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Abstract

Bioluminescence is a ubiquitous imaging modality for visualizing biological processes in vivo. 

This technique employs visible light and interfaces readily with most cell and tissue types, making 

it a versatile technology for preclinical studies. Here we review basic bioluminescence imaging 

principles, along with applications of the technology that are relevant to the medicinal chemistry 

community. These include noninvasive cell tracking experiments, analyses of protein function, and 

methods to visualize small molecule metabolites. In each section, we also discuss how 

bioluminescent tools have revealed insights into experimental therapies and aided drug discovery. 

Last, we highlight the development of new bioluminescent tools that will enable more sensitive 

and multi-component imaging experiments and, thus, expand our broader understanding of living 

systems.

Introduction

A complete understanding of living systems requires methods to probe cells and discrete 

biomolecules within their native environs. Protein trafficking, metabolite production, and 

even whole cell movements are influenced by diverse spatial and environmental cues that 

cannot be easily recapitulated outside of a living organism. In recent years, a set of imaging 

technologies has emerged that enable biological features to be visualized—noninvasively—

in whole cells and organisms.[1–10] These methods are providing unprecedented insight 

into cell and organismal biology, and revealing previously unknown mechanisms of disease 

formation.

Among the most popular noninvasive imaging tools are the bioluminescent proteins 

(luciferases).[1–10] Luciferases, unlike fluorescent probes, do not require incident radiation 

to produce light. Rather, these enzymes generate photons via the catalytic oxidation of small 

molecule substrates (luciferins). Luciferases can be expressed in numerous cell and tissue 

types, and when luciferin is present, light is produced.[1,11–13] There are virtually no 

endogenous light-emitting processes in cells and tissues, so the background signal for 
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bioluminescence imaging in vivo is negligible. Such high signal-to-noise values are 

attractive for sensitive imaging applications within complex environments. Indeed, 

bioluminescence has been used to report on cell movements, gene expression patterns, and 

even the activities of individual biomolecules in whole tissues and living organisms.[11,14–

16] In animals, bioluminescent light can usually be detected at depths of a few centimetres, 

although the exact limit is dependent on the brightness of the signal and the sensitivity of the 

detector. Based on these considerations, the technology is widely compatible with common 

rodent models and other small animals. The versatility and user-friendly features of 

bioluminescence have facilitated numerous biological discoveries.[3,17,18]

This review provides an overview of bioluminescence technology and how it can be used to 

monitor diverse biological features in complex environments. We first introduce luciferase–

luciferin pairs commonly used for imaging and showcase their utility in visualizing cells and 

gene expression patterns in vivo. We then highlight methods to examine discrete 

biomolecules using engineered bioluminescent probes. These tools can illuminate the 

functions of proteins and other metabolites in cells and animals, providing a more detailed 

depiction of biological systems. Last, we describe ongoing work to expand the capabilities 

of bioluminescence technology using synthetic chemistry and molecular biology. Such 

advances promise to offer more refined views of cellular and biomolecular functions and 

potentially reveal new avenues for drug discovery.

Bioluminescent chemistries and colours

Several luciferase–luciferin combinations have been identified in nature, but only a few have 

been optimized for use in bioimaging applications (Table 1).[19] The bioluminescent pairs 

differ in size and shape, but all share a common mechanism for light generation: the 

luciferase catalyzes the oxidation of the complementary luciferin. During the enzymatic 

reaction, an electronically excited intermediate is produced; relaxation of this molecule to 

the ground state releases a photon of light. The colour (wavelength) of light is primarily 

dictated by the structure of the small molecule emitter, but also impacted by residues within 

the enzyme. Fluc and other insect luciferases release yellow photons (~550–600 nm) upon 

oxidation of a benzothiazole substrate (D-luciferin) with O2 and ATP.[20,21] While these 

luciferases utilize the same substrate, their emission spectra vary slightly owing to 

differences in enzyme architecture.[12,20,22,23] Luciferases from marine organisms, 

including Renilla reniformis (Rluc) and Gaussia princeps (Gluc), also catalyze the oxidation 

of a common imidazopyrazinone substrate, coelenterazine, and release primarily blue-green 

light (460–480 nm).[24] Rluc and Gluc, unlike Fluc, require no other cofactors (except O2), 

making them suitable for use in extracellular environments and other spaces lacking ATP.

[25,26] Bioluminescent bacteria also release blue-green light, but require a combination of 

long-chain aldehydes, heterodimeric luciferases and flavin cofactors for the light-emitting 

reaction. Interestingly, the luciferase subunits and all enzymes required for bacterial luciferin 

production are coded within a single operon (lux).[27,28] Importing this entire gene 

sequence into non-luminescent bacteria—or even some eukaryotic cells—is sufficient to 

make them “glow” continuously.[29–31] By contrast, the luciferin substrates for Fluc, Gluc, 

and Rluc must be supplied exogenously in a given imaging experiment. The biosynthetic 

origins of coelenterazine and D-luciferin remain unknown, even though decades have passed 
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since their chemical structures were first identified.[12,20,32–34] The elucidation of these 

biosynthetic pathways will be aided by efforts to isolate and characterize bioluminescent 

machinery from other organisms.[12,20,21,24,35–38]

Among the bioluminescent pairs, the luciferase and luciferin from the firefly (Fluc and D-

luciferin, respectively) are the most widely used for imaging in vivo.[21] D-Luciferin is 

relatively stable and can penetrate most cell and tissue types following administration via 

standard i.p. injection.[39] Coelenterazine by contrast, is less bioavailable and typically 

requires intravenous administration to reach its targets in vivo. This luciferin is also cleared 

rapidly from animals and prone to air oxidation, resulting in non-specific background signal. 

Furthermore, coelenterazine luminescence with Rluc and Gluc is blue-green in colour; 

wavelengths of this sort are readily absorbed by haemoglobin and other chromophores in 

vivo, preventing their detection by imaging cameras.[16] Red light (>600 nm) more readily 

passes through blood and overlying tissues, and these wavelengths are the ones captured by 

detectors in a typical bioluminescence experiment.[11,16] While Rluc and Gluc emit mostly 

blue-green light, their emission spectra are sufficiently broad to contain wavelengths >600 

nm, and are thus useful for routine bioluminescence imaging. Fluc and click beetle 

luciferases emit a larger percentage of red light, making them more suitable for in vivo 

applications.[40]

Traditional applications of bioluminescence imaging

Bioluminescence was first harnessed for in vivo imaging in 1995, when the lux operon was 

introduced into a non-luminescent strain of Salmonella typhimurium.[31] Upon inoculation 

into mice, the “glowing” bacteria could be readily identified and even localized 

(noninvasively) to discrete tissues. Moreover, changes in the infection profile were easily 

visualized in response to antibiotic treatment. This classic study showcased the remarkable 

sensitivity and broad dynamic range of bioluminescence for imaging in live animals, along 

with its potential for facilitating drug discovery.

Since then, bioluminescence has evolved into a mainstream technique for visualizing not 

only bacteria, but also viruses and other pathogens, eukaryotic cells, and even gene 

expression patterns in live organisms.[41,42] Variants of Fluc, Rluc, and Gluc that offer 

brighter and more sustained light emission have been described (e.g., Rluc8, Rluc8.6), 

[26,43,44] and these can be readily introduced into numerous cell and tissue types using 

standard gene transfer techniques. For cells and tissues that are refractory to genetic 

manipulation, luciferase-labelled transgenic mice can serve as convenient sources of 

bioluminescent material.[1] Finally, the common luciferin substrates can be purchased from 

commercial vendors, and standard bioluminescence detectors are available in most research 

settings. The relative simplicity of bioluminescence imaging, combined with these user-

friendly features, has enabled rapid discoveries in a broad spectrum of fields.[3,45,46]

Cell tracking—Luciferase-expressing cells can be imaged repeatedly in live animals, with 

the intensity of the signal correlating with the number of cells in a given area.[1] Thus, 

bioluminescence imaging is well suited for tracking cells over time in vivo, and many 

experiments—spanning several disciplines—have capitalized on this feature. For example, 
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Contag and co-workers utilized bioluminescence to monitor haematopoiesis following bone 

marrow transplantation.[47] Such transplants are routinely used to treat leukaemia and other 

blood cancers. In a typical procedure, a patient’s diseased cells are first ablated (via 

radiation) and then replaced by blood cells from a healthy donor. The donor cells responsible 

for blood regeneration are haematopoietic stem cells (HSCs) found in bone marrow. HSCs 

initially engraft in the recipient before dividing and differentiating to reconstitute the 

haematopoietic system. The success of bone marrow transplantation has been mixed due to 

host immune clearance and other mechanisms. Thus, methods to visualize HSCs at early 

time points post-transplantation could offer insights into haematopoiesis and methods to 

improve the therapy. Toward this end, the authors harvested bone marrow from luciferase-

expressing transgenic mice and delivered it into irradiated recipient mice. The engraftment 

and proliferation of the cells was visualized upon D-luciferin administration. The images 

revealed that HSCs take up residence at multiple sites post-transplantation during 

haematopoiesis, with no single site necessary for full haematopoiesis (Fig 1A). In addition, 

it was noted that transplantation of a single HSC could result in successful immune cell 

outgrowth.

In a more recent example, bioluminescence technology was used to rapidly assay the 

proliferation of cancer stem cells in vivo and examine their roles in metastases.[48] The 

authors isolated cancer stem cells from patient breast tumour biopsies and transduced them 

with genes encoding Fluc or Rluc. The luciferase-expressing cells were implanted 

orthotopically in immunocompromised mice and monitored over time. The imaging studies 

revealed that only certain subsets of cells (i.e., “cancer stem cells”) were capable of 

proliferating in vivo and thus perpetuating tumour growth (Fig. 1B). These same subsets of 

cells were also located at secondary tumour sites, establishing one of the first connections 

between cancer stem cells and metastatic outgrowth. Impressively, as few as 10 Fluc-

labelled cells could be visualized in vivo, suggesting that bioluminescent tools are amenable 

to monitoring patient tumour growth and therapeutic responses in surrogate hosts. Similar 

cell tracking experiments have been performed using immune cells, [49,50] stem cells, [51–

55] and even pathogens.[31,45,56,57]

Visualizing gene expression

In addition to examining whole cell movements and behaviours, bioluminescence 

technology has been widely employed to monitor gene expression patterns in vivo.[26] Such 

studies can offer more detailed insights into biological mechanisms than cell tracking alone. 

In a typical experiment, luciferase expression is driven by the promoter sequence for a gene 

of interest. The bioluminescent enzyme is thus produced only when the target gene is being 

actively transcribed. In most cases, the amount of luciferase generated mirrors that of the 

target gene product, and can be readily visualized upon luciferin administration. Gene 

expression patterns relevant to inflammation, cancer, and Alzheimer’s disease have all been 

imaged (and often quantified) in this regard.1,58–60 In a recent example, Piwnica-Worms 

and colleagues utilized engineered mice to examine the dynamic expression of p21 in vivo. 

p21 is a cyclin-dependent protein kinase (CDK) inhibitor involved in cell cycle regulation.61 

Mice expressing Fluc under the control of an endogenous p21 promoter were treated with D-

luciferin and imaged. Interestingly, fluctuations in bioluminescent light were observed in 
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discrete regions of the brain responsible for nutrient sensing (Fig. 1C). These results 

implicate p21 expression in the regulation of metabolism.

Recent advancements in probing biology with bioluminescence imaging

Monitoring protein abundance and function—A complete mechanistic 

understanding of living systems requires methods to probe not only cells and gene 

transcription, but also individual biomolecules. Proteins comprise one of the major classes of 

cellular biomolecules and fulfill an array of functions. Abnormal protein activities can 

disrupt major signalling networks, alter biosynthetic pathways, and compromise membrane 

integrity, all of which can potentiate disease. Given their central roles in cell structure and 

function, proteins are popular drug targets; new candidates for therapeutic targeting require 

an increased understanding of protein function in tissues and organisms. Bioluminescence 

imaging is already having an impact in this area.[3] Over the past decade, engineered 

luciferases and luciferins have been crafted to report on numerous facets of protein biology, 

including their localization and stability, interactions with other proteins, and enzymatic 

functions. Several examples are provided below.

Direct attachment of luciferase to proteins of interest can be used to monitor the location and 

abundance of the biomolecules. Indeed, luciferase fusions have been used to visualize a 

variety of proteins, including the signalling biomolecules HIF-1α and β-catenin, [62,63] 

along with proteins destined for proteasomal degradation.[64] Luciferase fusions alone, 

though, cannot provide read-outs on discrete protein activities, including their interactions 

with other proteins. Protein–protein interactions drive major signalling cascades in human 

cells, and disruption of these contacts often contributes to disease.[65] Luciferase probes can 

provide noninvasive readouts on protein associations and facilitate screens of therapeutic 

agents to modulate these networks. In one well-known approach, luciferase and a spectrally 

matched fluorescent probe are respectively fused to the two proteins of interest.[66] When 

the proteins are far apart, only bioluminescent light emission is observed in the presence of 

the appropriate luciferin. When the targets are in close proximity, the bioluminescent 

photons drive the excitation of the fluorescent chromophore, resulting in light emission at a 

longer wavelength. This phenomenon, termed bioluminescence resonance energy transfer 

(BRET) has been used to examine kinase–kinase, receptor–peptide, and other protein–

protein interactions, in cells and live animals.[7,66,67] BRET studies require spectrally 

matched probes: the luciferase emission wavelengths must overlap the fluorescent probe’s 

excitation spectrum. Many Rluc-yellow fluorescent protein and Rluc-quantum dot 

combinations meet this criterion and have been utilized for visualizing protein interactions 

and other biological processes.[64,67,68] For work in vivo, the identification of more red-

shifted BRET pairs remains an important goal.[69–73] The Gambhir and Piwnica-Worms 

labs recently developed BRET systems comprising luciferase–fluorescent protein fusions 

that emit 550–650 nm light, making them more attractive for deep tissue imaging in vivo.

[44,69,74] Further improvements in BRET technology are expected with the identification 

of more luciferase–fluorescent protein duos in nature, [75] along with the development of 

improved luciferase–nanomaterial conjugates.[76,77]
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Protein–protein interactions can also be visualized using luciferase complementation.[70–

73] In these assays, “split” fragments of a luciferase are attached to proteins of interest. 

Functional enzyme is produced only when the interacting proteins come into contact and 

drive the assembly of the complementary pieces.[72,73] “Split” versions of Fluc, Rluc, and 

Gluc have all been described, and used to monitor protein dimerization events, including the 

rapamycin-induced interaction of FRB and FKBP.[70,72,73,78] In a recent example, Ozawa 

and co-workers visualized the binding of β-arrestin to β-adrenergic receptor kinase (BARK), 

a membrane GPCR. When BARK is activated upon agonist binding, β-arrestin subsequently 

binds the GPCR to turn off the response and reset the system; the rate of β-arrestin 

association correlates with the potency of the ligand. The authors visualized BARK–β-

arrestin binding using split Fluc probes.[79] Upon administration of small molecule 

agonists, conformational changes in BARK–C-luc promoted the binding of β-arrestin–N-luc 

(Fig. 2). This dimerization event enabled complementation between the two termini of Fluc, 

and ultimately light production. Using this split luciferase system, the authors quantified the 

relative potency of a panel of drugs.

Measuring enzymatic activities in complex environments—Proteins drive cellular 

processes not only via their associations with other proteins, but also via enzymatic 

reactions. Several classes of enzymes have been identified to date, and many—including 

kinases and proteases—play integral roles in cell signalling. Aberrant enzyme activities are 

also associated with numerous pathologies and are commonly measured in clinical isolates 

to diagnose disease.[80,81] Engineered luciferases and luciferins have been developed to 

report on enzymatic activities in real time. In addition to providing a dynamic readout on 

protein function in complex environments, these imaging tools can facilitate screens for 

therapeutics designed to either inhibit or enhance enzymatic activity.[82]

Among the most well recognized probes for measuring enzyme function are the “caged” 

luciferins. These molecules comprise luciferin cores outfitted with steric appendages (i.e., 

“cages”) or other groups that perturb its use in the bioluminescent reaction.[83] Most 

“ cages” are appended to the 6′ end of D-luciferin. A small, electron-donating group (e.g., 

OH or NH2) at this position is required for light production;[33] installing electron-

withdrawing or bulky groups inhibits bioluminescence.[84,85] If the “cage” is labile to 

defined enzymatic activity, though, luciferin is released and available for the light emitting 

reaction. In these cases, light emission provides a direct readout on enzyme function. 

Phosphatase, sulfatase, and oxidase activity have all been visualized in this regard, and 

nearly a dozen caged luciferins are now commercially available to measure enzyme function 

in live cells or lysates (Table 2.)[83,86–93] Bertozzi and co-workers recently introduced a 

novel cage to report on the activity of certain sulfatases (row 5, Table 2).[94] The aryl 

sulphate caging group was found to be readily cleaved by sulfatases expressed in 

Mycobacterium tuberculosis, but not those found in human serum. These data suggest that 

the caged probe may have utility in the clinical diagnosis of pathogens.

In addition to engineered luciferins, “designer” luciferases can provide direct readouts on 

enzyme function.95–97 The majority of these probes comprise cyclic versions of luciferase 

that are locked into inactive conformations with various linkers. Upon cleavage of the tether 

(“activation”), a functional luciferase is produced. Wood and colleagues generated a series of 
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such “activatable” luciferases comprising protease-specific linkers. Cleavage of the linkers 

in the presence of defined protease activity liberates Fluc to provide light emission, and 

ultimately a readout on protease function. One such “activatable” luciferase was recently 

used to monitor caspase-7 activity in both live cells and in vivo tumour models (Fig. 3).[98]

BRET sensors represent another major class of bioluminescent reporters for enzyme activity. 

These sensors comprise luciferases that are physically linked to a BRET-matched fluorescent 

protein.[66,99] If the adjoining link is severed by enzymatic activity, the luciferase and 

fluorescent protein diffuse apart, and the ensuing reduction in BRET signal correlates with 

enzyme function. A BRET sensor was recently developed to measure caspase activity in 

primary macrophages.[68] Caspase-1 is known to activate several inflammatory signalling 

molecules via proteolytic cleavage. The chemokine IL-1β is one such substrate that plays a 

pivotal role in cellular apoptosis. Active IL-1β is generated via caspase cleavage of a 

proprotein (pro-IL-1β). The pro-IL-1β cleavage is rapid and not easily monitored via 

Western blot or other traditional cell biology assays. To capture this activity, Pelegrin and 

co-workers designed a BRET sensor comprising Rluc8 and a yellow fluorescent protein 

(Venus) linked by pro-IL-1β. When expressed in cells devoid of high levels of caspase 

activity, the sensor remains intact and yellow light is produced upon coelenterazine 

treatment (Fig. 4). (The blue photons emitted by Rluc8 are absorbed by Venus and emitted 

as yellow light.) Upon caspase-1 activation and cleavage of the sensor, Rluc and Venus 

separate and mostly blue bioluminescent emission is observed (Fig 4A). The ratio of blue to 

yellow light in each case can provide a measure of caspase activity and IL-1β activation and, 

more broadly, the inflammatory response (Fig. 4B).

Probing metabolites with bioluminescent sensors—While proteins comprise the 

bulk of cellular matter, other biopolymers including glycans and lipids, in addition to 

metabolites and ions also play pivotal roles in cell biology. Methods to visualize the 

abundance and activities of these species are thus required for a complete understanding of 

living systems. Imaging such non-primary gene products has been historically challenging.

[100] Such molecules cannot be fused genetically to luciferase or other optical reporters for 

direct tracking. Rather, indirect methods for visualization must often be employed.[101] 

Bioluminescent probes can be engineered to report on a diverse array of biomolecules, and 

examples from the recent literature are highlighted below.

Nucleic acids, like proteins, are often associated with certain physiological states and can 

report on the presence of pathogens. For example, methods to rapidly detect DNA from 

“foreign” microorganisms would simplify and hasten clinical diagnoses, where positive 

pathogen identification can take days. Toward this end, Ikebukuro and colleagues utilized 

bioluminescence to detect bacterial DNA in biologically relevant sample sizes.[102] Their 

platform involved zinc finger domains conjugated to Fluc. Zinc fingers recognize specific 

stretches of nucleic acids and can be readily evolved to bind virtually any target. 

Bioluminescence imaging of the DNA samples provided a visual readout of the desired 

sequence with femtomolar sensitivity without the need for gel analysis. Eventual automation 

this type of procedure is promising for clinical translation. Bioluminescent tools have also 

been applied to image other major classes of biopolymers, including glycans and lipids.

[103–105]
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Certain small molecule metabolites can also be visualized with bioluminescence technology. 

For example, all luciferases require molecular oxygen for light production, and 

bioluminescent emission can be used to approximate O2 levels in solid tumours.106–108 

Bioluminescence can also report on metabolites that are required for luciferase activities. 

For instance, Fluc is routinely employed to report on ATP levels in cell extracts and 

nucleotide identity in sequencing analyses.[109–111] The photoprotein aequorin requires 

exogenous Ca2+ for light production, and can be employed for visualizing calcium flux in 

nerve cells.[112] For other metabolites and analytes of interest, luciferase reporter genes are 

often used. Levels of glycolysis intermediates, hormones, and metals have been measured in 

this regard.[109,113–118] Small molecule metabolites have also been imaged using BRET 

constructs[119–121] and engineered luciferins.[83] In a recent example of the latter, cellular 

peroxide levels were measured with a phenyl boronate probe (entry 4, Table 2). The 

boronate group is labile to peroxide, one of many reactive oxygen species generated in 

activated cells.[93,122] More recently, the Chang lab modified this caged probe to report on 

two analytes relevant to inflammation.[123] This luciferin was ultimately used to image both 

ROS production and protease activity in various cancer cell lines. We anticipate further 

multi-analyte imaging studies as new methods for luciferin caging are developed.

Drug screening and drug development—Since Fluc light emission requires ATP and 

new protein production, bioluminescence is a simple and direct assay for cell viability and 

proliferation.[40,48,50,55,73] Indeed, global reductions in light emission have been used as 

readouts of cell death in many examples introduced in this article.[124–128] 

Bioluminescence is also an attractive choice for monitoring cell viability and potential 

therapies in heterogeneous models. The McMillin group recently demonstrated the utility of 

bioluminescence for drug screening with mixtures of stroma and tumour cells—a more 

realistic model of human tumours.[129,130] The authors cultured various Fluc-expressing 

tumour cells with stromal cells in the presence and absence of common chemotherapies. 

Cytotoxicities were correlated with reductions in light output. While many of the cell lines 

demonstrated increased resistance to certain drug treatments in the presence of stromal cells, 

the effect was not common to all cell lines or drugs. These results demonstrate that 

bioluminescence imaging can provide a facile and high throughput screening method for 

models that better recapitulate the heterogeneity of human cancers and other diseases. That 

said, non-specific interactions between pharmacophores and firefly luciferase have 

historically confounded the discovery of small molecule therapeutics.[131–133] The 

development of new luciferases and luciferins could potentially circumvent these issues, and 

work is ongoing in this area.[134]

Beyond direct measures of cell death, bioluminescence has aided drug discovery efforts in 

additional areas. For example, this imaging technology can be used for the direct tracking of 

therapeutics in vivo. The ability to visualize both protein and small molecule biologics 

provides insights into delivery and targeting. In a recent example, Gluc was appended to an 

anti-CEA antibody and used to detect tumours expressing the CEA antigen in vivo.[135] 

Gluc is among the brightest luciferases characterized to date and is functional in 

extracellular environments, making it an attractive choice for diagnostic imaging.[136,137] 

Similarly, small molecule delivery can be probed using luciferins as surrogate drugs. In one 
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example, Wender and co-workers used an octaarginine tailed luciferin to optimize the design 

of cationic peptide tags for intracellular drug delivery.[138] In these studies, bioluminescent 

emission correlated with successful drug localization. The authors ultimately utilized the 

arginine-rich tail to enhance the delivery of Taxol and other chemotherapeutics.

Building better bioluminescent tools—Despite the broad utility and user-friendly 

features of existing bioluminescent tools, challenges remain in expanding the scope of the 

technology. Some of the obstacles arise from the probes themselves. Many luciferases are 

only quasi-stable in mammalian cells.[59] This instability is useful for visualizing dynamic 

biological processes, where rapid turnover of the reporter is required. However, it is less 

desirable for long-term tracking studies or when large photon outputs and sustained 

emissions are desired. Many luciferases are also sensitive to pH, reactive-oxygen species and 

other environmental factors, although variants with improved, broad-range cellular 

compatibilities have been identified.[43,44,139–144] In a recent example, Tannous and co-

workers evolved a variant of Gluc (Gluc4) that is more stable in standard mammalian cell 

assays and provides more sustained light emission.[145] These features were found to 

improve drug screening results by decreasing the number of false positives associated with 

rapid loss of emission with native Gluc. Luciferins, too, can be rapidly degraded in cellular 

environments or cleared readily from living systems. Ongoing work to identify more 

chemically robust substrates and formulations will benefit experiments requiring prolonged 

luciferin circulation.[138,148] Osmotic pumps and alternative delivery mechanisms will also 

be useful in this regard.[61,147]

The photon output from all luciferase enzymes is inherently weak, and only a fraction of the 

emitted light typically reaches the detector; the majority of bioluminescent photons are 

absorbed or scattered by endogenous chromophores in blood and tissues.[44,69] 

Improvements in bioluminescence sensitivity and depth are possible by engineering 

luciferases to produce more tissue penetrant (i.e., red-shifted) light. Branchini and coworkers 

generated one such luciferase by conjugating small molecule fluorophores (AlexaFluor 650 

and 680) onto the surface of Fluc.[149] Following administration of D-luciferin, near 

infrared light is produced via BRET transfer from the bioluminescent reaction to the 

fluorophores on the enzyme surface. This chemically modified luciferase was used to image 

factor Xa in human blood samples, an assay that is problematic for traditional luciferase 

probes owing to photon absorption by haeme. While the protein conjugate is applicable to a 

variety of sensing assays ex vivo, it is not amenable to long-term cell tracking in vivo. For 

these studies, luciferase mutants with red-shifted emission spectra are desirable. A handful 

of such mutants have been described, although the gains in sensitivity due to altered 

emission wavelengths are often offset by lower enzymatic turnover.[11,22,23,150–152] One 

notable exception is an Rluc variant recently reported by the Gambhir group (Rluc8.6-535). 

This luciferase not only provides a nearly six-fold improvement in the fraction of red light 

emitted, but also exhibits greater overall photon output than native Rluc.[153] Additional 

improvements in luciferase function are expected as more structural information becomes 

available.[154]

The majority of methods to alter bioluminescent spectra and function have focused on 

modifications to the luciferase scaffold.[43,145,152,155] An alternative strategy for 
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generating new or brighter “colours” of bioluminescent light involves modulating the small 

molecule luciferins. Thus, modifying the luciferin core itself can result in altered emission 

spectra.[85,156–158] In a recent example, Conley, et al. synthesized a luciferin analogue 

comprising a selenium atom in place of sulfur (Fig. 5A). The altered electronic density in 

this heterocycle resulted in significant red-shifting of the emitted light.[158] Luciferin–

fluorophore conjugates that exhibit altered wavelengths of emission have also been prepared 

(Fig. 5B).[159] Analogous to the fluorophore–luciferase conjugate, these molecules exploit 

BRET: the electronically excited luciferin core is capable of energy transfer to a covalently 

bound fluorophore. Urano and colleagues synthesized a variety of these conjugates and 

found that both luciferin–Cy7 and luciferin–SiR700 provided a significant enhancement in 

>600 nm photons. Not surprisingly, though, these bulky luciferins were poorly utilized by 

native luciferase, resulting in reduced overall photon production. Identifying mutant 

luciferases that can efficiently utilize these probes, along with more spectrally tuned 

luciferin–fluorophore conjugates (for maximal BRET efficiency) are important next steps.

Synthetic modifications to the luciferin core cannot only provide altered bioluminescence 

spectra, but also improve the sensitivity of the imaging technique. In recent work, Miller and 

co-workers synthesized a cyclic aminoluciferin variant that is efficiently utilized by Fluc.

[160] The rigidified structure limits the non-radiative relaxation of the excited state 

molecule, thus improving the quantum yield of bioluminescence. We further demonstrated 

that this molecule has improved cell and tissue permeance in a variety of cultured cell and 

mouse models, resulting in more sensitive imaging.[146] Improved signal-to-noise ratios 

with Rluc and Gluc are also possible using synthetic variants of coelenterazine.[161,162] 

Both rigidified analogues and shelf-stable coelenterazine variants (i.e., molecules less prone 

to auto-oxidation) have been found to exhibit better signal-to-noise ratios in Rluc imaging 

studies (Fig 5B).[163,164] Unfortunately, these and most other coelenterazine analogues are 

not efficiently utilized by Gluc.

Several groups are attempting to address the need for improved coelenterazines and other 

luciferins that are efficiently processed by luciferases. Wood and co-workers recently 

designed a coelenterazine derivative (furimazine, Fig. 5C) that is more stable than the native 

small molecule with lower rates of autoluminescence.[36] To capitalize on these features, 

the authors engineered a new enzyme specific to this designer luciferin. As a starting point, 

they turned to the luciferase from the bioluminescent deep-sea shrimp Oplophorus 

gracilirostris. This enzyme (106 kDa) comprises two large regulatory units and two smaller 

catalytic cores. A single catalytic unit (19 kDa) is capable of light-emission with 

coelenterazine, but in the absence of the regulatory piece, the enzyme is unstable. The 

authors used rational mutagenesis to generate more robust variants of the catalytic unit. To 

impart selectivity for furimazine over coelenterazine, they used additional rounds of 

mutagenesis and screened clones for stable light emission and overall light output. They 

eventually identified a variant, termed Nanoluc, that was over 100-fold brighter than Rluc 

and currently ranks among the smallest luciferases for biological imaging. Miller and co-

workers used a similar approach to identify mutant versions of firefly luciferase that more 

efficiently catalyze light production with aminoluciferin variants.[165]
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The development of brighter and spectrally altered tools will continue to expand the 

capabilities of bioluminescence imaging in vivo. The ultimate goal would be to generate a 

diverse collection luciferase–luciferin pairs that could be used simultaneously for imaging in 

vivo. Such tools would enable multi-component cell tracking experiments, and monitoring 

of signal transduction in real time. So far, the majority of tools designed to expand the set of 

luminescent probes have focused on mutants with altered emission spectra (analogous to the 

fluorescent protein palette). Separating the bioluminescent pairs by colour alone, though, is a 

lofty challenge, especially in vivo where the “colour” of light observed by the detector is 

skewed by the depth of the emitter in tissue. This means that separating the blue-green-

emitting Rluc from the yellow-emitting Fluc, by colour, is difficult.[16,166] For this reason, 

multi-spectral bioluminescence imaging has largely been limited to studies in vitro.

[78,151,167] While luciferases are not easy to spectrally resolve, they can be 

“biochemically” distinguished based on their specificities for distinct substrates. Sequential 

application of the substrates enables the desired targets to be visualized in a single organism. 

This approach has already been applied to imaging mesenchymal stem cells and their 

interactions with breast cancer in vivo where the stem cells were tagged with an Fluc 

reporter, while breast cancer cells were monitored with Rluc.[168] Most recently, the 

Vargula (Vluc) luciferase–luciferin pair was used in tandem with Rluc and Fluc, enabling 

three distinct tumour cell populations to be imaged in mice (Fig. 6).[169]

Moving beyond the naturally occurring systems, we expect that the design and 

implementation of orthogonal luciferase probes will be aided by new, improved and rapid 

syntheses of luciferin analogues.[19,157,170] We recently introduced a highly divergent 

luciferin synthesis that enables facile access to a variety of potential substrates.[157] 

Coupled with efficient means for the generation of luciferase mutants, we anticipate the 

development of more orthogonal bioluminescence systems.[10,169,171–173]

With the continued development of new luciferases and luciferins, along with other 

luminescent platforms, [174,175] researchers will soon have access to an expanded set of 

bioimaging tools. These probes will broaden the scope of noninvasive imaging, providing 

insights into macroscopic, multi-cellular behaviours ranging from immune function to 

tumour heterogeneity. We also expect creative new applications of bioluminescence in 

visualizing cell–cell contacts and other microscopic behaviours. Collectively, these studies 

will continue to refine our understanding of biological systems and reveal new opportunities 

for therapeutic development.
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Fig. 1. Tracking cells and gene expression with bioluminescence imaging
(A) Example of monitoring cell migration. Luciferase-labelled haematopoietic stem cells 

(HSCs) were transplanted into irradiated mice. Bioluminescence imaging with D-luciferin 

revealed multiple foci (sites of engraftment) at early time points. HSC differentiation and 

proliferation resulted in full regeneration of the blood system in these mice (as evident by 

the increase in spread and intensity of bioluminescent signal). Reprinted with permission 

from ref. 47. Copyright (2004) National Academy of Sciences, U.S.A. (B) Example of 

visualizing cell proliferation. Primary human cancer stem cells were transfected with 

luciferase genes and implanted into mouse mammary fat pads. Bioluminescence imaging 

revealed cell proliferation several weeks before palpable tumours emerged. Reprinted with 
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permission from ref. 48. Copyright (2010) National Academy of Sciences, U. S. A. (C) To 

visualize gene expression, a luciferase gene (e.g., luc2) can be fused to the promoter for a 

gene of interest (e.g., p21). Cellular transcription of the target gene results in luciferase 

production. Luciferase was inserted downstream of an endogenous p21 promoter in 

transgenic mice, and regions of the mouse brain were probed for p21 activity using 

bioluminescence. From left to right: schematic of the mouse brain highlighting the 

paraventricular nucleus (PVN), the site of expected bioluminescence (red); bioluminescent 

image of brain tissue; overlay image showing localization of bioluminescent signal in the 

PVN. This research was originally published in ref. 61. Copyright (2013) the American 

Society for Biochemistry and Molecular Biology.
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Fig. 2. Visualizing protein–protein interactions with Fluc complementation
(A) β-Arrestin is an antagonist of GPCRs, de-sensitizing the receptors upon external 

stimulation. When β-arrestin binds BARK (a known GPCR) in the presence of certain 

therapeutics, the GPCR is less responsive and, as a result, cells are less sensitive to 

hormones and other stimuli. BARK–β-arrestin dimerization can be visualized using “split” 

versions of Fluc. In the presence of GPCR agonists, β-arrestin binds the GPCR, enabling 

Fluc fragment complementation and bioluminescent signal production. (B) HEK cells 

expressing GPCR–C-luc and β-arrestin–N-luc were stimulated with a known agonist, 

isoproterenol and imaged over time. Bioluminescence signal is overlaid on bright field 

images. Reprinted with permission from ref. 79. Copyright (2012) American Chemical 

Society.
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Fig. 3. Activatable luciferases report on enzymatic activities
(A) A circular Fluc probe (caspase 3/7 GloSensor), comprising a specific caspase 

recognition sequence (DEVD) was prepared. In the absence of caspase activity, functional 

Fluc is not formed and bioluminescence is minimal. In the presence of caspase activity, the 

tether is cleaved, providing functional Fluc. (B) D54-MG glioma cells (2 × 106) stably 

expressing the caspase 3/7 bioluminescent reporter were implanted into NOD/SCID mice. 

When tumours emerged, the animals were treated with TRAIL, an activator of caspase 

activity. Bioluminescence imaging with D-luciferin revealed an increase in signal over time 

(red arrows), correlating with caspase induction. Reprinted in accordance with open-access 

license from ref. 98.
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Fig. 4. Visualizing enzyme function with BRET sensors
(A) IL-1β is produced as a non-active pro-protein in macrophages. When cleaved by the 

cysteine protease caspase-1, IL-1β stimulates a host of pro-inflammatory responses. The 

release of active IL-1β can be visualized using a BRET sensor. This probe comprises Rluc, 

Venus fluorescent protein, and an intervening IL-1β pro-protein sequence. Prior to caspase-1 

activation, the sensor remains intact, with the luciferase and fluorescent protein in close 

proximity (BRET is observed). Upon caspase-mediated cleavage of the pro-protein, Rluc 

and Venus separate, resulting in reduced BRET signal. In the former case, 535 nm light 

(Venus emission) is observed in the presence of coelenterazine. In the latter case, mostly 

bioluminescent light (480 nm) is observed. (B) The Gluc-IL-1β-Venus sensor was 

transfected into primary macrophages. Upon caspase activation, images were acquired at 

both 535 nm and 480 nm. Decreased levels of 535:480 nm light were observed over time, 

correlating with of caspase activity and the presence of active IL-1β. Reprinted with 

permission from ref. 68. Copyright 2012, The American Association of Immunologists, Inc.
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Fig. 5. Luciferin architectures for improved bioluminescence imaging
(A) Examples of heterocyclic analogues of D-luciferin that exhibit altered bioluminescent 

emission spectra. (B) Luciferin–fluorophore conjugates also exhibit red-shifted emissions. 

(C) Chemical structures of three luciferins that exhibit robust emission with various 

luciferases.
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Fig. 6. Orthogonal luciferase–luciferin pairs enable multi-component imaging in vivo
(A) Three unique cell types can be visualized using distinct luciferase–luciferin pairs. 

Sequential administration of the luciferins enables the target cells to be visualized. (B) Fluc- 

(square), Gluc- (circle) and Vluc- (triangle) expressing glioma cells were implanted in 

distinct regions in a mouse model. The cells were selectively illuminated with D-luciferin, 

coelenterazine, and vargulin respectively, with one day separating each injection. Reprinted 

from ref. 169 by permission from Macmillan Publishers, Lt: Molecular Therapy – Nucleic 

Acids.
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Table 2

Caged luciferins report on enzyme activities. “Caged” versions of D-luciferin have been used to image a 

variety of enzymatic activities and physiological states

structure uncaging condition reference

galactose (Lugal) β-galactosidase 88

6-amino-acyl peptide
DEVD

RVRR/RYKR
Nle-P-Nle

LRR

caspase 3/7
furin protease
proteasome

trypsin

89
90
91
91

alkyl amino monoamine oxidase(s) 92

boronate (PCL-1) H2O2 (non enzymatic) 93

sulfate sulfatases 94
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