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A set of stable and efficient photoactivable bioluminescent

probes for imaging luciferase activity has been developed,

which displayed robust bioluminescent signals upon brief UV

illumination in buffer, cells and living animals.

The firefly luciferase (fLuc) has been widely utilized for optical

reporter gene imaging in biochemical assays, cell culture and

living animals.1 fLuc can catalyze the oxidation of its substrate

D-luciferin in the presence of O2, ATP, and Mg2+ to generate

the bioluminescence that can be imaged by a CCD camera.1

The luciferase based bioluminescence imaging technique

displays low background and high sensitivity compared to

fluorescence imaging modality, since fLuc nonexpression cells

and tissues do not produce significant bioluminescence during

normal cellular processes. Therefore, it has been extensively

applied for noninvasive imaging of gene expression, studying

in vivo cell trafficking2 and detecting enzyme activities such

as for b-galactosidase, caspases, monoamine oxidase and

b-lactamase.3 Normally, cellular structures exhibit complex

spatiotemporal organization. The precise tracking of the

dynamic properties of cellular functions and repetitive

monitoring of reporter genes at a desired time and/or location

in intact cells, tissues or living animals will be crucial for many

biomedical applications including cell trafficking, gene therapy

studies and transgenic model engineering.4 The most notable

and promising strategy for this purpose is the photolysis of

photoactivable or ‘‘caged’’ molecules, by which the activation

process can be readily modulated by a beam of light with high

spatial and temporal precision.4 In line with this direction,

several photocaged fluorophores have been reported for

fluorescent labeling of proteins,5 monitoring the gene silencing

and real-time imaging dynamics of cell–cell coupling in vivo.6

However, simple and specific photoactivable luciferase probes

for efficient imaging of bioluminescence reporter gene in living

animals are unavailable, since most of the current ‘‘caged’’

luminescence substrates are less stable, unable to be applied in

the living animals or only limited to in vitro fluorescent

detection.7

Here we present one set of stable and novel photo-releasable

luciferin derivatives and report the first-time study of imaging

luciferase activity using photocage technology in living mice.

These compounds were designed by masking the 6-hydroxy

group with different cage groups (3a–c, Scheme 1), and all of

them showed rapid uncaging and significant bioluminescence

enhancement upon UV irradiation. Their inherent fluorescent

properties were studied and their bioluminescent properties

were further investigated by using fLuc as reporter enzyme in

buffer, cell and living animals.

As shown in Scheme 2, the chemical synthesis of caged

bioluminescent derivatives was started from alkylation of

2-cyano-6-hydroxybenzothiazole under basic conditions

with different cages: 2-nitrobenzyl (NB, 3a), 4,5-dimethoxy-

2-nitrobenzyl (DMNB, 3b) and 1-(2-nitrophenyl)ethyl (NPE, 3c).

Then the alkylated transmediates were directly condensed

with D-cysteine, followed by ring cyclization to provide

compounds 3a–c with reaction yields of 83.4, 87.6 and

75.8%, respectively (see ESIw). Care needs to be taken to

minimize the free luciferin as trace amounts of luciferin

contamination would result in a significant bioluminescent

background.

After obtaining the precursors, the photochemical

properties of the ‘‘caged’’ luciferin derivatives were evaluated.

These compounds did not show fluorescence and bioluminescence

signals before photolysis, indicating the substrates were

Scheme 1 The structure of the ‘‘caged’’ D-luciferin derivatives and

proposed photolysis reaction for detection of fLuc.

Scheme 2 Synthesis of the ‘‘caged’’ D-luciferin derivatives: Reagents

and conditions: (a) pyridine hydrochloride, 180 1C; (b) K2CO3/acetone,

2-nitrobenzyl bromide; (c) D-cysteine, MeOH–DCM, room temperature.
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efficiently blocked by the three different cages. UV illumination

(365 nm) acted to remove the caging groups and progressively

generated fluorescent products (Fig. 1). The excitation and

emission spectra of photolyzed products showed no difference

from those of D-luciferin, suggesting the release of luciferin

from photoconversion of ‘‘caged’’ luciferin derivatives 3a–c.

The uncaging products were further confirmed by HPLC. The

quantum yield and efficiency of photolytic release of different

cages were determined accordingly (see ESIw). Among the

different ‘‘caged’’ substrates, NPE-luciferin (3c) appeared to

be the best one affording the greatest fluorescence activation

upon shortest time of UV illumination, which was consistent

with the general observation made in reported ‘‘caged’’

systems.8

Similar uncaging properties were also estimated based on

the measurement of fLuc activity in PBS buffer and cell lysate.

As shown in Fig. 2, before photoactivation, there was almost

no luminescence observed in all ‘‘caged’’ derivatives in the

presence of fLuc, ATP and PBS buffer. However, upon

UV illumination, the photoactivation switched on the

luminescent activity and produced robust bioluminescent

emission enhancements at 560 nm (Fig. 2A). Similar results

were also obtained when the ‘‘caged’’ luciferin derivatives were

treated with fLuc transfected C6 glioma cell lysates. As shown

in Fig. 2B, significant luminescent emissions for all three

different derivatives were observed after UV illumination.

The bioluminescent signal from fLuc transfected cells was

proportionally dependent on the cell numbers. All three

derivatives showed similar spectral features. In comparison

with NB (3a) and DMNB ‘‘caged’’ luciferin (3b), substrate

NPE-luciferin (3c) exhibited a higher uncaging luminescent

property which was in accordance with the results in buffer

and in fluorescent uncaging measurements. As a control, the

substrates were treated with the cell lysates without UV

irradiation. No luminescence was observed, demonstrating the

‘‘caged’’ luciferin derivatives were stable in the cell lysates and

able to identify the fLuc activity only after photoactivation.

To test the cell-membrane permeability of D-luciferin and

the three ‘‘caged’’ luciferin derivatives and further determine

their photolytic effectiveness, we examined their imaging

properties in living cells. In a typical experiment, 25 mM of

D-luciferin or the three ‘‘caged’’ substrates were incubated with

C6 glioma cells for 1 h. There were no significant fluorescence

signals observed in the cells loaded with D-luciferin, indicating

that luciferin itself crossed the cell membranes with low

efficiency (Fig. 3A and D). Before photoactivation, the three

‘‘caged’’ luciferin derivatives showed very weak fluorescence

signals in the cells due to quenching of the single excited state

by a photoinduced electron-transfer (PET) process (Fig. 3E

and ESIw).7 However, after 60 s continuous low dose of UV

irradiation, the ‘‘caged’’ luciferin derivatives were photolyzed

and imaging experiments revealed the bright fluorescence

signals inside the cytoplasm of cells. Among the different

derivatives, NPE-caged luciferin (3c) demonstrated the highest

fluorescence activation under the comparable conditions

(Fig. 3C and F). There was no obvious cytoxicity observed

in the process of fluorescence measurements, demonstrating

that the rapid fluorescence enhancement upon brief

UV irradiation did not induce significant cellular damage

(see ESIw). The cellular imaging studies indicated clearly the

good cell membrane permeation and photocleavable activities

of these ‘‘caged’’ substrates in living cells.

Fig. 1 (A) Absorption spectra of ‘‘caged’’ compounds (50 mM) in

PBS buffer (pH 7.4); (B) time course of integrated fluorescent intensity

of ‘‘caged’’ compounds (1 mM) upon UV illumination at 365 nm:

lexc = 350 nm, lem integrated from 425 to 670 nm. Fig. 2 (A) Bioluminescence change of ‘‘caged compounds (12.5 mM)

before and after UV excitation in the presence of 75 mg ml�1 fLuc,

1 mM ATP and 2.5 mM MgCl2. (B) Dependence of bioluminescence

emission on cell number. Irradiation time is 1 min. The inset curve is

the magnification of non-exposure data.
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Finally, we also applied the ‘‘caged’’ luciferins for in vivo

imaging measurements. All experiments with live animals were

approved by the Standford University Administrative Panel

on Laboratory Animal Care. In a typical experiment, we

injected 1 � 105 of C6 cells stably transfected with fLuc into

the left ear and 8 �105 cells into the right shoulder of a nude

mouse. After ten days tumor implantation, the mice were

intraperitoneally injected with 3 mg of NPE-caged luciferin

(3c) for bioluminescent imaging. As shown in Fig. 4, there

was no emission signal observed in the mouse without UV

excitation, indicating the enzyme activity was blocked by the

‘‘caged’’ substrate. A strong emission from the left ear was

detected in the mouse upon substrate 3c injection and UV

illumination of the left ear C6-fLuc tumor (Fig. 4B). The

emission peaked at 20 min post-injection and then gradually

decreased over 1 h, whereas no bioluminescent signal was

observed in the right shoulder tumor because no UV excitation

was applied. In comparison, the same amount of D-luciferin

was injected into a mouse and significant emission was

observed in both left ear and right shoulder tumors

(Fig. 4C), indicating that the fLuc activities of both tumors

were similar and the observed contrast was not due to

different activity in each tumor. These results confirmed that

uncaging luciferin by photolysis might work as an efficient

bioluminescent probe for tracking the dynamics of the

luciferase expression in living animals.

In conclusion, this work presents the design and evaluation

of new photoactivable bioluminescent substrates for imaging

the luciferase activity in buffers, cells and living animals.

These stable, less toxic and cell permeable ‘‘caged’’ luciferin

derivatives display rapid photorelease of D-luciferin and confer

robust fluorescent and bioluminescent signals with minimum

background after brief UV irradiation. We expect that these

novel ‘‘caged’’ firefly luciferase substrates will offer new

opportunities for real-time monitoring the dynamics of the

cellular functions in vitro and in vivo.
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Fig. 3 Fluorescence imaging of C6 glioma cells loaded with (A), (D);

D-luciferin only (25 mM); (B), (E); NPE-luciferin (3c) only (25 mM) but

no UV excitation; (C), (F); NPE-luciferin (3c) (25 mM) and followed

by 1 min UV excitation. Excitation filter: 460/40 nm; emission

filter: 535/50 nm.

Fig. 4 Imaging of fLuc activity in living mice (n = 4). The tumors

were implanted in mice by injection of C6-fLuc cells in the left ear and

right shoulder. (A) 3 mg of 3c injection without UV excitation;

(B) 3 mg of 3c injection and 4 min UV excitation of left ear tumor

only; (C). 3 mg of D-luciferin injection.

4030 | Chem. Commun., 2009, 4028–4030 This journal is �c The Royal Society of Chemistry 2009


