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Abstract 

Objectives: Most chemotherapy agents cause tumor cell death primarily by the induction of 
apoptosis. The ability to noninvasively image apoptosis in vivo could dramatically benefit pre-clinical 
and clinical evaluation of chemotherapeutics targeting the apoptotic pathway. This study aims to 
visualize the dynamics of apoptotic process with temporal bioluminescence imaging (BLI) using an 
apoptosis specific bioluminescence reporter gene. Methods: Both UM-SCC-22B human head and 
neck squamous carcinoma cells and 4T1 murine breast cancer cells were genetically modified with 
a caspase-3 specific cyclic firefly luciferase reporter gene (pcFluc-DEVD). Apoptosis induced by 
different concentrations of doxorubicin in the transfected cells was evaluated by both annexin V 
staining and BLI. Longitudinal BLI was performed in xenografted tumor models at different time 
points after doxorubicin or Doxil treatment, to evaluate apoptosis. After imaging, DNA frag-
mentation in apoptotic cells was assessed in frozen tumor sections using TUNEL staining. Results: 
Dose- and time-dependent apoptosis induced by doxorubicin in pcFluc-DEVD transfected 
UM-SCC-22B and 4T1 cells was visualized and quantified by BLI. Caspase-3 activation was con-
firmed by both caspase activity assay and GloTM luciferase assay. One dose of doxorubicin 
treatment induced a dramatic increase in BLI intensity as early as 24 h after treatment in 
22B-pcFluc-DEVD xenografted tumors. Sustained signal increase was observed for the first 3 days 
and the fluorescent signal from ex vivo TUNEL staining was consistent with BLI imaging results. 
Long-term imaging revealed that BLI signal consistently increased and reached a maximum at 
around day 12 after the treatment with one dose of Doxil. Conclusions: BLI of apoptosis with 
pcFluc-DEVD as a reporter gene facilitates the determination of kinetics of the apoptotic process 
in a real-time manner, which provides a unique tool for drug development and therapy response 
monitoring. 
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Introduction 
Apoptosis, known as a natural, orderly, and en-

ergy-dependent form of programmed cell death, is 
central to homeostasis and normal development and 

physiology in all multi-cellular organisms [1, 2]. The 
dysregulation of apoptosis plays a fundamental role 
in a number of disorders, including the growth of 
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tumors. Thus, inducing apoptosis in tumor cells is an 
extremely promising approach as anti-cancer therapy 
[3, 4]. In fact, many chemotherapeutics exert their 
effects by inducing a final pathway that leads to 
apoptosis [5, 6]. Detection and quantification of 
apoptosis in cancer patients undergoing treatments 

are of significant clinical value for the assessment of 
therapeutic efficacy [7]. Accordingly, noninvasive 
imaging of apoptosis would be a significant advance 
for rapid and dynamic screening as well as validation 
of experimental therapeutics for new drug develop-
ment [8-11]. Consequently, considerable efforts have 
been made in developing noninvasive imaging 
methods to evaluate apoptosis.  

Molecular imaging enables noninvasive imaging 
of cellular function and the follow-up of the molecular 
process in living organisms [12-16]. To date, several 
potential steps in the apoptosis process can be imaged 
using various imaging modalities, including optical 
imaging [7, 8, 17, 18], magnetic resonance imaging 
(MRI) [19-21], and radionuclide imaging [22, 23]. 
However, one of the key challenges is to identify and 
validate apoptosis biomarkers and develop corre-
sponding imaging sensors [24, 25]. 

A family of cysteine aspartate specific proteases 
known as the “caspases” play a central role in medi-
ating the initiation and propagation of apoptosis [1, 
26], and represent target molecules for apoptosis im-
aging [11, 27, 28]. The peptide sequence DEVD (as-
partic acid-glutamic acid-valine-aspartic acid), can be 
recognized and cleaved by the effector caspase-3/7. 

So far, several apoptosis reporter genes have been 
constructed based on the DEVD peptide sequence, 
which enabled visualization and quantification of 
apoptosis in a non-invasive manner [29-32]. However, 
most of these reporters are not well suited for kinetic 
analysis of caspase-3 activation in real-time and 
high-throughput functional screening due to the low 
sensitivity [33]. Ozawa et al. [34, 35] have developed 
an apoptosis biosensor - cyclic firefly luciferase 
(pcFluc-DEVD) by fusing two fragments of DnaE in-
tein to neighboring ends of luciferase separated by 
DEVD. In cells undergoing apoptosis, a caspa-
se-3-specific cleavage of genetically encoded cyclic 
luciferase occurs, resulting in the restoration of lucif-
erase activity that can be detected in cells or living 
animals by bioluminescence imaging. However, these 
pilot studies involved only transient transfection that 
is good for proof-of-principle but not practical longi-
tudinal evaluations of biological processes.  

In this study, we genetically modified human 
head and neck squamous carcinoma UM-SCC-22B 
cells and murine breast cancer 4T1 cells with 
pcFluc-DEVD. After treatment with doxorubicin, bi-
oluminescence signal changes in cells and tumor 
models were non-invasively acquired at different time 
points and correlated with caspase-3 activity (Fig. 1). 
Through these systematic studies, we expected that 
the non-invasive temporal imaging based on the 
apoptosis reporter gene will be used to map the ki-
netics of drug-induced caspase activation and apop-
tosis.  

 
Figure 1. Schematic overview of the pcFluc-DEVD system. The reporter gene is composed of an engineered firefly luciferase, of which 
the N- and C-terminals are linked with DEVD, a substrate sequence of caspase-3. Upon caspase-3 activation during apoptosis, the DEVD 
sequence is cleaved and the cyclized luciferase recovers its activity. This biosensor can be used for imaging apoptosis induced by various 
therapeutic interventions to monitor effects of cytotoxic compounds or novel pharmacological chemicals, as most cells activate caspase-3 
during apoptosis. The cleavage site of this system can also be modified to “report” on the kinetics of a variety of proteolytic processes in 
vitro and in vivo by using bioluminescence imaging.  
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Materials and Methods 
Cell lines and transfection 

The human head and neck squamous carcinoma 
UM-SCC-22B cells were obtained from the University 
of Michigan. The murine breast cancer 4T1 cells were 
purchased from the American Type Culture Collec-
tion (ATCC). They were maintained in DMEM me-
dium supplemented with 10% fetal bovine serum 
(FBS), 1% glutamine, 100 U/ml penicillin and 100 
mg/ml streptomycin (Invitrogen, Carlsbad, CA). To 
establish the cell lines that stably expresses cyclic fire-
fly luciferase, transfection was performed with 
pcFluc-DEVD DNA[34] and Lipofectamine 2000 
(Invitrogen). Selection was made by adding selective 
medium containing 1 mg/mL G418 antibiotic (Sigma) 
every 2-3 days. Two weeks later, the cells were sub-
cloned in 24-well plates. When reaching 80% conflu-
ence, the cells were treated with doxorubicin and 
imaged using a Xenogen IVIS-100 system (Caliper Life 
Sciences). Positive clones were identified and named 
as 22B-pcFluc-DEVD and 4T1-pcFluc-DEVD, respec-
tively. No significant difference between the trans-
fected and the parental cells was observed in terms of 
proliferation or tumorigenicity. The cells were also 
transfected with plasmids containing firefly luciferase 
expressing cassette with the similar procedure. The 
selected cells were named as 22B-Fluc and 4T1-Fluc, 
respectively.  

Cytotoxicity assay 
The cytotoxic effect of doxorubicin was deter-

mined by MTT assay [36]. Cells seeded in a 96-well 
plate (5 × 103 cells/well) were treated with different 
concentrations of doxorubicin up to 50 mg/L for 24 h. 
Then, tetrazolium dye, 3-(4, 5-dimethylthiazol-2)-2, 
5-diphenyl-2H-tetrazolium bromide (MTT, Sigma) 
was added to the medium for 4 h. The absorbance at 
570 nm (reference wavelength: 630 nm) was measured 
with a microplate reader (Synergy 2, Bioteck). Optical 
density (OD) which reflects the viable cell population 
in each well was determined. Percentage of growth 
inhibition was determined using the equation 
(1-ODt/ODc) ×100, wherein ODt and ODc are the 
absorbance of cells in treated and control cell cultures, 
respectively. 

Assessment of apoptosis 
Apoptosis was induced by incubating cells in 

fresh medium containing different concentrations of 
doxorubicin ranging from 0 to 1 mg/L. Cells were 
observed under microscope throughout the course of 
the experiment for the evaluation of the morphologi-
cal features associated with apoptosis. Annexin V 

staining was performed using FITC-Annexin Apop-
tosis Detection Kit (Sigma). The control and drug 
treated cells were incubated with FITC-Annexin V for 
20 min. Then the cells were washed by 1x phosphate 
buffered saline (PBS) and fluorescence was observed 
under an epifluorescence microscope (X81; Olympus). 

The activity of caspase-3 was determined by a 
caspase colorimetric assay kit (Sigma) according to 
the manufacturer’s protocol. Cells treated with dif-
ferent concentrations of doxorubicin were collected, 
washed with PBS and lysed in a lysis buffer. The 
chromophore p-nitroaniline (p-NA) was quantified 
with a spectrophotometer at a wavelength of 405 nm 
and p-NA standard was used for calibration of the 
specific caspase-3 activity in the samples.  

In vitro bioluminescence imaging 
Bioluminescence imaging (BLI) of doxorubi-

cin-induced apoptosis was initiated before drug ad-
ministration for baseline values and performed 
throughout the course of the experiment. Subconflu-
ent growing 22B-pcFluc-DEVD cells were seeded at a 
density of 2 x 105/mL in a 24-well plate and treated 
with doxorubicin at incremental concentrations for 24 
h. Then D-luciferin was added to each well and lucif-
erase activity was measured using a Xenogen Lumina 
II system. Luminescent signal for each well was 
measured and plotted as average values. In another 
set of experiments, the cells were treated with 1 
mg/mL doxorubicin for 3 h. Then all cells were 
washed, and cultured in fresh medium. At different 
time points till 48 h, the cell-containing plates were 
imaged and measured as described above. 

For the Z-DEVD-Aminoluciferin assay, a parallel 
set of 22B-Fluc cells were treated using the same ex-
perimental protocol, and then the 
Z-DEVD-Aminoluciferin soluble substrate (Vi-
voGloTM Caspase-3/7 Substrate, Promega Corp.) was 
added to the medium and bioluminescence signal was 
measured by a Xenogen Lumina II system. 

In vivo studies 
All animal experiments were conducted in ac-

cordance with an NIH Clinical Center ACUC ap-
proved protocol. Xenografted tumor models were 
prepared by subcutaneous injection of 5x106 
22B-pcFluc-DEVD cells suspended in PBS into female 
athymic nude mice (6-7 weeks). When tumors reached 
a diameter of about 6 mm, mice were randomized into 
two groups (n = 5/group). One group of mice re-
ceived 1 dose of 5 mg/kg of doxorubicin through in-
travenous administration, while the control group of 
mice received one dose of PBS only. Before imaging, 
mice were anesthetized with a 2% isofluorane/air 
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mixture and given a single i.p. dose of 150 mg/kg 
D-luciferin in normal saline. Bioluminescence imag-
ing was accomplished between 5 and 10 min 
post-luciferin administration. Signal intensity was 
quantified as the sum of all detected photon counts 
within a region of interest prescribed over the tumor 
site. Tumor size was monitored with a digital caliper 
and tumor volume was calculated as ab2/2, where a is 
the longest diameter and b is the shortest diameter.  

In another set of in vivo imaging studies, at day 
20 after tumor inoculation, one group of mice received 
1 dose of 5 mg/kg of Doxil (doxorubicin HCl lipo-
some injection, Ben Venue Laboratories, Inc.) through 
intravenous administration, while the control group 
of mice received PBS only. BLI and tumor measure-
ment were performed as described above. The second 
dose of Doxil (5 mg/kg) was given at day 40 after 
tumor inoculation.  

TUNEL Staining 
At different time points, tumors were harvested 

and sectioned. DNA fragmentation was analyzed by 
terminal deoxynucleotidyl transferase mediated 
dUTP nick end labeling (TUNEL) assay using a 
commercial kit (Maxin-Bio) according to the manu-
facturer’s protocol.  

Statistical analysis 
Quantitative data were expressed as mean ± SD. 

Means were compared using Student’s unpaired test. 
P value of < 0.05 was considered statistically signifi-
cant. 

Results 
Cell engineering with cyclic firefly luciferase 

We genetically engineered the apoptosis reporter 
gene pcFluc-DEVD into two tumor cell lines, 
UM-SCC-22B and 4T1. The stably transfected 
UM-SCC-22B and 4T1 cells retained the similar mor-
phology and growth kinetics to their parental cells. 
After treatment with various concentrations of doxo-
rubicin for 24 h, the cytotoxicity was estimated by a 
MTT viability test. Doxorubicin inhibited the growth 
of all cells tested in a dose-dependent manner and the 
IC50s of doxorubicin for those cells were listed in Fig. 
2A. Compared with 4T1 cells, UM-SCC-22B cells were 
more sensitive to doxorubicin treatment. As expected, 
the transfected cells showed a similar doxorubicin 
response pattern to their parental cells. For example, 
the IC50 for UM-SCC-22B is 0.588±0.099 mg/L while 
that for 22B-pcFluc-DEVD is 0.624±0.126 mg/L (p > 
0.05). 

 

 
Figure 2. (A) IC50s of doxorubicin for 4T1-pcFluc-DEVD, 22B-pcFluc-DEVD, and their parental cells. (B) Representative images of 
Annexin V staining assay on cells treated with doxorubicin (1 mg/L) for 24 h (Magnification 100×). Green color represents positive 
Annexin V staining and blue color is from DAPI, a dye for staining nuclei. 
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Bioluminescence imaging of doxorubi-
cin-induced apoptosis 

After exposure to doxorubicin for 24 h, the 
treated cells began to show morphologic features of 
apoptosis and some cells rounded up off the plate 
with smaller and circular shape. The number of cells 
exhibiting apoptosis morphology was increased with 
increasing doxorubicin concentrations, reflecting in-
creasing apoptosis levels. The apoptosis induced by 
doxorubicin was further demonstrated by using An-
nexin V staining assay, one of the most intensively 
used methods to characterize cell apoptosis. As 
shown in Fig. 2B, compared to the untreated group, 
the doxorubicin treated groups showed significantly 
more cell apoptosis. Compared with 
4T1-pcFluc-DEVD cells, much higher apoptosis in-
duction happened in 22B-pcFluc-DEVD cells, indi-
cated by stronger fluorescent signal on cell mem-
brane. 

 Cytosolic extracts of 4T1/22B-pcFluc-DEVD 
cells treated with doxorubicin were measured by a 
colorimetric reaction using the caspase-3 substrate, 
Ac-DEVD-pNA [37]. A dose-dependent increase in 
absorbance at 450 nm was observed in doxorubicin 
treated cells, indicating increased caspase-3 activity. 
In addition, consistent with the lower drug sensitivity, 
the caspase-3 activities in 4T1-pcFluc-DEVD cells 
were lower than that in 22B-pcFluc-DEVD cells (Fig-
ure 3A). 

As caspase-3 activation restored the cyclic lucif-
erase into a functional linear configuration, a 
dose-dependent increase of photon intensity was ob-
served in the doxorubicin treated cells. As expected, 
photon intensity in treated 22B-pcFluc-DEVD cells 
was much higher than that in 4T1-pcFluc-DEVD cells 
treated with same concentration of doxorubicin. 
Treatment with 0.1 and 1 mg/L of doxorubicin for 24 
h induced 1.8-fold and 6.3-fold increase of BLI signal 
in 4T1-pcFluc-DEVD cells, while 3.5-fold and 21-fold 
increase was observed in 22B-pcFluc-DEVD cells 
(Figure 3B). In view of the positive correlation be-
tween caspase-3 activity measured by Ac-DEVD-pNA 
and BLI signal, it is feasible to visualize and quantify 
doxorubicin induced apoptosis in a noninvasive way 
using BLI.  

BLI using Z-DEVD-aminoluciferin as the sub-
strate has been demonstrated as a sensitive and rapid 
reporter for apoptosis in wild-type firefly luciferase 
expressing cells. Upon caspase-3/7 activation during 
apoptosis, the DEVD is cleaved and then free ami-
noluciferin was consumed by the luciferase, generat-
ing a luminescent signal that is proportional to 
caspase activity [17, 38]. The BLI signal from 

Z-DEVD-Aminoluciferin assay showed a 
dose-dependent increase in doxorubicin treated 
22B-Fluc cells. With 10 mg/L of doxorubicin, a 35-fold 
increase of photon intensity was observed in 22B-Fluc 
cells. Correlated well with the Z-DEVD- 
Aminoluciferin assay (R2 = 0.9995), the cyclic firefly 
luciferase in 22B-pcFluc-DEVD cells was more sensi-
tive with much higher photon intensity and fold in-
crease (270-fold increase of photon intensity after 
treatment with 10 mg/L of doxorubicin) (Figure 3C). 

 

 
Figure 3. Characterization of pcFluc-DEVD genetically modified 
UM-SCC-22B and 4T1 cells. (A) BLI quantification of doxorubicin 
induced caspase-3 activation. Cells were seeded in a 24-well plate 
and treated with doxorubicin of different concentrations for 24 h. 
(B) The activity of caspase-3 determined by a caspase colorimetric 
assay kit (Sigma) according to the manufacturer’s protocol. (C) 
Comparison of cyclic luciferase/D-luciferin and wild type firefly 
luciferase/Z-DEVD-aminoluciferin. Both assays showed a 
dose-dependent BLI signal intensity increase and there is a signif-
icant correlation between the two assays (R2=0.9995). The cyclic  
luciferase showed much higher sensitivity than the 
Z-DEVD-Aminoluciferin assay.  
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Figure 4. Real-time monitoring of apoptosis induced by doxo-
rubicin in vitro. 4T1 (A) and UM-SCC-22B (B) cells stably ex-
pressing cyclic firefly luciferase (denoted as 4T1-pcFluc-DEVD and 
22B-pcFluc-DEVD respectively) were seeded in a 24-well plate 
and treated with doxorubicin (1 mg/L) for 3 h before washing the 
cells and changing the medium. At different time points after, BLI 
was performed to monitor the signal from the DEVD containing 
cyclic luciferase for apoptosis and the signal from wild-type lucif-
erase for cell viability in parallel plates. The average fold increase of 
BLI signal was plotted against with the time after treatment 
started.  

 
 

In vitro real-time imaging of apoptosis 
To check the efficacy of cyclic firefly luciferase in 

monitoring apoptosis in real-time, we further inves-
tigated the time course of doxorubicin-induced 
caspase-3 activation. Cells stably transfected with 
wild-type firefly luciferase, 4T1-Fluc and 22B-Fluc, 
were included to reflect cell viability. After exposure 
to 1 mg/L of doxorubicin for 3 h, all cells were 
washed, and cultured in fresh medium. At different 
time points, the cell-containing plates were imaged 
using a cooled CCD camera. As shown in Figure 4A, 
within the first 12 h, 4T1 cells consistently grew with 
an increase of BLI signal from wild-type firefly lucif-
erase. Cell viability then decreased at 24 h after initial 
treatment and showed recovery at late time point. The 

signal from the cyclic luciferase also reached a peak at 
12 h and then began to consistently decrease with 
time. Since UM-SCC-22B cells are more sensitive to 
doxorubicin, the signal from the wild-type firefly lu-
ciferase decreased with time and reached a lowest 
point at 48 h after treatment. Meanwhile, an increase 
in bioluminescence signal from cyclic luciferase in-
creased dramatically with time and reached the 
maximum at 24 h then decreased. The maximum fold 
increase was as high as 55.0 ± 6.2, indicating intensive 
doxorubicin- induced caspase activation in 
UM-SCC-22B cells. 

In vivo real-time imaging of doxorubi-
cin-induced apoptosis 

In order to evaluate the feasibility of 
non-invasively measuring apoptosis in vivo, we ex-
tended this approach to 22B-pcFluc-DEVD mouse 
xenograft models. Doses of doxorubicin were selected 
to mimic high dose strategies used in clinical chemo-
therapy regimens. As expected, control tumors 
showed minimal change in BLI signal throughout the 
course of the experiment while tumor size consist-
ently increased (Figure 5). Doxorubicin treatment 
induced a dramatic increase in BLI intensity as early 
as 24 h after initial treatment. A sustained signal in-
crease was observed during the first 3 days, until the 
experiment was terminated in order to collect tumor 
samples for TUNEL staining.  

The fluorescent signal from TUNEL staining is 
consistent with BLI results. At 24 h after treatment, 
patchy distribution of doxorubicin indicated by the 
red fluorescent signal was observed along with spo-
radic apoptotic cells. The signal from the apoptotic 
cells increased along with time and colocalized with 
doxorubicin signal (Figure 5C).  

 
In vivo imaging of time course of doxorubi-
cin-induced apoptosis 

In a parallel study, we performed longitudinal 
BLI in a set of mice bearing 22B-pcFluc-DEVD tumors. 
Figure 6A shows a series of photograph and BLI 
overlaid pictures of one representative mouse re-
ceived two doses of Doxil at 5 mg/kg each. The tumor 
growth curve was shown in figure 6B. At day 20 after 
tumor inoculation, the treated group received the first 
dose of Doxil (5 mg/kg). Tumor sizes in the control 
group quickly reached the size of 2000 mm3, which 
was the subject endpoint for the animal study proto-
col. The treated tumors showed response to doxoru-
bicin after 2 days and the tumor size decreased with 
time. Once reaching the nadir at around 12 days after 
treatment, the tumors started to re-grow. After treat-
ment with the second dose of Doxil at day 40, the 
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tumors showed shrinkage again but with less mag-
nitude and the tumor growth rebounded quicker than 
the first time. 

With BLI, the caspase activity was monitored 
along with time and BLI signal intensity of each tumor 
individually recorded was presented in Figure 6 

C&D. Consistent with the previous data, BLI signal 
consistently increased and reached a maximum at 
around day 12 after the treatment. Then the BLI signal 
intensity decreased as tumor growth rebounded. The 
second dose of Doxil also induced BLI signal increase 
with the similar pattern. 

 
 
 

 
Figure 5. In vivo bioluminescence imaging of caspase activation in 22B-pcFluc-DEVD tumors after doxorubicin treatment. (A) Repre-
sentative bioluminescent images of mice treated with one dose of doxorubicin (5 mg/kg). (B) Quantification of BLI signal over tumor 
region. (C) TUNEL staining of tumor sections (Magnification 20×). Red color represents doxorubicin and green color represents positive 
TUNEL staining. Blue color is from DAPI, a dye for staining nuclei. 
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Figure 6. Longitudinal bioluminescence imaging of caspase activation in 22B-pcFluc-DEVD tumors after Doxil treatment. (A) Repre-
sentative photographic images overlaid with bioluminescence images of 22B-pcFluc-DEVD tumor-bearing mice treated with two doses of 
Doxil (5 mg/kg each). (B) Tumor size decreases and then rebounds after Doxil treatment. The arrows designate administration of Doxil. 
(C). BLI signal changes along with time in response to Doxil treatment. The curves in the circle are representative of the control mice 
treated with PBS. (D) Average tumor growth curve and BLI changes along with time and have reverse correlation in response to Doxil 
treatments. 
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Discussion 
It is well known that most chemotherapeutic 

agents cause tumor cell death primarily by induction 
of apoptosis, and resistance to anticancer treatment is 
widely believed to involve mutations that lead to de-
regulated cellular proliferation and suppression of 
mechanisms that enable apoptosis [39]. The anthracy-
cline antibiotic doxorubicin is a chemotherapeutic 
agent with strong activity against a wide range of 
human malignant neoplasms [40]. Doxorubicin in-
duces cell apoptosis probably through DNA interca-
lation [41] and formation of free radicals [42]. We 
found that doxorubicin activated caspase3/7 in both 
UM-SCC-22B and 4T1 cells in a dose and 
time-dependent pattern. Luciferase activity was re-
stored by transforming from cyclic form to linear form 
after DEVD cleavage (Figure 3). Consequently, there 
is positive correlation between BLI signal intensity 
and caspase activity. Moreover, the cyclic firefly lu-
ciferase correlated very well with the 
Z-DEVD-aminoluciferin assay and had much higher 
signal intensity as observed in 22B-pcFluc-DEVD 
cells. After systemic administration, doxorubicin also 
induced increased BLI signal intensity over the tumor 
region (Figure 5). Consistent with the previous re-
ports [34], these data suggest that this DEVD sequence 
containing reporter gene could be used as a reliable 
marker for non-invasive imaging of caspase 3/7 acti-
vation during apoptosis. 

In vitro cell experiments revealed that the pat-
terns of apoptosis induced by the same dose of dox-
orubicin were different in sensitive 22B-pcFluc-DEVD 
as compared to insensitive 4T1-pcFluc-DEVD cells. 
The signal reached a maximum at 12 h after doxoru-
bicin treatment then dropped sharply in 
4T1-pcFluc-DEVD cells. In 22B-pcFluc-DEVD cells, 
the signal intensity was much higher than that in 
4T1-pcFluc-DEVD cells and reached a peak at 24 h 
after drug treatment. In fact, with normalization of the 
BLI signal intensity from 22B-pcFluc-DEVD to the 
viable cell numbers in each well, we found that the 
ratios consistently increased with time till 48 h. In vivo 
experiments with UM-SCC-22B tumor bearing mice 
showed that with one dose of doxorubicin, a detecta-
ble increase of BLI signal was observed at 24 h after 
treatment. However, at 96 h after treatment, the signal 
is much higher than that at 24 and 48 h (p < 0.001).  

It has been generally agreed that apoptosis is a 
very complicated and dynamic processes which still 
need further investigation to be fully understood [24]. 
Varying treatment in different tumor types may in-
duce different patterns of apoptosis. For example, 
Meyn et al. [43] evaluated the magnitude and kinetics 

of apoptosis induction in tumors from mice treated 
with cisplatin. By morphometric analysis of histolog-
ical sections of the tumors, they found the maximum 
apoptotic response was around 18 h after treatment 
for MCa-4 tumors while around 40 h for Oca-1 tu-
mors. It also has been found that accelerated light 
boron ions induced maximal apoptosis at 72 h after 
irradiation [44]. In a recent study, increased uptake of 
99mTc-annexin V was observed at 1 and 3 h after 
paclitaxel administration and then declined to levels 
even lower than baseline. A peak in TUNEL-positive 
tumor cells was reached 3 h after paclitaxel admin-
istration [45].  

To our surprise, we found that BLI signal in-
duced by one dose of Doxil reached the maximum 
after around day 12 after the treatment, when the av-
erage tumor size almost reached the minimum (Fig-
ure 6). We speculated that this phenomenon may be 
caused by several reasons. First of all, with BLI im-
aging on the live animals, we recorded the overall 
signal from the whole tumor instead of one single cell. 
The imaging results demonstrated that the total 
caspase activation kept increasing in the whole tumor, 
which can be further substantiated by the patchy dis-
tribution of the drug administered. Secondly, the in-
consistence of the measured time frame of treatment 
induced apoptosis may be due to the different mark-
ers used by different groups. For example, once the 
apoptotic cells are engulfed by macrophages, cell 
surface exposed phosphatidylserine (PS) would be 
inaccessible by annexin V-based staining or imaging 
while the luciferase enzymatic activity may still sus-
tain for a period of time. Protein engineering may be 
needed in this case to develop so-called “short 
half-life” luciferase. 

With genetically modified human and murine 
cancer cells, we successfully applied the apoptosis 
responsive cyclic luciferase reporter, pcFluc-DEVD, 
for noninvasive and real time assessment of 
drug-induced apoptosis. Although the BLI methods 
established in this study cannot be directly translated 
into the clinic, it does have the potential to serve as an 
important tool for both therapeutic drug and imaging 
probe discovery. First, this strategy can be used as a 
powerful platform for high-throughput evaluation of 
drug candidates, due to the low-cost, simplicity, short 
acquisition times, and simultaneous measurement of 
multiple animals. Among the designs of DEVD con-
taining luciferase based reporter genes which have 
been reported [7, 8, 33], pcFluc-DEVD showed very 
high signal increase magnitude both in vitro and in 
vivo although no direct comparison has been done. 
This reporter gene is also much more sensitive than 
the wild type firefly luciferase with 
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Z-DEVD-aminoluciferin [46] (Figure 3C), which facil-
itates in vivo applications.  

Radionuclide tracers are more promising for 
clinical translation. For example, Annexin V has been 
labeled with various radionuclides for both SPECT 
and PET imaging [47, 48]. However, the fast kinetic of 
apoptotic process is problematic for optimization of 
imaging time and intervals. Longitudinal BLI with the 
same group of animals will be of great help to evalu-
ate the optimal time frame for imaging apoptosis with 
other imaging modalities including PET/SPECT. 
Consequently, this reporter gene based imaging plat-
form will facilitate the development of novel imaging 
probes to visualize and quantify tumor apoptosis in a 
clinical setting. Moreover, the different kinetic pattern 
of the drug-induced apoptosis revealed by BLI imag-
ing has the potential to provide help in 
nano-formulated drug development which is aiming 
to improve drug delivery and release. 

Conclusion 
After confirming the sensitivity and specificity of 

the caspase-3 specific cyclic firefly luciferase reporter 
gene (pcFluc-DEVD) in vitro, we successfully visual-
ized and quantified doxorubicin-induced apoptosis in 
tumor cells and xenografted tumors longitudinally. 
Altogether, BLI of apoptosis with pcFluc-DEVD as a 
reporter gene facilitates the determination of kinetics 
of apoptotic process in a real-time manner. This mo-
lecular probe provides a unique tool for drug devel-
opment, therapy response monitoring, drug delivery 
and release and radionuclide imaging probe devel-
opment. 
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