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Abstract
Purpose: Malignant gliomas are major causes of cancer-related mortality and morbidity.
Traditional surgery usually leads to incomplete resection of gliomas resulting in the high
incidence of tumor recurrence. Advanced medical imaging technology, such as fluorescence
imaging-guided surgery, combined with tumor-specific imaging probes allows the identification
of tumor margins and improved surgery. However, there are two pressing issues that need to be
addressed: first, few fluorescence imaging probes can specifically target gliomas; second,
fluorescence molecular imaging (FMI) cannot get the in-depth information of deep-seated
gliomas; both of which affect the complete removal of the gliomas.
Procedures: In this study, the biodistribution of smart matrix metalloproteinase (MMP) targeting
near-infrared (NIR) fluorescent probe MMPSense 750 FAST (MMP-750) was examined in both
U87MG-GFP-fLuc glioma xenograft and orthotopic mouse models using FMI. Then, CT and FMI
images of orthotopic gliomas were acquired for the reconstruction of fluorescence molecular
tomography (FMT) using a randomly enhanced adaptive subspace pursuit (REASP) algorithm.
Furthermore, the resection of orthotopic glioma was performed using the fluorescence surgical
navigation system after the injection of the MMP-750 probe. After surgery, bioluminescence
imaging (BLI) and hematoxylin and eosin staining were carried out to confirm the precision
resection of the tumor.
Results: FMI results showed that the MMP-750 probe can specifically target U87MG glioma
in vivo. FMT presented the spatial information of the orthotopic glioma using the REASP
reconstruction algorithm. Furthermore, MMP-750 could effectively delineate the tumor margin
during glioma surgery leading to a complete resection of the tumors.
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Conclusions: The smart MMP-750 specifically targets the glioma and FMT of MMP-750 provides
3D information for the spatial localization of the glioma. MMP-750 can work as an ideal
fluorescence probe for guiding the intraoperative surgical resection of the glioma, possessing
clinical translation.
Key words: Matrix metalloproteinase, Image-guided surgery, Glioma, Fluorescence molecular
tomography

Introduction
Malignant glioma, the most common primary brain tumor,
accounts for about 2 % of all cancers and represents one of
the most life-threatening diseases [1]. Although surgery is
usually followed by chemotherapy and radiation therapy, the
recurrence rate is extremely high due to residual lesions after
the operation, which ultimately leads to the death of patients.
Surgeons usually assess tumor boundaries based on their
experience during surgery. However, it is difficult to
distinguish tumor tissue and normal tissue intraoperatively
due to possible micro-invasion of the surrounding tissues,
and positive tumor margins can develop in local or locoregional recurrence following surgical therapy. Thus, defining a method to objectively assess tumor margins during
surgery is urgently needed for precision medicine [2].
Although anatomical and functional imaging techniques
such as positron emission tomography (PET), magnetic
resonance imaging (MRI), and computed tomography (CT)
have played an important role in accurate preoperative
diagnostics, most parts of these techniques cannot be applied
intraoperatively [3]. In some cases, intraoperative MRI and
CT scanning are used by surgeons, but intraoperative
systems are costly and complex for neurosurgery. Ultrasound and X-ray imaging are used during cancer surgery,
but these modalities lack the possibility of using targeted
contrast agents to specifically visualize certain cell types and
expose patients to ionizing radiation [4].
Optical imaging, fluorescence and bioluminescence imaging are emerging imaging modalities that offer high
sensitivity, high spatial resolution, low cost, real-time data
acquisition and do not use ionization radiation. Optical
molecular imaging is a promising technique that provides a
high degree of sensitivity and specificity in tumor margin
detection, and has received increasing attention in recent
years [5]. Fluorescence molecular imaging (FMI), as one of
the optical imaging methods, possesses the potential to help
distinguish normal and tumor tissues by injecting the
fluorescent agent, and is demonstrated as a feasible method
for precise intraoperative tumor positioning and guidance of
surgery [6–9]. However, the limited penetration depth of
FMI prevents its application for deep tumor imaging of
gliomas [10]. Fluorescence molecular tomography (FMT)
can overcome this problem by taking into account the
diffuse nature of photon propagation in tissues, and serves as
an ideal technique for detection in deep tissues [11]. FMT

can produce accurate tomographic reconstruction and visualization of the deep light source in 3D mode by combining
micro-CT and fluorescence images. It is also reported that
FMT can resolve protease activity in vivo, and FMT has
considerable advantages over existing imaging technologies
in providing high-throughput functional information in
living animals [12].
There is a pressing need to develop new diagnostic
imaging agents combined with FMI for the detection of
glioma at an early stage and intraoperative detection. Matrix
metalloproteinases (MMPs) are expressed in cancers at
much higher levels than in normal tissues and the extent of
expression has been shown to be correlated with tumor
stage, tumor progression [13], invasiveness [14, 15], and
metastasis [16]. MMPs degrade collagen IV and further
enable the escape of cancer cells to other organs. The
fluorescence-labeled MMP probe has been shown to be able
to efficiently and abundantly accumulate in tumor areas for
targeted tumor imaging [17, 18]. The probe only responds to
the tumor microenvironment but not healthy tissues, hence
possessing a higher tumor targeting specificity.
In this study, the application of MMP-750 for the targeted
fluorescence imaging of orthotopic glioma was initially
examined using FMI, and then the FMT of MMP-750 was
reconstructed to provide the depth and volumetric information for the glioma in situ. Finally, the image-guided
intraoperative surgery using MMP-750 agent was performed
for the precise resection of the glioma. The tumor residuals
after surgery were assessed using GFP and bioluminescence
imaging (BLI) and histology. The results of our study
suggested that the MMP-750 fluorescent imaging agent
facilitates targeted imaging and detection of gliomas and
complete removal of gliomas during surgery, realizing
precision medicine.

Materials and Methods
Materials and Reagents
A human U87MG glioma cell line was obtained from the
American type culture collection (ATCC, USA), and the
U87MG cell line was stably transfected with the GFPluciferase gene (U87-GFP-fLuc). The culture medium and
fetal bovine serum (FBS) were purchased from HyClone
(Thermo Scientific, USA). D-Luciferin was bought from
Biotium (Fremont, CA, USA). MMPSense 750 FAST
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(MMP-750) was purchased from PerkinElmer (Waltham,
MA, USA).

Cell Culture
Human U87MG-GFP-fLuc glioma cells were cultured in
Dulbecco’s modified Eagle medium and supplemented with
10 % fetal bovine serum (FBS). The cells were maintained at
37 °C in an incubator with 5 % CO2.

Experimental Animal Models
All animal experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use
Committee (IACUC) at Peking University (Permit No:
2011-0039). The experiments were carried out on 4~5week-old male BALB/c athymic mice weighing 15–18 g
(Vital River Laboratory Animal Technology Corporation,
Beijing, China). Purina Chow and water were available ad
libitum. Ambient temperature was set to 22–23 °C. The
subcutaneous tumor model (n = 20) was established by
injecting 107 U87MG cell suspension subcutaneously in
the backs of the mice. The orthotopic tumor model (n = 20)
was established after being anesthetized with sodium
pentobarbital, and the mice were attached to the stereotaxic
system (David Kopf Instruments, Tujunga, CA). After
disinfection and incision of the skin, a midline incision
was made through the skin overlying the cranium. A small
hole was made in the skull using a bone drill, and then the
106 cells were implanted into the brain (2 mm posterior and
2 mm lateral, and 2.5 mm behind the bregma) using a
Hamilton syringe (Anting Co. Shanghai, China). The needle
was slowly withdrawn after the cell infusion, and the scalp
was closed with sutures.

In Vivo Bioluminescent Imaging
The BLI of the glioma was acquired as a reference for the
localization of the tumor in vivo. Before BLI was acquired,
the mice were anesthetized and injected intraperitoneally
with D-luciferin (150 mg/kg) for 8 min. The data were then
collected with an IVIS Spectrum Imaging System
(PerkinElmer, USA).

Biodistribution of the Fluorescent Probe
The MMP-750 probe was reconstituted with 1.2 ml of 1×
phosphate-buffered saline (PBS) before intravenous injection of the animals at a dose of 2 nmol (100 μl) per mice.
The in vivo biodistribution of the MMP750 probe was
dynamically monitored using the IVIS Spectrum Imaging
System (PerkinElmer, USA) at different time points after
intravenous injection.

Micro-CT/FMI System
In order to determine the specific spatial location and brain
tumor volume in living mice preoperatively, FMT was
implemented using the data obtained from the micro-CT/
FMI system. The schematic illustration of the micro-CT/FMI
system is shown in Fig. 1a.
The micro-CT/FMI imaging system is located in a dark
lead room that can block both external lights and X-rays.
The micro-CT system consists of a micro-focus X-ray source
(UltraBright, Oxford Instruments, USA). The target voltage
of the X-ray tube is 90 kVp. There is a 120 mm × 120 mm
photodiode area for the X-ray flat panel detector (C7942CA02, Hamamatsu, Japan). For the FMI system, it was excited
via a 749 nm continuous wave laser. The fluorescence image
was captured by a near-infrared charged-coupled device
camera (VersArray, Princeton Instruments, USA). The
reflectance mode was adopted to obtain the fluorescent
signal. The excitation angles were set to 0°. It is worth
mentioning that they are all mounted on a vertical electric
turntable rotating at a uniform speed.

In vivo FMT of the Orthotopic Glioma Model
FMT was implemented on orthotopic glioma mice 24 h after
intravenous injection of the MMP-750 probe on the 9th day
after the tumor cell implantation. The mice were anesthetized with 2 % isoflurane and placed on a flat plate
perpendicular to the turntable. First, the FMI signal was
captured by the CCD camera, and then anatomic information
was collected using the micro-CT system.

Reconstruction Method
The data processing procedure is shown in Fig. 1b. First,
micro-CT and the fluorescence image were preprocessed for
the reconstruction of FMT. Four main biological tissues
including the brain, lung, heart, and bone were segmented
and assembled through CT data. The optical properties of
the biological tissues were allocated according to Table 1
[19, 20]. Then, the assembled torso model was meshed using
the finite element method, and the image domain was
discretized into 3862 nodes and 18,692 tetrahedrons. Third,
the measured fluorescent data were mapped onto the mouse
surface to complete the energy mapping and registration.
Finally, the registration and mesh generation were both
performed to realize FMT by the reconstruction algorithm.
From the perspective of compressed sensing, the tumor
reconstruction was conducted as sparse signal recovery.
Hence, a randomly enhanced adaptive subspace pursuit
(REASP) method was utilized for fluorescence tomography
reconstruction [21]. REASP adds relative and irrelative
atoms with an adaptive technique and a random strategy,
respectively. Compared to the general subspace pursuit
algorithms, REASP enhances the reconstruction accuracy
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Fig. 1 The main procedures of data acquisition and processing. a The scheme of the multimodality imaging system. b Data
processing for reconstruction of fluorescence molecular tomography.

and robustness. Figure 2 describes the outline of the
proposed algorithm.
Where A is a M × N matrix, Φ is a measurement vector,
K is a sparsity level, μ is a preset atom-addition parameter
threshold, Nmax is the number of maximum iterations
allowed, and q is a preset upper bound of the estimated
set’s cardinality. Here, μ is set to 0.7, Nmax = M, and q =
0.8⌈M⌉. I = {indices of K largest absolute value in
A ⊺ Φ}(estimated support set), x0 ¼ A†I Φ, r 0 = Φ − Ax 0 ,
E = {1,2, ⋯,N} (the whole coordinate set),S0 = ϕ, and D0 = ϕ.

Histological Studies
Mice were euthanized after surgery, and the brain and tumor
tissues were excised, fixed, and embedded in paraffin.
Continuous sections (4 μm) were obtained and prepared
for hematoxylin and eosin (H & E) staining.

Statistical Analysis

FMI-Guided Surgery
A total of 20 orthotopic mice were randomly divided into
two groups (n = 10 per group). For the traditional surgery,
surgeons performed surgeries according to their experience
and perception without aid of image guidance. For the FMIguided surgery group, the mice were intravenously injected
with the MMP-750 probe, and real-time intraoperative
fluorescence image-guided surgery was performed 24 h
post-injection under a fluorescence stereomicroscope (Leica,
Table 1. The optical scattering and absorption properties of the mice’
tissues at 749 nm (excitation) and 775 nm (emission)

Bone
Heart
Lung
Muscle
Brain

M205 FA, Germany) by surgeons. Mice were imaged by
GFP and BLI (PerkinElmer, USA) before and after surgery
to detect the tumor residuals.

μsx(m−1)

μsm(m−1)

μax(m−1)

μam(m−1)

2118
822
2049
313
1262

2015
783
2013
285
1195

60.17
59.19
190.85
85.96
26.90

52.37
52.26
163.88
74.820
26.95

The experimental data were analyzed using Prism 5.0 (San
Diego, CA, USA). Data were presented as means ± SEM
from three independent experiments. One-way analysis of
variance (ANOVA) and Tukey’s multiple comparison tests
or Student’s t tests were used to determine significant
differences. Differences with P values of less than 0.05
were regarded as statistically significant.

Results
In Vivo MMP-750 Biodistribution
The in vivo biodistribution and tumor targeting effect of
MMP750 were monitored on glioma xenograft bearing mice
with a tumor volume around 100 mm3 at different time
points after the injection of MMP-750. The tumor location is
indicated by BLI in Fig. 3a. As shown in Fig. 3b, the
fluorescence signal at the tumor site increased gradually
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Fig. 2 Diagram for the randomly enhanced adaptive subspace pursuit (REASP) algorithm.

from 1 to 24 h post-injection and FMI revealed good glioma
targeting effects. The fluorescence signal was retained for at
least 36 h post-injection, and then the intensity decreased
thereafter during the observation period. The tumor to
background ratio (TBR) of fluorescence imaging was
measured and calculated, and the data in Fig. 3c showed
the highest ratio was around 24 h post-injection of the
MMP-750. Furthermore, 48 h after in vivo observation,
tumors and major organs of the mice were dissected and
processed for the ex vivo fluorescence imaging, and the data
in Fig. 3d confirmed the specific fluorescence signal in
tumors so that no observable fluorescence signal was present
in other organs.
The biodistribution of MMP-750 was further examined
using FMI on the orthotopic glioma mouse model, which
preserves the maximum extent of the cancer’s Bnatural^
microenvironment [22, 23]. BLI denotes the glioma location
in the brain of tumor-bearing mice (Fig. 3e). As shown in
Fig. 3f, the fluorescence signal was observed 1 h postinjection, and gradually increased. The fluorescence signal at
the brain tumor area reached a plateau 24 h post-injection
and maintained high intensity up to 36 h. The signal then
gradually declined thereafter till 48 h. The TBR of FMI was

correlated with in vivo FMI observation, and the data in Fig.
3g showed the highest TBR around 24–36 h post-injection.
The brain and major organs of the mice were dissected 48 h
after probe injection, and their fluorescence signals were
quantitatively analyzed. As shown in Fig. 3h, the fluorescence signal can be detected in glioma in the brain but not in
the other organs. These above results indicated that MMP750 can realize targeted in vivo fluorescence imaging of
gliomas.

MMP-750 FMT Reconstruction Results
FMT is a method that three-dimensionally resolves fluorescence biodistribution in vivo and serves as an ideal method
for deep tissue detection. The FMT reconstruction results of
MMP-750 for the orthotopic glioma mouse model were
shown in Fig. 4a, b from different views. The images clearly
showed that the orthotopic glioma, which was located in the
deep part of the brain and also the 3D images of the tumor
volume could be clearly visualized as indicted by the arrow.
These data can give us comprehensive information for the
preoperative evaluation of the glioma compared to FMI.
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Fig. 3 The biodistribution of MMP-750 in the xenograft and the orthotopic glioma mouse model. a BLI of the glioma xenograft.
b Continuous FMI observation of the glioma xenograft model. c The tumor-to-background ratio (TBR) of FMI for the glioma
xenograft-bearing mouse. dEx vivo fluorescence images of the dissected tumor and major organs at 48 h after the probe
injection. e BLI of the orthotopic glioma mouse model. f The dynamic fluorescence signal distribution of the orthotopic glioma
mouse model at different time points. g The tumor-to-background ratio (TBR) of FMI for orthotopic glioma mice. hEx vivo
fluorescence images of the dissected brain and major organs 48 h after the probe injection.

Intraoperative Detection and Resection of Glioma
by the Surgical Navigation System
FMI-guided intraoperative detection and resection of the
glioma 24 h after intravenous injection of MMP-750 is shown
in Fig. 5. Figure 5a–c depicts the fluorescence imaging of
tumors in the preoperative condition, and the tumor can be
clearly visualized in situ through NIRF imaging. Figure 5d–f
shows the image-guided resection of the tumors, and even the
small tumor residual can be detected intraoperatively.
Figure 5g–i shows the postoperative condition, where the
tumor was completely removed. The resected tumor is shown
in Fig. 5j–l. Figure 5a–j are color images. Figure 5b–k are
fluorescent images. Figure 5c–l are the overlayed images of

fluorescence and color images. The data suggested that FMIguided surgery by MMP-750 was feasible for the complete
resection of the glioma.

Comparison Between FMI-Guided Surgery and
Traditional Surgery
Furthermore, FMI-guided surgery and traditional surgery of
gliomas for precision resection was further compared in
Fig. 6. First, GFP imaging of the U87MG-GFP-fLuc glioma
was performed to examine the tumor residuals. Figure 6a–f
shows the color and GFP images of gliomas performed by
image-guided surgery. Figure 6a–c shows the preoperative
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Fig. 4 FMT reconstruction results of orthotopic gliomabearing mice from the frontal (a) and side views (b).

condition and GFP image depicting the tumor location in the
brain. Figure 6d–f shows the postoperative situation, where
there was no GFP signal left after FMI-guided surgery.
Figure 6g–l shows the color and GFP images of gliomas via

traditional surgery. igure 6g–i exhibits the preoperative
condition and Fig. 6j–l shows the postoperative situation.
GFP positive glioma cells can be found after the traditional
surgery, suggesting there were tumor cell residuals after
surgery. Second, the BLI of U87MG-GFP-fLuc glioma was
performed to examine the tumor residuals. FFigure 6m, o
shows the location of the orthotopic gliomas for both
FMI-guided surgery and traditional surgery groups.
Similar to the GFP image results, there was no BLI
signal after FMI-guided surgery in Fig. 6n, but some BLI
can be found after the traditional surgery as shown in
Fig. 6p. Third, the histological analyses were further
performed to confirm the tumor residuals after the
surgery as shown in Fig. 6q–s. As shown in Fig. 6r, the
positive tumor margin can be identified adjacent to the
normal brain tissue in the traditional surgery group, but
not in the FMI-guided surgery group. The data in general
indicated that the MMP-750 probe in combination with
FMI-guided surgery can improve the precision resection
of glioma in situ.

Fig. 5 FMI-guided intraoperative detection and resection of a glioma. The first row is the preoperative condition. The second
row represents the intraoperative situation, and the third row is the postoperative condition. The last row shows the dissected
tumors. a, d, g, and j are color images. b, e, h, and k are fluorescence images. c, f, i, and l are the overlayed images generated
by merging the fluorescence image and the color image.
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Fig. 6 a–l Evaluation of the tumor residuals after surgery. a–l represent GFP imaging for the evaluation of tumor residuals. The
first two rows show the FMI-guided surgery. a–c include the preoperative condition, d–f are the postoperative situation, and
the last two rows are non-image-guided surgery. g–i are the preoperative condition and j–l are the postoperative situation. a, d,
g, and j are color images. b, e, h, and k are fluorescence images. c, f, i, and l are the overlayed images generated by merging of
a fluorescence image and a color image. m–p are the bioluminescence images (BLI) of orthotopic glioma for the evaluation of
the tumor residuals. m, o are the preoperative BLI images and n, p are the postoperative BLI images. q–s include the
hematoxylin and eosin (H & E) evaluation of the tumor residuals. q shows the tumor section. r shows the tumor margin. s shows
the normal surrounding tissues.

Discussion
Glioma is the most malignant primary brain tumor with a
rapid tumor progression. Glioma is characterized by extensive invasion into the surrounding normal brain tissues,
which results in recurrence near the resection margins [24,
25]. Early diagnosis and treatment often extend the quality
and survival for individuals suffering with glioma. Optical
molecular imaging has become an increasingly important
aspect of medical imaging due to its high degree of
sensitivity and specificity in tumor imaging [26]. Fluorescence molecular imaging (FMI) can enhance visualization,
characterization, and quantification of biological processes
in vivo [27]. Lately, FMI has been demonstrated experimentally, a crucial step towards its application in intraoperative
image-guided tumor surgery by combining it with a tumortargeted imaging agent [28]. However, FMI imaging
modality shows limited penetration depth of the tumor
[10]. FMT can provide the depth and three-dimensional
information for deep tumors inside of the body and can
facilitate comprehensive preoperative assessment of gliomas.
An important advantage to potential clinical tomographic
imaging is the fact that FMT is inherently quantitative. Other
advantages include no ionizing radiation, no decay of the
beacons and fluorochromes, and it is relatively inexpensive
compared with other tomographic imaging systems [12].

The human brain is a delicate organ, and it may cause loss of
brain function, such as dementia and paralysis, if removed
arbitrarily during surgery [29]. Since FMT can provide the
accurate location and volumetric information for deep tumors
inside of the brain, it can help surgeons to determine whether
the tumor area is the functional area in the brain and assess
whether surgery will affect the patient’s prognosis. Although
MRI is commonly used preoperatively in clinics, FMT is more
sensitive compared to MRI for early detection of carcinogenesis [30, 31]. The idea of using FMT imaging preoperatively
can provide a reference for clinical practice in the future.
As an essential component of FMI, molecular-specific
contrast agents are required for the imaging of molecular
features of glioma in vivo. MMPs are known to be expressed in
the tumor microenvironment and play an important role in
regulating glioma progression [32]. Additionally, it is feasible
to image MMP enzyme activity in vivo by using near-infrared
fluorescence imaging technology and Bsmart^ matrix
metalloproteinase-sensitive probes [17, 18]. Hence, the nearinfrared dye-labeled MMP-750 was utilized in this study as a
tumor-targeted fluorescent probe and we explored its application for intraoperative FMI-guided glioma resection.
In the current study, in vivo FMI of MMP-750 for
targeted imaging of a glioma was performed. FMT was
further performed preoperatively to get the penetration depth
and 3D tumor volume information. To fulfill these aims,
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subcutaneous and orthotopic glioma models were
established using a human U87MG-GFP-fLuc glioma cell
line. Tumor-bearing mice were administered the MMP-750
probe to examine its potential for targeted glioma imaging.
FMT was reconstructed by the micro-CT/FMI system to
exhibit the 3D image and the spatial location of the tumor in
the brain before surgery. FMI-guided surgery in combination
with the MMP-750 imaging agent was then carried out on an
orthotopic glioma. After surgery, three approaches were
performed to examine the tumor residuals. First, GFP imaging
of the U87MG-GFP-fLuc glioma was performed to examine
the tumor residuals. Second, BLI of the U87MG-GFP-fLuc
glioma was performed to examine the tumor residuals. The
GFP and BLI imaging results showed that the GFP and BLI
signals cannot be detected after FMI-guided surgery, while the
GFP and BLI positive glioma cells can be found after
traditional surgery suggesting that FMI-guided surgery is better
than traditional surgery. Third, the histological analyses were
further performed to confirm the tumor residuals after surgery.
These confirmatory experiments demonstrated that MMP-750
probes in combination with FMI-guided surgery can improve
the precision resection of gliomas.
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