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Abstract 

Iatrogenic spinal cord injury (SCI) is the most devastating complication of spine surgery, which 
usually results in permanent and serious disabilities of patients. Improvement of the visualization 
and discrimination of the spinal cord is critical for accuracy and safety during surgery; however, to 
date, there is no suitable technology to fulfill this clinical need. Here, we first show an efficient and 
rapid fluorescence imaging of the spinal cord in rabbit by epidural administration of a 
nerve-highlighting fluorophore, i.e. (E, E)-1,4-bis(p-aminostryl)-2-methoxy benzene (BMB). The 
BMB is firstly encapsulated into polymeric micelles to form a BMB-micelle (BMB-m) formulation 
with well-dispersion in normal saline solution. After epidural administration of BMB-m, BMB is 
transported by the flow of cerebrospinal fluid (CSF) and binds to the peripheral region of the white 
matter thus facilitating rapid staining of the spinal cord. Furthermore, this BMB imaging technology 
also holds great potential for visually monitoring the integrity of the spinal cord in real time and 
promptly identifying acute SCI during spine surgery. 

Key words: fluorescence; image-guided surgery; spinal cord; epidural administration; cerebrospinal fluid; 
spinal cord injury. 

Introduction 
The spinal cord, which is part of the central 

nervous system (CNS), is a pathway for conducting 
sensory and motor impulses between the brain and 
the peripheral nervous system [1, 2]. Iatrogenic spinal 
cord injury (SCI) is the most devastating complication 
of spine surgery with the incidence of approximately 
0% to 2%, generally less than 1% [3-5]. The iatrogenic 
SCI usually results in chronic pain, loss of sensory and 
motor function, paralysis, and is even life-threatening 
[6, 7]. The spinal cord is soft, thin, fragile and lies 
deeply in narrow space, leading to increased 

operation complexity and ultra-low fault tolerance 
during spine surgery [1, 2, 8]. Furthermore, the lack of 
clear anatomical landmarks is usually of a great 
challenge in the minimally invasive spinal surgery 
(MISS) due to the limited surgical and visual fields 
[9-11]. Thus, to improve intraoperative visualization 
and discrimination is of great importance for accuracy 
and safety of spine surgery. 

Nowadays, a number of medical imaging 
technologies, including computed tomography (CT), 
magnetic resonance imaging (MRI) and positron 
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emission tomography (PET), have been widely used 
for accurately reflecting the anatomical structures and 
pathological changes in spinal cord [12-14]. However, 
these technologies are often applied in preoperative 
diagnosis and prognosis judgments, which can only 
offer limited help for improving the direct 
visualization of spinal cord by naked eye during 
surgery. Intraoperative electrophysiological 
monitoring (IOM) technologies, such as 
somatosensory evoked potentials (SEP), 
motor-evoked potentials (MEP) and 
electromyography (EMG), have also been developed 
for the assessment of the neurological integrity. 
However, false positive and negative reactions would 
occur as a result of anesthesia, hypothermia, improper 
operative position, etc. [15-17]. Moreover, all the IOM 
technologies still do not enable the direct observation 
and detection of the location and extent of SCI. 
Neuronal tracing technology based on the 
anterograde or retrograde axoplasmic transport of 
tracers in the neuronal tracts is another commonly 
used method for nerve labeling [18-20]. After local 
injection and tracing for a few days to several weeks, 
the nerve fibers can be visualized by 
immunohistochemistry, fluorescence microscopy or 
confocal laser scanning microscope (CLSM) [18-20]. 
However, the relatively slow tracing process and 
invasive manipulations make this technology 
impractical for clinical applications. Recent researches 
also demonstrated that the real-time fluorescent 
monitoring of cell structure, cellular activity and 
intercellular interactions can be readily achieved 
based on the expression of multi-color fluorescent 
proteins in nerve cells after genome editing [21-24]. 
However, even though this technology has been 
successfully applied in various animal models, the 
bio-safety of gene modified process is of significant 
concern before its clinical use. 

To enhance the visualization of nerve tissue 
during surgery, a number of efforts have made to 
enhance the visualization of nerve tissue by systemic 
administration of a nerve-highlighting contrast agent 
[25-27]. For instance, Nguyen et al. developed a 
fluorescent peptide for specific highlight of peripheral 
nerves during surgery in mice. Unfortunately, due to 
the presence of the blood-brain barrier (BBB), this 
kind of fluorescent probe cannot enter the CNS (the 
brain and spinal cord) [25]. Gibbs-Strauss et al. also 
reported the imaging of dorsal root ganglia, 
trigeminal ganglias and intervertebral disk by 
intravenous administration of styryl pyridinium (FM) 
fluorophores. Similarly, these kinds of fluorescent 
agents did not highlight the CNS due to their large 
size [26]. 

Nevertheless, fluorescence-guided surgery (FGS) 
has become a promising technology for improving 
intraoperative visualization and accuracy [28-34]. 
Primary efforts have been devoted to guiding the 
resection of tumors in clinical practice [28-30]. 
However, to the best of our knowledge, this 
technology has not been used for spine surgery, 
which is probably due to the presence of BBB as 
discussed above. It is well-known that the epidural 
administration has been widely applied in clinical 
local anaesthesia and pain management with the 
benefits of fast acting in low dose, high drug targeting 
and less side effects [35-37]. Thus, in this paper, we 
propose an imaging method that rapidly visualizes 
spinal cord, making it possible to bring FGS into spine 
surgery and to reduce the risk of iatrogenic SCI, 
through epidural administration of a 
nerve-highlighting fluorophore. The (E, 
E)-1,4-bis(p-aminostyryl)-2-methoxy-benzene (BMB), 
a typical fluorophore that has been intensively 
reported for effective imaging of nerve tissues in mice, 
rats, pigs, baboons and even postmortem human, was 
synthesized and applied for this study [38-41]. The 
BMB was firstly encapsulated into polymeric micelles 
(BMB-m) and subsequently administrated by lumbar 
epidural injection for rapid and effective fluorescence 
imaging of spinal cord in rabbit. Furthermore, the 
possible mechanism for this ultra-bright imaging was 
investigated. Finally, the application of this imaging 
technology for detection of acute spinal cord injury 
was demonstrated. 

Materials and Methods 

Materials 
The (E, E)-1,4-bis(p-aminostyryl)-2-methoxy- 

benzene (BMB) was synthesized according to the 
literature [38, 39]. Pluronic® F-127 and 
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) were purchased from Sigma-Aldrich 
(Shanghai, China). Purified deionized water was 
obtained from the Milli-Q Plus system. All chemicals 
were purchased from domestic reagent companies 
and used as received. 

Preparation and characterizations of BMB-m 
Formulation  

The BMB was loaded into Pluronic® F-127 to 
form the BMB-m formulation. In brief, 50 mg of BMB 
and 500 mg of F-127 micelles were firstly dissolved in 
5.0 mL of dimethyl sulfoxide (DMSO). The solution 
was then added dropwise into 50 mL of deionized 
water under magnetic stirring. The mixture was then 
transferred into the dialysis bag (MWCO 3500 Da) 
and dialyzed against deionized water for 24 h. After 
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that, the micellar solution was filtrated and subjected 
to lyophilization. The BMB-m was finally obtained as 
yellowish solid. The hydrodynamic radius (Rh) of 
BMB-m was measured on a dynamic light scattering 
instrument (DLS, using Wyatt QELS™ plus Wyatt 
DAWN EOS, Wyatt Technology). The transmission 
electron microscopy (TEM) images of the BMB-m 
were recorded on a JEOL JEM-1011 transmission 
electron microscope. A drop of BMB-m suspension in 
deionized water (0.2 mg mL-1) dropped on the 230 
mesh copper grid coated with carbon and allowed to 
dry in air at room temperature before TEM 
measurements. The BMB content in BMB-m 
formulation was determined by a standard curve 
method on a PTI fluorescence spectroscope (Photon 
Technology International, U.S.A.). λex = 400 nm was 
applied for fluorescence measurements. The UV 
absorbance was recorded on a UV-2401PC 
spectrophotometer (Shimadzu, Japan). 

Cell Viability assays 
The relative cytotoxicities of the BMB and 

BMB-m against L929 and PC-12 cells were evaluated 
in vitro by a standard MTT assay. The L929 and PC-12 
cells were obtained from Cell Bank of Chinese of 
Academy of Science (Shanghai, China). Generally, the 
cells were seeded into 96-well plates (7000 cells/well) 
in 180 μL of Dulbecco’s modified Eagle medium 
(DMEM) with 10% fetal bovine serum, supplemented 
with 50 U mL-1 penicillin and 50 U mL-1 streptomycin, 
and then incubated at 37 °C under 5% CO2 
atmosphere for 24 h. 20 μL of BMB suspensions (the 
BMB was firstly dissolved in DMSO and then diluted 
with DMEM to make the BMB suspensions with 
DMSO < 1 v/v% in DMEM) or BMB-m solutions in 
complete DMEM with different BMB concentrations 
(0–100.0 mg L-1) were added to wells. The treated cells 
were cultured at 37 °C for another 48 h. Then, MTT 
solution (5 mg/mL, 20 μL) was added into each well 
and the cells were incubated continually for another 4 
h. The culture medium was withdrawn, and 150 μL of 
DMSO was added into each well to dissolve the 
formazan. The absorbency of the solution was then 
measured on a Bio-Rad 680 microplate reader at 490 
nm. Cell Viability (%) was calculated based on 
following equation: Cell viability (%)=(Asample/Acontrol) 
× 100. Where Asample and Acontrol represent the 
absorbency of the sample wells and control wells, 
respectively. 

Animals 
Japanese white rabbits of either sex weighing 

roughly 2.5 kg were purchased from Hongda animal 
farms (Changchun, China). The experiments were 
conducted in accordance with the Guide for the Care 

and Use of Laboratory Animals and approved by our 
Institutional Animal Investigation Committee (No: 
2016-03-30) [42]. 

Fluorescence Imaging System (FIS) 
The fluorescence imaging system (FIS) contains 

the following principal components: a dark box 
module (length 50 cm, width 32 cm, and height 32 
cm), a 365 ± 25 nm LED excitation light source with a 
power density of 0.35 mW/cm2 (Qinke Analysis 
Instrument Co., Shanghai, China), a 550 ± 25 nm band 
pass emission filter (Xintianborui Light Electric 
Technology Co., Beijing, China), a color 
charged-coupled device (CCD) camera (YuanAO 
International Trade Co., Hongkong, China), and a 
computer control system with additional video 
centralized management software (Xiongmai 
Technology Co., Hangzhou, China). All fluorescent 
and white light images were acquired with 20 ms 
exposure time and identical normalizations. 
Fluorescence intensity was quantified using 
Image-Pro Plus 5.1 software (Media Cybernetics Inc., 
Silver Spring, MD, U.S.A.). 

BMB imaging of spinal cord in vivo 
Prior to surgery, the lumbar area of animal was 

shaved, sterilized and then anesthetized by local 
infiltration using 20 mL of 1% lidocaine with 1:200,000 
adrenaline. The paravertebral muscle was carefully 
detached away from the spinous process and laminar 
surface via the routine lumbar posterior approach 
through a midline 4-cm incision. The ligamenta flava 
between the L6 and L7 laminae was then exposed 
after the partial removal of L7 spinous process. The 
rabbit was placed in the 30-degree elevated body 
position. After that, the BMB-m in normal saline 
solution was administrated using an L-shaped needle 
with a blunt tip (0.33 mm outer diameter). The head 
part of the needle was firstly placed parallelly to the 
L7 laminae and subsequently caudally punctured into 
the yellow ligament to enter the epidural space with a 
sense of frustration. If the symptoms of neurological 
irritation occurred during epidural puncture, the 
subject was excluded from this study. 

Firstly, each rabbit received a single epidural 
injection of 0.2 mL BMB-m solution at different BMB 
concentrations ranging from 0.05 to 0.50 mg/mL (n = 
3 rabbits per dose point). The rabbits were euthanized 
at 30 min post-injection. Rabbits given with a single 
injection of blank F127 micelles, normal saline (0.9% 
sodium chloride solution) alone or untreated were 
used as the control. The spinal cord, sciatic nerve and 
surrounding tissues were then exposed and imaged in 
the FIS. 
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For the kinetics study, each rabbit received a 
single epidural injection of BMB-m solution (0.25 
mg/mL×0.2 mL, containing 50 μg of BMB). The 
BMB-treated rabbits were euthanized at 0.25, 0.5, 1, 2, 
4, 8, 14, and 24 h post-injection (n = 3 rabbits per time 
point). The spinal cord, sciatic nerve and surrounding 
tissues were then exposed and imaged in the FIS. 

BMB imaging of spinal cord via intravenous 
infusion 

BMB-m in normal saline solution (0.25 mg/mL×
20 mL, containing 5.0 mg of BMB) was intravenously 
infused via ear vein of rabbit (n=3). At four hours 
post-injection [38, 40, 41], the rabbits were euthanized, 
and the spinal cord, sciatic nerve and surrounding 
tissues were then exposed and imaged in the FIS. 

Dynamic viewing of the fluorescent imaging at 
T10 spinal cord after epidural administration 
of BMB-m at L6/7 

After exposure of ligamenta flava between the 
L6 and L7 laminae as described above, the soft tissues 
at around the T10 laminae were anesthetized by local 
infiltration using 20 mL of 1% lidocaine with 1:200,000 
adrenaline, followed by the exposure of T10 spinal 
cord after the removal of the T10 spinous process and 
lamina via the routine thoracic posterior approach 
with a midline 4 cm incision. The fluorescence signal 
at the T10 segment was then dynamically monitored 
after L6/7 epidural administration of the BMB-m 
solution (0.25 mg/mL×0.2 mL, containing 50 μg of 
BMB) for 8 h. 

Confocal laser scanning microscope (CLSM) 
observation of transverse section of spinal cord 

The BMB-stained spinal cord was collected and 
fixed with 4 wt% paraformaldehyde in PBS solution 
for 24 h. The typical spinal cords in the cervical, 
thoracic and lumbar segments were harvested, frozen 
with optimal cutting temperature compound and cut 
transversely into 20 μm thick sections on a freezing 
microtome (Leica CM 1900). Then, the obtained spinal 
cord sections were covered by glass slips followed by 
addition of a drop of glycerol. After that, the images 
were measured under the CLSM (Zeiss LSM780).  

Detection of spinal cord injury by BMB 
imaging 

The rabbit firstly received a single epidural 
injection of 0.2 mL of BMB-m in 0.9% sodium chloride 
solution (0.25 mg/mL, containing 50 μg of BMB). In 
the meantime, the T10 spinal cord was exposed after 
the removal of spinous process and lamina via the 
routine thoracic posterior approach with a midline 

4-cm incision. After that, the rabbit was further 
anesthetized by IV injection of 20 mg/kg sodium 
pentobarbital. At 30 min post-injection, the image of 
the T10 spinal cord was recorded in the FIS. Then, the 
T10 spinal cord was subjected to an acute injury 
induced either by Revilin method (clip compressive 
SCI model) [43] or Allen method (weight-drop SCI 
model) [44, 45]. For Revilin method, a clip crush 
injury was conducted on the dorsal half of the T10 
spinal cord with ca. 50 g closing forces for one minute 
[43]. For Allen method, acute SCI was induced by 
dropping a constant weight (5 g) from a height of 30 
cm (150 gram-centimeter force) onto the T10 spinal 
cord [44, 45]. The image at the T10 spinal cord was 
obtained immediately post-injury. After recording the 
fluorescent images, the spinal cord was harvested and 
fixed in 4 wt% paraformaldehyde in PBS solution for 
24 h. The spinal cord at both the injury site and 
neighboring non-injury site was cut transversely on a 
freezing microtome (Leica CM 1900). Then, the 
obtained spinal cord sections were covered by glass 
slips followed by addition of a drop of glycerol. After 
that, the images were measured under the confocal 
laser scanning microscope (Zeiss LSM780). 

Detection of BMB in CSF by RP-HPLC-ESI-MS 
The CSF was obtained from the 

cerebellomedullary cistern at 30 min post-injection of 
BMB-m solution. The sample was preserved at -20 °C 
and then subjected to RP-HPLC-ESI-MS 
measurements. Electrospray ionization mass 
spectrometry (ESI-MS) was carried out on an 
electrospray ionization and quadrupole time-of-flight 
mass spectrometer (microTOF-Q II, Bruker Daltonics 
Inc., Germany) in positive ion mode. Reverse-phase 
high-performance liquid chromatography (RP-HPLC) 
was used for sample separation. A Zorbax Stablebond 
Analytical SB-C18 column (2.1 × 50 mm, 1.8 μm, 
Agilent Technologies) was used. The acetonitrile 
(ACN) was used as elution. 

Statistical Analysis 
To assess the dose response of BMB on the 

fluorescence ratios of spinal cord to adipose (SC/A) at 
lumbar, thoracic and cervical spinal cord segments, 
two-way ANOVA with Bonferroni post-tests were 
performed. The staining thickness at the rim of spinal 
cord at different sections was analyzed using one-way 
ANOVA followed by Newman-Keuls Multiple 
Comparison Test. Data are expressed as the mean ± 
SD. All statistical analysis was performed with 
GraphPad Prism (Prism, GraphPad, San Diego, CA). P 
value of less than 0.05 was considered statistically 
significant. 
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Results 
Preparation and characterization of BMB 
loaded micelles 

In this work, a typical nerve-highlighting 
fluorescent probe (BMB) was selected to test its 
potential for imaging of spinal cord. BMB is a Congo 
red derivative, which can binds specifically to myelin 
in vivo [38, 39]. Firstly, the BMB was encapsulated into 
the Pluronic® F-127 to improve aqueous solubility. 
The formed BMB-micelles (BMB-m) are of spherical 
structure with the size at ca. 84 nm (Figure 1A and B). 
In addition, the BMB-m is well-dispersed in normal 
saline to form clear solution at different BMB 
concentrations ranging from 0.05 to 0.5 mg/mL, 
which is ready for injection (Figure 1C). The BMB in 
DMSO shows typical UV absorbance and fluorescence 
emission with peaks at 398 and 500 nm, respectively 
(Figure 2B), while a broadening and blue-shifted UV 
absorbance with peak at 385 nm combined with a 
broadening and red-shifted fluorescence emission 
with peak at 525 nm were observed for BMB-m in 
normal saline solution (Figure 2C). 

In vivo imaging of spinal cord 
Different doses of BMB (in BMB-m formulation) 

from 10 to 100 μg/rabbit were epidurally 
administrated at the L6/7 level. After 30 min, the 

spinal cord, sciatic nerves and surrounding tissues 
were exposed and imaged under the white light or 
UV light (365 nm). As shown in Figure 3A, there was 
almost no fluorescence in the spinal cord of control 
group. In contrast, green fluorescence staining of the 
spinal cord was clearly observed when administrated 
with BMB-m solution. The whole spinal cord was 
stained with BMB even at the dose as low as 10 
μg/rabbit and the fluorescence exhibited a decreasing 
gradient along with the lumbar, thoracic and cervical 
spinal cord segments. In the surrounding tissues, only 
the adipose tissue exhibited a visible 
auto-fluorescence. The auto-fluorescence of the 
adipose tissue was then used as the control to 
quantify the fluorescence intensity in the spinal cord. 
As illustrated in Figure 3B, the intensity of 
fluorescence increases as the dose of administrated 
BMB grows. The fluorescence ratios of spinal cord to 
adipose (SC/A) increase up to 7.8, 7.1 and 3.7 for 
lumbar, thoracic and cervical spinal cord segments, 
respectively, when 50 μg/rabbit of BMB was applied. 
Further increasing the BMB dose to 100 μg/rabbit 
resulted in little improvement of fluorescence 
intensity as compared with the group injected with 
BMB at the dose of 50 μg/rabbit dose. Therefore, a 
single-dose of epidural BMB at 50 μg/rabbit would be 
used for the following tests. 

 
Figure 1. Preparation and characterization of BMB loaded micelles (BMB-m). (A) Transmission electron microscopy (TEM) image of BMB-m. (B) Dynamic light 
scattering (DLS) measurement of BMB-m in normal saline solution (0.1 mg/mL). (C) White light and fluorescence images of BMB-m in normal saline solution at 
different BMB concentrations. 
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Figure 2. (A) The chemical structure of BMB. (B) The UV absorbance and fluorescence emission spectra of BMB. BMB was dissolved in DMSO at a concentration 
of 0.1 mg/mL for UV absorbance detection and a concentration of 2×10-4 mg/mL for fluorescence emission measurements. (C) The UV absorbance and fluorescence 
emission spectra of BMB-m. BMB-m was dispersed in normal saline at a concentration of 0.1 mg/mL for UV absorbance detection and concentrations of 2×10-3 mg/mL 
(I) and 2×10-4 mg/mL (II) for fluorescence emission measurements. 

 

 
Figure 3. Dose response of BMB imaging of spinal cord at 30 min post-injection. (A) Observation of the spinal cord under white or UV light after epidural 
administration of BMB-m solution at different BMB doses (from 10 to 100 μg/rabbit). The complete imaging of spinal cord can be realized even at the dose as low as 
10 μg/rabbit. (B) The fluorescence ratios of spinal cord to adipose (SC/A) at lumbar, thoracic and cervical spinal cord segments at different doses. The SC/A ratios 
of 50 μg/rabbit dose group are significantly higher than those of 10 μg/rabbit and 30 μg/rabbit dose groups (#P < 0.05), while it show no remarkable difference with 
100 μg/rabbit dose group. In the dose group of 10 μg/rabbit, the SC/A ratio of lumbar segment is significantly higher than those of thoracic and cervical segments (*P 
< 0.05). In the dose groups from 30 to 100 μg/rabbit, the SC/A ratios of lumbar and thoracic segments are significantly higher than that of cervical segment (^P < 0.05). 
Data shown represent mean ± SD of at least three experiments; #P < 0.05 versus 50 μg/rabbit dose group (two-way ANOVA with Bonferroni post-tests); *P < 0.05 
versus lumbar in same group (two-way ANOVA with Bonferroni post-tests); ̂ P < 0.05 versus thoracic in same group (two-way ANOVA with Bonferroni post-tests); 
NS, not significant (two-way ANOVA with Bonferroni post-tests). WL: white light; FL: fluorescence. 

 
The contrast imaging of spinal cord was then 

investigated at different time intervals after a 
single-dose epidural administration of BMB-m 
solution (containing 50 μg of BMB). As shown in 
Figure S1 A, the staining of the whole spinal cord 
occurred quickly at a very short time (<15 min). The 
brightest fluorescent imaging appeared at 30 min 
post-injection. After 30 min, the fluorescence on spinal 
cord would decrease over time and almost 
disappeared at 24 h, indicating that the BMB could be 
gradually metabolized from the spinal cord. 
Meanwhile, the meaningful imaging (SC/A ratio > 2) 
of lumbar, thoracic and cervical could last up to 14, 8 
and 2 hours, respectively, which is sufficient for 
almost all spine surgeries(Figure S1 B). 

To demonstrate the advantages of epidural 
administration of BMB for imaging of spinal cord, a 
comparative study was conducted by injecting 5.0 mg 
of BMB (in BMB-m formulation) into the rabbit via the 
ear vein. At 4 h post-injection [38, 40, 41], the 
fluorescence on different organs and tissues was 
obtained. Compared with the single-dose epidural 
administration of BMB-m solution (50 μg of 
BMB/rabbit), the intravenous injection group (5.0 mg 
of BMB/rabbit, which is 100-fold higher than that of 
the epidural administration group) exhibited 
relatively weak fluorescence in the spinal cord (0.17 
fold) and enhanced fluorescence in the adipose tissue 
(3.8 fold) (Figures S2 and S3). In other words, the 
SC/A ratio of spinal cord in the epidural 
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administration group (6.7) is 19.1-fold higher than 
that in the intravenous administration group (0.35). 
Furthermore, the fluorescence signals also appeared 
in the sciatic nerve, muscle, liver, kidney, lung, etc. in 
the intravenous administration group, while none of 
these tissues/organs were detected with visible 
fluorescence in the epidural administration group 
(Figure S4). 
Mechanism study of BMB imaging of spinal 
cord in vivo 

Based on the observations of rapid staining of 
the spinal cord, and the fluorescence signal ended at 
the dorsal root ganglion (Figure S5), we assumed that 
the BMB should be transported following the flow of 
cerebrospinal fluid (CSF). To validate this, an 
experiment was designed by dynamic viewing of the 
fluorescence imaging at the T10 spinal cord after 
administration of BMB-m solution (containing 50 μg 
of BMB) at L6/7. As shown in Figure 4 and Video S1, 
there was no fluorescence at the T10 spinal cord in the 
first 2.5 minutes. After that, the BMB fluorescence 
became visible at the caudal site of T10 spinal cord 
and flowed quickly toward the cranial site. Several 
seconds later, the exposed window at T10 spinal cord 
was completely filled with BMB fluorescence, and the 

fluorescence intensity would become stronger along 
with the time passing. Similarly to the results showed 
in Figure S1, the strongest fluorescence appeared at 
around 30 min, after which the fluorescence intensity 
declined gradually. At the end of observation, a weak 
fluorescence was still visible at the T10 spinal cord, 
indicating that the useful fluorescence imaging could 
last up to 8 hours. The staining of spinal cord based on 
the CSF transporting from caudal to cranial site was 
further confirmed by CLSM observations (Figure S6). 
If the BMB is delivered by CSF from the caudal spinal 
cord to the cranial site, it could bind to the peripheral 
white matter of spinal cord in a pattern of decreasing 
concentration gradient. As observed by the CLSM 
(Figure S6), the fluorescence intensity and staining 
thickness at the rim of spinal cord decreased from 
lumbar section to cervical section. Therefore, it can be 
concluded that the BMB was first transferred across 
the dura, entering into the subarachnoid space and 
subsequently traveled with the CSF flow to stain the 
whole spinal cord rapidly (Figure 5). Moreover, the 
gradual decline of BMB fluorescence with the passing 
of time indicated that the BMB could be metabolized 
in spinal cord, which may be associated with the 
circulation and adsorption of CSF [46-49]. 

 

 
Figure 4. Dynamic viewing of the fluorescence at the T10 spinal cord in the rabbit (See Video S1). (A) Schematic illustration of real-time and in-situ monitoring of 
the fluorescence at the T10 spinal cord after a single-dose of epidural BMB (50 µg, in BMB-m formulation) at L6/7. (B) The represent fluorescence images of the T10 
spinal cord at different time points. 
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Figure 5. Schematic illustration of the administration, transportation and imaging behavior of BMB. The hydrophobic BMB (A) was firstly encapsulated in the 
amphiphilic block copolymer to form a BMB micellar formulation (BMB-m), which was well-dispersed in normal solution and ready for injection. The BMB-m was 
epidurally administrated at the L6/7 level (B and C). Upon injection, the BMB was conceived to pass across the dura and subsequently enter into the subarachnoid 
space filled with cerebrospinal fluid (CSF) (B and C, indicated by red dashed arrows). After that, the BMB could be transported by the flow of CSF in a direction from 
caudal spinal cord (SC) to the cranial site (B, indicated by large red solid arrows) and, meanwhile, bound to the peripheral white matter (WM) of spinal cord (B and 
C, indicated by small red solid arrows). GM: grey matter; LF: ligamentum flavum; SP: spinous process. 

 

Detection of iatrogenic spinal cord injury (SCI) 
by BMB imaging 

In view of the rapid imaging of spinal cord by 
BMB, the potential application of this technology in 
detection of iatrogenic SCI was further investigated. 
The rabbits were pretreated by epidural 
administration of BMB-m solution (containing 50 μg 
of BMB) at L6/7. At 30 min post-injection, two typical 
models, i.e. clip compressive SCI model (Rivlin 
method) [43] and weight-drop SCI model (Allen 
method) [44, 45], were established in situ to mimic the 
acute SCI during spine surgery (Figure 6A and Figure 
7A). For both cases, the fluorescence at the T10 spinal 
cord was homogenously distributed before the injury, 
while darkened fluorescence could be clearly 
observed on the injury sites (Figure 6B–G and Figure 
7B–G). The diminished fluorescence is likely ascribed 
to the subdural hematoma and change of anatomy in 
white matter of spinal cord. Therefore, the experiment 
indicated that BMB imaging has tremendous potential 
in detection of acute SCI during surgery. 

Discussion 
It is well-known that there are three protective 

membranes in the spinal meninges, including dura 
mater, arachnoid mater and pia mater [50, 51]. The 
space between arachnoid mater and pia mater is 
called subarachnoid space, which is filled with CSF 
[50, 51]. The arachnoid mater is the main permeability 
barrier for the macromolecules to enter the spinal cord 
[52-54]. However, it is relatively easy for small and 
lipophilic molecules to diffuse through the spinal 
meninges [52, 55, 56]. Based on this mechanism, some 
drugs with membrane penetrability have been widely 
applied in clinical anaesthesia and pain control via 
epidural injection [35-37]. In the present work, BMB is 
lipophilic with a molecular weight of 342 g/mol, 
which is similar to Bupivacaine (a representative 
lipophilic drug for epidural anaesthesia) [47,56]. Thus, 
it is anticipated that the BMB may be able to penetrate 
the spinal meninges. As a result, the rapid imaging of 
the whole spinal cord after epidural administration 
strongly suggested that the BMB molecule is 
penetrable towards the spinal meninges although the 
exact mechanism is not yet clear. 
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Figure 6. Detection of iatrogenic spinal cord injury by BMB imaging. (A) Schematic illustration of Rivlin method. (B) and (E) showing the in situ images of T10 spinal 
cord under white light before and after acute injury. (C) and (F) showing the in situ images of T10 spinal cord under UV light before and after acute injury. (G) and 
(D) showing the confocal laser scanning microscope (CLSM) images of transverse sections of spinal cord at the injury site and neighboring non-injury site, 
respectively. 

 
Figure 7. Detection of spinal cord injury by BMB imaging. (A) Schematic illustration of Allen method. (B) and (E) showing the in situ images of T10 spinal cord under 
white light before and after acute injury. (C) and (F) showing the in situ images of T10 spinal cord under UV light before and after acute injury. (G) and (D) showing 
the confocal laser scanning microscope (CLSM) images of transverse section of spinal cord at the injury site and neighboring non-injury site, respectively. 

 
Besides the rapid imaging of spinal cord by 

BMB, it is also found that the fluorescence is ended at 
the dorsal root ganglion (Figure S5). Both of these 
observations have led to speculation that the CSF 
plays an important role in rapid transportation of the 
BMB. However, the behavior of CSF is still unclear 
due to the lack of effective tools to monitor the 
complex flow of CSF. For example, Di Chio et al. 
suggested a two-directional circulation flow in the 
spinal canal, i.e. downwardly directed in the posterior 
compartment and upwardly directed in the anterior 
compartment, based on the observation of 
transportation of radionuclides tracer in intraspinal 
space [57, 58]. But in another report by Greitzet et al., a 
pulsatile flow of CSF caused by the afflux of newly 
produced CSF from the ventricular system into 

existing CSF was proposed [59]. Additionally, a 
bi-directional systolic-diastolic to-and-fro 
cranio-spinal CSF flow pattern associated with cardiac 
cycle was suggested [60]. In this study, we 
demonstrated, for the first time, a method that enables 
naked-eye observation of CSF fast-flowing from 
caudal to cranial site on the dorsal part of spinal cord 
following lumbar epidural administration of BMB-m 
in rabbit. Furthermore, the BMB was detectable in the 
CSF obtained from the cerebellomedullary cistern 
(Figure S7). These observations can not only confirm 
that the BMB is transported by the flow of CSF to 
realize rapid and efficient imaging of spinal cord, but 
also provide a valid tool for visual monitoring the 
flow of CSF.  

In addition to the rapid labeling of spinal cord, 
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this technology has another advantage in using 
low-dose epidural BMB for the effective fluorescence 
imaging. Usually, for most of the nerve-highlighting 
agents, it is hard to label the nerve tissues in the CNS 
via intravenous injection due to the impermeability 
against the BBB [25-27, 41]. Also, these agents have 
some conspicuous drawbacks such as larger dose, 
time-consuming and large accumulation in non-nerve 
tissues when administered intravenously [27, 40, 41]. 
Inspired by the clinical epidural anesthesia, the BMB 
in micellar formulation was administrated via the 
epidural route. As a result, the epidural 
administration group given a lower dose of BMB 
(100-fold less than the intravenous administration 
group) demonstrated a significantly higher SC/A as 
compared with the intravenous administration group. 
Moreover, large accumulation of BMB in non-nerve 
tissues were clearly observed in the intravenous 
administration group, while no fluorescence could be 
detected in these non-nerve tissues in the epidural 
administration group. In summary, this work has 
demonstrated, for the first time, the rapid and 
effective imaging of spinal cord by epidural 
administration of a low-dose fluorescence probe, 
which can avoid the BBB encountered by intravenous 
administration and thus provides a new path for CNS 
imaging. 

In spine surgery, any incidents during 
decompression, fixation or correction may lead to 
acute SCI and further induce serious complications 
[3-5]. In particular, the spinal cord and nerve roots are 
usually placed at risk for direct trauma due to the 
limited surgical field and anatomical discrimination 
when small incisions are applied [9-11]. Currently, 
IOM technologies are the most popular methods for 
intraoperatively monitoring the integrity of 
neurological function [15-17]. However, they fail to 
meet the requirements for the direct observation and 
detection of the location and extent of SCI. In this 
work, we have demonstrated that the BMB staining of 
spinal cord occurred in the peripheral region of the 
white matter, but not the whole cross-section of spinal 
cord. In this case, any structural changes of the white 
matter or subdural hematoma in acute SCI would be 
indicated by the pattern of BMB fluorescence. To test 
it, two kinds of SCI models were established and the 
results revealed that significantly reduced fluorescent 
signals of spinal cord were observed in both SCI 
models. As shown in Figures 6 and 7, both subdural 
hematoma (Figures 6E and 7E) and change of 
anatomy in white matter (Figures 6G and 7G) are 
clearly observed. Therefore, the darkened 
fluorescence should be ascribed to the integration of 
subdural hematoma and anatomic change of white 
matter in the established acute spinal cord injury 

model. Thus, this rapid and bright BMB technology 
may well be useful for monitoring the position and 
extent of intraoperative SCI in real time, which 
subsequently allows the use of remedial treatments 
for alleviating second injury and improving 
neurological function. 

The BMB staining technology is considered to be 
safe for clinical use based on the following 
observations. Firstly, the BMB in both free and 
micellar formulation showed excellent cell 
biocompatibility in both PC-12 and L929 cells (Figure 
S8). Secondly, BMB was administrated locally by 
epidural injection to diminish the side effects that may 
be caused by the distribution of BMB in other organs 
and tissues. This is also confirmed by the observation 
that no abnormal behaviors, intact motor and sensory 
functions were noted in the BMB-treated groups. 
Thirdly, BMB fluorescence disappeared at 24 h after 
epidural injection, indicating that BMB is readily 
metabolized from the spinal cord and most likely will 
not cause long-term toxicity. Therefore, the BMB has 
favorable biocompatibility and low toxicity in staining 
of spinal cord. 

In conclusion, we introduced a BMB staining 
technology for rapid and effective imaging of the 
whole spinal cord via epidural administration, which 
may well significantly improve the safety of spine 
surgery. Moreover, the present work also 
demonstrated great potential of this technology in 
detection of intraoperative SCI. 

Conclusions 
In this study, we demonstrated a 

nerve-highlighting fluorophore (i.e. BMB) in miceller 
form (BMB-m) can be used for rapid and effective 
imaging of the whole spinal cord in rabbit via 
epidural administration. The mechanism revealed 
that BMB is transported by the flow of CSF and binds 
to the peripheral white matter, resulting in rapid 
staining of the whole spinal cord. Furthermore, this 
technology also holds great potential for visually 
monitoring spinal cord integrity in real time and 
promptly identifying acute SCI during spine surgery. 
In general, our study has opened a new way for 
intraoperative imaging of CNS. A potential shortage 
of this imaging technology may be that the BMB is not 
a near-infrared probe. The development of this 
technology by using a newly designed fluorescent 
probe with long-wavelength emission [61, 62] should 
be one of the future directions.  
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zolium bromide; DMSO: dimethyl sulfoxide; DLS: 
dynamic light scattering instrument; TEM: 
transmission electron microscopy; UV: ultraviolet; 
DMEM: Dulbecco’s modified Eagle medium; FIS: 
fluorescence imaging system; LED: light emitting 
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