells
can be visualized very well (Scheme 1).

The reliable, sensitive, convenient and non-invasive biolumi-
nescent imaging has had a profound impact on the fundamental
understanding of in vivo biology and will particularly upgrade the
application of small animal models in the laboratory. Previously,
considering that BLI enables diverse features to be visualized, a
number of implementations of BLI have been extensively
described for monitoring cells and biomolecular processes in
living subjects, including pathogen detection,13 tumor growth14

and responses to therapy patterns of gene regulation,15 measure-
ments of protein–protein interactions16 and ADMET (absorption,
distribution, metabolism, excretion and toxicity).17 Furthermore,
BLI allows for longitudinal and duplicate imaging without killing
the animal models, therefore, the processes of the living can be
detected in real time and noninvasively other than an endpoint
determination by sacrificing the animals.

Firefly luciferin is a highly specific substrate for firefly
luciferase, therefore, the modification at the 60- or 4-position inhibits
the interaction between luciferin and luciferase. Consequently,
numerous luciferin derivatives as luminogenic substrates pro-
vide a new pathway into the bioluminescent imaging in vitro
and in vivo, and thereafter expand the scope of BLI.

The current review article summarizes caged luciferins and
their application in detecting vital processes. A brief discussion
on the bioluminescent advantages and a survey of current native
and synthesized substrates catalyzed by luciferase will also be
presented in this review. Furthermore, exceptional endeavours have
been concentrated on the present-day advances in bioluminescent
probe design and quantitative mechanism determination by
strength of output luciferase.

2. The advantage of bioluminescent
imaging (BLI)

In recent years, some noninvasive imaging methods, such as
magnetic resonance imaging (MRI), positron emission tomography
(PET), single photon emission computed tomography (SPECT), BLI,
and fluorescence imaging (FLI), have been well introduced.
Compared with other imaging methods, BLI and FLI are more
sensitive, convenient and easily-handled. Since a vast number
of fluorescent and bioluminescent probes have been described
and much attention has been drawn to the investigation of new
probes and new assay methods in the past few decades, the
following two paragraphs will mainly focus on the comparison
of BLI and FLI.

Thus far, numerous commercial fluorescent probes are
available to boost the development of life sciences significantly;
hence FLI has been immensely used in detecting diversified
living processes due to its low cost and high speed. The
noninvasive FLI needs excitation light, which is ordinarily
o600 nm, that can lead to tissue auto-fluorescence and cell
damage and can be quenched by tissue components vigorously.
Therefore, it cannot be applied for deep tissue imaging. The
sensitivity of the FLI can also be influenced by various factors,
and the background may be high. Accordingly, much effort has

Scheme 1 Scheme of bioluminescent imaging.
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been paid to discover probes with excitation and emission wave-
lengths between 600 and 900 nm, especially to locate fluorescent
probes that emit far-red and near infra-red light. It needs to be
emphasized that these novel fluorescent molecules can provide
optimal and safe profiles for live animals, thus resulting in high
tissue penetration and low auto-fluorescence.18

Compared with FLI, BLI does not demand an excitation light
source. Considering that most of the cell- or animal-based models
do not express luciferase, thus ensuring the absence of background
signals, BLI can be carried out in absolute darkness to avoid the
effect of the emission light. What is more, the broad spectrum of
oxyluciferin with a large component above 600 nm drives the
absorption of hemoglobin and melanin to be relatively low. The
sensitivity of BLI detection is determined by the emission spectra of
bioluminescent reporters as well as the interaction with mamma-
lian tissue. However, some drawbacks have also emerged during
the study of bioluminescent imaging. One of the key limitations
is the lack of alternative luciferase substrates. Only luciferin
and aminoluciferin are widely applied in animal bioluminescent
imaging. What is more, the luciferase–luciferin reaction requires
many cofactors, such as ATP and Mg2+. Thus, this method is
limited in engineered cells or small animal models. It is a long
way off from being used in humans. The half time of luciferin and
aminoluciferin is relatively short, so it is not suitable for
approaches that require long integration times such as three-
dimensional animal bioluminescent imaging.19 The visible light
produced by luciferase can also be attenuated due to the absorption
and scattering of light by mammalian tissues.20 In the longer
term, there are ongoing efforts to overcome these disadvantages
and improve the BLI method.

3. The chemistry and biological processes of
firefly bioluminescence

Several luciferases have been well identified in nature, and most of
them have been facilitated for BLI studies in mammals, such
as firefly (Photinus pyralis) luciferase, green or red click beetle
(Pyrophorus plagiophthalamus) luciferases, Renilla luciferase, Gaussia
luciferase and bacteria luciferase. Firefly luciferase (FLuc) from
Photinus pyralis is a monomeric enzyme of 61 kD that catalyzes
the oxidation of D-luciferin in the presence of ATP, Mg2+ and
oxygen.21 This reaction system is the main method used for current
animal imaging research with an emission wavelength at about
600 nm. Another luciferase isolated from the click beetle (Pyrophorus
plagiophthalamus) is an enzyme of 61 kD, which also employs D-
luciferin to produce green-orange (544 nm) or red (611 nm) light.22

Renilla (sea pansy) and Gaussia (marine copepod) from the sea both
utilize coelenterazine (Fig. 1) as a substrate and produce blue light
with a peak intensity around 480 nm. The auto-oxidation of
coelenterazine leads to high background signals. Consequently,
the facilitation of these luciferases is restricted.23–25 The light-
emitting reaction in bacteria produces blue light through the
oxidation of reduced riboflavin phosphate (FMNH2) and a long
chain fatty aldehyde.26 The substrates employed by bacteria
luciferase are accessible in normal cells. The nonluminescent

bacteria can glow in the dark by marking with the lux gene cluster
that encodes the bacteria luciferase. These bioluminescent bacteria
infect the host animal and throw light upon the study of patho-
genic processes of infection.27 In view that the firefly luciferase–
luciferin system is the most studied in bioluminescence imaging,
we will focus on the chemical and biological processes of the firefly
luciferase–luciferin reaction hereinafter.

Fluc is able to catalyze the oxidation of firefly luciferin (LH2) in
the presence of ATP, Mg2+ and oxygen. In the first step, Fluc catalyzes
the formation of the luciferin–adenylate conjugate, followed by
oxygenation and cyclization, upon which the dioxetanone anion
(Dx�) is formed. Subsequently, a light emitter intermediate, the
excited singlet state of OL� [1(OL�)*] is generated. Luminescent light
is produced with a peak intensity of around 600 nm upon 1(OL�)*
relaxation to the ground state. Firefly oxyluciferin (OLH), CO2

and AMP are released at the same time (Scheme 2).28

While all known insect luciferases can apply D-luciferin as a
substrate, the light emitted by the same substrate can be diverse,
ranging from red to yellow to green, and the emission wavelength
maxima in the range 530–640 nm. The color of light is affected by
different environmental factors, such as pH and temperature
in vitro. The key to explaining the multiple colors of firefly biolumi-
nescence in vivo is the light emitter species of oxyluciferin. Never-
theless, the actual light emitter species continues to be a particularly
intriguing aspect of firefly bioluminescence. The development of
this concept should be based on the investigation of a detailed
luciferase–luciferin interaction mechanism. As mentioned above,
the color of the bioluminescence is closely correlated with the subtle
structural differences in luciferase. As a result, it will be particularly
helpful to determine the crystal structure of luciferase and its
complex with the substrate. Based on the crystallographic result,
novel luciferase substrates can be well designed and discovered, thus
encouraging the application of bioluminescence significantly.

The gene for P. pyralis luciferase was cloned and the nucleotide
sequence of cDNA and genomic DNA was determined in 1987.21

In 1996, the apo-form crystal structure of firefly luciferase was
determined at 2.0 Å resolution. The luciferase protein is folded
into two compact domains, a large N-terminal domain (4–436)
that consists of a distorted antiparallel b-barrel and two b-sheets,
and the small C-terminal portion (440–544), which is separated
from the N-terminal domain by a wide cleft.29 Afterwards, in order
to determine the interaction between luciferase and its substrates
and reveal the conformational changes of the enzyme–substrate

Fig. 1 The structure of coelenterazine.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

2.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
18

/0
5/

20
16

 0
0:

30
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c2cs35249d


This journal is c The Royal Society of Chemistry 2013 Chem. Soc. Rev., 2013, 42, 662--676 665

complex, a high-energy intermediated analogue, 50-O-[N-(dehydro-
luciferyl)-sulfamoyl] adenosine (DLSA) was synthesized (Fig. 2).
The co-crystal structure of the wild-type luciferase from Luciola
cruciata [LcrLuc (WT)] complexed with DLSA was determined
(PDB ID: 2D1S)10 (Fig. 3a). Details of the interactions of DLSA
with luciferase are shown in Fig 3b. The O18 of the DLSA forms
hydrogen bonds with the Ser 200 and Thr 345 at distances of 3.08,
3.00, and 3.11 Å, respectively. The O19 of DLSA forms hydrogen
bonds with the residues Ser 201 and His 247 at distances of 2.98,
3.30, and 2.85 Å, respectively. In addition, N38 of the DLSA can
form hydrogen bonds with Gly 341 (2.84 Å). The benzothiazole
ring of DLSA makes important hydrophobic interactions with
the side chains of Phe 249, Thr 253, Ile 288 and Ala 350, and
with the main chains of the b13 and b14 strands. While the
adenosine moiety utilizes Ala 319, Tyr 342, Asp 424, Ile 436 and
Lys 531 for hydrophobic interactions.

Their research de facto proposed a relationship between
luciferase structure and spectral difference in luciferase biolumi-
nescence. The transient movement of hydrophobic residue Ile 288
can affect the molecular rigidity of the excited state of oxyluciferin
by contacting benzothiazole ring of DLSA, and then decide the
color of bioluminescence.

4. The substrates of firefly luciferase

The native substrate of firefly luciferase, luciferin 1, was first
isolated from the North American firefly Photinus pyralis by Bitler
and McElroy.30 Firefly luciferin has two isomers, while only the
D-(�) isomer is biologically active, the L-(+)-luciferin could not

produce light.31 In 1966, White and McElroy claimed that the
6-hydroxyl moiety of D-(�)-luciferin can be replaced with an
amino group to generate aminoluciferin 2.32 Aminoluciferin
emits light at a longer wavelength (596 nm), and has a higher
affinity with luciferase than natural luciferin. Since then, multiple
firefly luciferin analogues have been synthesized for extensive
mechanistic determination and luciferase structure–function
studies. However, because of the high substrate specificity
of luciferase, none of these derivatives demonstrate a more
reasonable property than native luciferin or aminoluciferin.
Therefore, D-luciferin and aminoluciferin are still the most
commonly-used substrates in the BLI assay.

Through the structure–activity studies of luciferase sub-
strates, it has been found that a strongly electron-donating
substituent at the 60-position is required for light emission.
Alkylation or acylation of luciferin at the 60-phenol position, or
acylation of aminoluciferin at the 60-amino position can affect
the luciferase–substrate reaction. Thus, these analogues exhibit
no luminescence properties.32 However, a series of N-alkylated
aminoluciferins, such as compound 3 in Fig. 4, can act as luciferase
substrates. N-Monosubstituted aminoluciferins with straight-chain
alkyl substituents of increasing length were prepared for structure–
activity relationship studies. Several substituted compounds emitted
stronger light than the unsubstituted aminoluciferin.33 In
another instance, a group of conformation-restricted cyclic
alkylaminoluciferin substrates 4 acting as the substrates of
the modified luciferase Ultra-Glo was synthesized.34 The increment
of rigidity and restricted bond rotation of these cyclic alkylamino-
luciferins leads to an increase in the relative quantum yield.

Scheme 2 The mechanism of firefly bioluminescence.

Fig. 2 The structural comparison between the luciferyl adenylate intermediate and its analogue DLSA.
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However, Ultra-Glo cannot be expressed in cells or in vivo, so
they can only be applied in in vitro high-throughput screening
but are not available for in vivo imaging.

Three functional luciferase substrates based on the amino-
luciferin scaffold can extend the applicability of the luciferin–
luciferase system.35 One is Glu-AL 5 that conjugates amino-
luciferin with glutamate (Glu-AL). Compound 5 is the first
membrane-impermeable bioluminescent substrate; thereafter
it can be applied to distinguish between intra- and extracellular
events. The other is Cy5-AL 6 that links aminoluciferin with
a NIR-emitting cyanine (Cy) dye. When Cy5-AL reacts with
luciferase, bioluminescence resonance energy transfer (BRET)
can be observed and the luminescence can be seen in the near
infra-red region (lmax = 673 nm). This probe can be applied to
deep tissue imaging in view of its ideal tissue penetration. The
third is biotin-DEVD-aminoluciferin 7 (DEVD is the amino acid
sequence Asp-Glu-Val-Asp) derived from biotin-aminoluciferin.
Biotin-aminoluciferin can complex with avidin with high affi-
nity and specificity. This complex can block access to luciferase,
resulting in the loss of bioluminescence. Biotin-DEVD-amino-
luciferin 7 does not exhibit bioluminescence when complexed
with avidin, while Lys-aminoluciferin, which is also a substrate

of luciferase, is released after the molecule is degraded by
caspase-3 and time-dependent bioluminescence appears. It needs
to be highlighted that such a strategy can be applied to the detection
of various proteases and in vivo imaging. Therefore, the observation
of a variety of bioluminescent substrates can extend the con-
temporary application of the bioluminescent assay in vivo.

To overcome the limitation that it is restricted mainly
to small animals at superficial depths, a red-shift luciferin
analogue has been designed. This luciferin analogue contains
a selenium atom in place of the native sulfur atom on the
thiazole position of compound 8.36 Different from the Cy5-AL
mentioned above, this simple modification would not alter the
distribution and other physicochemical properties compared
with the native substrate. The bioluminescent imaging emission
maximum for such a molecule was 600 nm with red light, while
that of D-luciferin was 558 nm and that of aminoluciferin was
588 nm. However, the selenium analogue 8 emitted approximately
74% of the number of photons that were emitted by amino-
luciferin. Thus, this analogue shows a lower quantum yield
compared with aminoluciferin in vitro. However, the red-shifted
bioluminescent signal can enhance the tissue penetration.

The notorious difficulty associated with producing luciferase
substrates also causes a lack of alternative luciferase substrates.
Therefore, it may be necessary to design a novel general and
rapid strategy for synthesizing luciferin along with modified
analogues 9 and 10. Two of the electronically modified luciferin
analogues turned out to be the substrates of luciferase and can
emit luminescence.37 Most importantly, the luciferin scaffold
can be prepared from aniline starting materials and Appel’s
salt. A variety of other heterocyclic luciferin analogues, without
a benzothiazole moiety, will be synthesized and expand the
imaging toolkit. The substrates of luciferase identified and
prepared till now are shown in Fig. 4.

5. Caged firefly luciferins as bioluminescent
probes

So far, almost all reported luciferase substrates are based on
D-luciferin and aminoluciferin scaffolds. It has been found that
the 60-hydroxy (60-amino) group of D-luciferin (aminoluciferin)
is crucial for enzyme combinations. Therefore, modification
at the hydroxyl (amino) group of luciferin often prohibits
its recognition with luciferase, and causes quenching of the
bioluminescence emission. These caged luciferins can produce
luminescence when reacting with specific biological molecules
by following two procedures: firstly, the caged substrates are
cleaved by corresponding enzymes or bioactive molecules;
subsequently, the free luciferin is oxidized by luciferase to emit
light (Scheme 3). The intensity of the light output is closely
related to the amount of free luciferin and therefore with the
activity of the enzymes or the small molecules in the first reaction.
Thus, modified probes have been designed for the detection of
target enzyme activity, or the functions of small molecules. This
review summarizes a panel of caged luciferins as bioluminogenic
substrates, which can release the free luciferin after being triggered

Fig. 3 (A) Ribbon diagram of luciferase (PDB entry: 2D1S) complexed with ligand
DLSA (white sticks) plotted by using the Pymol program; (B) a schematic
illustration of the interactions of DLSA with luciferase generated by using the
HBPLUS and Ligplot programs.
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by various biopolymers, bioactive small molecules and the
cellular uptake and release process, and then react with the
luciferase to shed the bioluminescence light.

5.1 Probes for imaging enzymes

Caged firefly luciferins are particularly useful for longitudinal
studies of enzyme activities. In a typical experiment, these probes
can be catalyzed to release firefly luciferin by specific enzymes and
then emit light in the presence of luciferase. High selectivity and
specificity between the enzyme and luciferin-based substrate

drives this system to be potentially useful for monitoring
various enzyme activities.

5.1.1 Protease assay. Apoptosis or programmed cell death
(PCD) plays a crucial role in normal development and tissue
homeostasis, but the disorder of apoptosis may cause various
diseases. Since proteases are involved in numerous disease
processes, they are substantial biotargets for high-throughput
screening (HTS) and cell-based apoptosis assays. As mentioned
previously, the classical protease assay, by using peptide-
conjugated fluorophores, may be very limited in view of the

Fig. 4 Substrates of firefly luciferase. (1) Firefly luciferin;30 (2) aminoluciferin;32 (3) hydroxyalkyl aminoluciferins;33 (4) cyclic alkylaminoluciferin;34 (5) Glu-AL;35 (6) Cy5-
AL;35 (7) biotin-AL;35 (8) selenium analogue of D-luciferin;36 (9)–(10) electronically modified luciferins.37

Scheme 3 Design idea of caged luciferins.
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high background signals. Fortunately, the bioluminescent assay
can overcome this obvious drawback in the fluorescent assay.
What is more, a number of luminogenic protease substrates can
be obtained from commercial sources.

5.1.1.1 Bioluminescence imaging of caspase activity. In the
bioluminescent protease assay, one important point is the develop-
ment of caspase bioluminogenic substrates. Cysteine-aspartic
proteases or caspases are a family of cysteine proteases with 14
family members that have been identified till now. Caspases play
key biological roles in apoptosis, necrosis, and inflammation. The
ability to monitor the activity of caspases will enable us to observe
the disease burden and progression in various therapeutic models.

It is well known that the DEVD (amino acid sequence Asp-Glu-
Val-Asp) tetrapeptide is the conserved recognition sequence for
caspase-3 and -7.38 Conjugated aminoluciferin, Z-DEVD-aminoluci-
ferin, can be recognized and cleaved to generate free aminoluciferin
in the presence of caspase-3 or -7. As a result, the intensity of light
emitted by aminoluciferin can indicate the activity of caspase-3 and
-7. Taking caspase-3 as an example, a variety of procedures for the
bioluminescent assay have been developed, including a two-step
nonhomogeneous assay and a one-step homogeneous assay.39,40,46

The sensitivity, speed and stability is increased, while the false
hit rate in a test inhibitor screening is down. This noninvasive
molecular imaging method can be used for detecting drug
efficacy and therapeutic programs.

In another case, aminoluciferin derivatives were used as the
caspase-1 substrates for producing luminescence. Caspase-1
performs a crucial role involved in the process of inflammation.
Thus, it was important to monitor the abundance and activity
of caspase-1. The caspase-1 inhibitor pralnacasan was turned
into a new bioluminescent ABP for caspase-1 (CM-269) based
on the concept of reverse design, where chemically optimized
protease inhibitors were turned into selective substrate activity-
based probes (ABPs). These probes made it possible for direct
detection of caspase-1 activity (Scheme 4).41 It should be noted
that such a strategy can provide a feasible train-of-thought,
of which different recognizable peptides can be combined with
luciferin to give other protease assays, such as measuring

chymotrypsin (succinyl-Leu-Leu-Val-Tyr-aminoluciferin), tryp-
sin (Z-Leu-Arg-Arg-aminoluciferin), or caspase-like (Z-Nle-Pro-
Nle-Asp-aminoluciferin) activities of proteasomes.42–44

5.1.1.2 Bioluminescence imaging of furin activity. Furin, a
critical member of the protein convertase family, exists in
mammalian cells. Since recent research has determined that
furin is overexpressed in cancer and inflammatory conditions,
such as HIV, influenza and dengue fever virus infection, the
inhibition of furin turns out to be closely intertwined with the
absence or decrease of invasiveness and tumorigenicity of several
human cancer cells in vivo.45 The group led by Rao designed two
furin probes, acetyl-RVRR-aminoluciferin (Ac-RVRR-AmLuc)
and acetyl-RYKR-aminoluciferin (Ac-RYKR-AmLuc), by coupling
aminoluciferin to the previously reported C-terminus of the furin
recognition peptide sequences, RVRR and RYKR.46 These caged
aminoluciferins can be hydrolyzed in the presence of furin
to release recognition peptides and aminoluciferin, and to
subsequently generate bioluminescence with firefly luciferase.
A quantitative relationship between the bioluminescence inten-
sity and the activity of furin has been confirmed herein as well.
In the mean while, a control probe acetyl-RRKY-aminoluciferin
(Ac-RRKY-AmLuc) was synthesized, in which such a peptide
sequence cannot be recognized by furin to release the free
aminoluciferin. The bioluminescent imaging data indicated that
Ac-RVRR-AmLuc produced a higher signal than Ac-RYKR-AmLuc,
while Ac-RRKY-AmLuc generated negligible light emission. It should
be emphasized that these highly selective and sensitive furin probes
could allow for the investigation of the role of furin in hypoxia
in vivo, thus providing a way of imaging tumor hypoxia.

5.1.2 b-Galactosidase assay. A conjugate of luciferin,
D-luciferin-O-b-galactoside (Lugal), was a sensitive and specific
substrate of b-galactosidase (b-gal).47 This galactoside moiety
could be cleaved by b-galactosidase to generate free luciferin for
bioluminescence emission. This caged luciferin could be applied
in different fields for detecting the activity of b-galactosidase.
Considering that the detection of b-galactosidase in cultured
bacteria can indirectly reflect the presence of coliforms, a rapid
positive/negative bioluminescence test for coliforms was developed.

Scheme 4 The reverse design of the caspase-1 reporter.
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The sensitivity of this bioluminescent assay was approximately
50-fold higher than the fluorescent assay; what is more, the
assay takes only 7 h, compared to 24 h by conventional
methods. Therefore, it can be used for rapid identification of
low-level bacterial contamination in food stocks.48

In another example, D-luciferin-O-b-galactoside, with a
one-step cloned enzyme donor immunoassay (CEDIA) system,
provides a rapid and sensitive technique for immunochemical
detection and quantification of analytes.49 Both the above-
mentioned examples are terminal examinations, requiring lysis
of the cells. The firefly luciferase–luciferin reaction needs cofactors,
thus firefly luciferase activity cannot be detected outside the cell.
Important applications of in vivo imaging, such as antibody
labeling, or serum protein monitoring, are precluded. Sequential
reporter-enzyme luminescence (SRL) made it possible for in vivo
imaging of both intracellular and extracellular b-galactosidase
activity.50 Lugal must first be cleaved by b-gal before it can be
catalyzed by luciferase. The strength of the luminescent signal is
correlated with b-gal activity (Scheme 5). Thus, when using SRL,
the activity of other enzymes can be detected by taking advantage
of the luminescent properties of luciferase. This caged luciferin
is nontoxic, so as to enable daily luminescent imaging without
weight loss or other illness effects. The concept of coupling the
activity of luciferase and b-gal for in vivo imaging greatly extends
the applications of bioluminescent imaging.

5.1.3 Glutathione S-transferase assay. Recently, Zhou and his
colleagues claimed that a series of nitrophenyl luciferin ether and
sulfonate compounds were bioluminescent substrates for the
glutathione S-transferase assay.51 They anticipated that electro-
philic o-nitrophenyl luciferin, quinolinyl luciferin ether derivatives
or luciferin sulfonates could exhibit reactivity with GSH
(Scheme 6). The free luciferin or quinolinyl luciferin could be
released after nucleophilic attack of GSH. After a number of
compounds were designed and detected, the results indicated
that the GST activities are not only influenced by the electron-
directing group(s), but also highly depend on the leaving ability of
the nucleophilic group. Moreover, luminescent signals produced
with luciferin sulfonates were much higher than for the luciferin
ether derivatives. Therefore, the electrophilic aromatic substituted
luciferins could provide a low background and high sensitivity
approach for rapidly and effectively detecting GST and its activity
as well as the catalytic mechanism.

5.1.4 Monoamine oxidase assay. Monoamine oxidases (MAOs),
which catalyze the oxidative deamination of several biogenic and
xenobiotic amines to the corresponding aldehydes, play extremely
meaningful roles in metabolism.52 A novel two-step monoamine
oxidase probe based on a bioluminescent assay for monitoring

MAOs activity was more sensitive than current fluorescent
methods. Based on the function of MAOs, this novel methyl
ester luciferin (as an aminopropylether analogue), first reacted
with MAOs and then the detection reagents stopped the MAO
reaction and converted the product of the first step to lumines-
cence (Scheme 7).53,54 The bioluminescent assay demonstrated
lower limits of detection (LOD), of 1 and 6 ng of microsomal
protein per reaction for MAO A and MAO B, respectively, compared
with the LOD of between 170 and 190 ng in the fluorescent assay.
Accordingly, high-throughput screening and drug metabolism
can be conducted considering the activity of MAOs.

5.1.5 b-Lactamase assay. b-Lactamase expressed by the
bacteria can efficiently hydrolyze b-lactam antibiotics, such
as penicillin and cephalosporin, thus resisting b-lactam anti-
biotics.55 Bluco, a b-lactam and D-luciferin conjugate, was the
first bioluminogenic substrate for TEM-1 b-lactamase (Bla).56

It could not react with luciferase and emit light without Bla.
However, the free D-luciferin could be released after opening of
the b-lactam ring by Bla, it would eventually then be oxidized
by luciferase in a light-producing reaction to image the Bla
activity. Overall, this probe could be applied to the imaging of
b-lactam resistant bacteria that express b-lactamase in vivo
(Scheme 8). The combination of bioluminescent and fluores-
cent assay allows the Bla reporter assay to achieve in vitro
evaluation, cell imaging and living animal imaging.

5.1.6 Alkaline phosphatase assay. Alkaline phosphatase
(ALP), as the name suggests, is a hydrolase with high activity
for specifically removing phosphate groups from numerous

Scheme 5 Lugal acting as a b-galactosidase probe.

Scheme 6 The release of free luciferin catalyzed by GSH and GST.
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types of molecules.57 A couple of 6-luciferin phosphates acted
as luciferase substrates, after being sequentially activated
when the phosphate moieties are selectively removed by ALP
(Scheme 9).58 However, the authors noticed that the pKa of the
luciferin phenol was low enough to lead to the phosphate
hydrolysis by both nonenzymatic hydrolysis of 6-luciferin phos-
phate, such as nucleophilic attack, and P–O bond fission, and
as a result, the sensitivity is low. Therefore, a self-immolative
chemical adaptor, which is connected between the luciferin
group and phosphate group, was used to optimize the pKa of
the hydroxyl group at the phosphate-bonding site for enhan-
cing the stability. The self-immolative chemical adaptor strat-
egy should bring out a meaningful avenue to develop novel
fluorogenic and/or bioluminogenic probes.

5.1.7 Carboxypeptidase assay. Carboxypeptidases can
cleave amide linkages of certain amino acid compounds at
specific C-terminal residues in polypeptides and proteins.59

QLUC-TYR and LUC-GLU are highly sensitive and selective
luminescent probes for the carboxypeptidase assay.60 Different
from the probes mentioned above, the modification groups of

these two probes were not blocked at the hydroxyl group, but at
the 4-carboxyl group to yield additional biological information.
QLUC-TYR and LUC-GLU can be cleaved during enzymatic
degradation to release free QLUC and luciferin, catalyzed by
two different types of carboxypeptidases, CPA and CPG II.
Considering that the emission lmax of QLUC is 603 nm, which
is longer than that of luciferin at 556 nm, the authors proposed
that a specific enzyme could be detected using a mixture of
substrates based on the specific wavelengths (Scheme 10).
Nevertheless, the result suggested that mainly the light emitted
by luciferin was determined because of the dramatic low
luminescent intensity of QLUC and substrate specificity.

5.1.8 Sulfatase assay. Considering that sulfatases are
enzymes that can hydrolyze sulfate esters in association with
enormous disease states, it is notable to develop a sensitive and
selective optical probe that reports on sulfatase activity.
The development of a sulfatase probe can be helpful for the
understanding of the biological functions of sulfatases, as well
as for drug screening and disease diagnosis. Recently, a sulfa-
tase activity caged luciferin probe based on bioluminescence

Scheme 7 Caged luciferin monitoring monoamine oxidase activity.

Scheme 8 In vivo imaging of b-lactamase activity with Bluco.

Scheme 9 Luciferin phosphates as alkaline phosphatase reporters.
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has thrown light upon the evaluation of sulfatase activity.61 This
probe was comprised of two parts, an associated substrate with
reporter functions (Scheme 11). While the substrate is hydrolyzed
by sulfatases, firefly luciferin was released to produce lumines-
cence in the presence of luciferase, Mg2+, O2 and ATP. It needs to
be noted that the reporter herein is aminoluciferin other than
luciferin, in which the amino group becomes a critical bridge
between the sulfatase substrate and the reporter function.

5.1.9 Cytochrome P450 activity test. Cytochrome P450 (P450)
enzymes catalyze the oxidation of thousands of substrates, including
metabolic intermediates and xenobiotic substances such as drugs
and other toxic chemicals. P450 enzymes play critical roles in drug
metabolism and drug interaction. Drugs can affect the activity of
P450 enzymes and induct the CYP gene in turn. These changes may
affect the elimination of drugs and result in adverse drug–drug
interactions.62 The influence of new chemical entities toward
P450 enzymes should be evaluated by probes.

Recently, a series of proluciferin acetals for the P450 activity
assay have been disclosed.63 These chemotypes of bioluminogenic

proluciferin can be oxidized by P450 enzymes to generate
luciferin. After screening the luciferin acetals against a panel
of purified P450 enzymes, a proluciferin can be oxidized by
CYP3A4, sensitively and selectively, releasing the free luciferin,
and then producing light. So this proluciferin is used as a probe
to measure IC50 values of CYP3A4 inhibitors (Scheme 12).

5.2 Bioluminescence imaging of glycans in live cells

In the post-genomics era, proteomics and glycomics have
emerged as fields of enormous importance. However, detecting
and differentiating such modifications rapidly is not a trivial
issue. This is especially true for glycosylation, which differs from
phosphorylation, methylation, ubiquitination, and acetylation
in that many different modifications can be achieved at a single
site by the use of different glycosylation patterns.64 It is well
known that changes in glycosylation are often associated with
disease states, such as cancer and chronic inflammation,
and new therapeutic and diagnostic strategies are based on

Scheme 10 (A) QLUC-TYR for monitoring CPA activity. (B) LUC-GLU for monitoring CPG II activity.

Scheme 11 General strategy for the design of sulfatase activated probes.

Scheme 12 Proluciferin acetals measuring IC50 values of CYP3A4 inhibitors.
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the underlying glycobiology. Therefore, glycans are attractive
targets for molecular imaging.

Since glycans are not directly encoded by the genome, they
are difficult to make accessible to genetically encoded reporters,
thus presenting a challenge for the quick detection of glycosyl-
ation.65 Classical methods for imaging glycans rely on metabolic
labeling with chemical reporters and subsequent ligation to
fluorescent probes. It is interesting that caged firefly luciferin
can been employed for glycan imaging in live cells.

Bertozzi and coworkers reasoned that a phosphine–luciferin
conjugate (Scheme 13), which was designed to release luciferin
upon Staudinger ligation, would enable sensitive detection of azido-
sugars with deeply low background signal and high sensitivity.66

This approach provides novel bioluminescent imaging technology
that can help the development of glycomic tools.

5.3 Probes for imaging bioactive small molecules

Bioactive small molecules are numerous functional small meta-
bolites inside cells or drugs that can regulate biological functions.
Small metabolites produced in cells, such as vitamins,67 NO,68 or
H2S,69 may act as extracellular and intracellular messengers for
signal transduction. Drugs can regulate cellular functions or treat
metabolic disorders. Thus, probes for imaging bioactive small
molecules allows us to understand their chemical mechanism
and biomolecular events in living cells.

5.3.1 Bioluminescent imaging of hydrogen peroxide pro-
duction in a murine tumor model. Reactive oxygen species
(ROS) include hydrogen peroxide (H2O2), superoxide (O2�),
hydroxyl radicals (�OH), and various peroxides (ROOR). H2O2

has been thought of as an unwanted by-product of an aerobic
existence. It is assumed that the aberrant level of H2O2

mediates diverse pathological and biological processes of
various diseases, such as angiogenesis, oxidative stress and
aging, cancer, and neurodegenerative diseases. H2O2, as
an inevitable signalling messenger, is also involved in cell
proliferation, differentiation, and migration.70 Real-time
monitoring of H2O2 fluxes in living cells and animals is a
powerful tool to reveal the chemical mechanisms underlying
the development and progression of disease.

The Chang group recently disclosed a chemoselective bio-
luminescent probe for detecting H2O2, peroxy caged luciferin-1
(PCL-1) (Scheme 14).71 This probe consists of three parts, a
H2O2-sensitive aryl boronic acid, a luciferin group and a self-
immolative linker. It was designed to image H2O2 production in
a murine tumor model in vivo. Upon reaction with H2O2, PCL-1
can release the firefly luciferin, followed by reacting with firefly
luciferase to emit light. The level of H2O2 is related to the total
bioluminescent signal, both in the living cells and in the living
mice. This probe provides technology for real-time imaging of
the level of H2O2 in living mice, selectively and sensitively.
Moreover, the contribution of the levels of H2O2 to health,
aging, and disease may be clarified in the coming future by
using such a bioluminescent imaging approach.

5.3.2 Bioluminescence assays for L-cysteine. Niwa et al.
provided a fast and cost-effective assay method for a L-cysteine
and luciferase assay based on the biosynthetic pathway of
firefly luciferin.72 2-Cyano-6-hydroxybenzothiazole (CHBT) can
react with L-cysteine to yield L-luciferin in the absence of any
enzymes. L-Luciferin is an enantiomer of D-luciferin and a
luciferase competitive inhibitor that cannot produce biolumi-
nescence when reacting with luciferase.31

L-Luciferin can be
converted into D-luciferin in the presence of coenzyme A (CoA)

Scheme 13 Real-time imaging of glycans on living cells. (Figure adapted with permission from ref. 66. Copyright (2010), American Chemical Society.)

Scheme 14 PCL-1 for H2O2 detection.

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

2.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
18

/0
5/

20
16

 0
0:

30
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c2cs35249d


This journal is c The Royal Society of Chemistry 2013 Chem. Soc. Rev., 2013, 42, 662--676 673

and esterase, subsequently producing luminescence when
reacted with luciferase. The quantity of L-cysteine can be
measured by the output signal (Scheme 15). What is more,
using L-luciferin and CHBT can replace D-luciferin for the
luciferase assay, because the luciferase assay medium contains
all the compounds for the biosynthesis of D-luciferin. Thus, this
method is fast and cost-effective.

5.4 Photoactivable bioluminescent probes for imaging
luciferase activity

In addition to detecting other enzymes, caged luciferin can be
employed for determining luciferase activity. The caged luciferin
substrates, which can be changed to uncaged luciferin by photolysis,
might work as an efficient bioluminescent probe for tracking the
dynamics of the luciferase expression in living animals. These caged
substrates have virtuous cell membrane permeation and photo
cleavable activities, and can be released after UV illumination, and
then fluorescent and luminescent signals can be observed.73 As a
result, these probes can be facilitated in vitro and in vivo to monitor
the dynamic activity of firefly luciferase (Scheme 16). This method
does not use luciferin, but employs caged luciferin for imaging
luciferase activity. Due to these probes being photoactivatable, the
enzymes or small molecules can be imaged at a desired time and/or
location in intact cells, tissues or living animals. The biggest
advantage is that the imaging process can readily modulated by a
beam of light with high spatial and temporal precision. This strategy
is rarely seen in other research.

Photocaged luciferin makes high temporal and spatial regulation
possible. Photoactive (or photocaged) compounds can be used
for monitoring gene expression, mapping cellular function and
cellular interaction in vitro and in vivo.

These photocaged compounds should be exposed to high-
intensity UV or visible light in the uncaging process. However,

the penetration of short-wavelength UV is very poor, and
excessive exposure to UV light can cause acute tissue damage.

The immediate task for scientists is to find photoactivatable
probes that can be activated by long-wavelength excitation.
Thus, these probes can be used for deep tissue imaging
with low damage. A photocaged upconversion nanoparticle
can meet this requirement.74 This probe consists of three parts:
D-luciferin as the reporter which can react with luciferase and
emit light, a photoactivatable linker that can be cleaved when excited
with UV light, and silica-coated lanthanide-doped upconversion
nanoparticles (UCNPs). UCNPs exhibit anti-Stokes emissions, which
can convert excited continuous-wave 980 nm laser light into high-
energy UV light. Therefore, the uncaging of D-luciferin can be
triggered from D-luciferin-conjugated UCNPs after being excited by
NIR light. A strong bioluminescent signal can be detected and then
used for deep tissue imaging (Scheme 17). This method offers new
possibilities for imaging target areas at specific times.

5.5 Imaging cellular uptake and release

Good formulation and/or bioavailability may be important for
promising leads to be advanced clinically. So, the sooner the
physical–chemical properties of leads are predicted or the
problems addressed, the better. The molecular transporters
are designed to overcome various membrane biological
barriers. They would be highly helpful for drug development.
Molecular transporters are linked to or combined with a cargo
to enable or enhance its ability to enter cells or tissues. In
recent years, a number of molecular transporters have been
well documented, such as cell-penetrating peptides (CPPs),
oligocarbamates, peptoids, and so on.75 However, there are
two major challenges encountered during the development of
this field, one is to create bioactivatable linkers that can release
drugs/probes only in cells, and the other is to constitute probes

Scheme 15 Bioluminescence assays for L-cysteine.

Scheme 16 Photoactivatable probes for monitoring luciferase activity.
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that can evaluate internalization mechanisms and dynamic
effectiveness of different transporters in real-time.

Hitherto, several luciferin release assays have been described for
real-time quantification of uptake and release of molecular trans-
porters through a bioactivatable disulfide linker.76,77 The luciferin
group, acting as surrogate drug, and the transporters are linked with
a disulfide bond at the 60-hydroxyl or 4-carboxyl position that would
be cleaved after cell entry upon encountering a high glutathione
concentration. After cyclization and self-cleavage of the resultant
thiol linker, the free luciferin is released and a photon is detected by
a luminometer to quantify the uptake and drug release (Scheme 18).
Based on this mechanism, different types of molecular transporters
can be evaluated by conjugating with luciferin.

6. Conclusions and prospective

Using the firefly luciferin derivatives as small molecular probes
to detect biomacromolecules and bioactive small molecules in
animals can greatly enhance our understanding of the patho-
genesis and processes in the appropriate physiological settings.
The caged luciferins are widely reported, and their applications
can be extended to various fields according to the basic design

principle reviewed above. These probes have many advantages,
such as being rapid, sensitive, and low background. Due to
bioluminescence being a common and naturally occurring
phenomenon, and the probes being derived from biological
sources, the toxicity is low to cells and living organisms.

There are also some disadvantages that appeared during the
study of BLI. With regard to BLI for tumor imaging, BLI is less
suited for the determination of absolute tumors mass in an
animal because of quenching of the bioluminescence by tissue
components, and the exact location of tumors because its
spatial resolution is limited. On the other hand, the firefly
luciferin–luciferase system needs many intracellular cofactors
and the applications are genetically confined to engineered
cells expressing luciferase. As a result, this method can only be
used in cells or small animal models. It is a long way from
being used in humans. This is an interesting field and great
efforts are also needed to overcome the limit of BLI.

To date, the vast majority of efforts have focused on mutating
luciferase enzymes. Mutation of enzyme structures leads to changes
in the bioluminescent color. A wide variety of mutating luciferases
with emission wavelengths red-shifted for bioluminescence
reporting and imaging have emerged. These mutants enable a

Scheme 17 Bioluminescence imaging using photocaged D-luciferin-conjugated UCNPs.

Scheme 18 (A) The structures of two probes for cellular uptake and release. (B) Scheme of the luciferin-releasable-transporter conjugate for the cellular uptake assay.
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smaller number of cells to be visualized in living subjects due
to decreased attenuation by tissues. Split luciferase has proven
useful for detecting protein–protein interactions.16 In these
assays, the N- and C-terminal fragments are translationally
fused to unique proteins, respectively. When these two proteins
interact with each other, split fragments can be completed and
provide luciferase enzyme activity.

Compared with large amount of attention to luciferase mutation,
only a handful of studies have focused on the modification of
luciferins. Different insects with different luciferases all have a
common substrate, D-luciferin and nearly all bioluminescent
imaging is based on D-luciferin or aminoluciferin. The lack of
diversity of luciferase substrates is a great restriction, limiting the
applications of bioluminescence technology. Larger collections of
light-emitting luciferins are required to expand the imaging
toolkit. More attention should be paid to novel chemically
modified luciferins, while rapid and reliable synthetic routes
for these richly functionalized molecules are also required.

In addition to the lack of diversity of luciferins, the func-
tional groups mainly link at the 60-hydroxyl (or 60-amino)
position in the caged luciferin. Chemical modification at other
positions may also affect the interaction between luciferin and
luciferase, and quench the bioluminescence. However, caged
luciferins at other positions are rarely reported.

Up to now, luciferin–luciferase bioluminescence imaging has
been broadly utilized in a variety of fields in biomedical sciences.
New applications of BLI are ever increasing as new caged luciferin
modifications are described, as well as new models being developed.
We can use them together to shed light on the unknown field of
living organisms. Adapting the concept of caged firefly luciferin to
new applications is a promising area of exploration.
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