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Abstract: Uterine fibroid is one of the most common solid tumors occurring in reproductive age women. Lack of accu-
rate methods for In vivo quantitative assessment of uterine fibroid progression severely impedes the basic research 
and drug screen of this disease. To solve this problem, the correlation between bioluminescence imaging (BLI) and 
initial cell number used to form xenograft was investigated in this study. The results showed that both subcutaneous 
(SC) and intraperitoneal (IP) D-luciferin administration led to fast increase of bioluminescence signal (BLS) intensity 
and caused large variation of peak signal intensity of xenografts through the analysis of BLI kinetic curves. We found 
that a distinct linear stage appeared in xenograft BLI curve for each mouse subjected to IP-injection of D-luciferin. 
Moreover, a high positive correlation was found between linear slope and the initial number of human uterine fibroid 
smooth muscle cells (fSMCs) used for xenograft formation. Our research indicates that the slope of linear stage in 
BLI curve is more appropriate for in vivo quantitative assessment of human uterine fibroid xenograft.
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Introduction

Uterine fibroid, one of the most common solid 
tumors, have a harmful influence on reproduc-
tive age women [1]. Uterine fibroids cause some 
symptoms such as heavy menstrual bleeding, 
subfertility, uterine pain and pressure, which 
results in hysterectomy and myomectomy [1-3]. 
Although uterine fibroid is prevailing, it is still 
not effectively treated nowadays [1]. Lack of 
the approaches for accurate in vivo quantita-
tive assessment hindered the basic research 
and drug screen for uterine fibroid. 

Bioluminescence imaging (BLI), as a noninva-
sive and sensitive optical approach, can evalu-
ate the magnitude and distribution of the inocu-
lated cells in intact small animals, and provid- 
es the longitudinal assessment and real time 
monitoring of disease progression. So far, BLI 
has been widely used for monitoring tumor 

[4-6] and tracking stem cells in vivo [7, 8], and 
monitoring genes [9, 10] and evaluating protein 
stability and interaction in vitro [9].

In vitro BLI quantitative assessment has proven 
to accurately exhibit the positive correlation 
between bioluminescent intensity and cell num-
ber [11]. However, in vivo BLI quantitative ass- 
essment faces more challenges for the compli-
cated drug delivery system. D-luciferin systemi-
cally injected will travel through the blood 
stream and pass various membranes to reach 
the inoculated cells in animal. Therefore, the 
signal intensity often exhibits difference among 
animal individuals due to inoculated cells loca-
tion, animal weight, physical condition, and dif-
ferent injection routes of D-luciferin. Generally, 
three injection routes of D-luciferin are selected 
for in vivo BLI, they are intraperitoneal (IP), 
intravenous (IV) and subcutaneous (SC) injec-
tions [12, 13]. Their pros and cons have been 
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widely discussed in some reports [14, 15]. The 
administration route can influence biodistribu-
tion and local concentration of D-liciferin, lead-
ing to the distortion of quantitative assess-
ment. IP injection route is the most widely used 
although with some shortcomings such as 
failed injections into the intestine [16, 17] and 
variations in the D-luciferin absorption rate 
through the peritoneum [18]. Notably, SC injec-
tion was regarded to be able to attenuate these 
drawbacks in several previous studies [16, 17].

The appropriate image acquisition windows 
and analysis methods for in vivo BLI after 
D-luciferin administration were previously dis-
cussed [16, 18, 19]. Maximal photon emission, 
area under the curve (AUC), or photon emission 
at a predefined time point were used as param-
eters to quantify in vivo BLI [15]. Full AUC analy-
sis was likely not appropriate for in vivo BLI 
analysis due to the prolonged acquisition time 
with more than 1 hour. Baba et al. [16] reported 
that the best correlation between cell number 
and AUC value was showed at 20-minute time 
point after IP injection of substrate in their 
mouse model. Additionally, it was reported that 
BLS surrounding the theoretical time of peak 
photon emission was the most appropriate to 
the reproducibility of the technique [15, 19]. 
But the error was still caused by different injec-
tion time of D-luciferin among the animal indi-
viduals who were performed the synchronous 
BLI examination, which was not carefully con- 
sidered. 

We have developed a murine xenograft model 
for human uterine fibroid based on in vivo BLI 
[20]. Here, using the this xenograft model, we 
studied the behavior of sequential BIL curves of 
xenografts in mice subjected to IP or SC 
D-luciferin administration, and then analyzed 
the correlation between initial fSMC number for 
xenograft formation and BLI value of corre-
sponding xenograft. We found that a distinct 
linear stage from 5 to 23 minutes time point 
stably existed in the BLI curve for most mice 
only subjected to IP injection of D-luciferin. 
Moreover, there was a high positive correlation 
between the slope of linear stage and the initial 
fSMC number for xenograft formation. These 
results suggested that the linear stage slope in 
BLI curve is more appropriate for in vivo quanti-
tative assessment of human uterine fibroid 
xenograft.

Materials and methods

Uterine tissues

Women with symptomatic fibroids were recruit-
ed in study subject and underwent hysterecto-
my at Obstetrics and Gynecology Hospital of 
Fudan University. The uterine fibroid tissue (1-3 
g) was collected at the time of hysterectomy, 
transported to the Ob-Gyn research lab, and 
cut into small pieces. These specimens were 
shipped directly to the Medical Center of Su- 
zhou Institute of Nano-Tech and Nano-Bionics 
(SINANO) for in vitro analysis. Transport medi-
um was Dulbecco’s modified Eagle’s (DMEM) 
medium (GIBCO). All procedures performed in 
studies involving human participants were 
complied with ethical standards of the institu-
tional committee and informed consent was 
obtained from the patients.

Primary culture of uterine fSMCs and lentiviral 
transduction 

Primary human uterine fSMCs were generated, 
identified and cultured as described in our pre-
vious report [20, 21]. For lentiviral transduc-
tion, the primary cultures were cultured for 2-4 
passages and 4 × 106 fSMCs were seeded in 
one 10 cm culture plate. After one day of cul-
ture, the cells were infected with GFP-LUC 
(green fluorescent protein-luciferase) lentiviral 
stock at 20 MOI (Multiplicity of Infection) and 
cultured in a humidified CO2 (5%) incubator at 
37°C. After 24 hours of incubation, the medium 
was replaced with fresh complete DMEM con-
taining 10% fetal bovine serum (FBS, GIBCO), 
1% penicillin/streptomycin (P/S) and the cells 
were cultured for 3 more days before inocula-
tion into mice. The methods of lentivirus pro-
duction and transduction into fSMCs were 
according to the previous description [20, 21]. 
The GFP-LUC-transduced fSMCs (GFP-LUC-
fSMCs) were verified by GFP and LCU expres-
sion examined by fluorescence microscope and 
BLI.

In vitro quantitative assay of uterine fSMCs by 
BLI method

For quantitative assay by BLI test, the primary 
GFP-LUC-fSMCs were seeded in 24-well plates 
with a series of number of cells (0, 500, 1000, 
2000, 5000, 8000, 10,000, 20,000, 50,000, 
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100,000, 150,000 and 200,000 cells/per well) 
and cultured in 400 µL DMEM containing 10% 
FBS and cultured at 37°C, 5% CO2 for 4 hours. 
To detect the BLS of LUC, D-Luciferin (Thermo 
Fisher Scientific) was added to the complete 
medium in 24-well plates with a final concen-
tration of 150 µg/mL at 5 minutes before BLI 
using the In Vivo Imaging System (IVIS) (IVIS 
200 series, Caliper Inc.). Images were acquired 
at exposure time 20 seconds and analyzed 
through total photon flux emission (photons/
second) in the ROI (the whole well of 24-well 
plate) by Living Image Software (Xenogen). The 
Pearson correlation analysis was performed to 
determine the correlation between the true cell 
number and total photon flux emission value 
from BLI. 

Mice for transplantation

RAG2-/-γc
-/- double knock out female mice [21], 

6 to 9 weeks old, were bred and maintained on 
sulfamethoxazole water under specific patho-
gen-free conditions in the animal care facility at 
the Suzhou Institute of Nano-Tech and Nano-
Bionics. The animal study protocol was ap- 
proved by the Review Committee for animal use 
and welfares, Suzhou institute of Nano-tech 
and Nano-bionics, Chinese Academy of Scien- 
ces. 

The transplantation of human uterine fSMCs, 
in vivo BLI and matrigel plug BLI

The GFP-LUC-fSMCs in 10 cm culture plate 
were washed once with 10 mL of phosphate-
buffered saline (PBS) and trypsinized with 2 mL 
0.25% Trypsin-EDTA (Invitrogen) for 2 minutes. 
Afterwards, the trypsin solution was removed 
and the cells were collected with 1 mL com-
plete DMEM medium moved to 2 mL eppendorf 
tube. The cells were spun down in Microfuge 
22R centrifuge (Beckman Coulter) at 3000 
rpm, 4°C for 1 minute. The cell pellet in each 
eppendorf tube was resuspended by gentle 
mixing with ice-cold PBS by different densities 
(8 × 104, 4 × 105, 1 × 106, 2 × 106 cells per 150 
µL) and then mixed with 150 µL ice-cold matri-
gel (BD Biosciences) solution. Each of the 300 
µL cell-matrigel mixture was filled into a pre-
chilled 1 mL syringe with a 18 gauge needle, 
and then inoculated the mixture into the indi-
cated body parts of RAG2-/-γc

-/-/DKO female 
mice. To avoid of mixture out-flow, a heat lamp 

was used to warm up mice skin and to facilitate 
the rapid solidification of the matrigel-cell mix-
ture. At the second day, the first photon flux 
image was taken with IVIS.  

To take BLI, the whole body bioluminescence of 
inoculated mice was detected using the IVIS 
200 series (Caliper Inc). Mice were anesthe-
tized with isoflurane using a Gas Anesthesia 
System, and then first injected subcutaneously 
(SC) near the scapula with D-luciferin (75 mg/
kg body weight, Caliper Inc.) in 100 μL of PBS at 
4 minutes before imaging. BLS was acquired at 
a fixed time point (20 minutes after D-luciferin 
injection), or every 2 minutes at exposure time 
20 seconds to generate a kinetic time-intensity 
curve for LUC expression in xenografts. Based 
on our observation, the BLS of fSMCs xeno-
grafts (1 - 2 × 106 cells) will disappear to unde-
tectable level 5 hours after D-luciferin adminis-
tration. Here, 12 hours after SC injection of 
D-luciferin and BLI in the same day, the same 
mice were IP injected with same amount of 
D-luciferin and performed BLI again; merely, 
the exposure time was changed to 40 seconds. 
Before IP D-luciferin injection, the mice were 
performed BLI detection without D-luciferin 
administration and compared with control mice 
only inoculated with matrigel implant to ensure 
no residual BLS interference caused by previ-
ous SC D-luciferin administration. Mice were 
conducted with BLI analysis on indicated day 
after inoculation of fSMCs. Dorsal images were 
taken and the total photon flux emission (pho-
tons (p)/second) in the region of interest (ROI) 
was calculated using the Living Image Software 
(Xenogen). 

For BLI of matrigel plug, the mice were sacri-
ficed by CO2 asphyxiation at the indicated days 
after inoculation. The matrigel plugs were ex- 
cised and placed into a 6 cm plate and then 
immersed in complete medium with final con-
centration of 150 ug/mL of D-Luciferin and 
incubated for 5 minutes before imaging with 
the IVIS system. Total photon flux emission 
(photons/second) in the ROI for each plug was 
determined by Living Image Software (Xenogen).

Immunofluorescence of xenograft-frozen sec-
tions

The matrigel plugs were excised from the sacri-
ficed mice and placed into plastic molds, and 
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then filled with optimal cutting temperature 
(OCT) compound (Sakura Finetek, Torrance, 
CA). These plastic molds were placed into dry 
ice/isopentane slurry until OCT turned white. 
Frozen matrigel sections of 4 to 6 µm were cut 
from blocks and directly observed GFP signal 
under fluorescence microscope after DAPI 
staining. Immunofluorescence (IF) assay fol-
lowed the method described previously [20]. 
Briefly, after fixation with 10% formalin and per-
meabilization with 0.25% Triton X-100, the 
xenograft sections were blocked in 1% (w/v) 
bovine serum albumin (BSA) in PBS for 30 min-
utes. The slides were incubated with mixture of 
primary antibodies (1:100 dilution of GFP rab-
bit polyclonal antibody from Santa Cruz, CA and 
1:50 dilution of ACTA2 mouse monoclonal anti-
body from Abcam) in a moist chamber at 4°C 
for 18 hours. After 3 times of wash with PBS, 
the slides were then incubated with a mixture 
of secondary antibodies (Texas Red conjugated 
anti-mouse and fluorescein isothiocyanate 
(FITC)-conjugated anti-rabbit from Abcam at 
1:300 dilution) for 2 hours at room temperature 
in the dark. The mixture of the secondary anti-
body solution was decanted and the slides 
were washed 3 times with PBS in the dark. The 

Figure 1 showed the primary culture of fSMCs 
derived from human uterine fibroid tumor. The 
solid fibroid tumor were minced into small 
explants and spread in the culture dish (Figure 
1A and 1B). The fSMCs grew out from the 
explants after 3 weeks of culture (Figure 1B). 
They were performed passage when cells 
reached to 100% confluence (Figure 1C). We 
found that more than 90% cells from human 
fibroid tissues expressed SMCs marker ACTA2 
(α-actin) (Figure 1D), suggesting that these 
cells are qualified for following experiments as 
fSMCs.

The evaluation of in vitro and in vivo quantita-
tive assessment of GFP-LUC-fSMCs by BLI 

We constructed primary fSMCs stably express-
ing GFP-LUC fusion protein (Figure 2A) via lenti-
viral-mediated gene transfer. The expression of 
GFP and LUC (luciferase) were readily detected 
by fluorescence microscopy (Figure 2B) and BLI 
(Figure 2C) in vitro. We found that there was a 
strong positive correlation between cell num-
ber and the corresponding BLS intensity with a 
wide range from 500 to 2000,000 cells (Figure 
2D and 2E). These results demonstrated that 

Figure 1. Primary culture and identification of human uterine fibroid smooth 
muscle cells (fSMCs). A. Fibroid tumor from hysterectomy patient, scale bar 
= 2 cm. B. Smooth muscle cells grew out from human uterine fibroid ex-
plants, scale bar = 1,000 µm. C. Human uterine fSMCs cultured to 100% 
confluence, scale bar = 200 µm. D. ACTA2 staining for identifying fSMCs, 
green: ACTA2, blue: DAPI, scale bar = 20 µm. 

0.1 mg/mL Hoechst 33342 
was used to stain the nuclei. 
The fluorescent signals were 
captured under fluorescence 
microscope.

Statistical analysis

To determine the correlation 
between BLI intensity and 
fSMC number, the Pearson 
correlation analysis was per-
formed using GraphPad Prism 
4 package (GraphPad Soft- 
ware). Here, determination co- 
efficient, namely R2, rang from 
0-1, which 1 means a total 
positive and 0 means no cor-
relation between the variables 
BLI intensity and fSMC num-
ber. All the data were expre- 
ssed as average value ± stan-
dard deviation (S.D.) from 
three biological replicates.

Results

The primary culture of fSMCs 
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Figure 2. Quantitative evaluation of GFP-LUC-fSMCs in vitro and in vivo. (A) Schematic summary of the lentiviral 
constructs carrying the GFP-LUC fusion expression cassette. (B) Detection of GFP expression and (C) LUC (lucifer-
ase) expression in GFP-LUC-fSMCs, scale bar = 50 µm in (B) and = 1 cm in (C-E). Pearson correlation between fSMC 
number and corresponding BLI intensity (photo flux) for a large range number of cells from 500 to 200,000. The 
x-axis indicated cell numbers. (F) Representative BLIs of one single RAG2-/-γc

-/- mouse on the indicated day post-SC 
inoculation with different number of fSMCs into indicated regions of dorsal body (8 × 104, 40 × 104, 100 × 104 and 
200 × 104 fSMCs were inoculated into R1, R2, R3 and R4 regions respectively). (G) The BLI signal curves of dif-
ferent exnografts on day 7. The x-axis indicated time. (H-M) Correlation between initial fSMC number for different 
xenografts and their BLS intensity (photo flux) detected on indicated day. R2 > 0.8 means high correlation. The x-axis 
indicated cell numbers. Error bars represent S.D. from average value of three biological replicates.

BLI was an accurate approach for in vitro quan-
titative assessment of GFP-LUC-fSMCs we 
generated.

To prove that BLS of GFP-LUC-fSMCs is sensi-
tive enough for quantitative assessment in 

vivo, different amounts of GFP-LUC-fSMCs (8 × 
104, 4 × 105, 1 × 106 and 2 × 106) were SC 
inoculated in different dorsal regions (R1, R2, 
R3 and R4) of one mouse to form 4 xenografts 
(Figure 2F). Here, we postulate that the envi-
ronmental conditions for 4 xenografts in differ-
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ent regions of one mouse body are same. The 
BLI was taken at a fixed time point (20 minutes 
post-D-Luciferin administration) on day 1, 3, 4, 
5, 6 and 7 post-fSMCs inoculation. The expan-
sion and regression of xenografs was deter-
mined by BLS intensities in ROI (Figure 2G). 
Pearson correlation analysis showed highly 
positive correlation between BLS intensity and 
initial inoculated cell number on day 1, 3, 4 and 
5 with R-squared values of more than 0.95 
(Figure 2H-K). Even on the day 6 and 7, the cor-
relation was still significant with R-squared val-
ues more than 0.88 (Figure 2L and 2M). These 
results indicated that GFP-LUC-fSMCs were 
qualified for quantitative assessment in vitro 
and in vivo.

The sequential BLI of fSMC xenografts in 
mice subjected to IP or SC administration of 
D-luciferin 

To investigate the growth curve of fibroid xeno-
graft in vivo, 1 × 106 GFP-LUC-fSMCs mixed 
with matrigel were inoculated in the dorsal 
flank of mice to form one xenograft (one xeno-
graft per mouse). Two groups of mice (ten mice 
in each group) were subjected to IP or SC 
administration of D-luciferin. The BLI was taken 
at a fixed time point (20 minutes post-D-Lucifer-
in administration) on day 1, 3, 5, 7, 9 and 11. In 
vivo expansion or regression of GFP-LUC fSMCs 
in matrigel implants as a function of days was 
determined by BLS intensity (Figure 3A). The 
growth curves of xenografts from IP or SC 
administration mice showed similar trend. The 
peak of BLS curve was from 3 to 7 days post-
fSMCs inoculation and the BLS was faded away 
gradually after 10 days. The BLI of matrigel 
plugs and GFP fluorescence of plug frozen sec-
tion was consistent with in vivo results (Figure 
3B). The signals of BLI and GFP, standing for 
cell viability, were remarkably attenuated on 
days 12 as compared with those on days 7 
(Figure 3B). This further confirmed by immuno-
fluorescence of GFP and smooth muscle cell 
specific marker ACTA2 in plugs at 7 or 12 days 
post- fSMCs inoculation (Figure 3C).

We assessed the time course of BLS from 
fibroid xenograft in mice after IP or SC D-luciferin 
administration and investigated the effect of 
imaging timing on quantitative xenograft. Here, 
1 × 106 GFP-LUC-fSMCs mixed with matrigel 
was inoculated in the dorsal flank of mouse 

(one xenograft per mouse). Sequential BLI was 
performed on day 3 post-fSMCs inoculation. 
Nine and ten mice were conducted with 
D-luciferin IP and SC injection, respectively. 
BLS was acquired for total 26 times with the 
interval of 2 minutes. The sequential curve of 
BLI was generated by a series of BLS data as a 
function of duration time from the first time 
point (Figure 3D and 3E). Although same num-
ber of fSMCs was inoculated to form one 
implant at same region in each mouse, the 
kinetic time-intensity curves were far different 
among the mice either in IP or SC D-luciferin 
injection groups. SC group caused stronger 
BLS than IP injection at each same time point 
(Figure 3D and 3E). In IP group, there was no 
obvious difference in BLS at the first time point, 
but the duration time from start point to peak 
was markedly different among the mice. For 
most mice in IP group, the duration time from 
start point to peak was about 30 minutes, and 
there was no obvious dropping even to 51 min 
time point. Notably, the linear stage from 5 to 
23 minutes time point apparently existed in the 
curve for most mice (Figure 3E). However, in SC 
group, the BLS intensity at the first time point 
was different among the mice. For most mice in 
this group, the BLS increased fast after SC 
administration of D-luciferin. The duration time 
from start point to peak and the peak duration 
were shorter compared to the mice in IP admin-
istration group, which was consistent with the 
observations from other studies [13]. Although 
there were linear stages in most mice subject-
ed to SC administration of D-luciferin, the dura-
tion of these stages was varied greatly, sug-
gesting that it was not appropriate to adopt the 
BLS value at predetermined peak or fixed time 
point for accurate in vivo quantitative assess-
ment of exnografts. 

The slope values of sequential BLS were quali-
fied for in vivo quantitative assessment of xe-
nografts 

To find a relative accurate method for in vivo 
quantitative assessment of xenografts, we 
designed 3 groups to acquire BLS data of xeno-
graft for Pearson correlation analysis: 1) fixed 
time point (15 minutes) post-SC D-luciferin 
administration (SC+fixed time), 2) fixed time 
point (15 minutes) post-IP D-luciferin adminis-
tration (IP+fixed time) and 3) linear stage slope 
of sequential BLI post-IP D-luciferin administra-
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Figure 3. In vivo BLI of fSMC xenografts subjected to IP or SC administration of D-luciferin. (A) Typical growth curve 
of human uterine fibroid xenografts subjected to IP (red line) and SC (blue line) administration of D-luciferin for indi-
cated days. The x-axis indicated time. (B) BLI of Matrigel plugs and GFP fluorescence of their corresponding frozen 
sections on day 7 and 12 post-fSMCs inoculation, scale bar = 0.5 cm and 50 µm, respectively. (C) Representative 
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tion (IP+slope). Here, slop of sequential BLI 
post-SC administration was not considered 
because there was no identical duration of lin-
ear stage for a group of mice.

Different amounts of GFP-LUC-fSMCs (8 × 104, 
4 × 105, 1 × 106, and 2 × 106) were SC inocu-
lated in indicated dorsal regions (R1, R2, R3 
and R4) of different mice (Figure 4A and 4D). 
Here, 8 × 104 and 1 × 106 cells were inoculated 
in mouse 1 (M1) and mouse 3 (M3) respective-
ly; 4 × 105 and 2 × 106 cells were inoculated in 
different dorsal regions (R2 and R4) in mouse 2 
(M2). The in vivo BLI of SC+fixed time was first 
performed, and after 12 hours, the in vivo BLI 
of IP+fixed time and IP+slope were performed 
at same day. We repeated the same operation 
on days 3, 4, 5, 6 and 7 post-fSMCs inoculation 
and then sacrificed mice for plugs BLI. Seven 
sequential BLS intensities (from 6 to 20 min-
utes, the interval time is 2 seconds) for each 
xenograft in the mice subjected to IP D-luciferin 
administration were used to generate the linear 
trend lines of time-intensity kinetic curve. The 
slope stands for the increasing rate of BLS per 
minute with the unit photon/sec/min/ROI. We 
supposed that these slope values might repre-
sent the expansion or regression of the 
implants.

For analysis of xenograft growth, in vivo expan-
sion and regression xenografts as a function of 
time (days) were determined by BLS intensity 
acquired in the 3 groups (SC+fixed time, 
IP+fixed time and IP+slope). The growth curves 
from xenografts formed by same number of 
cells were varied widely among the 3 groups 
even if the BLS derived from the same xeno-
graft in the same mice (Figure 4B, 4E and 4M). 
However, the growth curves from IP+slope mice 
were most consistent with typical growth 
curves of xenografts showed in Figure 3A. 

To evaluate which group was the most accurate 
method for in vivo quantitative assessment, we 
performed the Pearson correlation analysis 
between the BLS intensity of xenografts in vitro 
or in vivo at the day 7 and their initial fSMC 
number. We found that there was a highly posi-
tive correlation between BLS intensity of matri-

gel plugs in vitro and initial cell number with 
R-squared value 0.99 (Figure 4G-L), group sug-
gesting that BLS intensity precisely reflected 
the initial fSMC number in xenograft on day 7 
without the obvious disturbance from individual 
differences of mice. Among the 3 groups, we 
also compared the BLS intensity of xenografts 
in vivo with their corresponding initial fSMC 
number on day 7. The highest correlation, with 
R-squared value of 0.8778, just occurred in 
IP+slope group (Figure 4N), not in SC+fixed 
time or IP+fixed time groups (Figure 4C and 
4F). 

We further investigated the Pearson correlation 
between BLS intensity of xenografts and their 
corresponding initial fSMC number on other 
days in the 3 groups, including day 1, days 3, 4, 
5 and 6 (Figure S1). We found that high correla-
tions occurred on these days just in IP+slope 
group (Figure S1K-O), but not in SC+fixed time 
and IP+fixed time groups (Figure S1A-J). 
Aparently, our results indicate that the linear 
stage slope of sequential BLS is qualified for 
quantitative assessment of xenografts in vivo.

Discussion

Owing to high sensitivity and extraordinary sig-
nal-to-noise ratios in animals, BLI has been 
widely used for in vivo experiments over the 
past decade. However, BLI analysis in vivo is 
still limited owing to the biased readout fre-
quently occurring in quantitative assessment. 
Although many approaches for in vivo quantita-
tive assessment were intensively discussed 
[15], there was not available method for murine 
xenograft model of human uterine fibroid. Here, 
we attempted to explore a relatively accurate 
and convenient way for quantitative assess-
ment of fibroid xenograft in vivo.

We first constructed GFP-LUC-fSMCs and eval-
uated if they were qualified for the study of in 
vivo quantitative assessment. In vitro BLI 
results manifested that these fSMCs were sen-
sitive enough for BLI through a large range of 
cell number; moreover, high positive correlation 
was found between BLS intensity and cell num-
ber. To investigate if these cells were sensitive 
enough for in vivo quantitative assessment, we 

immunofluorescence of matrigel plugs on day 7 and 12 post-fSMCs inoculation. Green: GFP, red: ACTA2, blue: DAPI, 
scale bar = 50 µm. (D) The kinetic curve of BLI intensity for xenografts from different mice subjected to SC admin-
istration of D-luciferin and (E) IP administration of D-luciferin. The “m1-10” means mice No. The linear stage was 
shown in (E) from 5 to 23 second time points. The x-axis indicated time.
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inoculated different numbers of fSMCs in dif-
ferent regions of one mouse. That could elimi-
nate the disturbance from individual difference. 
The highly positive correlation between the BLS 

intensity of xenograft and initial cell number for 
xenograft formation indicated that these fSMCs 
were appropriate for the study of in vivo quanti-
tative assessment.

Figure 4. Quantitative analysis of BLI signals in xenografts formed with different amounts of human fSMCs. (A) Rep-
resentative BLI on the indicated day post-fSMCs inoculation in mice subjected to SC administration of D-luciferin. 
Different numbers of fSMCs were inoculated into the dorsum of different mice. Here, 8 × 104 and 1 × 106 cells were 
inoculated in mouse 1 (M1) and mouse 3 (M3) respectively; 4 × 105 and 2 × 106 cells were inoculated in different 
dorsal regions (R2 and R4) in mouse 2 (M2). (B) The 7-day growth curves of BLI intensity for different xenografts in 
SC+fixed time group. The x-axis indicated time. (C) Correlation between initial fSMC number for different xenografts 
and corresponding BLI intensity detected on day 7 in SC+fixed time group. The x-axis indicated cell numbers. (D) 
Representative BLI on the indicated day post-fSMCs inoculation in mice subjected to IP administration of D-luciferin. 
(E) The 7-day growth curves of BLI intensity for different xenografts in IP+fixed time group and (M) in IP+slope group. 
The x-axis indicated time. (F) Correlation between initial fSMC number for different xenografts and corresponding 
BLI intensity detected on day 7 in IP+fixed time group and (N) in IP+slope group. The x-axis indicated cell numbers. 
(G-K) BLI of matrigel plugs formed by different initial numbers of fSMCs were acquired on day 7 post-fSMC inocula-
tion and (L) correlation between initial fSMC number for different plugs and corresponding BLI intensity. The x-axis 
indicated cell numbers. R2 means coefficient of determination. Error bars represent S.D. from average value of three 
biological replicates.
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Subsequently, we investigated the time course 
of BLS of fibroid xenograft in the mice subject-
ed to IP or SC D-luciferin administration and 
evaluated the effect of imaging timing on quan-
titative assessment of xenograft in vivo. After 
analyzing the behavior of BLS kinetic curves for 
the mice subjected to IP and SC D-luciferin 
administration, we found that there was a large 
variation of BLS intensity at peak-point and first 
time point, and large variation of duration time 
to peak-point among individuals. The heteroge-
neity of mouse individual may mainly contribute 
to this variation. Notably, biased readout was 
caused because all mice were not subjected to 
D-luciferin administration at exactly same time 
but were performed BLI examination synchro-
nously. At initial stage of sequential BLI, the 
BLS intensity increased faster for mice in SC 
injection group than that in IP injection group. 
Compared with IP D-luciferin administration, SC 
administration allowed excess D-luciferin to 
attain the xenograft rapidly and triggers enzyme 
reaction sufficiently. So, SC D-luciferin adminis-
tration was more convenient and effective for 
BLI in vivo compared to IP administration [12]. 
However, among the mice, it could magnify the 
biased error of BLS at fixed time point and of 
duration time to peak-point. But, the stable lin-
ear stage from 5 to 23 min time point just 
occurred in BLS curves of mice subjected to IP 
administration of D-luciferin. For most mice 
subjected to SC administration of D-luciferin, 
the duration time of BLS linear stages was so 
short and variant that it was difficult to define 
an identical period of time for linear slope 
calculation. 

The linear stage slope of BLI curve could partly 
eliminate the biased error of BLS among the 
mice caused by different injection time of 
D-luciferin. Therefore, we postulated that the 
stable slope in the BLS curve from mice sub-
jected to IP D-luciferin administration is eligible 
for quantitative assessment of fSMC xenograft 
in vivo. To verify this hypothesis, we compared 
the xenograft BLS values acquired from the 3 
groups (SC+fixed time, IP+fixed time and 
IP+slope) with initial number of fSMCs inocu-
lated in different mice. We finished the evalua-
tion of these 3 groups on day 7 post-fSMCs 
inoculation, when xenografts were still in the 
expansion sage. This evaluation system was 
validated by the high correlation between BLS 
intensity of xenograft matrigel plug and initial 
fSMC number forming xenograft. Eventually, 

the result demonstrated that in vivo BLS from 
IP+slope group exhibited the most positive cor-
relation with the initial fSMC number compared 
to other two groups. Although, the IP injection 
failure has been reported owing to the fail injec-
tion of D-luciferin into the bowel [16, 17], in our 
practice, we substantially decreased the IP 
injection failure rate to below 1% by simply 
injecting D-luciferin with 18 gauge needle that 
could readily pierce the mouse abdominal cav-
ity but not the bowel.

Taken together, we described a convenient and 
accurate way for in vivo quantitative assess-
ment of human fibroid xenograft. Followed by IP 
injection of D-luciferin and short period of 
sequential BLI, the linear stage slope of BLI 
curve can be generated and calculated, and 
this slope is qualified for in vivo quantitative 
assessment of human uterine fibroid xen- 
ografts.
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Figure S1. Correlation between 
initial fSMC number for different 
xenografts and corresponding BLI 
intensity detected on day 1, 3, 4, 
5 and 6 in SC+fixted time (A-E), 
IP+fixed time (F-J) and IP+slope 
group (K-O). The x-axis indicated 
cell numbers. R2 means coefficient 
of determination.


