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In vivo multi-photon luminescence imaging of
cerebral vasculature and blood–brain barrier
integrity using gold nanoparticles†
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We report that time-dependent morphological changes of cortical

vasculature, which would be associated with blood–brain barrier

disruption, can be clearly visualized with high spatial resolution in a

stroke mouse model using the multi-photon luminescence of long-

circulating gold nanoparticles.

Monitoring of cerebral vascular changes is important for under-
standing the pathophysiology of various brain diseases such as
stroke, subcortical vascular dementia, brain tumors and Alzheimer’s
disease. Recently, in addition to circulation through large vessels,
microcirculation through microvasculature has received a lot of
attention because of its crucial role in the progression of these
diseases. Cerebral microvasculature is characterized by the
presence of the blood–brain barrier (BBB), which is composed
of tight junctions between endothelial cells, and regulates
passage of substances from the bloodstream to brain parenchyma.
Breakdown of the BBB is associated with the development or
progression of stroke, Alzheimer’s disease and brain tumors.1–4

Thus, an imaging technique to visualize changes in the BBB integrity
in the live brain is needed to understand these processes.

Multi-photon laser scanning microscopy (MPLSM) is a well-
established imaging technique with high spatial resolution that
allows visualization of cortical cells and vasculature located
several hundred micrometers deep in the brain.5–11 In MPLSM,
a near-infrared (NIR) femtosecond pulsed laser is focused to
nonlinearly excite multi-photon fluorescent probes at the target
region, providing deeper penetration and minimal photodamage.
Although organic dyes and their conjugates have been widely
used for these purposes in past decades, their rapid photo-
bleaching and short blood circulation time limit the long-term

monitoring of the morphology and permeability of cerebral
vessels in the live brain.12

Recently, multi-photon luminescence of gold nanoparticles
has attracted much interest in the field of biological imaging
because they display excellent biocompatibility, long-term photo-
stability and a large multi-photon absorption cross-section.12–16

Efficient multi-photon induced luminescence of gold nanoparticles
upon ultrafast NIR laser irradiation originates from localized surface
plasmon resonance.17–19 In addition to their optical properties, gold
nanoparticles coated with polyethylene glycol (PEG) molecules have
a long circulation time in the bloodstream.20 Lastly, their size
tunability allows us to study the cerebral vascular permeability that
is dependent on nanoparticle size. Thus, gold nanoparticles have
great potential as vascular contrast agents in in vivo multi-photon
luminescence imaging of the brain for long-term monitoring of BBB
disruption.

Here, we investigated the possibility of in vivo multi-photon
luminescence imaging of cerebral vasculature and BBB integrity
in mice using PEGylated gold nanoparticles (PEG-GNP). After
intravenous administration, the PEG-GNPs were found to reside
in the blood stream long enough to visualize the cerebral
vasculature. In a mouse model of stroke, in vivo multi-photon
luminescence imaging of long circulating PEG-GNPs enabled us
to monitor the time-dependent change of vascular permeability
with high spatial resolution.

Citrate-coated gold nanoparticles with average sizes of B 5,
10, 20, and 40 nm were synthesized using previously established
methods21,22 and then coated with 5k PEG molecules to extend
their blood circulation time. When observed using transmission
electron microscopy (TEM), the PEG-GNPs appeared fairly sphe-
rical with uniform diameters [Fig. 1a, 5.18 � 1.31, 11.80 � 1.09,
19.50 � 2.83, and 39.94 � 3.38 nm for 5 nm, 10 nm, 20 nm, and
40 nm nanoparticles, respectively]. The average hydrodynamic
diameters, measured by dynamic light scattering (DLS), were
26.33 (PDI: 0.271), 45.26 (PDI: 0.250), 55.44 (PDI: 0.328), and
70.42 nm (PDI: 0.343) for 5 nm, 10 nm, 20 nm, and 40 nm PEG-
GNPs, respectively. These diameters are somewhat greater than
those observed through TEM, because the organic PEG coating
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was not observed in the TEM images. The PEG-GNPs were stored
up to 6 months in phosphate buffered saline (PBS) without any
aggregation. Absorption spectra of the PEG-GNPs were similar to
those reported in previous literature22,23 (Fig. 1b). As the size
increased, the absorption spectrum was shifted towards longer
wavelengths, and the intensity was slightly increased.

We next measured in vitro multi-photon luminescence of
PEG-GNP formulations at different NIR excitation wavelengths to
investigate the influence of nanoparticle size on their luminescence.
The PEG-GNP solution at a concentration of 100 mg Au mL�1 was
placed in the microscopy chamber well and irradiated with
femtosecond pulsed lasers operating in the NIR wavelengths
ranging from 720 nm to 900 nm. The multi-photon lumines-
cence of PEG-GNPs was collected using band-pass filters in the
wavelength range of 570 nm to 640 nm, in which the lumines-
cence emission was mainly observed regardless of their size.17,24

The multi-photon luminescence intensity was normalized to the
laser power at the excited wavelength. For all PEG-GNPs, the
multi-photon luminescence intensity was gradually decreased as
the excitation wavelength increased (Fig. 1c). The multi-photon
luminescence intensities of 10, 20, and 40 nm PEG-GNPs were
dependent on their size since larger nanoparticles exhibit greater
electric field enhancement in the NIR wavelengths. However,
interestingly, the multi-photon luminescence intensity of 5 nm
PEG-GNPs was found to be somewhat stronger than 10 nm and
20 nm PEG-GNPs. It could be attributed to the roughened
surface of 5 nm PEG-GNPs, which were synthesized by a different
method than other PEG-GNPs.17 The multi-photon luminescence
intensity was linearly increased with increasing nanoparticle
concentration, indicating that the signals indeed originated
from the PEG-GNPs (Fig. S1, ESI†). Thus, PEG-GNPs with
diameters of 5 and 40 nm, which exhibited stronger multi-
photon luminescence, were chosen to study the nanoparticle
size dependence of cerebral microvascular permeability in the
following in vivo experiments.

Next, we performed in vivo multi-photon luminescence imaging
using intravenously administered PEG-GNPs to demonstrate the
possibility of microvasculature visualization in a live mouse brain.
All procedures in animal care and handling were approved by the
Institutional Animal Care and Use Committee, and performed in
compliance with the relevant laws and institutional guidelines. The
800 nm excitation wavelength was used for in vivo multi-photon
luminescence imaging of cerebral vasculature, because the auto-
fluorescence and brain tissue damage can be minimized when
compared to shorter wavelengths. Additionally, PEG-GNPs with
diameters of 5 and 40 nm exhibited similar luminescence at this
wavelength (Fig. 1c). An open cranial window was prepared to
visualize cerebral vasculature using multi-photon microscopy. The
multi-photon luminescence images of cerebral vasculature within
the 150 mm deep cortex were obtained with 10 mm depth incre-
ments immediately after intravenous injection of 5 nm or 40 nm
PEG-GNPs. Intrinsic multi-photon luminescence of both PEG-GNPs
enabled clear visualization of cerebral vascular morphology with
diameters ranging from 2 to 80 mm (Fig. 2a and b). There was no
significant multi-photon luminescence signal of PEG-GNPs in the
extravascular tissues. Cross-sectional intensity profiles of vessels
with diameters smaller than 10 mm at various depths showed sharp
peaks, indicating the capability of PEG-GNPs for high-resolution
imaging of the blood vessels up to 300 mm deep (Fig. 2c).

We subsequently tested whether multi-photon lumines-
cence of intravenously-administered PEG-GNPs remain in the
blood vessels long enough to visualize morphological changes
of cerebral vasculature. At 4 h post-injection, approximately
80% of the initial luminescence signal was measured in the

Fig. 1 Physical and optical properties of PEGylated gold nanoparticles.
(a) Transmission electron microscopic (TEM) images of PEGylated gold
nanoparticles with sizes of 5 nm, 10 nm, 20 nm, and 40 nm. (b) Absorption
spectra of PEGylated gold nanoparticles. (c) Multi-photon luminescence of
PEGylated gold nanoparticles at different excitation wavelengths (n = 3,
mean with s.d.). Scale bars indicate 10 nm.

Fig. 2 In vivo multi-photon luminescence imaging of mouse cerebral
vasculature using PEGylated gold nanoparticles. (a) Comparison of 5 nm
and 40 nm PEGylated gold nanoparticles (PEG-GNP) for in vivo multi-
photon luminescence imaging of cerebral vasculature upon 800 nm
irradiation. (b) Relative in vivo multi-photon luminescence of vasculatures
to extravascular tissues in the images obtained at the 800 nm excitation
wavelength immediately after intravenous injection of 5 nm or 40 nm
PEG-GNPs (n = 3, mean with s.d.). (c) Luminescence profiles of the yellow
lines across the vessels in the upper images taken at various depths after
intravenous injection of 5 nm PEG-GNPs. (d) Percentage of multi-photon
luminescence remained in the blood vessels as a function of time after
intravenous injection of 5 nm or 40 nm PEG-GNPs. The images were
continuously obtained immediately after intravenous injection of the PEG-
GNPs (n = 3, mean with s.d.). Scale bars indicate 100 mm.
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bloodstream regardless of their size (Fig. 2d). The PEG-GNPs
are expected to be eliminated from the bloodstream beyond the
24 h time point (Fig. S2, ESI†), presumably due to the clearance
in the peripheral elimination organs such as kidney and liver.25

Such a long circulation time for PEG-GNPs is ascribed to the
coating of high-molecular-weight PEG (5k) on the nanoparticle
surface. Taken together, these results suggest that the cerebral
vasculatures could be imaged for several hours with high
spatial resolution by using PEG-GNPs.

Lastly, we tested whether PEG-GNPs with diameters of 5 and
40 nm could be used to study the vascular permeability in a
stroke mouse model. After intravenous injection of PEG-GNPs,
acute stroke was induced selectively in the cortical region by
photothrombosis as reported previously.26 A cortical area in the
center of the cranial window was irradiated with 535 nm green
light for 5 min after intravenous injection of rose bengal
(photosensitizer). Evans blue extravasation and Cresyl violet
staining in the brain performed at 2 h post-irradiation revealed
that the BBB breakdown and ischemic cell death were induced
in the photothrombotic region (Fig. S3 and S4, ESI†). Additionally,
no significant photothermal damage on the cortical vessels, which
would cause perivascular leakage of PEG-GNPs, was observed after
green light irradiation without photosensitizer injection, although
PEG-GNPs have been known to absorb green light efficiently22,23

(Fig. S5, ESI†). It indicates that photoactivation of PEG-GNPs upon
green light irradiation used for the photothrombosis has a negli-
gible effect on the permeability of the cortical vasculature.

Next, the morphological and permeability changes in cerebral
vasculature were serially observed in the same region using the
multi-photon luminescence imaging of PEG-GNPs after induc-
tion of photothrombotic stroke (Fig. 3). In the images taken
before PEG-GNP injection, multiple dotted autofluorescence
signals were observed in the brain tissues, presumably due to
endogenous fluorophores in the cells as reported previously.27

The luminescence signal of 5 nm PEG-GNPs in the extravascular
region near the cerebral microvasculature was significantly
increased 30 min after the induction of photothrombotic stroke,
whereas the increase rate was diminished at 1 and 2 h. However,
the 40 nm PEG-GNPs showed that the luminescence signal in the
extravascular region near the cerebral microvasculature was
gradually increased over the tested period of time after photo-
thrombosis. At all time points, the luminescence signal of 5 nm
PEG-GNPs in the extravascular region was significantly higher
than that of 40 nm PEG-GNPs. Due to their smaller size, a larger
amount of 5 nm PEG-GNPs seemed to have extravasated into the
brain parenchyma through the disrupted BBB in the early stage
of stroke. The images of both 5 and 40 nm PEG-GNPs showed
strong multi-photon luminescence signals in some intravascular
regions, presumably due to the passive accumulation of PEG-GNPs
in the thrombotic lesions. Histological examination also confirmed
the extravasation of PEG-GNPs in the photothrombotic region
(Fig. S6, ESI†). The multi-photon luminescence of rose bengal is
negligible in the images after 20 min post-photothrombosis
(Fig. S7, ESI†).

In summary, we have demonstrated that time-dependent
morphological changes of cortical vasculature, which would be
associated with BBB disruption, can be clearly visualized with
high spatial resolution in a mouse model of stroke using the
multi-photon luminescence of long circulating PEG-GNPs.
Furthermore, it was found that PEG-GNPs with a diameter of
5 nm or smaller could be useful to visualize changes in vascular
permeability in the earlier stages of BBB dysfunction. Such
small nanoparticles would be clinically translatable for angio-
graphy and drug delivery in brain diseases, as they have been
known to be excreted through the kidney.28 This work high-
lights the feasibility of GNP-based multi-photon luminescence
imaging for monitoring changes in vascular morphology and
physiology associated with brain diseases.
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