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Cerebrovascular imaging is essential for the diagnosis, treatment, and prognosis
of cerebrovascular disease, including stroke, aneurysms, and vascular
malformations. Conventional imaging techniques such as MRI, CT, DSA and
ultrasound have their own strengths and limitations, particularly in terms of
resolution, contrast and safety. Recent advances in nanotechnology offer new
opportunities for improved cerebrovascular imaging. Nanomaterials, including
metallic nanoparticles, magnetic nanoparticles, quantum dots, carbon-based
nanomaterials, and polymer nanoparticles, show great potential due to their
unique physical, chemical, and biological properties. This review summarizes
recent advances in advanced nanomaterials for cerebrovascular imaging and
their applications in various imaging techniques, and discusses challenges and
future research directions. The aim is to provide valuable insights for researchers
to facilitate the development and clinical application of these innovative
nanomaterials in cerebrovascular imaging.
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1 Introduction

Cerebrovascular imaging is crucial for diagnosing, treating, and predicting the course of
cerebrovascular diseases (Haller et al., 2018; Hage et al.,, 2016). Conditions like stroke,
aneurysms, and vascular malformations often result in significant morbidity and disability,
impacting both patients and society. High-resolution, high-contrast imaging is essential for
accurate diagnosis and effective treatment. Current techniques include Magnetic Resonance
Imaging (MRI) (Sleight et al., 2021), Computed Tomography (CT) (Abbas and Kumar,
2018), Digital Subtraction Angiography (DSA) (Shaban et al., 2022), and ultrasound (Yan
etal,, 2019). Each has its advantages and disadvantages. CT is fast and offers high resolution,
but it has poor soft tissue contrast and carries radiation risks (Ghekiere et al., 2017). MRI
provides excellent soft tissue contrast, but scans take longer and it is sensitive to metal
implants (Sammet, 2016). DSA is often considered the gold standard, providing detailed
images, but it is invasive, complex, and involves radiation exposure (Orru’ et al., 2020). The
limitations of these techniques, particularly in resolution, contrast, and safety, motivate
researchers to explore and develop more advanced imaging methods for improved
diagnosis and treatment of cerebrovascular diseases.

Nanomaterials are materials with at least one dimension in the nanoscale range,
approximately 1-100 nm. Due to their minuscule size, they exhibit unique and
enhanced properties compared to their bulk counterparts, including increased surface
area, quantum effects, and size-dependent optical, electrical, and magnetic behaviors. These
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TABLE 1 Representative nanomaterials.

Nanomaterials Characteristics

Applications

Advantages

10.3389/fbioe.2024.1456704

Limitations

Surface Plasmon resonance and
optical properties (Kumar et al., 2018)

Metal nanoparticles

Magnetic nanoparticles = Superparamagnetic, high magnetic
susceptibility, high coercivity, non-
toxicity, biocompatibility, low Curie
temperature (Yadollahpour and
Rashidi, 2015)

Quantum dots Exceptional photochemical and
photophysical properties (Reshma
and Mohanan, 2019)

Cancer treatment, biological
imaging, chemical sensing, and
drug delivery (Altammar, 2023)

Targeted drug delivery, magnetic
hyperthermia, contrast agent for
magnetic resonance imaging
(Yadollahpour and Rashidi, 2015)

Medical diagnostics, drug delivery
(Reshma and Mohanan, 2019)

Strong plasma absorption,
Biological system imaging,
Determine chemical information
on metallic nanoscale substrate
(Li et al,, 2007)

Non-toxicity, Biocompatibility,
high-level aggregation in the
desired tissue, high effective
surface areas and lower
sedimentation rates

Desirable photon emission
properties, advantageous
absorption properties (Reshma
and Mohanan, 2019)

Difficulty in synthesis
Particles instability
Impurity (Granqvist and
Buhrman, 1976)

Tendency to aggregate or the
poor magnetization, Certain
Degree of toxicity (Cardoso
et al., 2018)

Unproductive due to antibody
binding, Heavy metals present
in the core may be toxic to host
(Reshma and Mohanan, 2019)

Carbon-based
nanoparticles

Electrical conductivity, high strength,
structure, electron affinity, and
adaptability (Altammar, 2023)

Polymer nanoparticles | Biocompatibility, biodegradability

(Zielinska et al., 2020)

Tissue engineering, drug delivery,
imaging, and biosensors
(Multifunctional Carbon)

Molecular imaging, drug delivery,
and targeting cancer research (Lu
et al., 2011)

Unique structural dimensions and
excellent mechanical, electrical,
thermal, optical and chemical
properties (Patel et al., 2019)

Structures can be modified, with
intricate definition over their
compositions, structures and

The toxicity remains a debated
issue (Zhang et al., 2014)

Stability Issues
Toxicity Concerns
Complex Manufacturing

characteristics make nanomaterials highly versatile and applicable
across various fields. Nanotechnology’s rapid advancement has
created new possibilities in biomedicine (Fakruddin et al., 2012;
Campos et al., 2020; Sindhwani and Chan, 2021). Nanomaterials,
with their unique physical, chemical, and biological properties, show
great promise for bioimaging (Liang et al., 2020; Li et al., 2023; Shen
et al., 2022). Their small size, large surface area, diverse surface
modification options, and excellent biocompatibility offer
advantages over traditional materials. In cerebrovascular imaging,
nanomaterials have introduced exciting innovations. For example,
metallic nanoparticles, with their strong optical and electrical
properties, are ideal contrast agents for optical and electronic
imaging (Anderson et al., 2019; Padmanabhan et al., 2016; Srinoi
etal,, 2018). Magnetic nanoparticles, due to their magnetic behavior,
enhance MRI contrast (Jeon et al., 2021; Lin et al., 2020; Zhao Z.
et al, 2022). Quantum dots, with tunable spectra and high
brightness, are promising for fluorescence imaging (Zhao B.
et al,, 2022; Wang et al,, 2022; Chung et al.,, 2021). Carbon-based
nanomaterials like graphene and carbon nanotubes offer excellent
electrical conductivity and mechanical strength, making them
suitable for multimodal imaging (Srivastava et al., 2021; Gollavelli
et al., 2022). Polymer nanoparticles, with their biocompatibility and
degradability, are valuable for molecular imaging and targeted
therapy (Ong et al., 2021; Haupt et al., 2020; Yang et al., 2020).
These nanomaterials enhance imaging resolution, contrast, and
specificity through various mechanisms.

This review systematically analyzes recent advances in
nanomaterials for cerebrovascular imaging. It explores their
applications across different imaging techniques, evaluating their
advantages and disadvantages. It also proposes future research
directions. The review focuses on several key nanomaterials
(Table 1): metallic nanoparticles,

magnetic nanoparticles,
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properties (Elsabahy and Wooley,
2012)

quantum dots, carbon-based nanomaterials, and polymer
nanoparticles. Their applications in MRI, CT, fluorescence
imaging, and multimodal imaging are discussed in detail.
targeting, preparation

processes, and ethical considerations are also addressed. This

Challenges such as biocompatibility,
review aims to provide valuable insights for researchers and
promote further development and application of advanced

nanomaterials in cerebrovascular imaging.

2 Classification and characteristics of
advanced nanomaterials

2.1 Metal nanoparticles

Metal and silver

nanoparticles,

nanoparticles, particularly  gold

have attracted significant attention for
biomedical imaging (Yoon et al, 2015; Dabrowska-Bouta
et al., 2018). Gold nanoparticles, due to their unique optical
and electronic properties, are widely used in bioimaging (Si et al.,
2021) and techniques like enhanced light scattering (Figure 1).
These nanoparticles significantly improve imaging contrast and
resolution through surface plasmon resonance (Kim et al., 2019).
Their size and shape can be precisely controlled during synthesis
to fine-tune their optical properties (Piella et al., 2016). For
example, gold nanorods, because of their anisotropic shape,
exhibit distinct longitudinal and transverse surface plasmon
resonance peaks, enabling signal enhancement across different
wavelengths (Zheng et al, 2021; 2009).

Furthermore, the gold nanoparticle surface can be chemically

Huang et al,

modified with various functional groups for targeted delivery and
specific molecular recognition.
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Different shapes and sizes of Au nanoparticles in bioimaging: (A) AuNS; (B) AuNR; (C) Au nanorice; (D) AuNSh; (E) AuNC; (F) tipless AuNPy; (G)
AuNRg; (H) AuNSt; (1) AuNPr; (J) AuNBP; (K) AuND; and (L) AuNCr. Reproduction with the permission from reference (Si et al., 2021). Copyright ©

2021 The Author(s).

Silver nanoparticles, known for their antibacterial properties and
excellent optical characteristics (Fahmy et al, 2019; Singh et al,
2015; Balachandran et al, 2013), also hold great promise for
biomedical imaging. Like gold nanoparticles, their size and shape
can be precisely controlled during synthesis to adjust their optical
properties (Shenashen et al., 2014; Pryshchepa et al., 2020; Fahmy
et al,, 2019). Silver nanoparticles significantly enhance sensitivity
and resolution through surface-enhanced Raman scattering (SERS)
(Seney et al., 2009; Zhang et al., 2011). SERS not only improves
resolution but also provides detailed molecular information,
potentially enabling earlier diagnosis of vascular diseases (Joseph
et al.,, 2018).

2.2 Magnetic nanoparticles

Magnetic nanoparticles are widely used in MRI (Du et al., 2019;
Yang et al., 2010). These nanoparticles significantly enhance MRI
imaging contrast and spatial resolution due to their strong magnetic
properties (Figure 2). The core of magnetic nanoparticles is typically
composed of magnetic materials, while the outer layer is coated with
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polymers or other materials to improve their biocompatibility and
stability. In addition to enhancing MRI contrast, magnetic
nanoparticles can be combined with other imaging techniques to
develop multimodal imaging technologies. Such multimodal
imaging technologies not only improve imaging sensitivity and
specificity but also enable a comprehensive diagnosis of lesions
through complementary imaging modes. Moreover, magnetic
exhibit effects,
generating local high temperatures under an external alternating

nanoparticles excellent magnetic thermal
magnetic field, thereby being used for hyperthermia of lesions
2018; Skandalakis 2020). This

multifunctional characteristic of magnetic nanoparticles shows

(Prieto and Linares, et al,

great potential in cerebrovascular imaging and treatment.

2.3 Quantum dots

Quantum dots are nanocrystals made of semiconductor
materials with unique optical and electronic properties, such as
wide excitation spectra, narrow and symmetrical emission spectra,
and high optical stability (Agarwal et al., 2023). These properties
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Magnetic hyperthermia Therapy

CREKA Modified Iron Oxide (IO) NPs for Precision Cancer Imaging and magnetic hyperthermia therapy. Reproduction with the permission from

reference (Du et al., 2019). Copyright © 2019 American Chemical Society.
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FIGURE 3

Urokinase-type plasminogen activator (uPA)-carbon dot (CD) Nanohybrids for fluorescence (FL) Imaging of Early blood—brain barrier (BBB) injury.
Reproduction with the permission of reference (Niu et al., 2020). 2020. Copyright © 2020 American Chemical Society

give quantum dots great potential in fluorescence imaging.
Compared to traditional organic dyes, quantum dots offer higher
brightness and longer fluorescence lifetime, enabling higher
resolution and sensitivity imaging (Resch-Genger et al.,, 2008).
Quantum dots can also be used for fluorescence imaging (Pandey
and Bodas, 2020), where multiple quantum dots are simultaneously
excited by different wavelengths of excitation light, displaying the
distribution and dynamic changes of multiple biomolecules in the
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same image. This fluorescence imaging technology can provide rich
spatial and temporal information at the molecular level, helping to
reveal the complex biological mechanisms of cerebrovascular lesions
(Niu et al., 2020) (Figure 3). Additionally, the spectral properties of
quantum dots can be adjusted by changing their size and
composition (Moreels et al, 2009), achieving fluorescence
emission in different wavelength ranges. This flexibility broadens
the application of quantum dots in cerebrovascular imaging (Ren
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et al,, 2021), allowing for the design and optimization of imaging
schemes based on specific needs.

2.4 Carbon-based nanomaterials

Carbon-based nanomaterials, such as graphene, carbon
nanotubes, and fullerenes, show great potential in bioimaging
due to their unique physical and chemical properties (Zhang
et al,, 2018). Graphene is a two-dimensional material composed
of a single layer of carbon atoms with excellent electrical
conductivity, mechanical strength, and thermal stability. In
biomedical imaging, graphene and its derivatives (such as
graphene oxide) can be used for multimodal imaging and
photoacoustic imaging (Yang et al, 2012; Toumia et al, 2016)
their
Photoacoustic imaging is a method that combines optical and

due to unique optical and electrical properties.
ultrasonic technology, achieving high-resolution deep tissue
imaging through the photoacoustic effect generated by laser
excitation of graphene. The high thermal conductivity and
absorption rate of graphene exhibit excellent signal enhancement
effects in photoacoustic imaging, significantly improving the
sensitivity and resolution of cerebrovascular imaging.

Carbon nanotubes are nanomaterials with a concentric
cylindrical structure made of carbon atoms, exhibiting excellent
mechanical properties and electrical conductivity (Manikandan
et al, 2021). In cerebrovascular imaging, carbon nanotubes can
be used as contrast agents or carriers to enhance imaging signals and
target drug delivery (Loh et al., 2018). Additionally, the surface of
carbon nanotubes can be functionalized with antibodies, peptides, or
drug molecules to achieve targeted imaging and treatment of specific
This
characteristic of carbon nanotubes provides a new approach for

cerebrovascular regions or lesions. multifunctional
the diagnosis and treatment of cerebrovascular diseases.
Fullerenes are spherical nanomaterials composed of carbon atoms,
possessing unique electronic and optical properties. In biomedical
imaging, fullerenes can be used as photosensitizers or contrast
agents to enhance imaging signals (Luo et al, 2021). Additionally,
fullerenes exhibit excellent photodynamic effects, generating reactive
oxygen species to induce cell apoptosis under light irradiation, thus
being used for the cancer treatment (Li et al., 2024). This photodynamic
therapy combined with imaging technology provides a new treatment

approach for cerebrovascular diseases.

2.5 Polymer nanoparticles

Polymer nanoparticles are nanoparticles composed of
biodegradable polymers, possessing good biocompatibility and
flexibility. Polymer nanoparticles can be loaded with various imaging
agents, such as fluorescent dyes, radioactive isotopes, or magnetic
nanoparticles, to achieve multimodal imaging (Ong et al., 2021; Yu
et al,, 2022). Additionally, the surface of polymer nanoparticles can be
functionalized with antibodies, peptides, or small molecule drugs to
achieve targeted imaging and treatment of specific cerebrovascular
regions or lesions (Gao et al,, 2022). In addition to their application
in imaging, polymer nanoparticles can also be used for drug delivery

and gene therapy. For instance, polymer nanoparticles loaded with
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therapeutic drugs or gene vectors can achieve targeted delivery to
cerebrovascular lesion sites (Luo et al, 2020; Zhang et al, 2022),
improving treatment efficiency and reducing side effects. This
multifunctional characteristic of polymer nanoparticles provides a
new approach for the integrated diagnosis and treatment of
cerebrovascular diseases.

3 Applications of nanomaterials in
different imaging techniques

3.1 Magnetic resonance imaging (MRI)

Magnetic Resonance Imaging (MRI) holds a significant position
in cerebrovascular imaging because it provides high-resolution soft
tissue contrast without the use of ionizing radiation. Traditional
MRI contrast agents are typically gadolinium-based compounds, but
their potential nephrotoxicity limits their long-term and high-dose
use. Iron oxide-based contrast agents have been investigated as more
specific MR imaging agents for central nervous system (CNS)
inflammation. Ferumoxtran-10 is a virus-sized nanoparticle,
taken up by reactive cells, that allows visualization of the
phagocytic components of CNS lesions. Manninger et al.
compared Ferumoxtran-10 with standard gadolinium-enhanced
MR images in an exploratory trial to assess its potential in the
evaluation of CNS lesions with inflammatory aspects (Manninger
et al, 2005). In this study, twenty-three patients with different types
of intracranial “inflammatory” lesions underwent standard brain
MR with and without gadolinium, followed an average of 10 days
later by a ferumoxtran-10 scan. Patients were imaged 24 h after
infusion of 2.6 mg/kg ferumoxtran-10. All MR images were
evaluated subjectively by 4 investigators for a difference in
enhancement patterns. The results showed that the ferumoxtran-
10 scan showed higher signal intensity, larger area of enhancement,
or new enhancing areas compared with gadolinium, indicating that
Ferumoxtran-10 showed different enhancement patterns in a variety
of CNS lesions with inflammatory components in comparison to
gadolinium (Figures 4-6).

Advanced nanomaterials, especially magnetic nanoparticles like
USPIO, offer an attractive alternative. USPIO exhibits excellent
T2 relaxation effects, which can significantly enhance the contrast
of T2-weighted MRI images (Figure 7). These nanoparticles enter
the bloodstream through intravenous injection and can target and
accumulate at cerebrovascular lesion sites, such as atherosclerotic
plaques and tumor vasculature, thereby providing high-resolution
cerebrovascular imaging (Buch et al., 2020).

The surface of magnetic nanoparticles can be functionalized to
introduce various targeting molecules (such as antibodies, peptides, or
small molecule drugs) to enhance their targeting specificity. For
example, USPIO modified with anti-angiogenic factor antibodies can
specifically bind to the neovasculature of brain tumors (Soliman et al,,
2020; Abousalman-Rezvani et al., 2024), enabling precise imaging of
lesion sites. In addition to enhancing MRI contrast, magnetic
nanoparticles can also be combined with other imaging techniques
to develop multimodal imaging probes (Antonelli and Magnani, 2022).
By conjugating USPIO with fluorescent dyes or radioactive isotopes,
simultaneous imaging with MRI and fluorescence imaging or positron
emission tomography (PET) can be achieved, thereby providing more
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FIGURE 4

Patient with ADEM. Axial T1-weighted images without (A) and with (B) gadolinium (inset coronal) reveal faint and subtle enhancement in multiple
brain stem lesions. Six days later (C), the same site exhibits significant, more pronounced, and larger enhancement with ferumoxtran-10 (inset, coronal).
Three months later (D), the lesions no longer show enhancement on T1-weighted images with gadolinium.

comprehensive information on cerebrovascular lesions (Zhang et al.,
2023; Yu et al,, 2018).

3.2 Computed tomography (CT)

Computed Tomography (CT) is widely used in cerebrovascular
imaging, especially in the diagnosis of acute stroke (Mangesius et al.,
2021). However, traditional iodine-based contrast agents have

limited effectiveness in CT imaging and pose potential
nephrotoxicity risks (Zhang P. et al, 2021). Advanced
nanomaterials, particularly gold nanoparticles, offer new

possibilities for enhancing CT imaging. Gold nanoparticles have
a high atomic number and density, which significantly increases
X-ray absorption, thereby enhancing CT imaging contrast (Aslan
et al,, 2020; Asadinezhad et al, 2021). Compared to traditional
contrast agents, gold nanoparticles have a longer circulation time in
the bloodstream, providing more sustained imaging effects (Owens
et al.,, 2023).

The size and shape of gold nanoparticles can be adjusted during
the synthesis process to optimize their performance in CT imaging
(Piella et al., 2016). For instance, spherical and rod-shaped gold
nanoparticles have different optical and physical properties, making
them suitable for various imaging applications (Alam et al., 2022;
Bansal et al., 2020). Surface-functionalized gold nanoparticles can
achieve targeted imaging of specific cerebrovascular lesion sites
through targeting molecules (such as antibodies or peptides). For
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example, gold nanoparticles modified with anti-platelet-derived
growth factor (PDGF) antibodies can target the vasculature of
brain tumors, providing high-resolution CT images (Meola
et al., 2018).

Besides enhancing CT imaging, gold nanoparticles can also be
combined with other imaging modalities to develop multifunctional
imaging probes. For example, conjugating gold nanoparticles with
fluorescent dyes or magnetic nanoparticles allows for simultaneous
CT and fluorescence imaging or MRI (Cheng et al., 2014). This
multimodal imaging technology can provide more comprehensive
information on lesions, aiding in the improved diagnosis and
treatment of cerebrovascular diseases. For instance, the
combination of gold nanoparticles and magnetic nanoparticles
enables both CT and MRI imaging (Cheng et al, 2014; Sun
et al, 2016), offering detailed images of cerebrovascular
structures and functions.

Despite the promising prospects of gold nanoparticles in CT
imaging, their biosafety and long-term in vivo metabolism require
further research. Studies have shown that the surface modification of
gold nanoparticles can significantly affect their distribution and
metabolic pathways in the body. For example, polyethylene glycol
(PEG) modification can increase the blood circulation time of gold
nanoparticles and reduce their accumulation in the liver and spleen
(Kozics et al,, 2021), thereby enhancing biosafety. Future research
should focus on optimizing the surface modification and
functionalization of gold nanoparticles to improve their feasibility

and safety in clinical applications.
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FIGURE 5

Patient with cavernous venous vascular malformation. Sagittal
T1-weighted images without gadolinium (A) and coronal T1-weighted
images with gadolinium (B) show no significant enhancement in the
left pons lesion. However, 4 days later, T1 MR images (C) reveal
prominent enhancement of the same lesion with ferumoxtran-10
Reproduction with the permission of reference (Manninger et al,,
2005). Copyright ©2005 American Society of Neuroradiology.

3.3 Fluorescence imaging
Fluorescence imaging technology has significant applications in

biomedical research and clinical diagnostics, particularly in
cerebrovascular imaging (Ren et al.,, 2021), where it provides high
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sensitivity and high-resolution real-time imaging (Figure 8).
Quantum dots, as an advanced fluorescent probe material, have
become a research hotspot in fluorescence imaging due to their
unique optical properties and high brightness. Quantum dots have
broad excitation and narrow emission spectra, enabling the
simultaneous excitation of multiple colors for multicolor imaging
(Wang et al., 2020). In cerebrovascular imaging, quantum dots can
achieve highly specific imaging of cerebrovascular lesion sites
through surface modification with specific targeting molecules.
For example, quantum dots conjugated with vascular endothelial
growth factor (VEGF) antibodies can target and image areas of
neovascularization in the brain (Li et al., 2015), providing strong
support for the early diagnosis of brain tumors and strokes. The high
optical stability of quantum dots allows them to maintain brightness
without fading during prolonged imaging, providing continuous,
clear images (Montalti et al, 2015). This is important for
dynamically monitoring the progression of cerebrovascular
lesions and the effectiveness of treatments. Additionally, the
emission spectra of quantum dots can be tuned by adjusting
their 2015),
fluorescence emission over different wavelength ranges and

size and composition (Hu et al, allowing
enabling multicolor imaging and multiparameter analysis.

The application of quantum dots in cerebrovascular imaging
also includes multimodal imaging (Jing et al., 2014; Swierczewska
et al, 2011). By combining quantum dots with magnetic
nanoparticles or metal nanoparticles, it is possible to achieve
multimodal imaging with fluorescence imaging, magnetic
resonance imaging (MRI), and computed tomography (CT). This
multimodal imaging technology can provide comprehensive
information about lesions, including structural, functional, and
molecular-level data, thereby improving diagnostic accuracy and
treatment effectiveness. For example, composite probes combining
quantum dots and magnetic nanoparticles can switch between
fluorescence imaging and MRI (Koole et al., 2009), achieving
high-sensitivity, multidimensional imaging of
cerebrovascular lesions.

Despite the significant advantages of quantum dots in
their

Quantum dots often contain heavy metal elements, such as

fluorescence  imaging, biosafety remains a concern.

cadmium and lead, which can cause toxic effects when
accumulated in the body. Therefore, developing low-toxicity or
non-toxic quantum dot materials, such as carbon quantum dots
or silicon quantum dots, is a current research focus. By optimizing
the surface modification and functionalization of quantum dots,
their biocompatibility and in vivo stability can be further enhanced,
promoting their development in clinical applications. For instance,
coating quantum dots with biocompatible polymer materials can
significantly reduce their toxicity and improve their stability and
distribution specificity in vivo.

3.4 Multimodal imaging

Multimodal imaging technology holds significant importance in
cerebrovascular imaging as it combines the advantages of various
imaging modalities, providing more comprehensive and detailed
information about lesions. Advanced nanomaterials open up new
possibilities for the development of multimodal imaging probes. For
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FIGURE 6

Patient with PCNSL. Axial T1-weighted images without gadolinium (A) and with gadolinium (B) reveal intense ring-enhancing lesions in the head of
both caudate nuclei. Fifteen days later, T1-weighted images with ferumoxtran-10 (C) demonstrate that the lesions in the caudate head have enlarged and
exhibit more intense enhancement. Additionally, another lesion in the splenium of the corpus callosum is visible, showing larger and more intense
enhancement compared to the baseline gadolinium image (not shown). T2-weighted images following ferumoxtran-10 administration (D, E) display
low-intensity changes in both lesions. Reproduction with the permission of reference (Manninger et al,, 2005). Copyright ©2005 American Society of
Neuroradiology Reproduction with the permission of reference (Manninger et al., 2005). Copyright © 2005 American Society of Neuroradiology.

instance, combining metal nanoparticles with fluorescent dyes,
magnetic nanoparticles, or radioactive isotopes can enable the
simultaneous application of multiple imaging modes, such as
fluorescence imaging, magnetic resonance imaging (MRI),
computed tomography (CT), and positron emission tomography
(PET) (Huang and Davis, 2011; Burke et al., 2017).

Metal nanoparticles, such as gold and silver nanoparticles, are
widely used in multimodal imaging. Gold nanoparticles, with their
unique surface plasmon resonance (SPR) properties, can
significantly enhance optical imaging contrast. Additionally, their
high atomic number makes them excellent at X-ray absorption, thus
providing high-contrast CT images. Combining gold nanoparticles
with fluorescent dyes allows for simultaneous fluorescence and CT
imaging. For example, gold nanoparticles modified with vascular
endothelial growth factor (VEGF) antibodies can be used for both
fluorescence and CT imaging, providing detailed information about

neovascularization in brain tumors (Hariharan et al., 2022).
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Magnetic nanoparticles, such as USPIO, also have significant
advantages in multimodal imaging. USPIO exhibits excellent
T2 relaxation effects, significantly enhancing the contrast of T2-
weighted MRI images. By combining USPIO with fluorescent dyes
or radioactive isotopes, it is possible to achieve simultaneous MRI
and fluorescence imaging or PET imaging (Chen et al., 2016). For
instance, composite probes combining USPIO and fluorescent dyes
can switch between MRI and fluorescence imaging, providing high-
sensitivity, multidimensional imaging of cerebrovascular lesions
(Deddens et al., 2012). Moreover, the magnetic hyperthermia
effect of USPIO can be used for brain tumor hyperthermia
treatment (Israel et al., 2020), offering a non-invasive localized
therapy option in addition to imaging.

Carbon-based nanomaterials, such as graphene and carbon
nanotubes, also show great potential in multimodal imaging
(Yang et al., 2012). Graphene, with its excellent optical, electrical,
and mechanical properties, is particularly suitable for photoacoustic
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FIGURE 7

Validating the size of the small vessels that were visible after administration of USPIO agent Ferumoxytol (A) The ratio of posterior cerebral artery
(PCA) to a peduncular artery (PedA) and collicular artery (ColA) was estimated using the histology work by obtaining the vessel diameters at five different
locations. (B) The true diameter of PCA was obtained from FeO short TE magnitude data for all subjects. (C) SWIPGAC data (with a zoomed inset of the
medullary veins as shown by the white box), focusing on the cerebral white matter vessels. VA = Ventricular angle. Reproduction with the permission

of reference (Buch et al., 2020). Copyright © 2020 Elsevier Inc

imaging (Toumia et al., 2016). Combining graphene with fluorescent
dyes or magnetic nanoparticles can achieve multimodal imaging
with photoacoustic imaging, fluorescence imaging, and MRI. For
example, composite probes combining graphene and magnetic
nanoparticles can switch between photoacoustic imaging and
MRI, providing high-resolution structural and functional images
of cerebrovascular structures (Zhao et al., 2021). Carbon nanotubes,
with their unique structure and optical properties, can be utilized to
develop multifunctional imaging probes capable of simultaneous
fluorescence, photoacoustic, and CT imaging (Thangam et al,
2021). Phillips et al. conducted a human clinical trial involving
ultrasmall  inorganic  hybrid  nanoparticles,  specifically
"[.cRGDY-PEG-C dot particles, in patients (Phillips et al.,
2014). In patient who received an intravenous injection of
"I-cRGDY-PEG-C  dots, a well-defined cystic lesion
approximately 5 mm in size was observed in the right anterior
lobe of the pituitary gland, an area lacking a blood-brain barrier, on
axial and sagittal magnetic resonance (MR) images (Figure 9A).
Precise co-registration of this tracer-avid focus with multiplanar
MRI (Figure 9B) and CT (Figure 9C) images confirmed its location
within the interior of the pituitary gland. PET imaging revealed a
progressive net accumulation of '**I-cRGDY-PEG-C dot activity at
the lesion site (Figure 9D).

Polymer nanoparticles also deserve attention in multimodal
applications  (Joshi and Joshi, 2022).
nanoparticles have good biocompatibility and degradability,

imaging Polymer

allowing them to carry various imaging probes or drugs for

efficient targeted delivery and imaging. For example, polylactic-
co-glycolic acid (PLGA) nanoparticles can carry fluorescent dyes,
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magnetic nanoparticles, or drug molecules for multimodal imaging
and targeted therapy (Hashemi et al., 2020; Zhang et al., 2020). By
combining PLGA nanoparticles with metal or magnetic
nanoparticles, it is possible to develop multimodal imaging
probes with fluorescence, MRI, and photoacoustic imaging
capabilities (Joshi and Joshi, 2022). This multimodal imaging
technology can provide more comprehensive and detailed
information about cerebrovascular lesions, thus improving
diagnostic accuracy and treatment effectiveness.

The main advantage of multimodal imaging lies in its ability to
integrate the benefits of different imaging modalities, providing
comprehensive information at structural, functional, and
molecular levels. For example, MRI can offer high-resolution soft
tissue contrast, CT can provide high-contrast images of bones and
blood vessels, fluorescence imaging can deliver highly sensitive
molecular information, and PET can offer metabolic and
functional data. By combining these imaging modalities, it is
possible to obtain more comprehensive information about
lesions, thereby improving diagnostic accuracy and treatment
outcomes. In brain tumor diagnosis, for instance, multimodal
imaging can provide multidimensional information about tumor
anatomy, angiogenesis, molecular marker expression, and metabolic
activity, offering more comprehensive diagnostic support for
clinicians (Overcast et al., 2021).

In summary, the application of advanced nanomaterials in
cerebrovascular imaging has broad prospects. By continuously
optimizing and improving the synthesis processes and surface
their

performance and biosafety can be further enhanced, promoting

modification  techniques of nanomaterials, imaging
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(A) Color photograph of a hair-shaved-off C57BL/6 mouse for NIR-IIb fluorescence imaging. (B—D) Time-course NIR-Ilb brain fluorescence images
present the perfusion of rare-earth NPs into various cerebral vessels. (E, F) Cerebral vascular image and the corresponding PCA overlaid image F showing
arterial (red) and venous (blue) vessels. (G) SBR analysis of NIR-Ilb cerebrovascular image. (H) Small area and 3D reconstruction of vascular confocal
images of a mouse brain. Reproduction with the permission of reference (Ren et al.,, 2021). Copyright © 2021 The Authors

their translation and application in clinical settings. The use of
multimodal imaging technology, particularly in combination with
different types of nanomaterials, offers new approaches and
methods for the diagnosis and treatment of cerebrovascular
the
technologies continue to advance, multimodal imaging will play

diseases. In future, as nanomaterials and imaging

an increasingly important role in cerebrovascular imaging,

providing strong support for the early diagnosis and personalized
treatment of cerebrovascular diseases.
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4 Challenges and future prospects

Despite the significant advantages of nanomaterials in
cerebrovascular imaging, there are still many challenges and
issues in practical applications. For example, the biosafety, long-
term stability, targeting, specificity, large-scale preparation, and
clinical translation of nanomaterials require further research and
future research should focus on the

solutions. Therefore,

following aspects.
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Sagittal

Multimodal Imaging of Particle Uptake in a Pituitary Lesion. (A) Multiplanar contrast-enhanced MR axial and sagittal images of patient, taken 72 h
post-injection, demonstrate a subcentimeter cystic focus (arrows) within the right aspect of the anterior pituitary gland. (B) Co-registered axial and
sagittal MRI-PET images show increased focal activity (red, 1241-cRGDY-PEG-C dots) localized to the lesion site. (C) Axial and sagittal PET-CT images
further localize this activity to the right aspect of the sella. Reproduction with the permission of reference (Phillips et al., 2014). Copyright

©2014 American Association for the Advancement of Science.

4.1 Biosafety and long-term stability

A primary challenge for using advanced nanomaterials in
cerebrovascular imaging is ensuring their safety. This involves
both biocompatibility and minimizing potential toxicity.
Nanomaterials have unique properties ideal for imaging, but
these safety

nanomaterials, and

same properties raise Some

like quantum dots
nanoparticles, contain potentially toxic elements (e.g., cadmium,

can concerns.

certain  metallic
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lead) (Sengul and Asmatulu, 2020; Sobhanan et al., 2023). These
elements can accumulate in the body, harming tissues and organs.
Therefore, biocompatibility is crucial for clinical translation.
Nanomaterial toxicity is linked to several factors: size, shape,
surface chemistry, and functional modifications (Sukhanova et al.,
2018; Albanese et al., 2012; Kim et al., 2013). Smaller nanoparticles
can more easily cross biological barriers, potentially increasing their
biological impact and toxicity (Pandey and Prajapati, 2018; Sani
et al, 2021). Functional modifications, such as coating with
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polyethylene glycol (PEG), can improve biocompatibility. PEGylation
can extend blood circulation time and reduce accumulation in the
liver and spleen, minimizing toxic reactions (Fan et al, 2020).
Metabolism and excretion pathways are also critical for biosafety.
Ideally, nanomaterials should be biodegradable and quickly cleared
from the body to prevent long-term accumulation and toxicity. Some
polymer-based nanoparticles (e.g, PLGA) show promise in this
regard, breaking down into harmless molecules. However, further
research is needed to optimize their degradation and metabolic
developing strategies
biocompatibility. Surface coating with biocompatible materials (e.g.,

profiles. Researchers are to enhance
liposomes, proteins, polysaccharides) can improve stability and
reduce toxicity. Liposome-coated gold nanoparticles, for example,
show improved blood stability and reduced accumulation in organs
(Liang et al., 2017).

In conclusion, while biocompatibility and toxicity are key
challenges, ongoing research into surface modifications and other
strategies offers promising solutions. Rigorous testing and clinical
trials are essential to validate the safety and efficacy of these

nanomaterials before widespread use in cerebrovascular imaging.

4.2 Targeting and specificity

Targeting and specificity are crucial for effective cerebrovascular
imaging using nanomaterials. These materials must accurately reach
and accumulate at the lesion site to generate clear imaging signals.
However, the blood-brain barrier (BBB) hinders most nanomaterials
from entering brain tissue, limiting their application. Therefore,
developing nanomaterials capable of crossing the BBB and targeting
cerebrovascular lesions is a key research area (Furtado et al., 2018;
Tan et al., 2023; Zhang W. et al,, 2021; Gao et al., 2022; Wu et al.,
2023). Several strategies enhance targeting. Surface functionalization
with ligands (e.g., antibodies, peptides, small molecules) allows
nanoparticles to bind specifically to target sites, such as the
(Winer 2011).
Multifunctional molecules can simultaneously provide targeting

neovasculature of brain tumors et al,
and imaging capabilities, improving specificity and sensitivity
(Rizvi et al,, 2021). Leveraging the physicochemical properties of
nanomaterials is another approach. Magnetic nanoparticles (e.g.,
USPIO) can be guided to specific locations using an external
magnetic field, improving targeting efficiency and reducing non-
specific distribution in healthy tissues, which also lowers potential
toxicity (Liu et al., 2021). Nanomaterial size and shape also influence
targeting. Non-spherical shapes (e.g., rods, sheets) interact
differently with blood vessels compared to spheres, potentially
improving accumulation at lesion sites. Precise control over size
and shape can optimize in vivo distribution and targeting (Annu
et al., 2022; Luo et al., 2020).

Despite these advances, challenges The BBB’s

complexity and individual variability hinder penetration and

remain.

targeting. The body’s complex metabolism and clearance
mechanisms can also reduce effectiveness. Future research should
explore new targeting strategies and optimize existing technologies
to enhance nanomaterial performance in cerebrovascular imaging.
This includes further investigation into overcoming the BBB and
improving the precision of targeting to specific lesion types within

the cerebrovascular system.
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4.3 Large-scale preparation and clinical
translation

Using nanomaterials for cerebrovascular imaging depends on

high-quality materials and scalable production. Optimized

preparation processes are essential for consistent material
performance. Traditional methods (e.g., chemical precipitation,
sol-gel, hydrothermal synthesis, sputtering) (Rafique et al., 2020)
can produce high-quality nanomaterials at small scales, but scaling
up often presents challenges like low yield, high cost, and complex
processes. Newer techniques aim to improve production efficiency
and quality. Microfluidic technology (Zhao et al., 2020; Illath et al.,
2022), using microscale reactors, allows for precise control over
reaction conditions. This leads to greater material uniformity and
stability, shorter preparation times, and reduced costs. It also
of

nanomaterials, enabling the development of multifunctional

facilitates ~ continuous  synthesis multi-component
imaging probes. Self-assembly is another promising technique (Li
et al,, 2022). By controlling intermolecular forces (e.g., electrostatic,
hydrogen bonds, van der Waals), nanomaterials can spontaneously
assemble into complex structures. This method is efficient,
environmentally friendly, and potentially scalable. It allows for
the creation of multilayer nanomaterials capable of carrying
multiple imaging probes or drugs for multimodal imaging and
targeted therapy (Li et al,, 2021).

Despite these advances, large-scale production still faces
challenges. Maintaining consistent product quality and
reproducibility requires stable process parameters and stringent
quality control. Surface modification and functionalization also
add complexity. Addressing these challenges requires optimizing
process parameters, developing automated equipment, and
implementing robust quality control systems. Researchers are
exploring new processes and equipment to improve large-scale
production.  High-pressure  homogenizers and ultrasonic
dispersers enhance homogenization and dispersion, preventing
agglomeration and ensuring product stability. Continuous flow
reactors and automated control systems can further increase
and

efficiency and production capacity. Cost-effectiveness

environmental impact are also important considerations.
Traditional methods often use large amounts of solvents and
energy, creating waste. Developing green, sustainable processes,
such as aqueous phase synthesis (using water as a solvent), is
crucial for reducing costs and environmental impact.

In summary, efficient preparation and scalable production are
critical for translating nanomaterials to clinical cerebrovascular
imaging. Optimizing existing methods, developing

technologies and equipment, and prioritizing green chemistry are

new

key areas for future research. These efforts will improve the
availability and cost-effectiveness of nanomaterials for clinical use.

4.4 Reqgulatory and ethical issues

Nanomaterials in cerebrovascular imaging face not only
scientific and technical hurdles but also regulatory and ethical
challenges. As nanotechnology rapidly advances, governments
and international organizations are developing regulations and
guidelines to ensure safety, efficacy, and responsible use.
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Nanomaterials must meet stringent requirements for clinical trials
and commercialization. Regulatory processes for nanomaterials are
similar to those for traditional drugs and medical devices, but with
added complexities. The unique properties of nanomaterials may
require new evaluation standards and approval procedures.
Regulatory agencies typically require comprehensive safety and
toxicity data to assess potential human health and environmental
impacts. Clear standards and guidelines are also needed for material
preparation, quality control, and clinical use.

Ethical equally While
nanomaterials offer great potential for improved diagnostics and

considerations  are important.
treatment, their long-term effects remain uncertain. Potential risks,
such as organ damage or immune responses from long-term
accumulation, require careful monitoring and evaluation.
Balancing scientific progress with individual rights is also crucial.
This includes ensuring informed consent for patients in clinical
trials, protecting patient rights, and promoting equitable access to
nanomaterial-based technologies. Open discussions among
scientists, medical institutions, governments, and the public are
essential for developing appropriate guidelines and policies.

In conclusion, addressing regulatory and ethical issues is
essential for the successful translation of nanomaterials to
Establishing

frameworks, unified safety standards, and clear ethical guidelines

cerebrovascular  imaging. robust  regulatory
will ensure responsible development and application of these
promising technologies. Continued dialogue and collaboration are
crucial for maximizing the benefits of nanomaterials while

minimizing potential risks.

5 Conclusion

The rapid development of nanotechnology has brought new
opportunities to cerebrovascular imaging. Advanced nanomaterials,
such as metal nanoparticles, magnetic nanoparticles, quantum dots,
carbon-based nanomaterials, and polymer nanoparticles, have
shown great potential in improving imaging resolution, contrast,
and specificity. These nanomaterials improve imaging sensitivity
and specificity through various physical and chemical mechanisms,
providing new approaches for the diagnosis and treatment of
cerebrovascular diseases. Despite the significant advantages of
nanomaterials, there are still many challenges and issues in
practical applications, such as biosafety, long-term stability,
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