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NIR-II window tracking of hyperglycemia induced
intracerebral hemorrhage in cerebral cavernous
malformation deficient mice†
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Second near infrared (NIR-II) window fluorescence imaging between 1000 and 1700 nm with reduced

scattering and autofluorescence and deep tissue light penetration allows early and non-invasive determi-

nation of vascular pathologies. Here, we demonstrate in vivo NIR-II imaging techniques for tracking

hyperglycaemia-induced Intracerebral Hemorrhage (ICH) and Blood Brain Barrier (BBB) hyperpermeability

in Cerebral Cavernous Malformation (CCM) deficient mice (CCM1+/−). We synthesised PEGylated Ag2S

quantum dots (QDs) with a bright fluorescent emission peak centred at 1135 nm under an 808 nm NIR

light for dynamic imaging of cerebral vasculature in mice and determined the development of ICH and

BBB impairment in hyperglycaemic CCM1+/− mice. In vivo optical imaging was conducted with micro-

CT (including k-mean cluster analysis) as well as in vivo permeability assays using FITC-dextran perfusion

and IgG staining, respectively. The increased BBB permeability in CCM1+/− mice was further demon-

strated to be associated with a high-glucose-caused decrease of CCM1 expressions. This study validates

that deep-penetrating NIR-II QDs can be used for the tracking of ICH and BBB hyperpermeability in trans-

genic mice models of cerebral vascular anomalies.

Introduction

In vivo fluorescence imaging in the second near infrared
(NIR-II) window between 1000 and 1700 nm enables higher
resolution deep tissue fluorescence imaging compared to the
NIR-I window of 700–900 nm due to reduced scattering cross-
sections and minimal autofluorescence from endogenous
fluorophores in the NIR-II spectrum.1–3 A recent study by
Yaroslavsky et al.4 confirmed that human brain tissue allows
for enhanced NIR-II light penetration in the 1000–1100 nm
region. Current NIR fluorescent probes such as organic dyes
and inorganic nano-constructs often have minimal or low
quantum yield above 1000 nm and/or limited dispersibility in
water,5 thus limiting their use as fluorescent beacons for func-

tional or molecular imaging. Among I–VI semiconductor nano-
materials, Ag2S quantum dots (QDs) have been established as
narrow bandgap (∼0.9–1.1 eV) materials. They are water disper-
sible owing to –COOH surface functionalization and possess
excellent NIR-II emission properties.6 Ag2S QDs with tunable
emission bands in both NIR-I and NIR-II windows have been
reported for use as exogenous fluorophores and can be syn-
thesized using wet chemistry methods.2,7 A recent review pro-
vided a comprehensive summary of the use of QDs for bio-
medical applications.8 Hongjie Dai and co-workers demon-
strated that due to small size (sub-10 nm) and bright NIR-II
fluorescence under a lower excitation of light, these QDs can
be used for rapid tumor detection, dynamic tumor contrast
enhancement, and vascular imaging.7 Recently, Awasthi et al.9

encapsulated QDs within dendrimers and demonstrated
whole-body imaging in mice. QDs have been demonstrated for
lymphatic monitoring and surgical guidance for lymph node
dissection as well.10 Sensitive non-invasive detection of cer-
ebral vascular pathologies has been rarely reported. There is
significant interest in developing research tools for the early
detection of cerebral pathologies. Cui et al.11 used the NIR-I
dye DANIR-2c excited at 597 nm and monitored the emission
at 665 nm after intravenous injection to track the accumu-
lation of β-amyloid plaques in mice brain, a hallmark of
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Alzheimer’s disease. An identical study was reported by Zhang
et al.12 using the CRANAD-3 NIR-I fluorophore for tracking
Alzheimer’s disease. Despite these efforts made for tracking
brain pathology with NIR imaging, in vivo detection of vascular
pathology itself with whole-body NIR imaging is not well estab-
lished, primarily due to the limitations on tissue penetration
and spatial resolution imposed by red and NIR-I spectrum
imaging. Indocyanine green (ICG) is an established NIR
imaging agent due to its FDA-approved status and it has
recently been reported for imaging in the NIR-II window as
well.13,14 However, the NIR-II emission spectra of ICG rapidly
declines after 1000 nm, and although emission can be
detected up to and exceeding 1300 nm, high excitation laser
power densities >50 mW cm−2 and/or longer sensor exposure
times are needed for adequate imaging.13 Furthermore, ICG as
a negatively charged species has been reported to bind to
plasma proteins and serum albumin following injection,
potentially resulting in the distribution of fluorescent ICG
bound albumin particles in circulation with altered pharmaco-
kinetics.14 To track cerebral vascular pathologies including dis-
rupted Blood Brain Barrier (BBB), it is ideal to have a non-
interacting homogeneous sized contrast agent which is highly
soluble and exhibits a good signal-to-background ratio in the
NIR-II region. In this study, we report the optimization and
use of NIR-II emitting QD-enabled dynamic imaging for the
detection of intracerebral hemorrhage (ICH) and BBB per-
meability induced by hyperglycemia in living
CCM1 heterozygous mice.

Cerebral cavernous malformation (CCM) is a vascular path-
ology mostly occurring in the central nervous system character-
ized by single or multiple lumen formation and vascular
leakage at the brain capillary level, as well as disruption of
BBB.15 CCM occurs in 1 out of every 200–600 people in the
general population, and 10–50% cases are caused by dysfunc-
tional CCM genes (CCM1/2/3).15,16 Functional loss of these
genes increases the diameter of blood vessels and decreases
their structural integrity due to the impairment of endothelial
cell (EC) junctions and pericyte recruitment.17,18 Therefore,
CCM patients are at an increased risk of seizure, headaches,
ICH, and consequently neurological deficits.18–20

When mutated, CCM1 is one of the three genes causing
CCM and nearly 40% of patients in familial cases carry one
allele of CCM1 loss-of-function mutation.20 The CCM1 gene
global knockout and endothelial cell specific knockout in mice
resulted in severe cerebral cavernous lesion and death.21,22

However, CCM1 heterozygous mice (CCM1+/−) only exhibit a
change in BBB permeability.23 Even though all the cells in the
body have lost one copy of the relevant genes, lesions only
occur in cerebral vasculature and not throughout the whole
vascular system. Therefore, both somatic mutation of CCM
genes and environmental disturbance (second hit) could lead
to lesion growth and cause progressive symptoms.24

Hyperglycemia, a highly prevalent diabetic condition, is con-
sidered as a risk factor for endothelial dysfunction.25–27

Patients with diabetes have twice the risk of cerebrovascular
disease.28 Chronic hyperglycemia affects both macrovascular

and microvascular endothelial cells, indicating that hypergly-
cemia could promote the onset of CCM.

To monitor hyperglycemia-increased vascular permeability,
we synthesised long circulating neutral charged PEGylated
Ag2S QDs, compared the dynamic imaging attributes of these
QDs with the established agent ICG, and demonstrated the
feasibility of dynamic NIR-II window imaging for monitoring
the changes in vascular perfusion in hyperglycemic CCM1+/−
mouse models, wherein CCM1+/− mice were injected with a
low dose of streptozotocin (STZ). Dynamic NIR-II window
imaging with Ag2S QDs had advantages over ICG imaging in
terms of rapid clearance from the brain and clearly demon-
strated the higher cerebral vascular permeability in CCM1+/−
mice compared to control mice, both treated with STZ. These
results were verified by ex vivo fluorescence and micro-CT
imaging. To the best of our knowledge, no study has reported
the accurate detection of the changes in BBB integrity in CCM
and the pathogenesis of brain hemorrhage in living rodents
using a dynamic NIR-II fluorescence imaging approach.

Materials and methods
Materials

Anhydrous ethylene glycol (EG, 99.8%), silver nitrate ACS
reagent (AgNO3, ≥99%), 3-mercaptopropionic acid (MPA,
99%), sodium hydroxide (NaOH, 98%), and sodium chloride
(NaCl, ≥99.5%) were purchased from Sigma Aldrich
(Milwaukee, WI). Thiol-terminated methyl polyethylene glycol
(SH-mPEG, 5k, >95%) was purchased from Nanocs Inc.
(Boston, MA), and UltraPure™ DNase/RNase-Free Distilled
Water was purchased from Invitrogen (Milwaukee, WI).

Synthesis of Ag2S QDs and characterization

Ag2S QDs with sub-10 nm size were synthesized using a pro-
cedure shown in Fig. 1. In a typical synthesis, 0.3 mmol of
AgNO3 and 7 mmol of MPA were added to EG (∼5 mL) and
heated at 198 °C under an argon gas flow for 30 min, and the
reaction mixture was cooled to room temperature using a
slightly modified procedure by Tang et al.2 using a higher
temperature and a shorter time. Initially, the color of the reac-
tion mixture was white which darkened with time as heating
was continued and QDs were formed. At the end of the
30 minute heating period, Ag2S QDs were extracted from the
suspension by centrifugation (three rounds using water) and
re-dispersed in 100 mL of water with a drop of NaOH being
added. PEGylation of the QDs was performed by adding
150 mmol of SH-mPEG to Ag2S QDs and stirring for 24 h at
room temperature. The QDs were collected by centrifugation
and stored at 4 °C in the dark.

TEM imaging was performed using a HITACHI H-600 TEM
operating at an acceleration voltage of 70 kV. A drop of diluted
colloidal Ag2S QDs was placed over a carbon-coated Cu grid for
preparing a TEM grid. The zeta potential of Ag2S QDs was
measured using a Malvern Zetasizer Nano ZS instrument oper-
ating at 25 °C. NIR-II emission of Ag2S QDs in a 1.5 mL micro-
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centrifuge tube was measured under 808 nm excitation
(∼5 mW cm−2) with an 808 nm notch filter, in combination
with longpass filters (rejection OD > 6) at four different cut-off
wavelengths: 950 nm (Edmund Optics Inc.), 1100 nm (Thorlab
Inc.), 1200 nm (Thorlab Inc.) and 1300 nm (Thorlab Inc.). A

10 ms exposure was sufficient for imaging and comparing the
intensities at different emission wavelengths of concentrated
QDs by an InGaAs array (NIRvana 640 camera, Princeton
Instruments) with 640 × 512 pixels, cooled sensor (−60 °C).
The emission spectrum of the QDs was recorded using a high-

Fig. 1 (A) A schematic illustration of the synthesis of PEGylated Ag2S QDs. (B) Size distribution, transmission electron microscopy (TEM) image of
Ag2S QDs, zeta potential measurement of COOH-terminated and PEGylated QDs. (C) NIR-II emission spectrum of Ag2S QDs between 900 and
1700 nm under 808 nm excitation. Inset shows the NIR-II emission from 1.5 mL microcentrifuge tube phantom containing Ag2S QDs. (D and E)
Fluorescence kinetic curves for the control mouse brain (n = 3 per group) injected with QDs and ICG and imaged with 950 nm or 1100 nm longpass
filters respectively (mean ± SEM; two-way ANOVA, ****p < 0.0001 in both the cases). (F) Comparison between kinetic curves of QDs (n = 3 per
group) injected mice imaged with 950 nm and 1100 nm longpass filters (mean ± SEM; two-way ANOVA, ****p < 0.0001). The first five principal com-
ponent (from the first 7 seconds post injection) images for both QDs and ICG injected mice using (G) 950 nm and (H) 1100 nm longpass filters.
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performance Acton SpectraPro SP2150 monochromator from
Princeton Instruments equipped with a NIRvana 640 camera.
A Hg and Ne/Ar dual switchable USB wavelength calibration
system (IntelliCal, Princeton Instruments) was used to cali-
brate the monochromator.

Mouse models and in vivo NIR-II dynamic imaging

CCM1+/− mice were provided by Dr Douglas Marchuk’s labora-
tory at Duke University. The mice were housed in the animal
facility of the Medical College of Wisconsin, Biological
Resource Center. The Institutional Animal Care and Use
Committee at the Medical College of Wisconsin approved the
procedures performed here. Age matched CCM1+/− mice and
WT mice were injected with 50 mg kg−1 STZ intraperitoneally for
five consecutive days according to online DiaComp Protocols29

and monitored until the blood glucose level increased to 250 mg
dL−1. All animal experiments were conducted in accordance
with the policies of the NIH Guide for the Care and Use of
Laboratory Animals and the Institutional Animal Care and Use
Committee (IACUC) of the Medical College of Wisconsin. The
animal protocols employed in this study were approved by the
Medical College of Wisconsin IACUC.

Mice were injected with 200 µL of PEGylated Ag2S QDs
(75 µg mL−1) by tail vein injection and dynamically imaged
using a custom-built imager composed of a InGaAs array
(NIRvana 640 camera, Princeton Instruments) with 640 × 512
pixels, cooled sensor (−60 °C), and 808 nm laser (20 mW
cm−2), and the images were acquired at 100 ms exposure for
5 min. The fluorescence signal was imaged by a combination
of filters, which included an 808 nm notch based excitation
rejection filter, with longpass filters at either 950 nm (Edmund
Optics Inc.), 1100 nm (Thorlab Inc.) or 1200 nm (Thorlab Inc.).
For ICG imaging and comparison, the same imaging equip-
ment and settings were used except that the mice were injected
with 200 µL of ICG (0.05 mg kg−1) instead of QDs. Brain ROI-
time series was extracted and compared between
CCM1 heterozygous and control mice using MATLAB.

microCT scan and H&E staining

After in vivo NIR-II dynamic fluorescence imaging, mice brains
were collected. For the verification of compromised BBB and
ICH in STZ-treated mice, excised mice brains post NIR imaging
were soaked in the propidium-iodide contrast agent (60 mg
mL−1) for 96 h and then washed to remove the excess contrast
agent following a reported procedure.30 CT imaging was per-
formed using a Triumph Micro SPECT-CT system (parameters:
512 views with 4 frames per view, 4 × 4, 60 kV, magnification of
4.5). The images were further processed using the Amira 2019.3
software, Thermo Fisher Scientific, USA. Brains were then
embedded and sectioned around the microCT confirmed area.
Haematoxylin and eosin (H&E) staining was performed, and
imaging was performed using a Leica ICC50 microscope.

BBB permeability measurements

A separate cohort of mice was divided into two sub-groups:
one sub-group was perfused with PBS, and the other sub-

group was perfused with FITC-dextran as previously
described.31 PBS-perfused mice brains were embedded with
paraffin, and FITC-dextran perfused mice brains were
embedded in the optimal cutting temperature compound.
Tissue blocks were cut into 8 µm (PBS-perfused) and 50 µm
(FITC-dextran-perfused) sections. IgG staining was applied to
paraffin-embedded sections, and the images were recorded
using a Leica ICC50 microscope. A Nikon Ti confocal micro-
scope was used for imaging FITC-dextran-perfused frozen
sections.

Immunofluorescence staining

Immunofluorescence staining was performed on paraffin-
embedded sections. Briefly, after dewaxing, hydration and
antigen retrieval, tissue sections were incubated with the
primary antibody Claudin-5 (Invitrogen 34-1600, rabbit,
1 : 100) and IB4 (Invitrogen, 121 412, 1 : 200) at 4 °C overnight.
Then, the tissue sections were washed with PBS and incubated
with a secondary antibody (Invitrogen A-21206, 1 : 500) at room
temperature for 2 h. After washing with PBS, nuclear staining
was carried out with DAPI. After mounting, the images were
recorded using a Nikon Ti confocal microscope.

Extraction of mice brain endothelial cells

Mice brain microvascular endothelial cells were extracted from
CCM1+/− and wild type mice (3–5 weeks) as previously
described with some modification.32 Briefly, mice brains were
collected, and the isolated cerebral cortices were minced and
homogenised in ice-cold DMEM. After digesting with 10 µg
mL−1 collagenase II and 1000 U mL−1 DNase I at 37 °C for 2 h,
the homogenate was centrifuged at 500g for 5 min at 4 °C. The
lower layer was resuspended in 17% Percoll and centrifuged at
1000g for 20 min at 4 °C, and then digested with 10 µg mL−1

collagenase II and 1000 U mL−1 DNase I at 37 °C for 1 h. After
centrifuging at 500g for 5 min at 4 °C, the precipitate was
added into the Percoll gradient and centrifuged at 1000g for
15 min at 4 °C. The cloudy middle layer was harvested and
centrifuged at 500g for 5 min at 4 °C and then seeded into
6-well plates with an endothelial cell medium (Sciencell,
#1001), incubated at 37 °C in humidified 5% CO2. The cells
were divided into the control group and the high-glucose-treat-
ment group. In the high-glucose-treatment group, the cells
were treated with 30 mM D-glucose for seven days.

Endothelial cell permeability assay

Mice brain microvascular endothelial cells were grown to con-
fluence on Transwell filter inserts (24-well format, 0.4 µm
pore), and monolayer paracellular permeability was deter-
mined as reported.33,34 Briefly, 100 µg mL−1 fluorescence
dextran, molecular weight 40 000 (FDX-40000; Molecular
Probes, Eugene, OR), in an assay buffer (0.1% BSA in DMEM)
was added to the upper chamber. The samples (50 µL) were
removed from the lower chamber at 0, 30, 60, and 120 min and
replaced with equal volumes of assay buffer. The concentration
of FDX-40000 applied to the upper chamber was assessed by
retrieving 50 µL of the sample at 0 min and similarly replacing
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this with 50 µL of assay buffer containing FDX-40000. The
retrieved samples were analyzed using a plate reader with fluo-
rescence-detecting capabilities (excitation λ = 488 nm; emis-
sion λ = 510 nm). Permeability coefficient (PC) for FITC-
dextran was determined using the following equation: PC (cm
min−1) = V/(SA × Cd) × (Cr/T ), where V is the volume in the
receiver (lower) chamber (1 cm3), SA is the surface area of the
cell monolayer (0.3 cm2), Cd is the concentration of FDX-40000
in the upper chamber at time 0, and Cr is the concentration of
FDX-40000 in the bottom chamber at sampling time T. PC was
determined for replicate samples, and the mean value was
obtained. The change in permeability following treatment was
reported as the percent of the mean control PC value.

Western blotting analysis

An equal amount (30 µg) of protein samples extracted from
the control or high-glucose-treated cells was loaded and separ-
ated on 10% sodium dodecyl sulfate/polyacrylamide gels, then
transferred onto nitrocellulose membranes. After blocking
non-specific binding with 5% non-fat milk for 1 h, the mem-
branes were incubated with primary antibodies against CCM1
(1 : 1000, ab196025; Abcam) and GAPDH (1 : 5000, 60004-1-Ig;
Proteintech) overnight at 4 °C. After 40 min washing with
TBS-T, the membranes were then incubated with secondary
antibodies at room temperature for 2 h and washed with
TBS-T. The protein bands were finally visualised using a Bio-
rad ChemiDoc machine using a SuperSignal West Pico chemi-
luminescence kit (Thermo Fisher Scientific).

Statistics

The data are expressed as mean ± SD. Statistical significance
was analyzed by ANOVA using the GraphPad software, and sig-
nificance is defined as P < 0.05. Western blotting image was
analyzed using the ImageJ software.

Synthesis of PEGylated Ag2S QDs for determining the change
in blood perfusion

Sub-10 nm PEGylated Ag2S QDs were synthesised by modifying
the scheme reported by Tang et al.2 as depicted in Fig. 1A. The
TEM image indicated that Ag2S QDs were ∼8 ± 2 nm in size
with a uniform spherical shape (inset of Fig. 1B(i)). Zeta poten-
tial of COOH-terminated QDs was found to be −20 mV, and
PEGylation reduced the zeta potential to −6.7 mV as depicted
in the inset of Fig. 1B(ii). The emission spectrum of Ag2S QDs
showed a range spanning from 950 to 1700 nm upon 808 nm
excitation as depicted in Fig. 1C. Gaussian curve fitting to the
emission spectrum of QDs confirmed that the peak is centred
at 1135 mm, and the intensity exponentially decreased until
1600 nm, with a full width at half maximum (FWHM) of
approximately 170 nm, R2 = 0.9823 (Table S1 and Fig. S1(A),
see the ESI†). To further clarify the emission intensity distri-
bution, the spectrum was also fitted with two peaks of the
Gaussian profile, which confirmed that the first peak is
centred at 1110 nm, FWHM = 129 nm, and the second peak is
centred at 1213 nm, FWHM = 212 nm with R2 = 0.9984
(Table S1 and Fig. S1(B), see the ESI†). Thus, 52.5% of emis-

sion intensity of Ag2S QDs was centred at around 1110 nm,
and 47.5% of emission intensity of Ag2S QDs was centred at
around 1213 nm. The inset of Fig. 1C shows the emission
from Ag2S QDs in 1.5 mL Eppendorf tubes under 808 nm exci-
tation (∼20 mW cm−2) and a 950 nm long-pass filter with a
high signal-to-background ratio suitable for in vivo imaging.
To select optimum imaging filters for mice, first the QDs in
quartz vials were excited with an 808 nm light (5 mW cm−2)
and 10 ms exposure with sequentially longer cut-off wave-
length long-pass filters (950, 1100, 1200, and 1300 nm). This
data is depicted in Fig. S2.† The signal was superior with a
950 nm longpass filter and decreased sharply with 1200 nm
longpass filters.

In vivo NIR-II imaging of QDs was assessed and compared
with ICG in control mice with tail vein bolus injections.
Fluorescence kinetic data in the brain ROI for the QDs (n = 3
per group) and ICG (n = 3 per group) acquired using a 950 nm,
1100 nm, and 1200 nm longpass filter are depicted in Fig. 1D,
E, and Fig. S3,† respectively. The comparison between emis-
sion kinetics profiles at 950 and 1100 nm longpass filters in
QD injected mice is depicted in Fig. 1F. The first five principal
component image decompositions (PC1, PC2, PC3, PC4, and
PC5) corresponding to both QDs and ICG injected mice using
a 950 nm, 1100 nm and 1200 nm longpass filter are depicted
in Fig. 1G, H, and Fig. S4,† respectively. These studies indi-
cated differences in the washout of QDs vs. ICG independent
of imaging wavelengths. QD kinetics in the brain ROI was
similar at 950 nm and 1100 nm longpass with a higher signal
at 950 nm, and no differences in image quality. Thus, QD
imaging with a 950 nm longpass filter was chosen for sub-
sequent experiments.

Determination of increased blood perfusion in the brain of
STZ-injected CCM1+/− mice

After five days of consecutive administration of a low dose of
STZ, both wild type and CCM1+/− mice reached a similar
glucose level which was much higher than the normal range
and near diabetes criteria. However, the glucose level of mice
receiving the vehicle control remained around the base line
(Fig. S5, see ESI†). Dynamic NIR-II fluorescence images of the
control and CCM1+/− mice in the STZ-treated group at post-5 s
injection of PEGylated Ag2S QDs are shown in Fig. 2A and B
and show significantly increased higher wash-in in STZ-treated
CCM1+/− mice, indicating the disruption of BBB around brain
micro-capillaries.

Principal component analysis (PCA) on the imaging time
series for each pixel was performed by applying singular value
decomposition algorithm in MATLAB to clearly identify the
brain ROI using the first few PCA components as shown in
Fig. 2C and S6 (see the ESI†). The average dynamic NIR-II fluo-
rescence intensity from both STZ-treated WT (n = 6) and STZ-
treated CCM1+/− (n = 6) group brain ROI is shown in Fig. 2D.
Statistically significant differences were observed in contrast
kinetics (****p < 0.0001, ANOVA2 in MATLAB). We observed
that after bolus injection, the QDs permeate in higher
amounts in the (CCM1 + STZ) mice brains compared to the
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control group mice (CTRL + STZ). The brain ROI averaged
dynamic NIR-II fluorescence intensity from the brain ROIs for
individual animals of the control and CCM1 group mice is
shown in Fig. S7(A and B), see the ESI,† overlaid with the
group mean, and in Fig. S7C, see the ESI,† CCM1+/− group
animals are plotted overlaid with the control group mean.
These data illustrate the increased heterogeneity in cerebrovas-
cular disruption in the CCM1+/− mice when hyperglycemia is
induced with STZ treatment. A pseudo-real time movie of
dynamic fluorescence imaging in the NIR-II window from the
mice brain of control (left) and CCM1+/− (right) group mice
following the tail vein injection of PEGylated Ag2S QDs is
shown in Fig. S8, see the ESI,† for the first 60 s post-injection
time-lapse imaging (movie link: https://figshare.com/
s/d2ffba8c9d87b006b972 (DOI: http://dx.doi.org/10.6084/m9.
figshare.12672389). These results are supported by previous

observations by Chiu et al.,35 wherein the authors reported
that rats with hyperglycemia exhibited a higher fluid content
(cerebral edema) in the brain and demonstrated severe BBB
destruction. Similarly, in our studies reported here, the
increased BBB disturbance in hyperglycemic CCM1+/− mice
potentially results in a higher initial uptake of sub-10 nm Ag2S
QDs in brain vasculature compared to the control hyperglyce-
mic mice. To validate this imaging-derived finding, we per-
formed multiple BBB disturbance characterization studies in
both CCM1+/− and control mice treated with STZ. Even
though the NIR-II dynamic fluorescence imaging significantly
discriminated between control and CCM1+/− group mice, the
surface-weighted nature of these measurements required con-
firmation with ex vivo methods. To confirm the increased per-
meability of contrast agents throughout the cerebral vascula-
ture, microCT imaging was performed after treating the mice

Fig. 2 (A and B) NIR-II fluorescence emission from the brain at 5 s post-injection of PEGylated Ag2S QDs in both control (n = 6) and CCM1+/−
group (n = 6) mice. (C) A typical whole-body PCA overlaid image using dynamic NIR-II fluorescence images. (D) Dynamic NIR-II image intensity from
both the control and CCM1+/− group mice brain for post-15 s of QD injection (mean ± SEM; two-way ANOVA, ****p < 0.0001).
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brain with an iodinated CT contrast for 96 h followed by
repeated washing to remove the free contrast agent. The
microCT-reconstructed images were analysed using the AMIRA
software (2019.3; Thermo Fisher Scientific, USA). The images
indicated uniformly increased contrast in brains from
CCM1+/− mice treated with STZ. A three-dimensionally (3D)
reconstructed and consistently intensity-thresholded
maximum intensity projection of a representative control and
CCM1+/− group mice brain overlaid with the YZ axial plane is
shown in Fig. 3A and B. A color bar with a “gray” scale inten-
sity overlaid histogram is shown in the figure itself. Bright con-
trast in the volume-rendering image corresponds to a higher
uptake of iodine contrast in the CCM1+/− group compared to
a lower contrast in the control group of the mice brain. To
thoroughly study the differences in iodine contrast uptake in
these brains, a data-driven approach was developed to study
the separation between control and CCM+/− groups by using
k-means clustering. Voxel intensity data pooled from n =
3 mice from each group were classified using the squared
Euclidean distance metric and the k-means++ algorithm in the
MATLAB R2020a software. This algorithm classified the micro-
CT data into two different clusters (K = 2) corresponding to
CTRL + STZ and CCM1 + STZ groups with clearly separated
centroids as shown in Fig. 3C. Thus, the increased BBB per-
meability indicated by NIR-II window surface measurements
was validated by 3D micro-CT imaging to be present over the
entire brain.

Results and discussion
Hyperglycemic CCM1+/− mice exhibit hyperpermeable BBB
and intracerebral hemorrhage

As the second gold-standard confirmatory measurement of
BBB disruption, FITC-dextran perfusion assay and IgG staining
were used for further confirmation of the BBB permeability
change in each group. The brain tissue sections for each group
were analyzed histologically. Vehicle-treated CCM1+/− mice
exhibited moderately increased FITC-dextran extravasation
compared to vehicle-treated WT mice, consistent with a pre-
vious report.23 However, in the vehicle-treated CCM1+/− group
FITC-dextran extravasation dramatically increased compared to
the STZ-treated CCM1+/− group, indicating a much more per-
meable BBB. As depicted in the fourth panel of Fig. 3D, the
diffusion of the FITC-dextran signal outside the capillaries can
be attributed to the extravasation of FITC-dextran beyond the
BBB. Interestingly, the STZ-treated WT group had more FITC-
dextran extravasation than the vehicle-treated WT group, i.e.,
chronic hyperglycemia itself can increase BBB permeability at
moderate levels. IgG staining showed no dramatic difference
between the vehicle-treated CCM1+/− group and the vehicle-
treated WT group, neither the STZ-treated WT group and the
vehicle-treated WT group. However, much stronger IgG stain-
ing was observed in the vicinity of the vasculature in the STZ-
treated CCM1+/− group compared to other groups (Fig. 3D
and E). This is probably due to vascular dysfunction in the

brain of the STZ-treated CCM1+/− group which allows for the
penetration of circulating FITC-dextran and IgG into parench-
yma via BBB.

Besides the finding of BBB disruption, microCT scan also
indicates hemorrhage locations, marked as red arrows in the
STZ-treated CCM1+/− brain shown in Fig. 3F. The H&E stain-
ing image sectioned at the hemorrhagic location indicated by
CT data further confirmed intracerebral hemorrhage, which is
marked with the black arrow as shown in Fig. 3G. These data
suggest that the microvasculature in the brain of CCM1+/−
mice is more vulnerable to hyperglycemia induced vascular
pathology.

Tight junction protein Claudin-5 decreases in hyperglycemic
CCM1+/− mice

Tight junction proteins between endothelial cells, including
Claudin-5, Occludin, and ZO-1, are crucial for maintaining
BBB integrity. Among these tight junction proteins, Claudin-5
is specifically expressed in brain endothelial cells and has
unique importance in BBB integrity.36–38 According to previous
reports, tight junctions in CCM patient lesion sites decrease
compared to normal brain tissue.39,40 Chronic hyperglycemia
also induces the reduction of the tight junction protein
Claudin-5 in brain endothelial cells. To further elucidate the
pathological change in BBB permeability in hyperglycemic
CCM1+/− mice, we examined the tight junction protein
Claudin-5 in each group using immunofluorescence staining.
Both hyperglycemia and CCM1 heterozygous mutation exhibi-
ted a decrease in Claudin-5 in brain vasculature. However,
hyperglycemia exacerbated a decrease in Claudin-5 in the brain
of CCM1 heterozygous mice (Fig. 4), further contributing to the
impairment of BBB integrity in hyperglycemic CCM1+/− mice.

High-glucose treatment increases endothelial cell permeability
in the brain of CCM1+/− mice by downregulating the CCM1
expression

CCM1 knockout mice exhibit obvious CCM lesions in the
brain.22 However, CCM1+/− mice exhibit increased BBB per-
meability but no notable CCM lesions because the expression
of CCM1 in the brain and lung of CCM1+/− mice is only lost at
approximately half of the level as in WT mice, i.e., a remark-
able reduction in the CCM1 expression is the key to trigger the
onset of CCM. We isolated endothelial cells from the brain of
the WT and CCM1+/− mice brain and used FITC-dextran assay
to evaluate the permeability changes in response to high-
glucose treatment (30 mM). As shown in Fig. 5A, the basal per-
meability of CCM1+/− brain endothelial cells is higher than
that of WT endothelial cells, consistent with the previously
reported results.23 High-glucose treatment further increased
the permeability of CCM1+/− brain endothelial cells, i.e., high
glucose could further impair endothelial layer integrity con-
sistent with the in vivo results (Fig. 5A). Western blotting
results show that high-glucose treatment decreases CCM1
protein levels, especially in CCM1+/− brain endothelial cells
(Fig. 5B), which is less than 35% of CCM1 protein levels in WT
endothelial cells.
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Fig. 3 (A) Visualization of intensity-thresholded volume-rendering reconstruction of micro-CT data of the (A) CTRL + STZ and (B) CCM1 + STZ mice
brain treated with iodine contrast under similar conditions overlaid with the corresponding YZ oriented image plane crosses across the centre of the
mice brain. (C) A clear separation between CTRL + STZ (n = 3; cluster 1 – left side) and CCM1 + STZ (n = 4; cluster 2 – right side) was obtained by
applying squared Euclidean distance metric and k-means++ algorithm that applies heuristic to find the centroid seeds for k-means clustering (a
number of total clusters, K = 2). (D) FITC-dextran perfusion images of the vehicle and STZ-injected WT and CCM1+/− group demonstrate a signifi-
cant permeable BBB in the hyperglycemic CCM1+/− group (scale bar, 50 µm).(E) IgG staining of the vehicle and STZ-treated WT and CCM1+/−
group (scale bar, 100 µm). (F) MicroCT images of STZ-treated CCM1+/− mice indicate hemorrhage spots (red arrows) in the brain. (G) H&E staining
images sectioned at the hemorrhagic location (indicated by CT data) confirmed intracerebral hemorrhage (black arrows, scale bar, 100 µm).
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We have shown that PEGylated Ag2S QDs provide promising
NIR-II fluorescence contrast for deep tissue non-invasive and
relatively low power brain imaging at an excitation wavelength
of 808 nm (20 mW cm−2) with strong NIR-II window emission.
Dynamic fluorescence imaging characterized brain perfusion
differences between STZ-treated WT and CCM1+/− mice with
statistically significant value ****P < 0.0001. These results also
provide evidence that NIR-II fluorescent emission from mice
brains has advantages compared to traditional NIR-I fluorescent
window imaging, including the lower autofluorescence and
background signal. This imaging technique also exploits widely
separated excitation (808 nm) and emission (>950 nm) windows
reducing the leakage of spurious light through optical filters
and its detrimental effect on the signal to noise ratio.

In vivo tracking of BBB integrity is crucial for the pathologi-
cal discovery of cerebrovascular diseases. Impaired BBB leads
to the accumulation of contrast agents via the enhanced per-
meability and retention (EPR) effect. NIR-II fluorescence

imaging is a non-invasive tool with ambulatory and relatively
affordable characteristics without the compulsion of subjects;
therefore, it has attracted much attention.41 We synthesised
PEGylated Ag2S QDs, ∼8 nm in size and neutral surface
charge, with fluorescence in the NIR-II window (around
1135 nm) upon 808 nm light excitation. These Ag2S QDs were
intravenously injected in both hyperglycemic WT (n = 6) and
hyperglycemic CCM1+/− group (n = 6) mice under similar con-
ditions, and in vivo dynamic fluorescence imaging in the
NIR-II window from the mice brain ROI was compared. The
average fluorescence counts of QDs are significantly higher in
the hyperglycemic CCM1+/− mice group compared to the
hyperglycemic WT mice group with a P value of <0.0001 as
determined using ANOVA analysis in MATLAB. The NIR-II fluo-
rescence signal in mouse brains post-5 s injection in the brain
of hyperglycemic CCM1+/− mice is four times higher than that
of hyperglycemic WT mice. Furthermore, the washout rate of
the QD CCM1+/− group mice brain is ∼200% higher than that

Fig. 5 (A) Basal permeability of endothelial cells isolated from the brain of CCM1+/− mice is higher than that of WT endothelial cells. Permeability
further increases after high glucose treatment. Relative endothelial permeability in the CCM1+/− normal glucose group is 1.344 ± 0.021, in the WT
high-glucose group is 1.272 ± 0.045, and in the CCM1+/− high-glucose group is 1.75 ± 0.059 as normalized to the WT normal glucose group, n = 3.
*P < 0.05 vs. the WT normal glucose group. ΔP < 0.05 vs. the CCM1+/− normal glucose group. (B) CCM1 expression in endothelial cells isolated
from the brain of CCM1+/− mice decreases after 7 d high-glucose treatment. Endothelial cells were isolated from 10 WT and 10 CCM1+/− mice.

Fig. 4 Claudin-5 and IB4 staining in vehicle and STZ-treated WT and CCM1+/− mice demonstrates a significant decrease in the tight junction
protein Claudin-5 expression in hyperglycemic CCM1+/− mice (scale bar, 25 µm).
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of the hyperglycemic WT group, whereas the washout rate in
hyperglycemic CCM1+/− mice is slightly lower than that in the
hyperglycemic WT group within the limits of error bar. A
higher retention of NIR-II fluorescence intensity in the
CCM1+/− group can be attributed to impaired vascular junc-
tions. The most important finding is that the observed
increase in BBB permeability via NIR imaging is consistent
with the results obtained by traditional biological approaches
such as FICT-dextran extravasation assay and IgG staining.
Further histology analysis elucidated BBB integrity impairment
associated with the decrease in the tight junction protein
Claudin-5. Mechanistically, we demonstrate that long-term
hyperglycemia induces the loss of CCM1 expression in brain
endothelial cells. It can be concluded that hyperglycemia-
induced ICH and BBB hyperpermeability in the brain of
CCM1+/− mice can be monitored non-invasively using NIR-II
fluorescence QDs.

Recently, interesting results have been published by Wu
et al.,42 using BTPPA molecules encapsulated in L1013
(DSPE-PEG2k construct) nano-particles with emission at
1013 nm on excitation at a 808 nm light. They used the blood
in situ injection hemorrhage stroke model, which causes brain
parenchyma damage and hyperpermeable BBB. The results
showed great enhancement (∼190%) in fluorescence intensity
in the right hemorrhage side of the brain. The results are con-
sistent with our observation on ICH and BBB breakdown in
hyperglycemic CCM1+/− mice. Similar fluorescence imaging
methods have been used clinically using the NIR-I ICG con-
trast agent to track the differences in subcutaneous
microcirculation.43,44 Thus, Ag2S-enabled dynamic imaging
might be helpful to find vascular pathologies across the whole
body.45 In addition to vascular imaging, image-guided brain
tumour surgical resection has also been reported46 and is a
further application for nano-particles.

One of the weaknesses of whole-body NIR imaging is the
surface-weighted nature of these images, with potential ques-
tions about sensitivity to deep tissue vascular changes. Here,
we thoroughly tested in vivo imaging with another gold stan-
dard ex vivo imaging method of iodine contrast enhanced
micro-CT. To validate the presence of hemorrhage and BBB
disruption, brain tissues were soaked in the propidium iodide
contrast agent, and 3D reconstruction of micro-CT data con-
firmed that CCM1+/− mice had uniformly higher iodine con-
trast uptake compared to hyperglycemic WT animals. A clear
intraventricular hemorrhage location identified on hyperglyce-
mic CCM1+/− mice was also confirmed by H&E staining,
which is around the micro-CT confirmed hemorrhage location.
Owing to the intact vasculature in the normal brain, FICT-
dextran and IgG do not leak in cortical vasculature.47 As shown
in the results of FITC-dextran extravasation assay and IgG
staining, the vessel walls in hyperglycemic CCM1+/− mice
show the leakage of FICT-dextran and IgG into the locations
surrounding vessels, whereas only minimal FITC-dextran
leaking was observed in the hyperglycemic WT and normal
CCM1+/− group. No such leakage was observed in normal
control group animals. These results confirm that an increase

in ICH and BBB permeability occurs in hyperglycemic
CCM1+/− mice. These vascular lesions were further confirmed
by decreased staining of the tight junction protein Claudin-5
in hyperglycemic CCM1+/− mice.

Even though previous reports suggested that no significant
association with lesion count and abnormal white matter
hyperintensities was observed for diabetes in familial CCM1
cases,48,49 the association between hyperglycemia and the
etiology of CCM is still unclear. Furthermore, many pieces of
evidence clearly show the statistical association between hyper-
glycemia and the incidence of hemorrhagic stroke.28,50 To
investigate the underlying mechanism of the hyperglycemia
effect on CCM1+/− mice, we extracted endothelial cells from
CCM1+/− mice and treated with high glucose for seven days. A
decrease in the CCM1 protein levels in high-glucose-treated
endothelial cells indicates that hyperglycemia can induce a
further decrease in CCM1 in endothelial cells of CCM1+/−
mice and exacerbate the damage of vascular junctions in
CCM1+/− mice.

Conclusions

In summary, this study demonstrates that NIR-II fluorescence
imaging with PEGylated Ag2S QDs is an effective non-invasive
method for detecting brain vascular lesions such as ICH and
BBB hyperpermeability. With NIR imaging and rigorous gold
standard validation of brain vascular integrity, we also demon-
strate that hyperglycemia further decreases the CCM1
expression in CCM1+/− mice and diminishes endothelial tight
junctions. This impairs BBB integrity and can lead to vascular
rupture and brain hemorrhage.
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