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Abstract 

Background: Since it is known that serum albumin-bound dyes can cross the blood-brain barrier 
(BBB) after ischemia, Evans Blue dye is commonly used to assess BBB disruption because of its rapid 
binding to serum albumin. In addition, indocyanine green (ICG), a clinically available dye, binds to serum 
proteins that could also be used for assessment of BBB impairment. Unlike these near-infrared (NIR) 
dyes, zwitterionic NIR fluorophore (ZW800-1) shows no serum binding, ultralow non-specific tissue 
uptake, and rapid elimination from the body via renal filtration. In this study, we report the use of 
ZW800-1 as a NIR fluorescence imaging agent for detecting BBB disruption in rat stroke models. 
Methods: Three types of NIR fluorophores, Evans Blue, ICG, and ZW800-1, were administered 
intraperitoneally into rat photothrombotic stroke models by using 4% concentration of each NIR dye. 
The NIR fluorescence signals in the infarcted brain tissue and biodistribution were observed in real-time 
using the Mini-FLARE® imaging system up to 24 h post-injection. 
Results: ZW800-1 provided successful visualization of the ischemic injury site in the brain tissue, while 
the remaining injected dye was clearly excreted from the body within a certain period of time. Although 
Evans Blue and ICG provided mapping of the infarcted brain lesions, they exhibited high non-specific 
uptake in most of the tissues and organs and persisted in the body over 24 h post-injection. 
Conclusion: Our results suggest the promising application of ZW800-1 as a new strategy in BBB 
experiments and future therapeutic development. 
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Introduction 
Blood-brain barrier (BBB) is characterized by 

highly selective permeability between blood and 
brain parenchyma. It is well known that this property 
is important for protecting the central nervous system 
from many potential toxic products, whilst effectively 
exchanging solutes and fluid for normal brain 
metabolism. Various types of brain disorders such as 
ischemia, trauma, inflammation, neurodegenerative 
disease, and epilepsy are associated with BBB 

destruction, leading to further degradation of 
neuronal and synaptic functions [1, 2]. The important 
role of the BBB was actually revealed and established 
with the development of the assessment techniques. 
Starting from the early 20th century in which trypan 
blue was used, many molecules have been used to 
visualize the integrity of the BBB [3]. However, no 
molecule seems to perfectly satisfy the criteria of both 
effectiveness and safety for this task. 
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Molecules used for BBB analysis usually share 
their properties with those of ‘non-BBB permeable 
tracers’. Fluorescein, Evans blue, Horseradish 
peroxidase (HRP), Sucrose, Dextran, Radio-iodinated 
albumin, Radio-iodinated inulin, IgG, Trypan blue, 
and Fibrinogen are used as markers for evaluating the 
BBB status [4]. Currently, Evans Blue dye is the most 
commonly used molecule by injecting 2-4% 
concentration. Evans Blue is known to bind to serum 
albumin, and thus, it cannot cross the BBB in normal 
conditions [4]. When the BBB is disrupted, the dye can 
leak into the brain parenchyma and can be detected 
by the naked eye. Although Evans Blue was used in 
many BBB researches, this molecule can cause severe 
adverse effects such as pulmonary embolism or toxic 
metabolic encephalopathy, especially in higher 
concentrations [4]. Moreover, it can also bind to tissue 
protein and can get accumulated randomly in the 
body. Thus, it cannot be applied in clinical trials. 
Other molecules have drawbacks such as high cost, 
very rapid clearance, low signal-to-background ratio, 
and unreliable quantification issues. 

Near-infrared (NIR; 650-900 nm) fluorescence 
imaging has emerged as a non-invasive, non-ionizing 
and real-time visualization technique. Compared to 
conventional fluorescent dyes, these dyes show 
ultralow autofluorescence providing high 
signal-to-background ratio images [5]. Furthermore, 
NIR fluorophores can be manipulated to achieve a 
conformational change in order to acquire various 
properties such as tissue-specific binding, rapid 
excretion from the body, or other therapeutic 
purposes [6-10]. However, only few studies have been 
conducted to assess the feasibility of NIR 
fluorophores for the BBB evaluation [11-13]. 
Indocyanine green (ICG) is a clinically available NIR 
fluorophore; however, it is far from optimal since it 
shows high uptake in the liver and gastrointestinal 
tract, and it binds to serum proteins that could also be 
used for assessment of BBB impairment. Unlike these 
near-infrared (NIR) dyes, zwitterionic NIR 
fluorophore (ZW800-1) shows no serum binding, 
ultralow non-specific tissue uptake, and rapid 
elimination from the body via renal filtration. [14-16]. 
Herein, we report the use of ZW800-1 as a NIR 
fluorescence imaging agent for detecting BBB 
disruption in rat stroke models. 

Materials and Methods 
NIR fluorophores and animals 

Evans Blue dye and ICG were purchased from 
Sigma-Aldrich (St. Louis, MO, USA) and used 
without further purification. ZW800-1 was prepared 
as described previously [14,15]. Animal care, 

experiments, and euthanasia were performed in 
accordance with protocols approved by the Chonnam 
National University Animal Research Committee. 
Adult (8-week-old) male Sprague–Dawley (SD) rats 
weighing ≈ 250 g (N = 5, independent experiments) 
were purchased from Samtako (Seoul, South Korea). 

Establishment of a photothrombotic stroke 
model 

Focal cortical ischemia was induced by 
photothrombosis of cortical microvessels using Rose 
Bengal (Sigma-Aldrich, St. Louis, MO, USA) with cold 
light (Zeiss KL1500 LCD, Germany) [17]. Each animal 
was anesthetized with 5% isoflurane and anesthesia 
was maintained with 3% isoflurane in an oxygen/air 
mixture using a gas anesthesia mask in a stereotaxic 
frame (Stoelting, Wood Dale, IL, USA). Body 
temperature was maintained at 37 ± 0.5°C during 
surgery using a heating pad controlled by a rectal 
probe. For illumination, a 4.5 mm fiber-optic bundle 
from a cold light source was positioned on the 
exposed skull 0.5 mm anterior to the bregma and 3.7 
mm lateral to the midline over the left sensorimotor 
cortex, as previously described [18]. The brain was 
illuminated for 10 minutes after infusion of 50 mg/kg 
Rose Bengal in normal saline into the right femoral 
vein via a microinjection pump within 1 minute. The 
scalp was sutured, and the mice were allowed to wake 
up before being returned to their home cages. 

NIR fluorescence imaging system 
In vivo NIR fluorescence imaging was performed 

using the Mini-FLARE® imaging system as described 
previously [8]. Briefly, the system consists of three 
separate light sources having different wavelengths: a 
“white” LED light source, generating 26,600 lux of 
400–650 nm light to illuminate the surgical field, and 
NIR LED light sources, generating Channel #1 
(656–678 nm excitation; 689–725 nm emission; 1.08 
mW/cm2 fluence rate) and Channel #2 (745–779 nm 
excitation; 800–848 nm emission; 7.70 mW/cm2 
fluence rate). White light and NIR fluorescence 
images were acquired simultaneously and displayed 
in real-time, using custom-designed optics and 
software. 

Intraoperative fluorescence imaging of BBB 
disruption and biodistribution in animal 
models of stroke 

For intraoperative NIR fluorescence imaging, 
dye stock solutions were dissolved in PBS from 10 
mM concentrations and administered 
intraperitoneally into rat stroke models by using 4% 
concentration of each NIR dye. The NIR fluorescence 
signals in the infarcted brain tissue and 
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biodistribution were observed in real-time using the 
Mini-FLARE® imaging system up to 24 h 
post-injection. 

Results 
Physicochemical and optical properties of 
Evans Blue, ICG and ZW800-1 NIR 
fluorophores 

The physicochemical and optical properties of 
Evans Blue, ICG, and ZW800-1 NIR fluorophores are 
detailed in Figure 1. Of particular importance is the 
geometrical balance of charge (net zero) over each 
fluorophore’s surface, which stands in contrast to the 
most widely used Evans Blue, whose sulfonated form 
has a net negative charge. Log D value at pH 7.4 for 
ZW800-1 determined in silico was −3.56, which was 
highly hydrophilic compared to the clinically 
available ICG (7.88), but the log D value of ZW800-1 
was similar to that of Evans Blue (−3.60). ZW800-1 
also exhibited a relatively higher molar extinction 
coefficient (ε) in serum compared to Evans Blue (ε = 
78,000 M−1cm−1) and ICG (ε = 121,000 M−1cm−1). Of 
note, Evans Blue and ICG showed significant serum 
protein binding due to the net negative charge of 
Evans Blue and the hydrophobicity of ICG. However, 
ZW800-1 with high hydrophilicity and balanced net 
charge distributed evenly over its surface did not 

absorb serum proteins. Elimination of the NIR 
fluorophores from the body via renal clearance also 
varied, with Evans Blue and ICG showing 
hepatobiliary clearance and ZW800-1 being mostly 
renally cleared [4,14-16,19,20]. 

Mapping of infarcted brain lesions by using 
Evans Blue, ICG and ZW800-1 NIR 
fluorophores in animal models of stroke 

By using the conventional dose of Evans Blue 
dye, 4% concentrations of Evans Blue, ICG, and 
ZW800-1 were intraperitoneally injected into rat 
photothrombotic stroke models. After 4 h injection, 
Evans Blue stained the ischemic site in the brain tissue 
and it was possible to identify the infarcted lesion 
with the naked eye as a blue color. ICG was also 
clearly detected at the ischemic site and the 
fluorescence signal in the infarcted brain lesion was 
significantly decreased within 24 h post-injection. 
Importantly, ZW800-1 showed strong fluorescence 
signal in the ischemic stroke area at 4 h post-injection, 
which was similar to other dyes. Although the 
fluorescence signal gradually decreased, it still 
persisted over 24 h post-injection. This result indicates 
that ZW800-1 could be used for detecting BBB 
disruption in rat stroke models within a certain period 
of time (Figure 2). 

 

 
Figure 1. Chemical structures and physicochemical and optical properties of Evans Blue, ICG and ZW800-1 NIR fluorophores in 100% serum, pH 7.4 [14-16, 19, 20]. 
In silico calculations of the Log D value at pH 7.4 were calculated using Marvin and JChem calculator plugins (ChemAxon, Budapest, Hungary).  
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Figure 2. In vivo NIR imaging of the infarcted brain tissue using Evans Blue, ICG and ZW800-1 in rat stroke models. 4% concentration of each dye was injected 
intraperitoneally into 250 g SD-rats 24 h prior to imaging and resection. Scale bars = 1 cm. Images are representative of N = 5 independent experiments. All NIR 
fluorescence images have identical exposure and normalizations. 

 

In vivo biodistribution and excretion of Evans 
Blue, ICG and ZW800-1 NIR fluorophores 

Intraperitoneal injections of 4% Evans Blue, ICG, 
and ZW800-1 dissolved in PBS were individually 
administered to rat stroke models 24 h prior to 
imaging. As expected, Evans Blue showed 
blue-colored staining in most of the organs with 
highest contamination in the abdomen. ICG also 
exhibited high uptake in the liver and contaminated 
the gastrointestinal tract as well as the abdominal 
wall. The fluorescence signals of Evans Blue and ICG 
still persisted in the body over 24 h post-injection. 
Unlike Evans Blue and ICG, ZW800-1 was exclusively 
cleared by the kidneys, with no appreciable 
non-specific background signal in any tissues and 
organs at 4 h post-injection and was completely 
excreted from the body within 24 h post-injection 
(Figure 3). 

Discussion 
Modalities for evaluating the BBB can be divided 

into invasive and non-invasive techniques [21]. The 
invasive technique needs brain harvesting and 
requires further tissue processing. Although this can 
be a quantitative method, it is rather useful for 
research purpose only and cannot be applied for 

clinical use.  
Among the non-invasive in vivo methods, 

medical imaging techniques such as CT, MRI, PET, 
and SPECT are already being used in the clinic. MRI 
with gadolinium contrast imaging has been reported 
[22]. High resolution MR imaging can also provide 
more spatial information. However, it needs a delicate 
comparison of the signal change and shows inferiority 
in quantification. PET can be applied to determine 
whether the cellular transport mechanism of the BBB 
is intact. 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) or 
2’methoxyphenyl-(N-2’-pyridinyl)-p-fluoro-benzamid
oethylpiperazine ([18F]MPPF) were used for this task 
[23,24]. However, this is not a direct method for 
determining BBB permeability impairment. Direct 
optical imaging can be performed after making a bony 
window and by injecting a specific fluorescence dye, 
Lucifer yellow CH dipotassium salt [25]. 
Semi-quantitative analysis is also possible by using 
this method; however, a craniotomy is needed for the 
study. Status of the BBB can also be checked by an 
indirect method, by using biomarkers. S100ß is a brain 
tissue protein which is normally not found in the 
blood circulation. After BBB disruption, it was 
detected in the serum by ELISA method [26]. 
However, this method cannot provide visualization of 
the site of BBB breakdown. 
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Figure 3. In vivo biodistribution of Evans Blue, ICG and ZW800-1 in rats. 4% concentration of each dye was injected intraperitoneally into 250 g SD-rats 24 h prior 
to imaging and resection. Abbreviations used are: AW, abdominal wall; In, intestine; Ki, kidneys; Li, liver. Scale bars = 1 cm. Images are representative of N = 5 
independent experiments. All NIR fluorescence images have identical exposure and normalizations. 

 
Currently, NIR fluorescence imaging seems to be 

somewhat between preclinical and clinical use. It is 
actually a subtype of fluorescence imaging in which a 
specific wavelength of 650-900 nm is used. It is an 
emerging technique due to ultralow autofluorescence 
and excellent signal-to-background ratio. It is widely 
used in an in vivo animal study for intraoperative 
image-guided surgery, and ICG has already been 
used in cancer surgery to detect metastatic lesions 
[27]. However, only limited number of studies has 
tried to assess the feasibility of NIR fluorophores for 
BBB evaluation. 

In the present study, we found that a novel NIR 
dye, ZW800-1, can be used as an alternative method 
for detecting the BBB impairment site after injury. 
ZW800-1 was designed to have a net change of 0. 
Since charges of a molecule provide more affinity to 
other molecules, one might expect that ZW800-1 will 
be free from binding to other components of the 
tissue. In fact, it was excreted from the body within 4 
h after systemic administration [14]. Importantly, 
ZW800-1 stained the ischemic site of brain tissue at 4 h 
post-injection, while the remaining injected dye was 
clearly excreted from the body within a certain period 
of time.  

 The important issue related to BBB exploration 
is the tracer molecule. The following properties of an 
‘ideal’ molecule for evaluating the BBB have been 
suggested:(1) it should be metabolically inert, (2) it 
should be non-toxic, (3) it should be non-binding to 
plasma or tissue proteins, (4) it should be visualized 
easily, and (5) it should provide reliable quantification 
[4]. Evans Blue is the most popularly used tracer in 
BBB research. It cannot penetrate the intact BBB before 
binding to serum albumin. When the BBB is 
destroyed, it extravasates and can be easily identified 
by its blue color. Quantification was also performed 
by brain extraction and spectrophotometry. However, 
it is now known that when the concentration of Evans 
Blue exceeds the binding capacity of albumin, some 
amount of Evans Blue can be in the free form [28]. 
Albumin free-Evans Blue can enter several tissues and 
bind to their proteins. This can hinder the reliability of 
the quantification. Moreover, it can accumulate in the 
tissue and cause toxic effects. Therefore, ZW800-1 
could be used to overcome this problem, because it 
exists solely in the body and shows no serum binding 
and ultralow non-specific tissue uptake. This property 
makes it closer to an ‘ideal’ tracer for BBB evaluation, 
even superior to the other NIR dyes like ICG or 
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albumin-NIR conjugate. The exact mechanism by 
which ZW800-1 persists at the ischemic site is still 
unclear. The circulation might have slowed down in 
the BBB impaired area. 

In conclusion, ZW800-1 NIR fluorophore 
provides excellent visualization of the ischemic injury 
site, while it was clearly excreted from the body 
within a certain period of time. It is an efficient new 
method for assessing BBB breakdown without 
causing any toxicity. ZW800-1 can be a new strategy 
in BBB experiments and future therapeutic 
development. 
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