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Abstract

Bioluminescence is a sensitive technique for imaging biological features over time. Historically, 

though, the modality has been challenging to employ for multiplexed tracking due to a lack 

of resolvable luciferase–luciferin pairs. Recent years have seen the development of numerous 

orthogonal probes for multi-parameter imaging. While successful, generating such tools often 

requires complex syntheses and lengthy enzyme evolution campaigns. This work showcases an 

alternative strategy for multiplexed bioluminescence that takes advantage of already-orthogonal 

caged luciferins and established uncaging enzymes. These probes generate unique bioluminescent 

signals that can be distinguished via a linear unmixing algorithm. Caged luciferins enabled two- 

and three-component imaging on the minutes time scale. We further showed that the tools can be 

used in conjunction with endogenous enzymes for multiplexed studies. Collectively, this approach 

lowers the barrier to multicomponent bioluminescence imaging and can be readily adopted by the 

broader community.

Graphical Abstract

Unique luciferase-luciferin pairs are required for multiplexed bioluminescence imaging, but 

often require time- and labor-intensive processes to identify. In this work, we demonstrate that 

readily available caged luciferins and uncaging enzymes can be integrated into multicomponent 
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visualization schemes. Such already orthogonal probes broaden the scope and accessibility of 

bioluminescence imaging.

INTRODUCTION

Bioluminescence is a powerful imaging tool for visualizing cellular and molecular 

features (1). This technology relies on the oxidation of luciferin small molecules by 

luciferase enzymes to produce photons (2–4). Since bioluminescent probes do not require 

excitation light for detection, they can be advantageous for sensitive imaging studies (5). 

Indeed, luciferase–luciferin pairs are routinely used for monitoring cell proliferation, gene 

expression, and other parameters both in vitro and in vivo (6, 7). Most applications, though, 

have been limited to monitoring one feature at a time. Few bioluminescent probes are readily 

distinguishable via conventional spectral resolution methods. Consequently, multicomponent 

imaging remains challenging (8).

We and others have been addressing the need for expanded bioluminescence capabilities by 

developing resolvable luciferase–luciferin pairs (9–14). Several approaches have focused 

on enhancing spectral resolution, in which the imaging agents are separated by color 

(15–17). In a recent example, the Mezzanotte group and Promega Corporation engineered 

red-emitting luciferase–luciferin probes that could be resolved via spectral unmixing (18). 

Additional multiplexing is possible with the development of near-infrared bioluminescent 

tools (19). However, separating bioluminescent emitters by wavelength alone is often 

challenging, given the impacts of tissue on light propagation and conventional surface 

detection methods (20). Popular luciferases for in vivo imaging also harbor broad, 

overlapping spectra, complicating their discrimination. Therefore, many experiments require 

signal from one bioluminescent probe set to clear before a second luciferin is added, often 

requiring multiple hours—if not days—to complete.

An alternative strategy for multicomponent bioluminescence imaging exploits substrate 

resolution. Many luciferases exhibit distinct patterns of luciferin use, and several engineered 

enzymes have been developed that are responsive to designer luciferin analogs (orthogonal 

pairs, Figure 1a) (21–24). Differences in substrate use can be used to deconvolute 

combinations of luciferases via linear unmixing algorithms. This approach has been used 

to identify many combinations of both engineered and naturally orthogonal probes (25–27), 

and can be performed in a rapid manner via luciferin “layering” (9). No wait time is 

necessary for substrate clearance, prior to the addition of a new luciferin. Thus, luciferase 

reporters can be assigned via their patterns of emission with various substrates, in the span 

of minutes—a significant improvement over conventional imaging protocols. Like spectral 

separation, substrate unmixing can be used to successfully identify mixed populations of 

bioluminescent reporters (e.g., cells) in vivo (9).

Key to the success of multicomponent bioluminescence via substrate resolution is the 

identification of viable orthogonal pairs. Parallel engineering of luciferases and luciferins, 

while effective, typically requires cumbersome syntheses and extensive enzyme engineering 

efforts. For example, AkaLumine and Akaluc comprise a red-emitting probe set for deep 

tissue imaging (18, 28, 29). AkaLumine required a 5-step synthesis from hydroquinone 
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and an aromatic nitrile (24, 28). The matching enzyme, Akaluc, was uncovered after >20 

rounds of directed evolution and comprises twenty-eight mutations (29). Such time- and 

labor-intensive procedures have hindered the rapid identification of additional useful probes.

We surmised that orthogonal luciferase–luciferin pairs could be more readily derived 

from existing and well-vetted molecular probes. We were specifically attracted to “caged” 

luciferins as already-orthogonal small molecules. These analogs comprise functional groups 

that block activity with the luciferase enzyme. In the presence of the corresponding 

“uncaging” biomolecule or enzyme, the luciferin scaffold is released and available for 

the luciferase reaction, enabling a bioluminescent readout. Light emission thus correlates 

with activity of the uncaging enzyme or activating biomolecule in the cellular environment. 

Caged probes have been used extensively in conjunction with firefly luciferase (Fluc) and 

its native substrate, D-luciferin (D-luc) (30–33) for in vitro and in vivo imaging. Caged D-luc 

scaffolds have been crafted to report on numerous enzymes, including cytochrome P450 

(34) and caspase 3 (35), in addition to biomolecules and metal ions (30, 31). We aimed to 

leverage this vast collection for multiplexed imaging. The modularity of this approach would 

broaden the scope of accessibility of multiplexed, multicomponent imaging and potentially 

take advantage of endogenous enzyme activity.

MATERIALS AND METHODS

General cloning methods

Polymerase chain reaction (PCR) was performed to amplify genes of interest. 

mNeptune (36), nitroreductase (NTR) (37), blue fluorescent protein (BFP) (36), 

Firefly luciferase (Fluc) (luc2) (36), and green fluorescent protein (GFP) (36) genes 

were amplified from previously reported constructs. Human FAAH was purchased 

as a gene block from Genewiz©. pcDNA vector was used from plasmid pHM830, 

which was a gift from Thomas Stamminger (Addgene plasmid # 20702; http://n2t.net/

addgene:20702; RRID:Addgene_20702). Primer melting temperatures were calculated 

using a melting temperature (Tm) calculator offered by New England BioLabs (https://

tmcalculator.neb.com). All PCR reactions were performed using a BioRad C3000 

Thermocycler using the following conditions: 1x Q5 Hot start DNA polymerase reaction 

buffer, dNTPs (0.8 mM), and Q5 Hot start DNA polymerase (1 U) in a total reaction volume 

of 50 μL, unless otherwise stated. The following thermal cycling conditions were used to 

amplify all inserts: initial denaturation at 95 ˚C for 180 s; 20 cycles of denaturation (95 ˚C, 

30 s), annealing (72 ˚C over 30 s, −1.2 °C/cycle); 20 cycles of denaturation (95 ˚C, 30 s), 

annealing (60 ˚C over 30 s) and extension (72 ˚C, 180 s (FAAH) or 90 s (mNeptune, NTR, 

BFP, GFP, Fluc)). The PCR products were purified via gel electrophoresis using 1% agarose 

gels and products were identified using GelRed® Nucleic Acid Gel Stain (Fisher Scientific).

The inserts were assembled into a vector for mammalian cell transfection (pcDNA3.1). 

Plasmids were digested with EcoRI and HindIII (New England BioLabs) for 3 h at 37 ˚C. 

The products were purified from remaining circular template via gel electrophoresis in 1% 

agarose gels.
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Inserts were assembled with linearized vectors using Gibson assembly (38). Gibson 

assembly master mixes were prepared following the recipe from Prather and coworkers 

(http://www.openwetware.org/wiki/Gibson_Assembly), with all materials purchased from 

New England BioLabs. For the assembly, 50 ng of linearized vector was combined with 

insert (2:1 insert:vector ratio) and added to 10 μL of master mix. The mixtures were 

incubated at 50˚C for 1 h, then transformed. Ligated plasmids were transformed into the 

TOP10 strain of E. coli using the heat shock method.

Primer lists

All primers were purchased from Integrated DNA Technologies, Inc. (San Diego, CA) and 

are written in the 5′ ⟶ 3′ direction (See Supporting Information, Table S1).

General bioluminescence imaging

Bioluminescence assays were performed in black 96-well plates (Grenier Bio-One). Plates 

containing luminescent reagents were imaged in a light-proof chamber with an IVIS 

Lumina (Xenogen) CCD camera chilled to –90 ˚C. The stage was kept at 37 ˚C during 

the imaging session and the camera was controlled using LivingImage software (version 

4.3.1). Exposure times were set to 1–10 min and data binning levels were set to medium. 

Bioluminescence intensity values (photons/s) for regions of interest were analyzed using 

LivingImage software (version 4.3.1). Measurements were acquired in triplicate unless 

otherwise stated, and the data were analyzed using GraphPad Prism (version 9.1.2 for 

Macintosh, GraphPad Software).

Mammalian cell culture

HeLa (ATCC) and HEK293 cells (ATCC) were cultured in DMEM (Corning) supplemented 

with 10% (v/v) fetal bovine serum (FBS, Life Technologies), penicillin (100 U/mL), and 

streptomycin (100 μg/mL). Cells were maintained in a 5% (v/v) CO2 water-saturated 

incubator at 37°C.

HeLa cells were transiently transfected with FAAH-mNeptune, NTR-BFP, β-gal-GFP, or 

luc2-IRES-GFP encoding constructs using cationic lipid formulations (Lipofectamine 3000; 

Invitrogen) according to manufacturer’s instructions. Cells (1 × 105) were analyzed for 

expression with a NovoCyte Quanteon Flow Cytometer and used for imaging analysis 24 h 

post transfection (see Figure S5 for representative plots).

Bioluminescence imaging with mammalian cells

HeLa cells transiently expressing FAAH, NTR, β-gal, or Fluc (1 × 105 cells/well, 100 μL 

total volume) were plated immediately prior to imaging. A solution of each luciferin analog 

in 100 mM phosphate buffer (100 μL, 100 μM final concentration) was added to cells 

expressing either NTR/Fluc, β-gal/Fluc, FAAH/Fluc, or Fluc only. Cells were incubated for 

either 5 min (Lugal, D-luciferin amide) or 10 min (Luntr) prior to imaging (see Supporting 

Information, Figure S1). For rapid, multicomponent imaging experiments, the luciferins 

were sequentially added to the cell populations of interest. For example, as shown in Figure 

3, Luntr was incubated for 10 min with cells expressing NTR/Fluc, β-gal/Fluc, or FAAH/

Fluc. After an image was acquired, Lugal was added to the same cell populations, and an 

Navarro et al. Page 4

Photochem Photobiol. Author manuscript; available in PMC 2025 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.openwetware.org/wiki/Gibson_Assembly


image was acquired after 5 min. Finally, D-luciferin amide was added to the cell samples, 

and a third image was acquired after 5 min. The images were and analyzed as described 

above.

Substrate unmixing

Substrate unmixing experiments were designed as previously described (36). 

SubstrateUnmixing was conducted with MATLAB R2020a. Luminescence images 

containing the raw CCD counts (as TIFF files) were loaded into MATLAB. Images were 

subjected to a 2-pixel median filter (using the medfilt2 function with a 5×5 neighborhood 

around the corresponding pixel). Next, the signal at each pixel was normalized to lie 

between 0 and 65536 (the maximum value that can be stored in a 16-bit image). As a 

result, the brightest pixel in each image had a value of 65536, and the dimmest had a value 

of 0. Regions of interest were generated by identifying the image coordinate of the reference 

well and input dimensions. Once assigned, the MATLAB algorithm was run to perform the 

unmixing. After unmixing, text images were imported into ImageJ (installed under the FIJI 

package). Integrated pixel values for regions of interest were analyzed using the “Measure” 

tool. Psuedocolors were assigned with the “Merge Channels” tool.

Imaging cell mixtures via substrate unmixing

Cells were plated such that 2 × 104 expressing cells were present in the reference wells, 1 × 

104 expressing cells were present in the 1x wells and 5 × 104 expressing cells were present 

in the 5x wells. The numbers of expressing cells were calculated from flow cytometry 

analyses of cells transfected with the corresponding uncaging enzyme and Fluc constructs. 

Small molecule luciferins were added and imaged as described above.

General synthetic information

All reagents and solvents were purchased from commercial suppliers and used as received. 

Appel’s salt, 4,5-dichloro-1,2,3-dithiazolium chloride (6) was either purchased from 

LabNetwork (CAS #: 75318–43-3) or prepared according to literature precedent (39–41). 

Lugal, D-luciferin-6-O β-D-galactopyranoside, was purchased from Biosynth Carbosynth® 

(CAS #: 131474–38-9). Compounds 1–5 were prepared according to literature precedent 

(32, 42).

RESULTS AND DISCUSSION

We hypothesized that caged luciferins and their corresponding uncaging enzymes would 

interface with the rapid linear unmixing algorithm developed previously in our lab, 

streamlining multicomponent imaging (9, 36). Only in the presence of cells expressing both 

the corresponding uncaging enzyme and Fluc, would bioluminescent signal be produced 

upon incubation of the corresponding caged luciferin (Figure 1b). Distinct patterns of light 

emission (in terms of output intensity of each small molecule paired with each uncaging 

enzyme) would correlate with defined imaging targets, enabling their rapid discrimination 

(cartoon depiction shown in Figure 1b) (22, 36).
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To achieve multicomponent bioluminescence imaging with caged luciferins and their 

corresponding activating enzymes, we leveraged well-known probes: Luntr (42), Lugal 

(33, 43), and D-luciferin amide (32). Luntr and Lugal comprise cages at the C6′ position 

of D-luc, masking the native hydroxy group (Figure 2a). This moiety is essential to the 

light-emitting bioluminescent reaction. Luntr features a nitro group that is uncaged by 

nitroreductase (NTR). This uncaging reaction yields a hydroxylamine or amine substituent, 

restoring electron-donating character at C6′, a necessary feature for light emission (42). 

NTR is widely used to activate prodrugs and fluorophores in vitro and in vivo (44–50), as 

it is absent in mammalian cells. Lugal comprises a galactose cage at the C6′ position; this 

group is selectively removed by β-galactosidase (β-gal) (51). Galactose cages/β-gal have 

also been widely used in biological studies (33, 52).

The remaining analog, D-luciferin amide, features an amide at the C4 position of the 

luciferin scaffold. This group masks the requisite carboxyl group used in the light-emitting 

bioluminescent reaction. The amide can be removed by fatty acid amide hydrolase (FAAH). 

FAAH is responsible for the hydrolysis of bioactive lipids, fatty acid amides (FAA), to 

their fatty acid counterparts (53). FAAH is overexpressed in cancer cells and has elevated 

expression in the brain (54). In recent work, Miller and coworkers capitalized on this 

differential expression to image FAAH activity in brain tissue (32). D-Luciferin amide was 

synthesized and used to illuminate FAAH levels in vivo (10). With the amide cage in place, 

no light emission was observed; FAAH activity released the activated luciferin, which could 

be detected in luciferase-expressing tissues in vivo.

To evaluate caged luciferins in the context of multicomponent imaging, we performed initial 

cell assays with uncaging enzymes. HeLa cells expressing either β-gal, NTR, or FAAH, 

in addition to Fluc, were treated with the caged substrates (Figure 2b). Compounds were 

added at 100 μM final concentration and light emission was measured after 5–10 min 

of incubation (see Supporting Information, Figure S1). Minimal background signal from 

non-specific degradation of the caged luciferins was observed (See Supporting Information, 

Figure S1). D-Luciferin amide provided the most robust signal enhancement (220-fold and 

178-fold increase in output in FAAH/Fluc expressing cells compared to NTR/Fluc and 

β-gal/Fluc expressing cells, respectively). Luntr also provided robust signal upon incubation 

with NTR-expressing cells (50-fold signal increase in output in β-gal/Fluc expressing cells).

Compared to other samples, Lugal provided significant light output with its matched 

uncaging enzyme (β-gal), but the signal enhancements were less pronounced (2–7-fold). 

Inflated background signal from FAAH/Fluc and NTR/Fluc expressing cells was attributed 

to the endogenous expression of β-gal by HeLa cells (54), leading to non-specific Lugal 

uncaging, although other routes of degradation are possible. Regardless of the mechanism, 

off-target uncaging is not completely detrimental to the approach, though, as the distinct 

patterns of light emission (instead of total output intensity) observed with all three substrates 

can be unmixed (9, 36). That is, even though the measured outputs do not show perfect 

orthogonality, the uncaging enzymes and substrate pairs are still distinguishable.

After establishing the preferential uncaging of the luciferin analogs, we next assessed 

whether the probes could be used for rapid multicomponent imaging. HeLa cells expressing 
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NTR, β-gal, or FAAH, in addition to Fluc, were plated in separate wells (Figure 3a). We 

added each of the caged probes in rapid succession. Based on previous work (36), the 

luciferin analogs were added in order of dimmest probe to brightest: Luntr, then Lugal, and 

last, D-luciferin amide. The total imaging time required via this strategy was ~35 minutes, 

a vast improvement over traditional approaches that require signal diminishment from one 

small molecule-luciferin pair prior to addition of the subsequent luciferin. After imaging, 

we used the linear unmixing algorithm, named SubstrateUnmixing (36) to deconvolute 

the specific substrate signatures. The patterns of light emission were then assigned false 

colors. As shown in Figure 3b, the unmixing algorithm readily identified the distinct 

populations of cells expressing either NTR, β-gal, or FAAH. Incubation and imaging of 

Luntr uncaging and turnover by Fluc yielded on average a 47-fold signal induction over 

β-gal- and FAAH-expressing cells. The addition of Lugal yielded a 6-fold signal induction 

in β-gal-expressing cells over NTR- or FAAH-expressing cells, while addition of D-luciferin 

amide demonstrated a 131-fold signal induction over NTR- or β-gal-expressing cells (Figure 

3c). Interestingly, the intensity of light produced upon addition of Lugal or Luntr was similar 

in the multicomponent assay. The overall patterns of light emission remained distinct, 

though, enabling successful unmixing. It was also possible to reverse the order of addition 

(Lugal first, then Luntr, then D-luciferin amide) and unmix the signals (See Supporting 

Information, Figure S2a–c).

Once we established that classic uncaging enzymes are suitable for rapid, multicomponent 

bioluminescence imaging, we applied the workflow to another biologically relevant 

model. Many well-known uncaging enzymes are endogenously expressed by bacteria and 

other cell types, suggesting that they can be directly integrated into multicomponent 

experiments. FAAH/Fluc- and β-gal/Fluc-expressing HeLa cells were plated together with 

Fluc-expressing bacteria that naturally produce NTR (See Supporting Information, Figure 

S3a). We hypothesized that endogenous NTR would be sufficient to uncage Luntr, setting 

the stage for studies of host–microbe interactions. After administration of all three caged 

luciferins, the raw bioluminescent images were successfully unmixed (See Supporting 

Information, Figure S3b–c). These data indicate that the imaging approach can be used 

in conjunction with cells expressing endogenous enzymes for which corresponding caged 

luciferins exist.

Complex mixtures of cells were also amenable to imaging via sequential addition and 

linear unmixing of caged luciferins. Cell mixtures containing NTR/Fluc- and FAAH/Fluc-

expressing cells were plated at ratios of 1:1, 5:1, or 1:5 of NTR:FAAH expressing cells 

(Figure 4a). Populations comprising a single cell type were also plated as reference wells 

for linear unmixing (Figure 4a). The cells were treated sequentially with the caged luciferins 

and imaged. The bioluminescent images were then unmixed and false colored (Figure 4b–c). 

Mixtures comprising more of one cell type than another were successfully identified (Figure 

4d). Mixtures of Lugal/Fluc- and FAAH/Fluc-expressing cells were similarly successfully 

imaged and unmixed (See Supporting Information, Figure S4a–c).

In conclusion, we showed that caged luciferins can be repurposed as multiplexed imaging 

tools. This novel approach to multicomponent bioluminescence enables a broad range 

of studies with widely accessible probes. We also showed that the imaging technique 
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is compatible with endogenous uncaging enzymes, such as NTR expressed in bacteria. 

These results set the stage for additional multicomponent imaging with cells and organisms 

often used in conjunction with caged luciferins. While enabling new studies, the approach 

reported here is not without limitation. The method requires serial application of multiple 

substrates in a single imaging session, a feature that can be limiting for capturing certain 

dynamic processes. Premature uncaging of the luciferin analogs can also reduce the imaging 

sensitivity. New designer probes (55) and improved methods for rapid delivery will help to 

address these shortcomings, and broaden the utility of multicomponent bioluminescence via 

substrate unmixing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Uncaging strategy employing caged luciferin probes for bioluminescent multicomponent 

imaging. (a) Previous strategy for developing luciferase–luciferin pairs through enzyme 

engineering and chemical modification. Mutant luciferase enzymes are depicted as enzymes 

with unique active sites that match corresponding small molecule luciferins. (b) Current 

strategy employing caged luciferin probes and distinct cell populations expressing Fluc and 

uncaging enzymes. A single luciferase enzyme (yellow) is expressed in each cell type, along 

with a unique uncaging enzyme (blue, magenta, or green). The uncaging enzymes liberate 

active luciferins, which are subsequently processed by Fluc to emit light. The accompanying 

cartoon graph shows an idealized reactivity pattern of caged luciferins in the presence 

of uncaging enzymes and Fluc. Each caged luciferin should be selectively uncaged with 

the corresponding enzyme, which in turn, produces a selective luminescent signal in the 

presence of Fluc.
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Figure 2. 
Evaluating the robustness of caged luciferins as orthogonal probes. (a) Triplet set of caged 

luciferin/uncaging enzyme pairs evaluated in this work: Luntr/NTR, Lugal/β-gal, and D-

luciferin amide/FAAH. (b) Singly-caged luciferins (100 μM) Luntr, Lugal, and D-luciferin 

amide were added to HeLa cells expressing either NTR/Fluc, β-gal/Fluc, or FAAH/Fluc and 

light output was evaluated after a 5–10 min incubation. Colored bars indicate the “matched” 

analogs and uncaging enzymes.
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Figure 3. 
Rapid imaging of luciferase mixtures using caged luciferins. Lugal, Luntr, and D-

luciferin amide were added to HeLa cells expressing β-gal/Fluc, NTR/Fluc, and FAAH/

Fluc. (a) Experimental set up and raw bioluminescence images after the addition of 

each luciferin analog (100 μM). (b) Unmixed and false colored images demonstrate 

multicomponent imaging with caged luciferin probes. (c) Bioluminescence intensity values 

from bioluminescent images with sequential addition of the small molecule luciferins.
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Figure 4. 
Two-component BLI with varying cell mixtures. (a) Experimental layout for imaging 

mixtures of cells expressing Fluc in addition to cells expressing NTR or FAAH. Single 

populations of cells were also included as reference controls. (b) Multicomponent imaging 

of cell mixtures. Caged molecules Luntr and D-luciferin amide were added to all wells 

(100 μM) and raw images were collected after addition of each luciferin. (c) Images 

were unmixed and false colored. (d) Integrated pixel values from unmixed images were 

quantified.
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