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Summary: In vivo imaging system (IVIS) is a new and rapidly expanding technology, which has a 
wide range of applications in life science such as cell tracing. By counting the number of photons 
emitted from a specimen, IVIS can quantify biological events such as tumor growth. We used 
B16F10-luc-G5 tumor cells and 20 Babl/C mice injected subcutaneously with B16F10-luc-G5 tumor 
cells (1×106 in 100 μL) to develop a method to quantitatively analyze cells traced by IVIS in vitro and 
in vivo, respectively. The results showed a strong correlation between the number of tumor cells and 
the intensity of bioluminescence signal (R2=0.99) under different exposure conditions in in vitro assay. 
The results derived from the in vivo experiments showed that tumor luminescence was observed in all 
mice by IVIS at all days, and there was significant difference (P<0.01) between every two days from 
day 3 to day 14. Moreover, tumor dynamic morphology could be monitored by IVIS when it was in-
visible. There was a strong correlation between tumor volume and bioluminescence signal (R2=0.97) 
by IVIS. In summary, we demonstrated a way to accurately carry out the quantitative analysis of cells 
using IVIS both in vitro and in vivo. The data indicate that IVIS can be used as an effective and quan-
titative method for cell tracing both in vitro and in vivo. 
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 In vivo imaging system (IVIS) is one of the primary 
tools used to evaluate structure and function 
non-invasively in a living subject. Many technologies, 
including magnetic resonance imaging (MRI), optical 
imaging, computed tomography (CT), positron emission 
tomography (PET) and ultrasound, are successfully em-
ployed to study the in vivo tissues. Among them, the op-
tical imaging based on intrinsic optical properties of tis-
sues is widely used for tracking and reporting functional 
information on molecules, proteins, and cells in vivo. 
This new technology has been applied to the study of 
oncology and gene expression in light-producing trans-
genic cells and small animals through tracing cells of 
interest. However, while there are studies on qualitative 
analysis of cells using optical imaging, the quantitative 
analysis of cells by IVIS has not been reported yet. In 
this study, we developed simple but accurate assays to 
quantitatively analyze cells traced by IVIS both in vitro 
and in vivo. 
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1 MATERIALS AND METHODS 
 
1.1 Materials, Main reagents and Equipment 
   B16F10-luc-G5 cells (mouse melanoma cells labeled 
with luciferase gene), D-Luciferin Firefly, and potassium 
salt (light-emitting substrate for fluorescence) were pur-
chased from Xenogen Corporation (USA). Balb/C male 
mice, weighing 15－20 g and aged 5－7 weeks, were 
supplied by Animal Center of Institute of Organ Trans-
plantation, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology (China).  
RPMI1640 medium was purchased from Hyclone (USA). 
The images were collected on an in vivo imaging system 
Lumina 100 from Xenogen Corporation (USA) and 
fluorescence spectra were recorded on an inverted fluo-
rescence microscope CKX41 from Olympus Corporation 
(Japan). 
1.2 Cell Culture  

B16F10-luc-G5 cells were grown in RPMI1640 
medium supplemented with 100 U/mL of 10% fetal bo-
vine serum, 100 U/mL penicillin/streptomycin, in a hu-
midified atmosphere at 37°C in 5% CO2. B16F10-luc-G5 
cells were digested by 0.25% trypsin, washed twice with 
RPMI1640 medium and resuspended at a concentration 
of 1×105/mL cells in the same medium. 
1.3 In vitro Assay   

The assay was carried out in 96-well plates. Serial 
dilutions of the cells in the 96-well plates were prepared 
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by mixing 100 μL of 105/mL tumor cells with 100 μL of 
RPMI1640 medium resulting in a 2 fold dilution. 100 μL 
of the mixture was then pipetted in the well (containing 
100 μL 1640 medium), mixed, and 100 μL of this mix-
ture was pippetted into the next well, and so on until one 
had about 8 wells with a decreasing concentration gradi-
ent. The number of cells and well number were shown in 
table 1 and fig. 1, respectively (there were blank intervals 
between the various wells in order to avoid mutual in-
fluence). Bioluminescence detection was conducted by 
adding 100 μL of 300 μg/mL D-Luciferin solution (the 
working concentration was 150 μg/mL) to each well for 
2—3 min, followed by imaging the plate at exposure 
time 30 s, 60 s, 180 s, 360 s, 600 s under the preset con-
dition of 10 bin (bin for binning, meaning sensitivity) 
and FOV12.5 (FOV for field of view, meaning distance 
between object and camera lens). Quantitative analysis 
was achieved by analyzing the correlation between the 
number of tumor cells and the intensity of the biolumi-
nescence. 
1.4 In vivo Experiments 

To establish the model of inoculated tumor, 100 μL 
of B16F10-luc-G5 tumor cells (1×105 in 100 μL) were 
injected subcutaneously into the right dorsal region near 
the thigh of the 20 Balb/C male mice using 1 mL syringe 
equipped with needle (size 25) after the mice had been 
anesthetized. The inoculation site was examined daily. 
When the tumor appeared, inoculated tumor growth was 
monitored by IVIS. After the mice had been anesthetized, 
150 to 200 μL of 15 mg/mL D-Luciferin were injected 
into their abdominal cavity in terms of the mice weight 
(10 μL/g). All mice were imaged individually at 15 min 
after luciferin injection under exposure conditions of 60 s, 
10 bin, FOV 12.5, at day 0, 3, 5, 7 and 9. In order to cor-
relate the intensities of bioluminescence to inoculated 
tumor size, 3 mice were executed at day 5 after IVIS 
detection for caliper measurement of the tumor. Tumor 
volumes (V) were obtained according to the formula: 
V=LW2/2. The longest diameter (L) and maximum di-
ameter (W) perpendicular to the direction of longest di-

ameter were measured by the vernier micrometer.  
1.5 Statistical Analysis 

Statistical analysis was performed by analysis of 
correlation, followed by Chi-Square test and comparison 
between groups to detect statistically significant differ-
ence (P<0.05), using statistical software (SPSS, ver-
sion12.0).  

 
2 RESULTS 
 
2.1 Relationship between Bioluminescence and Num-
ber of Tumor Cells by IVIS 

Table 1 clearly showed that the intensity of biolu-
minescence (the average number of measured photon) by 
IVIS was reduced while the number of B16F10-luc-G5 
tumor cells was decreased from first 8th well, after ex-
posed for 30 s, 60 s and 180 s respectively. The level and 
the scope of halo were also lowered (table 1). Taken 60 s 
as an example, as shown in fig. 1, the highest level and 
the largest scope of halo appeared in first well, followed 
by subsequently decrease in the remaining wells from 
second to 8th wells with the significant difference seen 
between the 7th and 8th wells. The measured average 
photon number had no significant difference between the 
groups when the exposure time was close, e.g. between 
the groups of 30 s and 60 s (P>0.05). However, there 
was no significant difference (P<0.05) among groups 
when the exposure time had a big gap, e.g. between the 
groups of 30 s and 180 s. A strong correlation between 
the number of tumor cells and the intensity of biolumi-
nescence (R2=0.99) was also demonstrated under each 
exposure time. Formula and correlation coefficients (R2) 
were: 30 s, y=59.393x+560.03, R2=0.9982; 60 s, 
y=60.69x+3892.8, R2=0.9981; 180 s, y=66.59x+1125.9, 
R2=0.9979; 360 s, y=74.97x+2908.2, R2=0.9979. The 
curves of 30 s and 60 s basically coincided with each 
other in fig. 2. It showed that both 30 s and 60 s were the 
optimal conditions for exposure because of the shortest 
exposure time, the largest R2 and basically coincided 
curves.

 
Table 1 Correlation between the measured average photon and cell number under different exposure time (10 bin, FOV 12.5) 

Well number 
Indexes 

1 (A1) 2 (A5) 3 (A9) 4 (A12) 5 (E1) 6 (E5) 7 (E9) 8 (E12) 9 (H12)

Tumor cells number 104 5×103 2.5×103 1.25×103 6.25×102 3.125×102 1.56×102 0.78×102 0 

Average measured photon 
  number in 30 s△ 6.04E+05 2.81E+05 1.40E+05 8.00E+04 4.03E+04 2.33E+04 1.46E+04 4.50E+03 1.00E+03

Average measured photon 
  number in 60 s△ 6.21E+05 2.91E+05 1.44E+05 8.50E+04 4.20E+04 2.56E+04 1.86E+04 1.30E+04 1.22E+03

Average measured photon 
 number in 180 s△ 6.76E+05 3.23E+05 1.48E+05 9.60E+04 3.97E+04 2.41E+04 1.71E+04 1.17E+04 8.22E+03

Average measured photon 
  number in 360 s△ 7.99E+05 3.88E+05 1.71E+05 1.11E+05 4.21E+04 2.41E+04 1.69E+04 1.27E+04 1.12E+04

△:Units of photon number/(cm2·ser·s); H12 for blank control well 
There was no significant difference in the average measured photon between the groups of 30 s and 60 s (P>0.05), but there was 
significant difference among the rest (P<0.05). 
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Fig. 1 Relationship between bioluminescence and number of 

tumor cells by IVIS 
Line A were the well 1, 2, 3, 4 from left to right; Line E 
were the well 5, 6, 7, 8 from left to right 

 

 
Fig. 2 Correlation of average measured photon number and cell 

number under each exposure time      
Under each exposure time there was good correlation 
between the two indexes above, and the curves of 30 s 
and 60 s basically coincide with each other. 

 
2.2 Continuously Monitoring of Tumor Growth (Dy-
namic Morphology) by IVIS 

The size of tumor was too small to be examined 
visually or felt by touching on the day 0 to day 5 after 
inoculation. However, by using bioluminescence the tu-
mors could be detected through day 0 to day 14 (table 2) 
even when it was invisible. There was significant differ-
ence in the bioluminescence of tumor cells (average 
measured photon number) from day 0 to day 9 (P<0.05). 

Fig. 3 showed the correlation between the intensity of 
bioluminescence and the size of tumor on day 14. 
2.3 Bioluminescence of Inoculated Tumor Highly 
Correlated with Its Size 

The data of tumor volume on the day 5 after inocu-
lation was shown in table 2, and a strong correlation 
(R2=0.94) between mean bioluminescence and mean tu-
mor volume was demonstrated, with the formula and 
correlation coefficients: y=7939.3x+237606, R2=0.9791 
(fig. 4). 
 

 
Fig. 3 Bioluminescence and anatomical size of the same inocu-

lated tumor (day 14) 
Arrow showed the anatomical size of inoculated tumor.  
A: Bioluminescence of inoculated tumor by IVIS (day 
14); B: Anatomical size of inoculated tumor (day 14) 

 

 
Fig. 4 Correlation between bioluminescence and volume of 

inoculated tumor 
       There was a close correlation between the two indexes

 
Table 2 Bioluminescence and volume of inoculated tumor (exposure time: 60 s, 10 bin, FOV 12.5) 

Different time points after transplantation 

Indexes 

Day 0 Day 3 Day 5 Day 7 Day 9 Day 14 

Average measured photon num-
ber△ 

(6.35E+05)±7655 (1.12E+05)±1820 (1.62E+05)±2090 (2.40E+05)±3515 (1.18E+06)±11530 (2.23E+06)±17934

Tumor volume (mm3) -- -- (2.86E+00)±1.21 (4.87E+00)±1.66 (9.27E+01)±6.31 (2.60E+02)±7.88

△: Unit of photon number/(cm2﹒ser﹒s); Different time points after inoculation (Day 0 to Day 9); Comparison of the average pho-
ton number, P<0.01; Day 0 and day 3: The tumor was too small to be measured visually. 
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3 DISCUSSION 
 

Bioluminescence imaging detects light that is gen-
erated through the reaction of luciferase on its substrate, 
such as luciferin for firefly luciferase, in a living animal 
or cell samples. Bioluminescence process is virtually a 
chemical reaction between the luciferase and the sub-
strate in the presence of adenosine 5’-triphosphate (ATP) 
and oxygen. Such chemical reaction excites the lumi-
nescent molecule and increases its energy level, resulting 
in fluorescence signals when it releases energy. The re-
quirement of the presence of ATP makes biolumines-
cence signals only exist in the living cells[1]. To generate 
bioluminescence signals, the molecules, protein or cells 
of interest are labeled with optical probes, such as 
luciferase gene or green fluorescence gene. The optical 
probes then can be detected using a new and rapidly ex-
panding technology known as optical molecular imaging 
to track and report their functional information[2]. IVIS is 
an instrument consisting of a very sensitive optical de-
tection apparatuses, to detect bioluminescence or stimu-
late fluorescence signals with low-cost and non-inva-
siveness. IVIS has many advantages over other cell trac-
ing methods, including higher sensitivity, less cells 
needed, constant marked signal (with optic reporter gene, 
constant gene of the genetically modified cells, 
light-emitting signal that is not weakened with the pas-
sage of cell division gradually), low noise level of imag-
ing (except labeled cells, the other cells do not produce 
bioluminescence, therefore, the imaging of non-labeled 
cells can be ignored in background) and non-radioactiv-
ity. Moreover, the tracing system can still be cultivated 
and used continuously after the test, which saves cells 
and materials. In recent years, IVIS has been widely used 
to study oncology, virology, stem cells, transplantation 
immunology, protein and genetic research and many 
other fields[3-25]. 

In addition to the above-mentioned advantages, an-
other key but understudied advantage of IVIS is its capa-
bility to quantify the emitted light as a measurement of 
the reaction between luciferase and luciferin. Therefore, 
in this study, we specifically explored the quantitative 
analysis and the relevant methods of tracing cells by 
IVIS in vitro and in vivo systematically through the cor-
relation analysis of the intensities of bioluminescence 
signals and number of cells. We used B16F10-luc-G5 
cell line from the mouse melanoma cells, which were 
labeled with luciferase gene (luc). The luc gene is ex-
tracted from the North American’s firefly (photinus 
pyralus), and can be expressed stably in all host cells 
producing a constant gene product－the luciferase[26]. As 
a result, the bioluminescence signals of cells will be satu-
rated when light-emitting substrates are overdosed. 
B16F10-luc-G5 cell line was used for this study, because 
it has a moderate bioluminescence intensity and it is easy 
to be cultured (malignant cells). This study showed that, 
under each exposure time, bioluminescence by IVIS 
(measured average photon number) was highly relevant 
with cell number, and luminescence imaging indicated 
that bioluminescence signals were consistent with the 
level and the scope of halo. It is noted that the photon 
number in IVIS imaging is directly represented by the 
level and the scope of halo, so in the same color bar, the 

more bias of level toward red, the greater the photon 
number would be, so as the scope of the corresponding 
halo. 

Our in vitro assay results suggested that IVIS (bio-
luminescence measurement) could detect a very weak 
bioluminescence signal with high sensitivity. In this 
study, as few as 78 B16F10-luc-G5 cells could be de-
tected with acceptable error by IVIS under the minimum 
exposure time of 30 s. Due to the intrinsic luminous 
characteristic of B10F10-luc-G5 cells, less than 78 cells 
under the same exposure time cannot be detected reliably. 
However, if cells have greater luminous intensity, they 
may be monitored with even fewer cells.  

It is important to take into consideration factors that 
may affect the bioluminescence signal, such as exposure 
time. It was found that, under each exposure time, there 
was a linear regression relationship between the meas-
ured average photon number (y) and cell number (x), 
demonstrating that the cell number could be represented 
with bioluminescence (the photon number) from the cells. 
At 30 s and 60 s exposure time, there was no significant 
difference between the photon number and the same 
number of cells (P>0.05) (such as 30 s and 60 s). How-
ever, there was statistically significant difference in the 
average photon number detected under other different 
exposure conditions (P<0.05). Therefore, in order to 
quantify the bioluminescence signals as the number of 
labeled cells, it is required that the comparison is carried 
out under the same exposure condition. 

Bioluminescence imaging is a highly sensitive mo-
lecular imaging modality, as it can detect and quantify 
cells transfected with the luciferase gene in vivo. We 
demonstrated the dynamics of the bioluminescence sig-
nals as a function of tumor size change. As in vitro assay, 
there was also a linear regression relationship between 
the bioluminescence signals and cell number in vivo. 
Therefore, we can trace the labeled cells (such as the 
growth state and migration path) through the detection of 
bioluminescence signals (quantitative amount of average 
photon and cell imaging). 

In summary, we demonstrated a simple but accurate 
quantitative measurement of luciferase labeled cells both 
in vitro and in vivo using IVIS. The results may offer 
researchers a hint to explore the bioluminescence meas-
urement to gain insight on the underlying biological 
processing by tracking and reporting functional informa-
tion in vitro and in vivo. 
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