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Abstract
Background: Optical imaging is one of the most common, low-cost imaging tools
used for investigating the tumor biological behavior in vivo. This study explores the
feasibility and sensitivity of a near infrared fluorescent protein mKate2 for a long-term
non-invasive tumor imaging in BALB/c nude mice, by using a low-power optical imaging system.
Methods: In this study, breast cancer cell line MDA-MB-435s expressing mKate2 and
MDA-MB-231 expressing a dual reporter gene firefly luciferase (fLuc)-GFP were used
as cell models. Tumor cells were implanted in different animal body compartments
including subcutaneous, abdominal and deep tissue area and closely monitored in
real-time. A simple and low-power optical imaging system was set up to image both
fluorescence and bioluminescence in live animals.
Results: The presence of malignant tissue was further confirmed by histopathological
assay. Considering its lower exposure time and no need of substrate injection, mKate2
is considered a superior choice for subcutaneous imaging compared with fLuc. On
the contrary, fLuc has shown to be a better option when monitoring the tumor in a
diffusive area such as abdominal cavity. Furthermore, both reporter genes have shown
good stability and sensitivity for deep tissue imaging, i.e. tumor within the liver. In addition, fLuc has shown to be an excellent method for detecting tumor cells in the lung.
Conclusions: The combination of mKate2 and fLuc offers a superior choice for longterm non-invasive real-time investigation of tumor biological behavior in vivo.
Keywords: mKate2, Luciferase, Molecular imaging, Tumor cell tagging

Background
Over the past decade, whole-body molecular imaging has become an unequivocally
promising method in all pre-clinical practice and basic studies in the field of oncology
[1]. Compared with other functional modalities such as positron emission tomography
(PET), and single photon emission computed tomography (SPECT), optical molecular
imaging has no radiation and keeps frequent tumor monitoring safe [2, 3]. In addition,
optical imaging is one of the most inexpensive and rapid ways to track specific molecular targets [4]. However, in order to visualize deeper tissues, which are not visible by
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conventional microscopes, optical modalities have to overcome strong scattering and
absorption.
Application of luminescence proteins for in vivo tumor imaging has been under investigation for decades [5, 6]. Over the past few years, various fluorescent and bioluminescent proteins with different emission spectra have been discovered [7]. Compared
to fluorescent dyes or quantum dots that are commonly used to target a specific moiety, fluorescent and bioluminescence reporter genes can be stably integrated in the cell
genome and specifically engineered to express a fusion protein of interest [8]. Among
fluorescent proteins, red-shifted proteins are considered a superior choice for in vivo
imaging because of their reduced autofluorescence, less diffusion and deeper penetration of light in the far-red and near-infrared region (NIR). A fluorescent protein named
mKate2, a monomeric far-red fluorescent tag that is threefold brighter than mKate and
is tenfold brighter than mPlum, is currently one of the best far-red florescence proteins
available on the market [9–11]. The emission wavelength peak of mKate2 is 633 nm
within the far-red and NIR optical window, while the excitation peak is 588 nm [12].
Compared with other commercial fluorescent proteins, both excitation and emission
spectra of mKate2 are relatively non-absorbed and less scattered by the surrounding tissues and proteins (largely by hemoglobin) [13, 14]. Moreover, besides to the high-brightness and far-red emission spectrum, its excellent pH resistance and photostability make
mKate2 a superior candidate for oncological study in live animals such as mice [15].
Unlike fluorescent proteins, bioluminescence imaging does not require an excitation
light that consequently leads to significantly lower background for imaging. Compared
to fluorescent proteins, their high sensitivity in live tissues is the key advantage when
using firefly bioluminescent Luc [16]. Although, long exposure time, frequent substrate
injection and unstable Luc signal preclude its intravital applications, bioluminescence
imaging is still required where sensitivity is as critical [17, 18]. Furthermore, some
researchers have applied a dual Luc-GFP fusion vector for circulating tumor in vivo
studies; while Luc have high sensitivity and is excellent in vivo indicator, GFP can be
used for in vitro microscopy or ex vivo imaging [19, 20]. In short, both fluorescence and
bioluminescence are excellent choices for monitoring the tumor biological behavior [21,
22] and tumor therapy [23] in live animal tissues such as mice.
From the imaging system prospective, in the optical molecular imaging field [24,
25], bioluminescence tomography (BLT) [26, 27], fluorescence molecular tomography
(FMT) [28, 29] and fluorescence protein tomography (FPT) [30, 31], have been extensively reported. These methods have been progressively advancing and greatly promoting the development of medicine and biological science. Nevertheless, more effectively
long-term investigations of animal studies are still eagerly awaited [32, 33]. While the
3-dimensional whole-body imaging of in vivo organisms is feasible, the image reconstruction can potentially be inefficient and inaccurate and therefore the epi-illumination
planar imaging allows for rapid initial screening. Considering the varying parameters of
pH, temperature and concentration of oxygen in living organisms [34–36], we designed
a low-power system to reduce the optical interference of normal biological process during the fluorescence imaging in vivo. Due to a high-sensitivity CCD camera and the
high-brightness proteins, the light power of excitation for fluorescent proteins could
be decreased to 8 mW at most from 400 to 800 nm in the whole imaging field. For the
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bioluminescence imaging, the system was easily converted to a light-free platform by
blocking the excitation. The new stem designs can eliminate the cost of imaging system
setup compared with commercial counterparts, and offers flexibility for users to adjust
this system in order to meet their own needs.
In this work, we have achieved three objectives: firstly, we have set up a simple and
low-power optical imaging system (LP-OIS) for both fluorescence and bioluminescence
imaging of live animals; secondly, we have tested the performance of mKate2 fluorescent
proteins in mice under the interference of optical diffusion and absorption; thirdly, we
established an ideal strategy for in vivo long-term investigation of tumor by applying
distinct luminescence reporter genes. To date, this is the first study that explores the
application of mKate2, a novel far-red fluorescent protein with its higher brightness and
photostability, for real-time detection of tumor in whole-body, including subcutaneous,
abdominal and deep tissue compartment.

Methods
Low‑power optical imaging system (LP‑OIS)

The whole imaging system was composed of four main parts (Fig. 1a): a high-sensitivity
CCD camera-based detection module, a tungsten-halogen lamp based excitation module, an adjustable animal holder and a gas anesthesia component.
The back illuminated, deep depletion CCD camera with fringe suppression (iKon-M
934, 16bit, Andor, UK) was critical for both fluorescence and bioluminescence imaging
in this work. Its superb specifications meet the need of the LP-OIS. Firstly, the quantum efficiency of the back illuminated CCD was over 90% in the visible and NIR spectra.
Roughly, in this work, the counts number could be treated quantitatively close to the
induced photon flux. Secondly, its dark current was only 0.017 e −/pixel/s when cooling down to − 80 °C in this work. To balance the sensitivity and resolution of the image,
the camera was binned 2 × 2 and therefore the ideal dark current was converted to
0.068 counts/s. Thirdly, when the read rates were set at 3 MHz, the readout noise was
9.2 e− root mean square for the entire system. All the parameters were the nominal value
indicated in the manual sheet and were validated again before installation in the imaging system. To acquire the emission, a 35 mm F1.4 lens (LM35HC, Kowa, Japan), with
focusing range of 0.3 m to infinity was employed. The focal length of 35 mm was proper
to image the whole body of a mouse on the CCD chip with readable resolution, and the
large numerical aperture allows substantial photons to reach the CCD detector during
exposure time. An electrical filter wheel (FW102C-EC, Thorlabs, USA) were placed in
front of the lens in order to filter proper emission wavelength.
For the bioluminescence imaging, there was no need of applying external excitation light. By contrast, for the fluorescence imaging, a tungsten-halogen lamp
(71LT250/71PT250A, Beijing 7-Star, China) was utilized. As Tungsten-halogen lamp
provides a broad spectrum covering visible and infrared regions, we can easily use various filters for different fluorophores. It was an incandescent illumination source, generating a continuous distribution of light across the visible and NIR spectra. Under
normal operating conditions, the temporal and spatial output fluctuation of this lamp
was minimal and disregarded for this study. In Fig. 1a, after passing through a quartz len,
an adapter and the lens to reshape the illumination, the light was filtered (BrightLine,

Page 3 of 15

Zhou et al. BioMed Eng OnLine

(2018) 17:187

Fig. 1 Schematic illustration and in vitro sensitivity of the whole-body optical imaging system. a System
setup. L lens, FW filter wheel. b Linearity and sensitivity within 1 s and c imaging depth of the optical system.
mKate2 and Luc are indicated in red and blue, respectively. Microscopic results of MDA-MB-435s-mKate2 cells
(d) and tumor tissue (f); and MDA-MB-231-GFP cells (e) and tumor tissue (g)

Semrock, USA) into appropriate wavelengths for targeting probes. The beam was coupled into optical fiber bundles (G5.7-2-4000-K, G5.7-4000, Nanjing Chunhui, China) for
illumination. Compared to a previous study [22], in this work, the power of illumination on the surface of experimental mouse was 8 mW at most, ranging from 400 nm to
nearly 800 nm. The power was measured at its central wavelength with the bandpass
filters whose bandwidth were tens of nanometers. The fiber for epi-illumination was split
into two heads from both top sides, which covered a whole body of a nude mouse, with a
uniform illumination in the 75 × 75 mm2 area.
All mice and all the in vitro experiments were handled using epi-illumination. To meet
different needs of applications, when three stepper motors worked, the fiber heads were
fixed in the animal holder so that they remained at the same relative positions over time.
No matter imaging of fluorescence or bioluminescence, the animal was narcotized with
a gas anesthesia system (VIP 3000, Matrx, USA), and both the animal holder and detection module were kept in an optical enclosure to prevent from the stray light.

Reagents and cell lines

Dulbecco’s modified Eagle’s medium (DMEM), Fetal bovine serum (FBS), Phosphate
buffered saline (PBS), Trypsin–EDTA and Lipofectamine-2000 were purchased from

Page 4 of 15

Zhou et al. BioMed Eng OnLine

(2018) 17:187

Invitrogen. Penicillin/streptomycin was from HyClone. G418 was bought from MP Biomedicals and pmKate2-N vector (FP182#) was from Evrogen.
The breast cancer cell line MDA-MB-435s was obtained from American Type Culture
Collection (ATCC). MDA-MB-231 expressing a dual reporter Luc-GFP was a kind gift
from Prof. Tian’s group (Institute of Automation, Chinese Academy of Sciences, Beijing).
Both cells were cultured in DMEM supplemented with 10% FBS and 1% Penicillin/streptomycin in a humidified atmosphere containing 5% CO2/95% air at 37 °C.
Construction of mKate2‑expressing tumor cell line

Lipofectamine 2000 reagent was used for cell transfection. 3.5 × 105 cells were plated per
well in a 6-well plate. When cells reached 90–95% confluence during 24 h incubation, the
culture medium with antibiotics was replaced with a new one without antibiotics and
serum; in the meantime, 2 μg plasmid DNA pmKate2-N and 6 μL Lipofectamine-2000
were diluted in 0.25 mL medium without antibiotics and serum in separate tubes, and
consequently mixed and incubated for 20 min at room temperature. A total of 0.5 mL
of the reagent was then added in each well and swirled to ensure even distribution. The
G418 selection was initiated 24 h post transfection by adding predefined concentration
of 800 μg/mL G418 in the culture medium.
Testing the optical system sensitivity in vitro

For linearity testing, MDA-MB-435s-mKate2 cells and MDA-MB-231-Luc-GFP cells
were harvested, dispersed into a single cell suspension and seeded in with different
concentration in a 96-well plate. For imaging cells in different depths, 2 × 106 cells were
immersed in the 1% intralipid solution. We imbedded the cells in 1% intralipid solution
at different depths as the phantom study. This in vitro study enabled us to assess the
imaging performance at different depths in the homogeneous solution. All conditions of
the imaging system were the same as in vivo experiments.
Animals

BALB/c female nude mice, 6- to 8-week-old, weighing 20–25 g, were obtained from Beijing Vital River Laboratory Animal Technology Co., China. All the animals were housed
in an environment with temperature of 24 ± 1 °C, relative humidity of 50 ± 1% and a
light/dark cycle of 12/12 h. All mice were given tap water and special Alfalfa free laboratory rodent chow [37]. Before the experiment, mice were fastened for 12 h.
All animal studies (including the mice euthanasia procedure) were done in compliance
with the regulations and guidelines of Peking University Institutional Animal Care and
conducted according to the AAALAC and the IACUC guidelines.
Tumor implantation in vivo

For in vivo imaging studies, MDA-MB-435s-mKate2and MDA-MB-231-Luc-GFP were
carefully implanted in different mice body compartments using the following methods.
• Subcutaneous tumor implantation All cells were harvested by trypsinization and
washed three times with fresh PBS. After collecting of cells, 1 × 106 cells of each cell
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line were injected in the lower right flank and lower left flank of the same nude mice,
respectively (subcutaneous injection location indicated in Fig. 2a).
• Abdominal tumor implantation Tumor cells were trypsinized and washed three
times with fresh PBS. Tumor dissemination in the abdominal cavity was obtained by
direct injection of 2 × 106 MDA-MB-435s-mKate2 (200 μL, cells mixed with PBS) in
the peritoneal region by using a 1 mL 27G latex-free syringe within 30 min of harvesting (abdominal injection location indicated in Fig. 3a).
• Deep tissue tumor implantation The tumor infections of the main organs were investigated by three protocols. First, 5 × 106 MDA-MB-435s-mKate2 cells were implanted
directly in the liver (liver injection location indicated in Fig. 5a). Cells were injected
with a total volume of 50 μL into a nude mouse, by using a 1 mL 29G, latex-free
syringe within 30 min of harvesting the cells. After cell implantation, the injection
site was compressed for 1 min with a cotton swab to prevent the leakage of tumor
cells out of the liver. The abdominal wall and the skin were then closed using 6-0
surgical suture. Secondly, in order to test the spontaneous cell invasion of abdominal
cavity, MDA-MB-435s-Luc-GFP cells were first subcutaneously implanted under the
lower left flank of a nude mouse. After the tumor has reached 10 mm in diameter,
the tumor tissue was carefully dissected, washed with PBS and cut with sterile scissors in small pieces of 1 mm3. The small tumor block was then carefully implanted
under the left upper liver lobe membrane of a nude mouse. The implanted site was
then cleaned with a cotton swab. The abdominal wall and the skin were then closed
using 6-0 surgical suture. Thirdly, 2 × 106 of mKate2 expressing tumor cell and LucGFP expressing tumor cell were injected in a total volume of 200 μL into the lateral
tail vein of different nude mice respectively.

Fig. 2 In vivo fluorescence and bioluminescence imaging of subcutaneous MDA-MB-435s-mKate2
and MDA-MB-231-Luc-GFP tumor. a, b In vivo images of tumor expressing different reporter genes in
different time points. c, d Intensity profiles are corresponding to the areas along the arrow axis. e Real-time
quantification of total tumor-luminescence surface area (mm2) detected over 4 weeks post-cells injection. f
Ex vivo results of genetic tagging tumors labeled by mKate2 (rainbow) and GFP (green). Scale bar: 10 mm
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Fig. 3 In vivo fluorescence of abdominal MDA-MB-435s-mKate2 tumor development. a, b In vivo images of
tumor locations in the abdominal cavity. c Intensity profiles are corresponding to the areas along the arrow
axis. Plot profiles of mKate2 through different weeks are indicated in black, red and blue, respectively. d
Ex vivo tissue examination postmortem. e Real-time quantification of total tumor-fluorescence surface area
(mm2) detected over 3 weeks post-cells injection. Scale bar: 10 mm

Data processing

We performed single-shot acquisition for all images. Based on our preliminary test of mice
(n = 6) bearing an MDA-MB-435s-mKate2 tumor, the intensity of autofluorescence excited
by 588 nm light was around 1000 counts. Thus, in the following in vivo studies the effective
fluorescent intensity of infected regions was set empirically above 1000 counts. The maximum intensity and area of infected region could be analyzed in real time during imaging.
For the MDA-MB-435s-mKate2 cells, 1 s exposure time was used for all experiments. For
the MDA-MB-231-Luc-GFP cells, d-luciferin was injected intraperitoneally, and the bioluminescence signal was acquired 15 min post d-luciferin injection. The exposure time of
bioluminescence was 30 s in the subcutaneous and in vitro cases, while the time 300 s was
used for the abdominal and organs (lung and liver) detection cases. Furthermore, GFP was
used for detection of MDA-MB-231 tumor in ex vivo and in vitro (excluding the testing for
the sensitivity and linearity of the optical imaging system) tests. Also, the raw data were
acquired under the control of baseline clamp and processed using Andor SOLIS, and therefore the background was not related to exposure time any more. The maximum intensity
and the area of the infected regions were calculated using a plugin of Andor SOLIS. The
brightness and contrast of images were processed using ImageJ. The curves and linear fitting were recalculated using Origin 8.0.

Results
Cell sensitivity in vitro and ex vivo

The in vitro experimental results of tumor expressing mKate2 and tumor expressing
Luc showed good sensitivity and excellent linearity by this optical imaging system. As
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explained in Fig. 1b, after linear fitting, an excellent correlation (coefficients of R
 2 > 0.99)
was found between mKate2 and Luc expressing tumor cells. Moreover, since the slope
of mKate2 is steeper than the one of Luc within 1 s, mKate2 expressing tumor performs
higher sensitivity compared with Luc expressing tumor. Yet, compared with Luc expressing tumor, the fluorescence penetration ability of mKate2 is limited within 6 mm of
imaging depth (Fig. 1c). In addition, before and after each experiment (including in vivo
and in vitro experiments), tumor cells (Fig. 1d, e) and tumor tissues (Fig. 1f, g) were carefully examined under fluorescence microscope.
Subcutaneous imaging

In order to investigate tumor development, as well as the report gene sensitivity in the
subcutaneous compartment, mKate2 expressing tumor and a dual reporter gene LucGFP expressing tumor injected in the right and left flank of a single mice, respectively.
Briefly, the first subcutaneous tumor images were taken 2 h post cell injection (Fig. 2a).
At this time point particularly interesting was the intensity of mKate2 protein that
was recorded around 1000 counts across the left to right side of the mouse (from 300
to 500 pixels). Based on preliminary data, the intensity of autofluorescence excited by
588 nm light was around 1000 counts in mice (n = 6) bearing an MDA-MB-435s-mKate2
tumor. These counts have been majorly derived from the autofluorescence contribution
and, partly from filters’ crossover. Due to its reduced autofluorescence and the shallow
position, the effective mKate2 fluorescence could be recorded without any complicated
signal processing algorithms. However, the 1000 counts should be treated as negative
signals and should be removed in the following study.
The rest of images were taken once a week for the next 30 days, Fig. 2b. The tumor
burden (mm2) was calculated by quantification of tumor-luminescence surface area
detected with the optical imaging system, Fig. 2e. Although bioluminescent Luc indicated great signal-to-noise ratio in vivo, mKate2 proteins perform comparable (Fig. 2c)
or even better (Fig. 2d) signals under only 8 mW illumination within the bandwidth of
40 nm. Moreover, the exposure time of mKate2 was 30 times shorter, i.e. under current
experimental conditions, the brightness of mKate2 was 30 times greater than the bioluminescence in the other cell line. Finally, after 4 weeks, the mouse was euthanized and
the tumor tissue was examined (Fig. 2f ). For the dual reporter gene Luc-GFP expressing tumor, GFP excitation and emission filters were used. This data suggests that both
mKate2 fluorescent tumor and Luc bioluminescent tumor have the potential to be used
for detection of subcutaneous tumor growth in vivo. Furthermore, mKate2 is considered
a superior choice compared to Luc bioluminescence, because shorter exposure time is
needed and no need of substrate injection.
Abdominal imaging

To demonstrate the feasibility of the cell lines for in vivo imaging, mKate2 and LucGFP expressing tumor cells were also investigated in the abdominal region. Firstly,
MDA-MB-435s-mKate2 cells were directly injected in the abdominal cavity. The first
images (Fig. 3a), which were taken immediately after cell injection, indicated the location of tumor cells in the abdomen (position of injection). Three weeks later, 10 times
greater fluorescence intensity was found in the central part of the abdomen which
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suggested that the tumor cell has proliferated and migrated to another location,
(Fig. 3b–e), which was consistently confirmed by ex vivo examination (Fig. 3d). These
results suggested that mKate2 could be used for tumor investigation in the abdominal
area. However, unlike in the subcutaneous tumor case, diffusive photons can aggravate precise information over 1 mm in the living tissue, therefore fluorescent proteins
in the diffusive regions of the living tissues were only able to approximately report the
location of the tumor.
In contrast to mKate2 expressing tumor, MDA-MB-231-Luc-GFP has shown to be a
better choice when monitoring the tumor in a diffusive area such as abdominal cavity.
Taking into account that bioluminescence report genes do not require an excitation
light that consequently leads to significantly lower background (lower autofluorescence) for imaging, MDA-MB-231-Luc-GFP was tested using a different approach in
order to simulate a fast and spontaneous tumor cells invasion. Briefly, 1 mm3 MDAMB-231-Luc-GFP tumor tissue was carefully implanted in the liver (Fig. 4a). Over
time, the tumor bioluminescence was detected with significantly higher intensity in
the abdominal cavity, suggesting the rapid and spontaneous cell invasion in the abdomen (Fig. 4b, e). The corresponding intensity profiles of Fig. 4a, b are shown in Fig. 4c,
d, respectively. Finally, the ex vivo results clearly presented the evidence of tumor tissue in the infected region (Fig. 4f ). Furthermore, these results demonstrate that Luc
reporter gene expressing tumor could be a good choice for studying a spontaneous
tumor invasion and migration after further orthotropic tumor implantation in the
liver.

Fig. 4 In vivo images of MDA-MB-231-Luc-GFP tumor tissue in the liver and abdominal area. a, b Images of
tumor tissue implanted in the liver and, consequently tumor invasion and migration of cells in the abdominal
cavity. c, d Intensity profiles are corresponding to the area along the arrow axis. Plot profiles of Luc in the
liver and abdomen weeks are indicated in black and magenta, respectively. e Real-time quantification of
total tumor-fluorescence surface area (mm2) detected over 3 weeks post-tumor tissue implantation. f Ex vivo
tissue examination postmortem. Scale bar: 10 mm
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Deep tissue imaging

Besides the diffusive media, complex circulation systems play a critical role when using
in vivo imaging in deeper compartments such as liver. Oxygenated and deoxygenated
hemoglobin are dominant photon absorbers in the visible spectrum region [38]. In the
previous experiment, we have demonstrated that the Luc expressing tumor could be a
very good choice for orthotropic tumor implantation in the liver because of low autofluorescence interfering from blood or other surrounding tissues. Yet, in order to avoid the
existent fluorescent interference from hemoglobin, MDA-MB-435s-mKate2 cells were
employed. Briefly, mKate2 expressing cells were injected directly in the left liver lobe.
The first data was acquired immediately after surgical operation (Fig. 5a). Similar to the
abdominal case, we noticed a rapid cell distribution in a large area of the liver. Consequently, after the wound healed completely, the fluorescence signal was detected with
higher intensity, compared with week 1, in the central liver region (Fig. 5b). During the
longitudinal observation of tumor growth, the lesion consolidated and proliferated suspiciously in the liver region (Fig. 5c, e). Once again, all suspicious areas were investigated
ex vivo, confirming the mKate2 signal in the liver (Fig. 5d). These results have demonstrated that, besides bioluminescence, a far-red fluorescence protein mKate2 expressing
tumor can also be used as a good choice for high blood organ imaging such as liver, with
minimum interference detection from hemoglobin protein.
Finally, in order to investigate the Luc and mKate2 expressing tumor cells in even
deeper body compartments such as lung, tail vein injection of the two cell lines were
performed. Using this approach, tumor cells were allowed to spontaneously invade the
mouse lungs. Two weeks post cell injection, bioluminescence signal was detected in the

Fig. 5 Fluorescence images of liver implanted MDA-MB-435s-mKate2 tumor cells. a, b In vivo images of
tumor development in liver. c Intensity profiles are corresponding to the areas along the arrow axis. Plot
profiles of mKate2 through different weeks are indicated in black, red and blue, respectively. d Ex vivo
tissue examination postmortem. e Real-time quantification of total tumor-fluorescence surface area ( mm2)
detected over 3 weeks post-cells injection. Scale bar: 10 mm
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Fig. 6 Investigation of MDA-MB-231 tumor expressing Luc-GFP in the mouse lungs. a, b In vivo images
of tumor cells invading in the lung. c Ex vivo tissue examination postmortem. d Intensity profiles are
corresponding to the area along the arrows. e T Real-time quantification of total tumor-fluorescence surface
area (mm2) detected over 5 weeks post-cells injection. Scale bar: 10 mm

lung (Fig. 6a). In the following 3 weeks, other new sites of Luc signals were observed
around the lung. These results indicated that the tumor invasion of a new lung region
(Fig. 6b). The excellent signal to background ratio promised the long-term investigation of invasive and migratory conditions dynamically (Fig. 6d, e). After the mouse was
dissected, the GFP fluorescence confirmed tumor lesions in the lung rather than other
organs (Fig. 6c). Unfortunately, contrary to MDA-MB-231-Luc-GFP, we were not able to
detect any mKate2 expressing tumor cells in that region, which may be explained from
two aspects. The excitation and fluorescence light may not be able to penetrate through
different intercostal space placed over the lungs. Besides, the excitation light could also
contribute to the background. These results indicate that Luc reporter gene expressing
tumor could be a good choice to trace the invasion and migration of tumor in deeper
tissue, e.g. lung.

Discussion
In this work, all data, were acquired by our home-made low-power imaging system. Our
results suggested that this new system could be used for both fluorescence and bioluminescence imaging in live animals. Additionally, low power but sufficient excitation,
is beneficial to alleviate the potential photo quenching and strong light induced cell
damage [39, 40]. In the oncological studies, the far-red protein, mKate2, was useful to
report tumor growth with high brightness, pH resistance and good photo stability no
matter in subcutaneous tissues or in situ organs like liver. Over the past years, mKate2
has been applied to investigate mesenchymal stem cells (MSC) delivery by deep tissue
imaging [41–43]. In some other studies, the reagents were inserted in the esophagus
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of euthanized mice [44, 45]. Moreover, mKate2 was used for whole body imaging after
whole-body clearing [46]. Yet, so far, no studies have investigate the sensitivity and stability of mKate2 in deep tissue. The present study explored the application of mKate2
for real-time detection of tumor in whole-body, including the deep tissue compartment.
Furthermore, to compensate the limited sensitivity of mKate2 in deeper body compartment such as lung, we also applied the firefly bioluminescent Luc to prove the feasibility of tracking the tumor proliferation, invasion and migration in those regions. The
combination of bioluminescence and fluorescence reporters could be a highly valuable
method for monitoring and detecting malignant cells in vivo. Based on anatomy of mice
and other publications [47–49], the imaging depth of subcutaneous imaging could be
0.2–0.5 mm, the depth of abdominal imaging could between 0.5 and 1.0 mm, the depth
of liver could be approximately 1 mm, and the depth of lung imaging could between 3
and 10 mm.
Currently, researchers tend to acquire three-dimensional information of location and
size of tissue with relatively quantitative result, based on a reconstructive algorithm.
This is indeed the future trend in this field, but this reconstructive algorithm has not
yet reached a state of accuracy that allows its routine use in most labs worldwide. As
a result, three-dimensional reconstruction requires longer time, while two-dimensional
method could provide rapid information [50]. Our research group is simultaneously
developing a new generation of optical tomography system and corresponding reconstructive algorithm for quantitative and three-dimensional study [51, 52]. The critical
issues are the ill-posed nature of reconstruction and the acquirement of planar imaging
with sufficient signal to noise ratio. For the first issue, researchers have already combined
optical tomography with X-ray computed tomography together to get the precise priori
information for reconstruction [53–55]. Moreover, on our multi-modality molecular
imaging system [56], similar studies have been carried out. Moreover, even with priori
information [57], researchers have already developed surface optical tomography system
[58, 59]. Thus, in this work, we focused on the feasibility of using reporter genes for a
long-term investigation of tumor growth in mice by a low-power imaging system, and in
the future, this strategy holds the potential to be applied in these systems.
The autofluorescence in the epi-illumination system is one of the biggest challenges
when working with fluorophores. Although, mKate2 showed very promising results in
this work because of the reduced optical diffusion and increased wavelengths, autofluorescence still highly contributed with about 1000 counts to the background noise, which
compressed the dynamic range of detector and deteriorated the detecting threshold in
live tissues. In addition, skin and colon are the biological tissues that produce the majority of autofluorescence, thus limiting in vivo imaging quantification [60]. Furthermore,
results from separate investigations on mKate2 and firefly Luc indicate that the combination of mKate2 and firefly Luc has the potential to compensate the performance
of each other in different oncological studies in vivo; however, there should be a tradeoff between exposure time and sensitivity. In order to acquire a better performance of
genetic tagging tumor in deeper compartments, one direction is to use the far-infrared
proteins [61–63]. With higher photostability and low cytotoxicity, these proteins can be
applied for whole-body imaging. Recently, researchers have also studied time-resolved
measurements, spectral un-mixing approaches and other methods based on subtraction
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of background [64–67]. All these methods have a potential to minimize the autofluorescence in this system in the future.

Conclusions
In this paper, we demonstrated the feasibility and sensitivity of a near infrared (NIR)
fluorescent protein mKate2 for a long-term non-invasive tumor imaging in live mice, by
using a low-power optical imaging system (LP-OIS), which alleviates the photo quenching and cell damage induced by strong light. The combination of mKate2 and fLuc offers
a superior choice for long-term non-invasive real-time investigation of tumor biological
behavior in vivo.
Authors’ contributions
Conceptualization: QR, HS, JLi, CL and YL. Methodology: KZ, YD, IV and YT. Software: YD, YH and CL. Validation: HS and YL.
Formal analysis: KZ, YD, IV, HS and YL. Investigation: KZ., YD, IV, YT, JLiu and YH. Resources: QR, CL and JLi. Writing-original
draft preparation: KZ, IV and YD. Writing-review and editing: HS and YL. Visualization: KZ, IV and YD. Supervision: QR, JLi,
HS and YL. Funding acquisition: QR, HS, CL and JLi. All authors read and approved the final manuscript.
Author details
1
Department of Biomedical Engineering, College of Engineering, Peking University, No. 5 Yiheyuan Road, Beijing 100871,
China. 2 Laboratory Animal Centre, Peking University, No. 5 Yiheyuan Road, Beijing 100871, China.
Acknowledgements
The authors would like to thank Prof. Jie Tian, Institute of Automation, Chinese Academy of Sciences, Beijing, for providing the MDA-MB-231-Luc-GFP cell line.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
The datasets analyzed in this study are available from the corresponding author on reasonable request.
Consent for publication
Each participant agreed that the acquired data can be further scientifically used and evaluated. For publication, we made
sure that no individual can be identified.
Funding
This research was funded by National Science and Technology Major Project of the Ministry of Science and Technology
of China [2011YQ030114], the National Natural Science Foundation of China [81421004], and Natural Science Foundation
of Beijing Municipality [7162113].

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 7 September 2018 Accepted: 5 December 2018

References
1. Weissleder R, Mikael JP. Imaging in the era of molecular oncology. Nature. 2008;452(7187):580–9. https://doi.
org/10.1038/nature06917.
2. Weissleder R. Scaling down imaging: molecular mapping of cancer in mice. Nat Rev Cancer. 2002;2(1):11–8. https://
doi.org/10.1038/nrc701.
3. Gambhir SS. Molecular imaging of cancer with positron emission tomography. Nat Rev Cancer. 2002;2(9):683–93.
https://doi.org/10.1038/nrc882.
4. Rudin M, Weissleder R. Molecular imaging in drug discovery and development. Nat Rev Drug Discov. 2003;2:123–31.
https://doi.org/10.1038/nrd1007.
5. Yang M, Baranov E, Moossa A, et al. Visualizing gene expression by whole-body fluorescence imaging. Proc Natl
Acad Sci USA. 2000;97(22):12278–82. https://doi.org/10.1073/pnas.97.22.12278.
6. Yang M, Baranov E, Jiang P, et al. Whole-body optical imaging of green fluorescent protein-expressing tumors and
metastases. Proc Natl Acad Sci USA. 2000;97(3):1206–11. https://doi.org/10.1073/pnas.97.3.1206.
7. Shaner N, Steinbach PA, Tsien RY. A guide to choosing fluorescent proteins. Nat Methods. 2005;2:905–9. https://doi.
org/10.1038/nmeth819.
8. Ntziachristos V. Fluorescence molecular imaging. Annu Rev Biomed Eng. 2006;8:1–33. https://doi.org/10.1146/annur
ev.bioeng.8.061505.095831.

Page 13 of 15

Zhou et al. BioMed Eng OnLine

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

(2018) 17:187

Shcherbo D, Murphy CS, Ermakova GV, et al. Far-red fluorescent tags for protein imaging in living tissues. Biochem J. 2009;418:567–74. https://doi.org/10.1042/BJ20081949.
Hoffman RM. A better fluorescent protein for whole-body imaging. Trends Biotechnol. 2008;26:1–4. https://doi.
org/10.1016/j.tibtech.2007.10.006.
Shcherbo D, Merzlyak EM, Chepurnykh TV, et al. Bright far-red fluorescent protein for whole-body imaging. Nat
Methods. 2007;4:741–6. https://doi.org/10.1038/nmeth1083.
Shcherbakova DM, Vladislav VV. Near-infrared fluorescent proteins for multicolor in vivo imaging. Nat Methods.
2013;10(8):751–4. https://doi.org/10.1038/nmeth.2521.
Filonov GS, Piatkevich KD, Ting LM, et al. Bright and stable near-infrared fluorescent protein for in vivo imaging.
Nat Biotechnol. 2011;29(8):757–61. https://doi.org/10.1038/nbt.1918.
Cranfill PJ, Sell BR, Baird MA, et al. Quantitative assessment of fluorescent proteins. Nat Methods. 2016;13(7):557–
62. https://doi.org/10.1038/nmeth.3891.
Vuletic I, Liu J, Wu H, et al. Establishment of an mKate2-expressing cell line for non-invasive real-time breast
cancer in vivo imaging. Mol Imaging Biol. 2015;17(6):811–8. https://doi.org/10.1007/s11307-015-0853-5.
Choy G, O’Connor S, Diehn FE, et al. Comparison of noninvasive fluorescent and bioluminescent small animal
optical imaging. Biotechniques. 2003;35:1022–31. https://doi.org/10.2144/03355rr02.
Contag CH, Jenkins D, Contag PR, Negrin RS. Use of reporter genes for optical measurements of neoplastic
disease in vivo. Neoplasia. 2000;2:41–52. https://doi.org/10.1038/sj.neo.7900079.
Contag CH, Spilman SD, Contag PR, et al. Visualizing gene expression in living mammals using a bioluminescent
reporter. Photochem Photobiol. 1997;66:523–31. https://doi.org/10.1111/j.1751-1097.1997.tb03184.x.
Kim MY, Oskarsson T, Acharyya S, et al. Tumor self-seeding by circulating cancer cells. Cell. 2009;139:1315–26.
https://doi.org/10.1016/j.cell.2009.11.025.
Minn AJ, Gupta GP, Siegel PM, et al. Genes that mediate breast cancer metastasis to lung. Nature. 2005;436:518–
24. https://doi.org/10.1038/nature03799.
Wang G, Cong W, Durairaj K, et al. In vivo mouse studies with bioluminescence tomography. Opt Express.
2006;14:7801–9. https://doi.org/10.1364/OE.14.007801.
Hoffman RM, Yang M. Whole-body imaging with fluorescent proteins. Nat Protoc. 2006;1:1429–38. https://doi.
org/10.1038/nprot.2006.223.
Sharpless NE, DePinho RA. The mighty mouse: genetically engineered mouse models in cancer drug development. Nat Rev Drug Discov. 2006;5:741–54. https://doi.org/10.1038/nrd2110.
Ntziachristos V. Going deeper than microscopy: the optical imaging frontier in biology. Nat Methods.
2010;7:603–14. https://doi.org/10.1038/nmeth.1483.
Ntziachristos V, Ripoll J, Wang LV, Weissleder R. Looking and listening to light: the evolution of whole-body
photonic imaging. Nat Biotechnol. 2005;23:313–20. https://doi.org/10.1038/nbt1074.
Chaudhari AJ, Darvas F, Bading JR, et al. Hyperspectral and multispectral bioluminescence optical tomography
for small animal imaging. Phys Med Biol. 2005;50:5421–41. https://doi.org/10.1088/0031-9155/50/23/001.
Paroo Z, Bollinger RA, Braasch DA, et al. Validating bioluminescence imaging as a high-throughput, quantitative
modality for assessing tumor burden. Mol Imaging. 2004;3:117–24. https://doi.org/10.1162/1535350041464865.
Deliolanis N, Lasser T, Hyde D, et al. Free-space fluorescence molecular tomography utilizing 360 geometry
projections. Opt Lett. 2007;32:382–4. https://doi.org/10.1364/OL.32.000382.
Godavarty A, Thompson AB, Roy R, et al. Diagnostic imaging of breast cancer using fluorescence-enhanced
optical tomography: phantom studies. J Biomed Opt. 2004;9:488–96. https://doi.org/10.1117/1.1691027.
Zacharakis G, Ripoll J, Weissleder R, Ntziachristos V. Fluorescent protein tomography scanner for small animal
imaging. IEEE Trans Med Imaging. 2005;24:878–85. https://doi.org/10.1109/TMI.2004.843254.
Zacharakis G, Kambara H, Shih H, et al. Volumetric tomography of fluorescent proteins through small animals
in vivo. Proc Natl Acad Sci USA. 2005;102:18252–7. https://doi.org/10.1073/pnas.0504628102.
Leblond F, Davis SC, Valdés PA, Pogue BW. Pre-clinical whole-body fluorescence imaging: review of instruments,
methods and applications. J Photochem Photobiol B Biology. 2010;98:77–94. https://doi.org/10.1016/j.jphot
obiol.2009.11.007.
Baker M. Whole-animal imaging: the whole picture. Nature. 2010;463:977–80. https://doi.org/10.1038/463977a.
Day RN, Davidson MW. The fluorescent protein palette: tools for cellular imaging. Chem Soc Rev. 2009;38:2887–
921. https://doi.org/10.1039/b901966a.
Shaner NC, Patterson GH, Davidson MW. Advances in fluorescent protein technology. J Cell Sci. 2007;120:4247–
60. https://doi.org/10.1242/jcs.005801.
Giepmans BN, Adams SR, Ellisman MH, Tsien RY. The fluorescent toolbox for assessing protein location and function. Science. 2006;312:217–24. https://doi.org/10.1126/science.1124618.
Troy T, Jekic-McMullen D, Sambucetti L, Rice B. Quantitative comparison of the sensitivity of detection of fluorescent and bioluminescent reporters in animal models. Mol Imaging. 2004;3:9–23. https://doi.org/10.1162/15353
5004773861688.
Faber DJ, Maurice CGA, Egbert GM, et al. Oxygen saturation-dependent absorption and scattering of blood.
Phys Rev Lett. 2004;93(2):028102. https://doi.org/10.1103/PhysRevLett.93.028102.
Najbar J, Marek M. Mechanisms of fluorescence quenching of aromatic molecules by potassium iodide and
potassium bromide in methanol–ethanol solutions. J Chem Soc Faraday Trans. 1991;87(10):1523–9. https://doi.
org/10.1039/FT9918701523.
Hoebe RA, Van Oven CH, Gadella TWJ Jr, et al. Controlled light-exposure microscopy reduces photobleaching
and phototoxicity in fluorescence live-cell imaging. Nat Biotechnol. 2007;25(2):249–53. https://doi.org/10.1038/
nbt1278.
Li Z, Hu X, Mao J, et al. Optimization of mesenchymal stem cells (MSCs) delivery dose and route in mice with
acute liver injury by bioluminescence imaging. Mol Imaging Biol. 2015;17:185–94. https://doi.org/10.1007/s1130
7-014-0792-6.

Page 14 of 15

Zhou et al. BioMed Eng OnLine

(2018) 17:187

42. Liu J, Hu X, Li Z, et al. In vivo bioluminescence imaging of transplanted mesenchymal stromal cells and their
rejection mediated by intrahepatic NK cells. Mol Imaging Biol. 2017;19:31–40. https://doi.org/10.1007/s1130
7-016-0962-9.
43. Wu C, Li J, Pang P, et al. Polymeric vector-mediated gene transfection of MSCs for dual bioluminescent and MRI
tracking in vivo. Biomaterials. 2014;35:8249–60. https://doi.org/10.1016/j.biomaterials.2014.06.014.
44. Deliolanis NC, Ale A, Morscher S, et al. Deep-Tissue reporter-gene imaging with fluorescence and optoacoustic tomography: a performance overview. Mol Imaging Biol. 2014;16:652–60. https://doi.org/10.1007/s1130
7-014-0728-1.
45. Chu J, Haynes RD, Corbel SY, et al. Non-invasive intravital imaging of cellular differentiation with a bright red-excitable fluorescent protein. Nat Methods. 2014;11:572–8. https://doi.org/10.1038/nmeth.2888.
46. Tainaka K, Kubota SI, Suyama TQ, et al. Whole-body imaging with single-cell resolution by tissue decolorization. Cell.
2014;159:911–24. https://doi.org/10.1016/j.cell.2014.10.034.
47. Welsher K, Sherlock SP, Dai H. Deep-tissue anatomical imaging of mice using carbon nanotube fluorophores in the
second near-infrared window. P Natl Acad Sci USA. 2011;108(22):8943–8. https://doi.org/10.1073/pnas.1014501108.
48. Yang M, Baranov E, Jiang P, et al. Whole-body optical imaging of green fluorescent protein-expressing tumors and
metastases. P Natl Acad Sci USA. 2000;97(3):1206–11. https://doi.org/10.1073/pnas.97.3.1206.
49. Zhang L, Li D, Luo S. Non-invasive microstructure and morphology investigation of the mouse lung: qualitative description and quantitative measurement. PLoS ONE. 2011;6(2):e17400. https://doi.org/10.1371/journ
al.pone.0017400.
50. Liu M, Guo H, Liu H, et al. In vivo pentamodal tomographic imaging for small animals. Biomed Opt Express.
2017;8:1356–71. https://doi.org/10.1364/BOE.8.001356.
51. Ding Y, Zhai X, Wang G, et al. Developing a free-space fluorescence molecular tomography system. In: Twelfth
international conference on photonics and imaging in biology and medicine (PIBM). 2014;9230:923022–7. https://
doi.org/10.1117/12.2068919.
52. Wang G, Zhang B, Ding Y, et al. A modularly designed fluorescence molecular tomography system for multi-modality imaging. J X-ray Sci Technol. 2015;23:147–56. https://doi.org/10.3233/XST-150478.
53. Zhang B, Gao F, Wang M, et al. In vivo tomographic imaging of lung colonization of tumour in mouse with simultaneous fluorescence and X-ray CT. J Biophotonics. 2014;7:110–6. https://doi.org/10.1002/jbio.201300037.
54. Radrich K, Mohajerani P, Bussemer J, et al. Limited-projection-angle hybrid fluorescence molecular tomography of
multiple molecules. J Biomed Opt. 2014;19:046016. https://doi.org/10.1117/1.JBO.19.4.046016.
55. Ale A, Ermolayev V, Herzog E, Ntziachristos V. FMT-XCT: in vivo animal studies with hybrid fluorescence molecular
tomography-X-ray computed tomography. Nat Methods. 2012;9:615–20. https://doi.org/10.1038/nmeth.2014.
56. Lu Y, Yang K, Zhou K, et al. An integrated quad-modality molecular imaging system for small animals. J Nucl Med.
2014;55:1375–9. https://doi.org/10.2967/jnumed.113.134890.
57. Oborski MJ, Laymon CM, Lieberman FS, et al. First use of (18)F-labeled ML-10 PET to assess apoptosis change in a
newly diagnosed glioblastoma multiforme patient before and early after therapy. Brain Behav. 2014;4:312–5. https://
doi.org/10.1002/brb3.217.
58. Liu F, Cao X, He W, et al. Monitoring of tumor response to cisplatin by subsurface fluorescence molecular tomography. J Biomed Opt. 2012;17:0405041–3. https://doi.org/10.1117/1.JBO.17.4.040504.
59. Kepshire D, Davis SC, Dehghani H, et al. Fluorescence tomography characterization for sub-surface imaging with
protoporphyrin IX. Opt Express. 2008;16:8581–93. https://doi.org/10.1364/OE.16.008581.
60. Lin MZ, McKeown MR, Ng HL, et al. Autofluorescent proteins with excitation in the optical window for intravital
imaging in mammals. Chem Biol. 2009;16(11):1169–79. https://doi.org/10.1016/j.chembiol.2009.10.009.
61. Filonov GS, Piatkevich KD, Ting LM, et al. Bright and stable near-infrared fluorescent protein for in vivo imaging. Nat
Biotechnol. 2011;29:757–61. https://doi.org/10.1038/nbt.1918.
62. Shcherbo D, Shemiakina II, Ryabova AV, et al. Near-infrared fluorescent proteins. Nat Methods. 2010;7:827–9. https://
doi.org/10.1038/nmeth.1501.
63. Shu X, Royant A, Lin MZ, et al. Mammalian expression of infrared fluorescent proteins engineered from a bacterial
phytochrome. Science. 2009;324:804–7. https://doi.org/10.1126/science.1168683.
64. Deliolanis NC, Wurdinger T, Pike L, et al. In vivo tomographic imaging of red-shifted fluorescent proteins. Biomed
Opt Express. 2011;2:887–900. https://doi.org/10.1364/BOE.2.000887.
65. Hillman EM, Moore A. All-optical anatomical co-registration for molecular imaging of small animals using dynamic
contrast. Nat Photonics. 2007;1:526–30. https://doi.org/10.1038/nphoton.2007.146.
66. Davis SC, Dehghani H, Wang J, et al. Image-guided diffuse optical fluorescence tomography implemented with
Laplacian-type regularization. Opt Express. 2007;15:4066–82. https://doi.org/10.1364/OE.15.004066.
67. Mansfield JR, Gossage KW, Hoyt CC, Levenson RM. Autofluorescence removal, multiplexing, and automated analysis
methods for in vivo fluorescence imaging. J Biomed Opt. 2005;10:041207–9. https://doi.org/10.1117/1.2032458.

Page 15 of 15

