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Abstract

Vascular dysfunction, characterized by changes in anatomy, hemodynamics, and molecular expressions of vascu-
latures, is closely linked to the onset and development of diseases, emphasizing the importance of its detection. In
clinical practice, medical imaging has been utilized as a significant tool in the assessment of vascular dysfunction,
however, traditional imaging techniques still lack sufficient resolution for visualizing the complex microvascular
systems. Over the past decade, with the rapid advancement of nanotechnology and the emergence of correspond-
ing detection facilities, engineered nanomaterials offer new alternatives to traditional contrast agents. Compared
with conventional small molecule counterparts, nanomaterials possess numerous advantages for vascular imaging,
holding the potential to significantly advance related technologies. In this review, the latest developments in nano-
technology-assisted vascular imaging research across different imaging modalities, including contrast-enhanced
magnetic resonance (MR) angiography, susceptibility-weighted imaging (SWI), and fluorescence imaging in the sec-
ond near-infrared window (NIR-Il) are summarized. Additionally, the advancements of preclinical and clinical studies
related to these nanotechnology-enhanced vascular imaging approaches are outlined, with subsequent discussion
on the current challenges and future prospects in both basic research and clinical translation.
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Background

Vascular dysfunctions, which pathological
changes in vascular anatomy, shifts in hemodynamics,
and abnormal molecular expressions, are intricately asso-
ciated with the onset and progression of diverse diseases
[1]. For example, the atherosclerotic plaque may lead to
the stenosis of the vascular lumen [2-4]; the myocar-
dial infarction and ischemic cerebral infarction originate
from vascular occlusion [5, 6]; the development of malig-
nant tumors is usually accompanied by angiogenesis
and vascular malformation [7, 8]; and the inflammation
may induce the over-expression of various enzymes and
biological factors, subsequently leading to the enhance-
ment of vascular permeability [9]. Within this context,
the precise detection of vascular abnormalities plays an
important role in guiding the clinical management and
intervention of the related diseases.

Medical imaging is one of the mainstays of the diag-
nosis of vascular dysfunctions. In clinical practice, dif-
ferent imaging modalities, such as ultrasound imaging,
digital subtraction angiography (DSA), magnetic reso-
nance imaging (MRI), or computed tomography (CT),
have been employed to intuitively visualize the ana-
tomical change of vasculatures [10, 11]. For examples,

involve

ultrasound imaging can detect the vascular structures
and blood flow status by using sound waves, and generate
real-time images on the basis of different echo character-
istics of vessels and other tissues [12, 13]. MR angiogra-
phy employs magnetic fields and radio frequency pulse
to map out the detailed images of blood vessels in vivo
without ionizing radiation [14], while CT angiography
uses X-rays to generate cross-sectional images, allow-
ing for the assessment of the vascular conditions [15]. In
addition to the clinically compatible imaging modalities
that have been widely utilized in clinical settings, fluores-
cence-based optical imaging modality has also attracted
significant attention for disease diagnosis over the past
two decades due to its high sensitivity and real-time feed-
back capability [16]. Particularly, fluorescence imaging
in the near-infrared II region (1000—1700 nm) has been
demonstrated to exhibit improved tissue penetration
depth and reduction of tissue autofluorescence, which
enables the high-resolution imaging of superficial vascu-
latures in vivo [1, 17]. The NIR-II fluorescence imaging is
currently undergoing laboratory and preclinical studies,
and is likely to become one of the medical imaging tech-
niques for clinical vascular imaging in the future.
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To obtain a more detailed visualization of physiologi-
cal/pathological structures of different tissues, contrast
agents are employed to enhance the contrast in the
images in diverse medical imaging modalities [18, 19].
This heightened imaging quality facilitates the clinicians
to make a more refined and accurate evaluation of the
patient’s medical status. For vascular imaging, the utili-
zation of appropriate contrast agents can significantly
increase the resolution of tiny vessels, enabling a more
accurate diagnosis of vascular abnormalities.

Over the past several decades, with the rapid
advancement of nanotechnology, coupled with corre-
sponding detection methods and supporting facilities,
engineered nanomaterials have offered new alternatives
for conventional contrast agents [3, 20-23]. In compari-
son to the small-molecular formulations, nanomaterials
typically possess longer blood circulation time without
vascular leakage, because their nano-scale hydrody-
namic diameters are larger than the intercellular junc-
tions between capillary endothelial cells (approximately
6 nm in postcapillary venules) [24]. This characteristic
provides an extended timeframe for vascular imaging,
enabling high-resolution visualization of vascular ana-
tomical structures and facilitating real-time monitoring
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of hemodynamic changes over a prolonged duration.
Meanwhile, the non-extravasating nature of nanomate-
rials, and the consequent high contrast-to-noise ratio,
further enhance the resolution and accuracy of vascu-
lar imaging. Additionally, distinctive physicochemical
characteristics arising from the size effects of nanoma-
terials enable a more extensive and intricate integra-
tion of biomedical functionalities, thereby allowing for
a more comprehensive detection of both vascular ana-
tomical and pathological abnormalities [25, 26]. Due
to these benefits, nanomaterials have been exploited
as imaging agents for vascular imaging across various
imaging modalities. The performance of these nano-
agents has undergone comprehensive investigation by
researchers in the fields of chemistry, materials science,
and medicine.

In this review, the latest advancements in labora-
tory research on vascular imaging in different modali-
ties based on nanotechnology were summarized, with
a particular emphasis on the outstanding application
of nanomaterials in this field. Simultaneously, this
review also provides an overview of the correspond-
ing progress in preclinical and clinical studies related to
these nanotechnology-based vascular imaging methods
(Fig. 1). Additionally, the current challenges and future
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Fig. 1 The versatile vascular imaging strategies based on various nanomaterials. Fe-NP Fe-based nanoparticle, Gd-NP Gd-based nanoparticle,
QD quantum dot, SWNT single-walled carbon nanotube, AIE NP aggregation-induced emission nanoparticle, GdCP Gd** chelating polymer, SW/
susceptibility-weighted imaging, MRA magnetic resonance angiography, NIR-Il Imaging imaging in the second near-infrared window
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perspectives are also discussed for both fundamental
studies and clinical translation.

Vascular imaging with MRI

MRI, founded on the principles of nuclear magnetic
resonance (NMR), stands as a potent imaging tech-
nology extensively applied for the noninvasive disease
diagnosis in clinical settings. Over the past several dec-
ades, this imaging modality has emerged as the opti-
mal choice for imaging deep-seated vasculature within
the body owing to its unrestricted tissue penetration,
exceptional spatial resolution, and superior soft tis-
sue contrast [27]. Especially in recent years, MRI tech-
niques integrated with nanomaterials have surfaced as
exceptionally promising platforms to elevate the qual-
ity of vascular imaging, particularly with regards to
improving both resolution and sensitivity [28—30].

3D vascular imaging with contrast-enhanced (CE)
MR angiography (MRA)

MR angiography (MRA) is a noninvasive imaging
technology for vascular visualization based on MRI,
which relies on the properties of hydrogen atoms in the
bloodstream to generate detailed angiograms. Over the
last two decades, non-contrast MRA has emerged as a
valuable tool in clinical practice for evaluating arterial
diseases [31, 32]. By leveraging its ability to differenti-
ate flowing spins in blood from those in stationary tis-
sue, non-contrast MRA allows for the visualization of
hemodynamic flow [33]. For examples, time-of-flight
(TOF) MRA and phase contrast (PC) MRA have been
demonstrated to provide essential perspectives of the
vascular malformation, hemodynamic flow variations,
and recanalization status, largely improving patient
care and outcomes. Nevertheless, these non-contrast
enhanced MRA sequences still face the challenges
owing to the inherent principles of imaging. The blood
flow dependency of the vascular signals makes it hard
in achieving satisfactory delineation of the micro-ves-
sels with complicated structures or the venous vessels
with low blood flow velocity. Specifically, the vessels
parallel to the scanning plane is difficult to be depicted,
since the blood flow velocity perpendicular to the scan-
ning plane is rather low [34, 35].

In this context, the contrast-enhanced (CE) MRA has
been exploited for better visualizing the micro-vascula-
tures with the appropriate T; contrast agents. Compared
to the non-contrast-enhanced MRA, CE MRA gener-
ates the vascular contrast through the shortening of the
T, relaxation time of the blood in vessels, relatively less
dependent to the blood flow velocity [36, 37]. Therefore,
CE MRA can exhibit an improved anatomical coverage
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of the vascular systems, in which the micro-vessels with
complicated structures or veins with low blood flow
velocity can be better visualized.

The quality of the contrast agent is one of the deci-
sive factors in determining the effectiveness of CE MRA
images. In clinical practice, a series of polyamino poly-
carboxylic chelates of gadolinium ions (Gd**) have been
developed as the predominant paramagnetic contrast
agents [38]. These agents have been proven highly effec-
tive in achieving desirable T, contrast effects in MRI [39,
40]. Nevertheless, there are certain drawbacks associated
with small molecular Gd-chelate contrast agents that
impede their clinical applications in MRA. Due to their
small hydrodynamic sizes, these currently available clini-
cal small-molecular-weight contrast agents possess short
tumbling times (7y), resulting in relatively low longitu-
dinal molar relaxivities (r;) [41]. Additionally, the small
molecular Gd-chelates have a tendency to extravasate
from blood vessels quickly and eliminate through the
renal system within several minutes, leading to a very
short blood circulation time [42, 43]. Consequently, high-
resolution MRA, especially for the visualization of tiny
blood vessels, remains a significant challenge. In contrast,
nanomaterials offer several advantages that address these
issues effectively. First, the larger size of nanoparticles
results in slower renal clearance and prolonged circula-
tion times, enhancing vascular retention time and pro-
viding extended imaging windows for better resolution of
small and deep blood vessels. Additionally, nanoparticles
exhibit higher longitudinal molar relaxivity (r;), leading
to stronger, more stable 7, contrast. Furthermore, nano-
materials can be functionalized with targeting moieties,
enabling specific binding to endothelial cells or other vas-
cular structures, which improves the accuracy and sen-
sitivity of MRA. These advantages make nanomaterials
highly promising alternatives to small-molecule contrast
agents in advanced MRA applications.

Gd3* chelating polymer (GdCP) nanomaterials

Polymers are ideal candidates as materials for con-
structing nano-contrast agents. Specifically, individual
Gd®' ions can be integrated into one nanoscale poly-
mer framework, resulting in a nanosized contrast agent,
known as Gd*>" chelating polymer (GdCP) nanomateri-
als. Compared to their small-molecule Gd*" counter-
parts, GACP contrast agents offer advantages such as
prolonged longitudinal 7 and extended blood circulation
times, which contribute to enhanced resolution in angio-
graphic imaging. Based on this strategy, Luo et al. synthe-
sized a polymeric micelle contrast agent derived from the
self-assembly of block and amphiphilic polymer pGFLG-
block-pHPMA-DOTA-Gd. This contrast agent demon-
strated elevated longitudinal relaxivity of 10.9 mM ™ s™*
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Fig. 2 aThe schematic illustration of zwitterionic polymeric MR contrast agents PAA-Gd compared with individual Gd-DTPA. b Schematic drawing
of vascular anatomy and the vascular identification in different directions of 3D angiography of mouse body. ¢ PAA-Gd enhanced 3D angiography
of mouse carotid thrombosis pre-treatment (obtained at 5 min after PAA-Gd injection), and the real-time monitoring of thrombolytic therapy
post-treatment of urokinase-type plasminogen activator (UPA). (The carotid thrombosis was identified by yellow dotted circle). d Different coronal
levels of 3D BRAVO images of swine for identifying the vascular structures. Reproduced with permission from Hou et al. [45]

and prolonged blood half-life of 161 min in mice, sig-
nificantly surpassing the performance of clinically used
Gd-DTPA (3.4 mM™! 57}, 14 min). Using this polymeric
contrast agent, the anatomical structures of abdomi-
nal, intracranial and tumoral vasculatures can be read-
ily delineated [44]. Near recently, Hou et al. proposed a
hypersensitive MRA strategy inspired by the Chinese his-
torical story of interlocking stratagem. Specifically, they
designed and synthesized a nanoscale macromolecule
with a zwitterionic structure to serve as a polymeric MRA
contrast agent. In this approach, Gd-DTPA molecules

were assembled through covalent bonding to the side
chains of poly(acrylic acid) (PAA) molecules using dieth-
ylenetriamine (DET) crosslinkers. The combination of the
negatively charged carboxyl group at the DTPA terminal
and the positively charged secondary amine group in the
DET linker results in the zwitterionic structure of the
contrast agent (Fig. 2a). Owing to the integration of Gd**
within a single polymeric molecule, the r; of PAA-Gd
achieved a notable value of 13.9 mM™ s™! when exam-
ined under a 1.5 T clinical MRI scanner. Additionally, the
hydrodynamic diameter of PAA-Gd was determined to
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be 7.7 nm. With the nanosized diameter and zwitterionic
structure, PAA-Gd can avoid being captured by immune
system and maintained within the vascular lumen with-
out extravasation, offering a sufficient angiography win-
dow. Additionally, PAA-Gd has been demonstrated to
be fluidly cleared by the kidneys without undesired body
retentions. In the rodent models, the sophisticated three-
dimensional microvascular structures in the head, tho-
rax, and abdomen of rodents can be delineated, achieving
a maximum resolution of less than 100 pm (Fig. 2b). This
imaging capability extends to the precise identification
of atherosclerotic plaques and the real-time monitoring
of the entire thrombolytic treatment process using just a
single injection (Fig. 2c). For further verifying the clini-
cal translation prospects of PAA-Gd, the angiography
performances and biosafety features on large mammals
were systematically investigated. The results revealed
that the PAA-Gd exhibited outstanding vascular imag-
ing performance on swine under a 3.0 T human MRI
scanner (Fig. 2d), and the administration of PAA-Gd did
not induce any abnormalities in the swine’s physiologi-
cal parameters [45]. Very recently, Hou’s group further
extended the PAA-Gd-based angiography strategy to
the field of oncology. Unlike the relatively well-organized
cardiovascular structures, imaging tumor blood ves-
sels presents a more complex challenge due to the cha-
otic, abnormal, and disorganized nature of these vessels,
along with unpredictable blood flow velocities. Leverag-
ing the superior angiographic performance of PAA-Gd,
the high-resolution 3D visualization of the spatiotem-
poral distribution of intricate microvasculature in solid
tumors—formed by various cell lines over different inoc-
ulation times—were successfully achieved [46].

Inorganic Gd-based nanoparticles

In addition to the Gd-chelating polymer contrast agent,
Gd-based inorganic nanoparticles has been also used
as contrast agents in the MRA. With the substantial
surface Gd** and nano-sized hydrodynamic diameter,
the Gd-based inorganic nanoparticles demonstrated
elevated longitudinal relaxivity and protracted blood
circulation time. These characteristics aligns with the
requirements of high-resolution angiography, further
enhancing the effectiveness and precision of the imag-
ing process. Among the different Gd-based nanoparti-
cles, inorganic fluorides such as NaGdF, nanomaterials
can be readily prepared by pyrolysis methods with tun-
able diameters and narrow size distributions. In 2014,
Shi et al. prepared ultrasmall NaGdF, nanodots with
the diameter of ~2 nm with PEG coating. To avoid
the toxicity associated with the potentially released
free Gd** ions, DTPA molecules were modified onto
the surface of nanodots as Gd>* capture agents. The
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resultant nanoparticles can be served as contrast agents
to achieve efficient MRA and atherosclerotic plaque
diagnosis [47]. In the subsequent work, Yao et al. pre-
pared PEGylated biocompatible NaYF,:Yb/Er@NaGdF,
nanoparticles and successfully realize the vasculature
imaging on rats, improving the diagnostic efficiency
of acute ischemic stroke [48]. Very recently, Han et al.
synthesized ultrasmall NaGdF, nanoparticles with the
diameter of ~3.5 nm, and coated the red blood cell
membrane to endow the nanoparticles with stealth
nature to evade the host immune system. The resultant
nano-sized contrast agent NaGdF,@RBCm showcased
long blood half-life of 357.5 min, allowing for the long-
time-window visualization of the 3D vascular struc-
tures of rodent animals. With this imaging property,
the blockage and recanalization of carotid artery in
mice can be serially monitored following a single intra-
venous administration [49].

In addition to the fluorides, other types of Gd-doped
nanomaterials have also been explored as contrast
agent of angiography. Lu et al. prepared Gd**-doped
CaF,-based core—shell nanoparticles (CaF,:Yb,Er@
CaF,:Gd), which exhibited high longitudinal relaxivity
of 21.86 mM™! s! under 3.0 T MRI scanner, success-
fully realizing the whole body angiography of mice [50].
In another study, Lin et al. prepared citrate-coated Gd-
doped TiO, ellipsoidal nanoparticles (GdTi-SC NPs).
Under the irradiation of UV, local superhydrophilic
regions were generated on the surface of GdTi-SC NPs,
significantly enhancing the r,; of the nanoparticles. Upon
the intravenous administration, this Gd-doped nano-
sized contrast agent showcased well MRA performance
for depicting the anatomical structures of vessels and
detecting the vascular occlusion in rats [51]. Yu et al.
synthesized the Gd-doped paramagnetic amorphous car-
bonate nanoclusters (ACNC) based on the mutual effect
between Gd** and the formation of amorphous CaCO,.
Benefiting from the advantages of facile the one-pot syn-
thesis, this nanomaterial can be readily prepared in large
scale and served as MRI contrast agent for angiography
(Fig. 3a). Upon the intravenous administration, the vas-
culature structures in various mammals including rat,
rabbit, and dog, can be successfully depicted, showcasing
its superior imaging performance compared to Gd-DTPA
(Fig. 3b) [52]. Very recently, Zhang et al. developed albu-
min-coated gadolinium-based nanoparticles (BSA-Gd)
as a contrast agent for achieving ultra-high-resolution
MRA. This Gd-based nano-contrast agent demonstrated
enhanced MRI performance, enabling high-resolution
imaging of blood vessels in different animals including
rats, rabbits, and beagles. It successfully visualized vessels
of sub-200 pm in both normal tissue and tumors using
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Fig. 3 a Scheme of the synthesis process of ACNC and the large-scale prepared ACNC. Contrast-enhanced MRA images of the whole body on b
rat and ¢ rabbit immediately after the bolus injection of (i) Gd-DTPA and (ii) ACNC. d MRA images of upper body on beagle dog at immediately
(IM) and 20 s after the bolus injection of (i) Gd-DTPA and (i) ACNC, respectively. (C) and (S) represents coronal plane and sagittal plane respectively.
e Quantitative measurement of SNR of ROIs in (i) brachiocephalic trunk artery, (ii) left subclavian artery, (iii) left common carotid artery, (iv) right
branch of olfactory artery of beagle dog, and that in (v) descending aorta, (vi) aortic arch, (vii) ascending aorta of rabbit, respectively. Reproduced

with permission from Yu et al. [52]

3 T MR, offering a valuable tool for advancing the study
of vascular diseases [53].

Inorganic Fe-based nanoparticles

Apart from Gd-based nanoparticles, Fe-based nanopar-
ticles have also shown promising performance in MRA
owing to the 5 unpaired electrons of Fe’* ion. Cheon
et al. reported a nanosized Fe-based contrast agent

consist of a polysaccharide supramolecular core and
an amorphous-like hydrous ferric oxide shell, known
as SAIO, which exhibited strong T} MRI effect. In the
SAIO-enhanced angiography, the cerebral, coronary, and
peripheral microvessels with the order of 100 um in the
rodents are discernible with remarkable clarity. Addi-
tionally, following the intravenously injection, the SAIO
can be readily eliminated by the urinary system without
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undesired organ retention, which highlights the biosafety
profile of this contrast agent [54].

Among different Fe-based nanosized contrast agents,
superparamagnetic iron oxide nanoparticles, exemplified
by Feridex or Resovist, had been served as prominent T,
contrast agents in clinical MRI diagnosis owing to their
strong magnetic moments [55-57]. Interestingly, as their
sizes diminish, the magnetic moment of iron oxide nano-
particles will rapidly decrease as a result of the reduction
in the volume magnetic anisotropy and spin disorders
on the nanoparticle surface. With regards to this phe-
nomenon, the small-sized iron oxide nanoparticles can
emerge as promising candidates for 7; contrast agents,
potentially utilized in MRA [58, 59]. Based on this prin-
ciple, Hyeon et al. synthesized the extremely small-sized
iron oxide nanoparticles (ESION) with the diameter of
less than 4 nm. Owing to their tiny sizes, these nanopar-
ticles exhibited very low magnetization but high 7; MRI
contrast effect. With high r; and long blood half-life,
ESION facilitated the blood pool MRI of the anatomical
structures of vasculatures, and the microvessels with the
diameter of 0.2 mm could be delineated with precision
[60]. In the subsequent studies, they further realized the
large-scaled synthesis of the PEGylated iron oxide nano-
clusters (PEG-IONCs), and successfully utilized these
nanoparticles for MRA of large mammals including bea-
gle dos and macaques. Moreover, the biosafety profiles
of these nanoparticles have been effectively confirmed in
dog and macaque models [61].

According to both preclinical and clinical reports, iron
oxide nanoparticles appear to demonstrate superior bio-
compatibility and biosafety compared to Gd-based mate-
rials. This distinction arises from the potential adverse
side effects associated with Gd®>' deposition, whereas
iron species are naturally abundant in the human body.
Until now, there have been clinical investigations employ-
ing iron oxide nanoparticles for the purpose of vascular
imaging. As a typical example, Ferumoxytol (Feraheme,
AMAG Pharmaceuticals, Waltham, MA) is an ultrasmall
superparamagnetic iron oxide agent initially approved
by the Food and Drug Administration (FDA) as an iron
replacement therapy for patients with anemia due to
chronic renal failure [62, 63]. Over the past decade, Feru-
moxytol has been investigated extensively as an intra-
venous contrast agent in MRA [64, 65]. Owing to the
nano-sized diameter and carbohydrate coating, Feru-
moxytol exhibited an ultra-long blood circulation time
exceeding 14 h in human, which provide an ample time
period for acquiring high-resolution angiograms in both
arterial and venous imaging with suitable MRI sequences
[66, 67]. In previous publications, various research
groups and clinicians have explored the application of
Ferumoxytol in human vascular MRI. For example, the
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aorta and its major branches in a 90-year-old adult was
successfully visualized following the intravenous admin-
istration of Ferumoxytol (Fig. 4a—e). In another case, the
cardiac angiography of a 19-month-old male patient can
also be displayed to make more comprehensive evalu-
ation of the anatomical structures of cardiac vessels
though ferumoxytol-enhanced 4D MRA with Multiphase
Steady-state Imaging with Contrast (MUSIC) technique
(Fig. 4f and g) [68]. Overall, Ferumoxytol has demon-
strated satisfactory MRA performances in human, draw-
ing immediate attention for its angiography application
[68, 69]. Although the FDA issued a warning regarding
the risk of acute hypersensitivity reactions during rapid
high-dose injections, some subsequent studies involving
large patient cohorts have shown that diagnostic use of
Ferumoxytol was well-tolerated, with minimal adverse
reactions, and severe events are rare [70—72]. Building
upon these studies and clinical practice outcomes, Feru-
moxytol presents an appealing alternative to Gd-based
agents in MR angiography, particularly for children and
patients with chronic kidney disease, because the Feru-
moxytol can bypass the kidney filtration and do not con-
tain toxic Gd.

Cerebrovascular imaging

with nanomaterials-enhanced
susceptibility-weighted imaging (SWI)

Apart from the CE MRA, susceptibility-weighted imag-
ing (SWI) has emerged as a crucial component of the
MRI approach for evaluating the vascular diseases, espe-
cially the cerebrovascular diseases [73-75]. SWI belongs
to the category of gradient recalled echo T,*-weighted
imaging and is highly sensitive to the deoxyhemoglobin
within the cerebral bloodstream [76, 77]. In particu-
lar, this sequence exhibits remarkable sensitivity to the
variation of deoxyhemoglobin levels, which offers valu-
able insights into tissue injury and cerebral oxygenation.
Notably, regions affected by injury often exhibit an ele-
vated oxygen extraction fraction, resulting in a significant
increase in deoxyhemoglobin concentration. Conse-
quently, the T,* relaxation of blood vessels within these
regions usually shortened, leading to robust negative
vascular signals in SWI. This phenomenon, commonly
referred to as the blood oxygen level dependent (BOLD)
effect, enables the visualization and characterization of
cerebral small veins with high accuracy and sensitivity
[78-80]. SWT’s ability to capture the BOLD effect makes
it an indispensable tool for assessing patients with cer-
ebrovascular diseases in clinical practice.

Nevertheless, non-contrast SWI struggles to distin-
guish microvessels in the range of 50-100 um, which
may be the pathological scale for many microvascular
diseases [81]. Additionally, the inherent vascular contrast
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Fig.4 a-e A 90-year-old man with renal failure undergoing vascular evaluation for transcatheter aortic valve replacement (TAVR). First-pass
imaging with ferumoxytol on thin maximum intensity projection (MIP) a and volume rendered (VR) ¢ reconstructions shows similar bright

and uniform arterial enhancement as on steady-state images b, d, e, where arteries and veins show equal signal intensity. f, g A 19-month-old male
patient with stridor and no prior history of congenital heart disease. Volume-rendered reconstruction from a single frame of a 4D MUSIC acquisition
f from the anterior (upper) and superior (lower) perspective show a complete vascular ring due to a double arch, with normal cardiac chamber
anatomy. Dynamic evaluation of the 4D MUSIC data confirmed compression of the trachea g. These images were acquired at 3T. Reproduced

with permission from Finn et al. [68]

provided by endogenous deoxyhemoglobin remains
insufficient to achieve high-resolution depiction of intri-
cate small cerebral vessels, especially for arteries. In
order to overcome this constraint, nanoparticle-based
contrast agents were explored to enhance the sensitivity
of SWI in detecting micro-vessels. In particular, owing
to the exceptional superparamagnetic properties, Fe;O,
nanoparticles-based contrast agents have demonstrated
remarkable potential for improving SWI performance.
When compared to endogenous deoxyhemoglobin, the
superparamagnetic Fe;O, nanoparticles exhibit a much
more pronounced effect on shortening the T,* relaxation
time of the bloodstream, thereby producing significantly
negative vascular signals in SWI [82, 83]. By employing
Fe;O, nanoparticles as contrast agents, the sensitivity of
SWI can be greatly enhanced, enabling a more detailed

and accurate depiction of microvascular structures. The
unique superparamagnetism exhibited by these nanopar-
ticles makes them an excellent choice for augmenting the
capabilities of SWI and advancing its clinical utility.

In recent years, Fe;O, nanoparticles-based SWI strat-
egy has been explored to enhance the delineation of cer-
ebral vessels, thereby achieving a more comprehensive
diagnosis of brain diseases by providing improved imag-
ing clarity. For example, after the onset of acute ischemic
stroke, the vessels surrounding the blocked arteries
undergo dilation and anastomosis, forming collateral
vessels. These collateral vessels serve to compensate for
the reduced blood supply to the ischemic brain tissues.
Gao et al. synthesized o, p,-specific nanoprobe for MRI
detection of collaterals. Specifically, Arg-Gly-Asp (RGD)
peptides were covalently conjugated on the surface of
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Fe;O, nanoparticles, which endowed the nanoparticle
with a,3; integrin targeting capability, thereby visualizing
the collateral vessels after onset of acute ischemic stroke.
The in vivo SWI results revealed that the collateral ves-
sels quickly formed in the acute phase after the arterial
occlusion, but vanished within several hours following
the recanalization. This study offers a feasible approach
to dynamically monitor the collateral status among dif-
ferent individuals during diagnosis and treatment [84].

In the previous imaging studies, diffusion-weighted
imaging (DWI) stands out as a specialized MRI sequence
capable of delineating the abnormal water apparent dif-
fusion coefficient (ADC). This technique has been widely
used for visualizing the location and extent of the irre-
versible ischemic core in stroke cases [85-87]. When
combined with Fe;O, nanoparticles-based SWI, the intri-
cate processes involved the stroke development can be
better reflected. Hou et al. designed a low-immunogenic
nanoprobe for acute ischemic stroke precise diagnosis.
The self-peptide, a peptide sequence derived from the
membrane protein CD47, was conjugated onto the sur-
face of biocompatible Fe;O, nanoparticles as a stealth
coating. This modification helps delay macrophage-medi-
ated clearance of the nanoprobes, thereby enhancing
their ability to evade the immune system and promoting
prolonged circulation in the bloodstream. Through nan-
oprobe-enhanced SWI, the cerebral microvessels exhib-
ited negative contrast and, more importantly, the spatial
distribution of collateral vessels can be clearly delineated.
Since the ischemic penumbra is closely related to the col-
lateral circulation, the spatial range of the penumbra can
be determined by the distribution patterns of the collat-
eral vessels. Thus, by combining with DWI, the infarct
core, the collateral vessels around the infarct core, as well
as the range of ischemic penumbra can be readily iden-
tified simultaneously (upper panel of Fig. 5) [88]. Very
recently, Pan et al. developed a contrast-enhanced SW1I
technique that employs dextran-modified Fe;O, nano-
particles for high-resolution visualization of collateral
circulation and the ischemic penumbra in acute ischemic
stroke. These nanoparticles are synthesized via a simple
coprecipitation method at room temperature, exhibit-
ing well biocompatibility and a transverse relaxivity of
51.3 mM~' s7! at a 9.4 T magnetic field. Leveraging these
MRI properties, the nanoparticle-enhanced SW1I allows
for detailed, high-resolution imaging of cerebral ves-
sels. When combined with ADC analysis, this imaging
approach enables simultaneous mapping of the ischemic
core, collateral circulation, and ischemic penumbra [89].

In addition to the stroke diagnosis, the nanoparticle-
enhanced SWI technology has been also applied to
predict the complications during the stroke treatment.
Thrombolytic therapy, which aims at breaking up the
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thrombus or embolus occluding the cerebral artery, and
restoring perfusion to the reversibly ischemic brain tis-
sues, is the dominant strategy to treat the acute ischemic
stroke. However, thrombolytic therapy may enhance the
risk of hemorrhage transformation (HT) compared to
other supportive care. Under this circumstance, the fear
of HT largely limits the use of thrombolytic therapy in
acute ischemic stroke. Focusing on this dilemma, Gao
et al. propose a novel strategy to offer early evidence to
predict the possible HT in advance before thrombolytic
therapy. The angiogenesis/inflammation dual-targeted
MR nanoprobe was constructed by simultaneously con-
nected the c(RGDfC) and angiopep-2 peptides onto the
surface of Fe;O, nanoparticles. Such dual-targeted nan-
oprobes can successfully target the activated vascular
endothelial cells and enter the blood—brain barrier (BBB)
to anchor on the inflammatory glial cells within HT-
risk region via c¢(RGDfC)/a f; and angiopep-2/LRP-1
interaction. Therefore, the range and spatial distribution
of abnormal hyperenhancement in SWI following the
administration of the nanoprobe can serve as an indi-
cator for the HT risk. This, in turn, provides guidance
on the decision to pursue thrombolytic therapy. This
endeavor holds significant promise for stroke patients,
especially for those who can still benefit from late-stage
thrombolytic therapy (lower panel of Fig. 5) [90]. This
integrated imaging strategy provides valuable insights
into the pathological processes and may contribute to
improved diagnostic accuracy in stroke assessment.

Brain tumors, particularly glioblastomas, are among
the most aggressive and devastating forms of cancer,
often associated with a dismal prognosis. Microangio-
genesis, a hallmark of these tumors, is closely linked to
the malignancy grade and plays a critical role in tumor
progression. In this context, Sun et al. introduced a
contrast-enhanced SWI technique that utilizes dextran-
modified Fe;O, nanoparticles for ultra-high-resolution
vascular mapping in brain tumors. These nanoparticles
demonstrate commendable biocompatibility along with
a high transverse relaxivity of 159.7 mM™' s ata 9.4 T
magnetic field. The contrast-enhanced SWI technique
enables the visualization of cerebral microvessels as thin
as 0.1 mm with exceptional contrast and clarity. This
imaging approach allows for detailed observation of both
enlarged peritumoral drainage vessels and intratumoral
microvessels (Fig. 6). Overall, this study offers a prom-
ising method for accurate vascular profiling of brain
tumors in clinical setting [91].

Apart from the stoke and cancer evaluation, Fe;O, nan-
oparticles-based SW1I strategy has been also employed
to detect other cerebral diseases related to vascular
anomalies or dysfunctions. For example, Polymyxin B
(PMB), a cationic cyclic polypeptide antibiotic, can exert
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bactericidal effects on multi-resistant Gram-negative
bacteria. However, the severe nephrotoxicity and neuro-
toxicity largely hamper the clinical application of PMB.
To accurately evaluate the neurotoxicity in vivo, Zhang
et al. employed the biocompatible Fe;O, nanoparticles to
noninvasively visualize the potential impairment of Poly-
myxin B (PMB) to the central nervous system. The Fe;O,
nanoparticle-enhanced SWI revealed that the successive
PMB injection may lead to the micro-leakage of blood—
brain barrier (BBB), indicated by the discrete punctate
negative signals distributed asymmetrically within the
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3D reconstruction
Fig. 5 Schematic illustration for showing the structure of low-immunogenic MRl nanoprobe and the simultaneous identification of infarct core,
collaterals and penumbra with nanoprobe-based MRI strategy after the onset of ischemic stroke (upper). MR images of brains of 6 randomly chosen
rats underwent rMCAO for different time periods, together with 3D reconstruction according to DWI, pre-reperfusion SWI, and I-R SWI data (from
top to bottom), for thrombolytic hemorrhage risk prediction (lower). Reproduced with permission from Hou et al. [88] and Gao et al. [90]

brain parenchyma. This study offers a feasible strategy for
evaluating the central nervous system impairment in real
time after the medication of PMB, which is expected to
provide guidance for the clinical application of PMB. The
real-time assessment achieved in this study establishes a
new pathway for the clinical utilization of this conven-
tional antibiotic [74]. In another study, Lan et al. devel-
oped a MR molecular imaging approach for depression
diagnosis based on inflammation-targeted nanoprobe.
The cLABL, a cyclic decapeptide that can specifically
bind with ICAM-1 receptor of the inflamed vascular
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SWI image before injection

Fig. 6 a Schematic illustration of dextran-modified Fe;O, nanoparticles for ultrahigh-resolution vasculature mapping in glioblastomas

via the contrast enhanced SWI. b The minimum intensity projection images of brain vessels derived from SWI display low signal intensities
within a 4.5 mm tissue thickness, projecting them onto the background plane to clearly depict the vascular trajectory. ¢ SWIimages obtained
at 5 min after injection of nanoparticles, with the vascular diameter measurement. d MR images of glioblastomas before and after intravenous
injection of nanoparticles. The peritumoral drainage vessels and intratumoral microvessels are pointed with red and yellow arrows. Reproduced
with permission from Sun et al. [91]

endothelial cells, were conjugated onto the Fe;O, nano-
particles. Following the intravenous administration, the
resultant targeted nanoprobe can depicted the cerebral
vasculatures and, more importantly, specifically accumu-
late in the inflammation regions to generate an abnormal
enhancement of the SW1I signals. Using this strategy, the
focal inflammation in some specific brain regions of mice
with depression can be visualized noninvasively in vivo
[92].

In addition to the laboratory researches, iron oxide
nanoparticle-based contrast agent has been introduced
into the clinical settings to enhance the sensitivity and
resolution of SWI for vascular imaging [93, 94]. Nota-
bly, Ferumoxytol, which can be used as an MRA contrast
agent as described above, is also the most commonly
used contrast agent in human SWI studies [81, 95-97].

Using Ferumoxytol as contrast agent, Haacke et al. and
Liu et al. conducted separate investigations on the cer-
ebrovascular imaging at 3 T and 7 T, respectively. Their
studies revealed that the resolution of SW1I for blood ves-
sels was significantly improved with the increased dose of
Ferumoxytol. Through the optimization of the imaging
parameters, they achieved successful detection of vessels
with diameters as low as 50 um (Fig. 7) [81, 98]. These
studies strongly demonstrated the microvascular imag-
ing capability of Ferumoxytol-enhanced SWI. Therefore,
the utilization of iron oxide nanoparticles as contrast
agents presents an opportunity to visualize the sophisti-
cated microvascular systems. This method holds signifi-
cant potential for the diagnosis of various diseases that
are associated with the microvasculatures, especially the
cerebral diseases.
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Fig. 7 Microvasculature SWI of the midbrain enhanced by Ferumoxytol. a Pre-contrast (Fey), post-contrast SWI data (Fe,, Fe,, Fe;) as well
as the SWlpeac obtain at 3 T are shown in the top row, whereas the bottom row shows their corresponding zoomed insets, focusing on the midbrain
region b. ¢ Visualization of arteries and veins using minimum intensity projections of SWl at 7 T with different doses of Ferumoxytol. Reproduced

with permission from Haacke et al. [81] and Liu et al. [98]

In addition to iron oxide nanoparticle-based con-
trast agents, recent studies have demonstrated that
NaGdF, nanoparticles can also enhance SWI contrast.
This effect is attributed to the regular arrangement of
Gd®" ions within the crystal lattice, which induces mag-
netic anisotropy, generating local static magnetic field
heterogeneity and resulting in negative signals in T,-
weighted sequences. Consequently, NaGdF, nanopar-
ticles serve as versatile MRI contrast agents, enabling
multimodal vascular imaging. Specifically, vessels can
be brightened in the CE MRA sequence and darkened
in the SWI sequence, facilitating better differentiation
of fine vascular structures. Building on this principle,
Hou et al. utilized PEGylated NaGdF, as a contrast
agent to achieve high-resolution, multiparametric MR
vascular imaging. In particular, tiny vessel branches as
thin as 150 pm in diameter can be clearly distinguished

in 3D CE MRA, while even smaller microvessels with
the size of ca. 60 pm in diameter, can be visualized
using SWI. This enhanced vascular imaging resolution
allows for precise in vivo diagnosis of various vascular
diseases, including Alzheimer’s disease and ischemic
stroke, in rodent models. Furthermore, dual-contrast
imaging was successfully demonstrated in swine using
a clinical 3.0 T human MRI scanner, underscoring the
promising clinical translation potential of this imaging
approach [99].

Superficial vascular imaging with NIR-II
fluorescence imaging

In addition to MRA and SWI, fluorescence-based opti-
cal imaging technologies, known for their capacity for
noninvasiveness procedures, high sensitivity, real-time
feedback, have found extensive applications in the field
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of bioimaging [100-102]. Contrasted with the visible
and NIR-I imaging windows (400—900 nm) which often
hindered by the light absorption, light scattering and
autofluorescence within biological tissues, the NIR-II
imaging window (1000-1700 nm) has proven effective
for achieving high-resolution imaging at tissue depths in
the centimeter range. This success can be attributed to
the suppression of photon scattering and the decreasing
of tissue autofluorescence within this specific spectral
range [103-106]. As a result, NIR-II fluorescence imag-
ing showcase greater potential in the context of vascular
imaging.

To date, a rage of NIR-II imaging probes have been
developed to facilitate the vascular imaging. Among
these, small-molecule dyes offer high quantum yields and
strong NIR absorbance but are hindered by low solubil-
ity, rapid clearance, and systemic toxicity, limiting their
practical applications [107, 108]. In recent years, the
advancement of nanotechnology has provided promis-
ing solutions to these challenges. The incorporation of
nanocarriers can improve the water solubility and circu-
lation time of these small-molecule dyes, while certain
nanomaterials can intrinsically emit NIR signals, serving
as natural NIR imaging agents. Notably, multifunctional
nanoprobes—basing on quantum dots, rare-earth doped
down-conversion nanoparticles, or single-walled carbon
nanotubes (SWNTs)—have been developed, offering
versatile options for realizing NIR-II vascular imaging
[1, 109, 110]. Similar to MRI-based vascular imaging,
NIR-II vascular imaging benefits from the larger hydro-
dynamic diameters of nanosized imaging agents, which
help extend circulation time and provide a broader imag-
ing window compared with small-molecule probes that
tend to leak rapidly from the vasculature. Over the past
decade, NIR-II vascular imaging approaches using nano-
materials as imaging agents have been widely exploited
to depict the superficial vasculatures in vivo. In 2012,
Dai et al. employed fluorescent SWNTs as imaging
agents to conduce the real-time NIR vascular imaging
of mouse hind limb. The small vessels at depths ranging
from 1 to 3 mm can be imaged with high spatial reso-
lution (~30 pm) and temporal resolution (<200 ms per
frame). Moreover, the application of a dynamic contrast-
enhanced NIR-II imaging technique allowed for clear dif-
ferentiation between arterial and venous vessels [110]. In
the subsequent study, Huang et al. employed the PbS@
CdS quantum dots (QDs) as the imaging agents to visu-
alize the vascular anatomical structures and quantify the
vascular hemodynamics of mice with peripheral arterial
diseases. Notably, through using this QDs-based NIR-II
imaging strategy, the vascular occlusion, revasculariza-
tion, and compensatory angiogenesis in the ischemic
limb was clearly observed [111]. Near recently, Zhu et al.
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prepared lanthanide-doped core—shell-shell nanopar-
ticles B-NaErF,: 2%Ce@NaYbF,@NaYF, with relatively
high photoluminescence quantum vyield in aqueous solu-
tion (9.2%). The PL lifetime at 1525 nm is tunable through
regulating the thickness of NaYF, layers. Benefiting from
these properties, the nanoparticles were subsequently
employed as imaging agents for NIR-II fluorescence life-
time vascular imaging. By using a lifetime imaging sys-
tem, the superficial vascular network in murine abdomen
can be successfully displayed [112].

In addition to blood vessels in the superficial trunk and
limbs, the structure of blood vessels in the cerebral cor-
tex can also be clearly presented through nanomaterial-
enhanced NIR-II fluorescence imaging. For example, Dai
et al. prepared rare-earth Er-based nanoparticles to facili-
tate the quick imaging (20 ms exposure time per frame)
of cerebral vessels in mice with high spatiotemporal reso-
lution within NIR-IIb window (1500 nm~1700 nm) [113].
In another study, using polyacrylic acid (PAA) modified
NaYF,:Gd/Yb/Er nanorods as the contrast agent, Hao
et al. acquired the noninvasive cerebral vascular imag-
ing through scalp and skull without craniotomy, in which
the microvessels as thin as 43.65 um can be clearly dis-
tinguished [114]. Very recently, Wu et al. found that the
introduction of a rigid conjugated polymer can induce
the chain packing of the NIR-II semiconducting poly-
mers, resulting in the formation of spherical Pdots with
compact structures, narrow size distribution, and bright
NIR-II emission (Fig. 8a). These Pdots can be employed
as fluorescent agent for vascular imaging in living ani-
mals. Furthermore, by leveraging a vessel segmentation
strategy based on Hessian matrix, the tubular structures
in the NIR fluorescence imaging could be identified and
extracted. This approach led to a significant improve-
ment in the vascular contrast of angiograms, achieving
a 13-fold improvement in signal -to-background ratio as
compared to the original images (Fig. 8b). Combining the
merits of Pdots and the Hessian matrix strategy, the high-
contrast cerebral angiograms of mouse and rat models
bearing brain tumors can be acquired in through-skull
NIR-II imaging, in which the tumor-associated twisted
and disorganized vasculature can be clearly observed
(Fig. 8¢c) [115].

In the terms of tumor diagnosis, NIR vascular imag-
ing provides innovative perspectives. Li et al. prepared
NaYF,:Nd@NaGdF, nanoparticles as imaging agents.
Using NIR-II imaging, the temporal evolution of angio-
genesis during the development of orthotopic breast
tumor in mice were successfully obtained. This imaging
strategy facilitates a comprehension of tumor progression
and staging through the analysis of vascular variations
[116]. In subsequent studies, Gao et al. designed and pre-
pared the NaErF,@NaYbF,@NaYF, nanocrystals with
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Fig. 8 a Molecular structures of NIR-Il polymer (m-PBTQ4F), short-rigid polymer (CN-PPV), and amphiphilic polymer (PSMA and PS-PEG-COOH),
and the preparation and morphology modulation of NIR-Il Pdots by blending amphiphilic polymer and short-rigid polymer during preparation.
b NIR-Il fluorescence image of a mouse acquired in prostrate and supine. ¢ In vivo NIR-Il fluorescence images of cerebral vasculature of mice

with an intact skull and scalp, together with the quantitative comparison of vessel-length and vessel-branch in the cerebral vasculature

between wild-type and tumor-bearing mice by using vascular segmentation and quantification algorithm. Reproduced with permission from Wu

etal. [115]

core/shell/shell structures, which exhibited both upcon-
version and down-conversion NIR-II emissions. Upon
intravenous injection, the nanocrystals exhibited the abil-
ity to brighten the superficial vasculatures in the abdo-
men of mice. The blood supply to the <3 mm tiny tumor
located in the peritoneum of mice can be clearly observed
[117]. Very recently, Zhong et al. developed a nanoparti-
cle-based vascular imaging strategy to dynamically moni-
tor the intracapillary oxyhemoglobin saturation (sO,).
They prepared the NaErF,@NaYF, nanoparticles that
can generate NIR-IIb luminescence at 1550 nm under
multiple excitation wavelengths at 650 nm, 808 nm and
980 nm. Owing to the absorption difference between
oxyhaemoglobin (HbO,) and deoxyhaemoglobin (HbR)

in the spectral range of 600—1000 nm, the ratio of emis-
sion intensity of nanoparticles under the excitation of
650 nm and 980 nm can be used to quantitatively visu-
alize the relative content of HbO, and HbR in the blood
samples (Fig. 9a—e). By leveraging this strategy, the sO,
levels in tumor-related vasculatures were demonstrated
to be closely correlated with O, consumption of cancer
cells (Fig. 9f-i). Additionally, the reduction of sO, level
within tumor vessels could also serve as an indicator of a
positive response to tumor immunotherapy [118].

Apart from the disease diagnosis, NIR-II vascular
imaging can also contribute to the intraoperative navi-
gation with quick acquisition and high precision. For
example, the flap perfusion status decides the survival
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Fig.9 a Schematic illustration of a core—shell NaErF ,@NaYF, pEr nanoprobe (left) and corresponding large-scale transmission electron microscopy
image (right). b Absorption spectra of HbO,, HbR and pEr. ¢ NIR-llb luminescence images of the pEr nanoprobe dispersed in PBS, mouse venous
blood and arterial blood under 650-Ex and 980-Ex. d Heat map of the ratiogs.qg, reconstructed from the 650-Ex and 980-Ex channels. e The

sO, value of mouse blood samples, as measured by a blood-gas analyser, was plotted against the ratiogsoqg, to generate an empirical calibration
formula. f Time-course dynamic sO, imaging (650: 980 model) showing the perfusion of pEr into 4T1 tumor. The pink (left) and azure (right)

arrows indicate the blood flow directions. g NIR-Il sO, imaging showed the tumor-associated vasculature of different tumors. h Statistical results

of the average TAV-sO, values within the tumor regions. i Basal oxygen consumption rate of these five types of cancer cell lines. Reproduced

with permission from Zhong et al. [118]

opportunity of the translated flap and surgical prognosis.
The monitoring of the revascularization during the sur-
gery and the angiogenesis after surgery are very crucial
for the evaluation of the prognosis and clinical outcome
of the flap transplantation. Chen et al. proposed a QD-
based NIR-II vascular imaging approach to dynamically

evaluate the perfusion status of transplanted flap intra-
and post-operatively. By leveraging the high-resolution
vascular imaging enhanced by Ribonuclease-A-coated
PbS/ZnS QDs, the microvasculature structures and
the blood perfusion status of the perforator flap could
be visualized during and at different time points within
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2 weeks after surgery, allowing for the precise assess-
ment of necrosis and survival regions of the transplanted
skin flap [119]. In addition to the flap transplantation,
the NIR-II vascular imaging technique can also be used
to evaluate the outcome of organ transplantation. Tang
et al. employed a NIR-II fluorescence imaging technol-
ogy to evaluate the blood reperfusion of donor kidney
and monitor the vascular anastomosis and ureterovesi-
cal connection after the organ transplantation surgery, in
which aggregation-induced emission (AIE) active NIR-II
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DIPT-ICF nanoparticles were synthesized as imaging
agents. Benefiting from the long blood circulation time,
a single injection of DIPT-ICF nanoparticles could real-
ize the whole-process monitoring and evaluation of renal
transplantation. Such imaging strategy offers a practical
method to prevent injury during nephrectomy, safeguard
donor kidney quality, and assess renovascular recon-
struction through renal angiography, which will largely
improve the survival rate of the transplanted kidney
while minimizing the undesired complications (Fig. 10)
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Fig. 10 a Schematic illustration of the chemical structures of DIPT-IC and DIPT-ICF nanoparticles. b—d Renal angiography of donor and recipient
rabbits in the NIR-Il window based on DIPT-ICF NPs during kidney retrieval and implantation. b Schematic illustrations of the donor kidney retrieval
surgery (upper)/kidney implantation surgery (lower) and renal angiography. ¢ NIR-Il images of renal arteries, renal veins and donor kidneys (upper)/
graft arteries, veins and graft reperfusion following renal vessel anastomosis at different time points after intravenous injection of DIPT-ICF NPs. d
Quantitative analysis of NIR-Il fluorescence intensity of kidneys and their accessory vessels. Red arrows, green arrows and purple arrows represent
renal arteries, renal veins and kidneys. Reproduced with permission from Tang et al. [120]
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of the vessels and lymph nodes in cynomolgus monkey after intravenous injection of the AIE probes. (1) arm, (2) hand, (3) scalp vasculature, (4)

an axillary lymph node marked by the red dotted line. e NIR-II fluorescence imaging of the deep axillary artery in a healthy adult cynomolgus
monkey after intravenous injection of AIE probes. When epidermis was moved, the superficial vein was moved accordingly; however, the deep
axillary artery remained stationary. Reproduced with permission from Tang et al. [121]

[120]. The above studies highlighted the remarkable spa-
tial and temporal resolution achieved by the nanomate-
rials-enhanced NIR-II vascular imaging. Nevertheless,
the lack of data from large animal experiments hinders
the process of clinical translation of these innovative
strategies. Addressing this issue, Tang et al. conducted a
study validating the feasibility of AIE nanoprobe-based
NIR-II imaging strategy on three cynomolgus monkeys.
This research focused on evaluating the imaging perfor-
mance and biosafety features of the AIE nanoprobe on
nonhuman primate models. The results revealed that the
arterial structures at a depth of 1.5 cm within the mon-
key tissue can be depicted with high contrast and resolu-
tion, which elevate the fluorescence imaging depth from
millimeter to centimeter level (Fig. 11). In addition, the
intravenously administration of AIE nanoprobe does not
lead to obvious adverse side effects, supported by hema-
tological and tissue analysis. This study not only show-
cases the clinical translational potential of the prepared

AIE nanoprobes, but also confirms the viability of the
clinical translation process for the nanoprobe-enhanced
NIR-II vascular imaging approach [121].

Summary and outlook

Advantages and limitations of nanotechnology-based
vascular imaging approaches

In this review, the state-of-art of nanotechnology-based
vascular imaging strategies crossing different imaging
modalities have been summarized by giving correspond-
ing examples. Specifically, NIR-II vascular fluorescence
imaging presents the highest sensitivity and quick feed-
back, in which the blood vessels with the diameter of
less than 30 pm can be distinguished. However, while
nanomaterial-based NIR-II fluorescence imaging suc-
cessfully facilitates real-time visualization of superficial
vascular structures, it is important to note that this imag-
ing modality is still constrained by its inherent limita-
tions regarding tissue penetration depth. Compared to
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fluorescence imaging, nanomaterials-based MRI allows
for the observation of deep-seated blood vessels inside
tissues, which demonstrates a broader range of appli-
cability in disease detection. In particular, by leveraging
the nanomaterial-enhanced MRA, the 3D anatomical
structures of the sophisticated vasculatures, including
the different small branches of arteries and veins down
to ~100 pum, and abnormal morphological variations,
can be rapidly outlined. This imaging modal provides
comprehensive spatial distribution information of the
vascular systems. In addition to 3D MRA, nanomate-
rial-enhanced SWI allows for the precise depiction of
micro-vessels with a resolution of less than 50 um. This
is achieved through its heightened sensitivity to the
magnetic susceptibility of various tissues, resulting in
remarkably enhanced contrast. Owing to the intrinsic
magnetic susceptibility of different tissues, the enhanced
SWI not only enables the mapping of vasculatures, but
also achieves higher resolution in visualizing surrounding
tissues. Therefore, SW1I offers valuable insights into the
intricate relationship between vascular abnormalities and
adjacent tissues, which has been proved particularly well-
suited for the visualization of cerebrovascular-related
disorders, such as collaterals formation and cerebral
micro-hemorrhage. Nevertheless, these two MRI modali-
ties still face limitations such as long scanning and
post-processing times, as well as challenges in assessing
vascular hemodynamics.

Due to the inherent clinical compatibility of MR imag-
ing modality, nanomaterial-based contrast agents for
MR vascular imaging have been successfully applied in
practical clinical settings. This is particularly evident in
vascular imaging involving special patient populations,
including the elderly, young children, and individuals
with renal insufficiency. These applications reveal dis-
tinctive potential, highlighting the efficacy and versa-
tility of such agents in enhancing diagnostic imaging
outcomes. In comparison, the utilization of NIR vascular
imaging in clinical diagnosis remains constrained mainly
due to the insufficient proliferation of fluorescence imag-
ing modality, lack of standardization, inadequate clini-
cal validation, and the challenges in imaging resolution
and tissue penetration. While fluorescence imaging is
hindered by these limitations, its high sensitivity, quick
feedback property, cost-effectiveness, and the portability
of equipment distinguish it favorably from other imaging
modalities. These distinctive advantages endow the NIR
fluorescence vascular imaging with substantial poten-
tial in specific clinical scenarios, such as the monitoring
of blood perfusion post-skin flap or organ transplanta-
tion, as well as real-time navigation during intraopera-
tive revascularization. Currently, numerous researchers
are dedicated to advancing the optical imaging devices
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and promoting the application of NIR vascular imag-
ing in clinical practice. In 2019, Tian et al. developed an
optical-imaging device that combines visible and NIR flu-
orescence for human use. With this device, the surgical
resection of liver tumor in 23 patients were successfully
guided by detecting the NIR fluorescence from indocya-
nine green (ICG). This study demonstrated the potential
of NIR fluorescence imaging in clinical settings, advanc-
ing its use in medical practice [122]. In the subsequent
years, they also realize the accurate resection of hepatic
carcinoma, glioma, and cystic renal masses in different
human patients [123-125]. In 2022, Cheng et al. uti-
lized the portable NIR-II imaging with ICG as an opera-
tive evaluation tool to improve the operation efficiency
in microsurgery of 39 patients who undergoing micro-
vascular anastomosis, digit replantation, avulsion injury
or perforator-based island flap surgery. Through using
ICG-enhanced NIR-II imaging, the anastomotic vessels
can be rapidly visualized, ensuring the preservation of
the salvaged distal limbs. Overall, this imaging strategy
facilitated the identification of perforator vessels and the
estimation of perforator areas before obtaining the flap,
which offered useful information for prognosis assess-
ment of microsurgery [126]. Building on these clinical
studies, it is anticipated that with the increasing availabil-
ity of medical fluorescence imaging devices and ongoing
research on the design of nanomaterial imaging agents,
nanomaterial-based NIR fluorescence vascular imag-
ing will find extensive application in monitoring various
related-diseases.

Considering the unique advantages and diverse clini-
cal applications of the imaging modalities discussed, the
integrated use of multiple vascular imaging techniques
is likely to emerge as a future trend. This approach has
already demonstrated significant promise in tumor imag-
ing, where it has enhanced the precision and comprehen-
siveness of diagnoses. For instance, previous studies have
developed various nanoprobes to enable multimodal can-
cer diagnosis in laboratory settings [127-129]. Given the
advancements in multimodal imaging technologies and
their successful applications in oncology;, it is reasonable
to anticipate that similar strategies could be adapted for
vascular imaging. By integrating these techniques, vascu-
lar imaging could benefit from complementary informa-
tion, ultimately improving the accuracy and effectiveness
of the diagnostic process.

Challenges in the clinical translation of nanotechnology
for vascular imaging

Despite the significant advantages, several issues in
terms of clinical translation still need to be carefully
considered for nanomaterial-based vascular imaging.
The physicochemical properties of nanomaterials, such
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as size, rigidity, and surface structure, play pivotal roles
in determining their pharmacokinetics. Previous stud-
ies indicated that nanomaterials smaller than 6.5 nm
can pass the glomerular filtration, primarily eliminat-
ing through the urinary system [130-132]. This phar-
macokinetic profile mitigates the potential long-term
side effects associated with body accumulation of nano-
materials. However, the rapid renal clearance will lead
to the short blood circulation time, consequently nar-
rowing the time window for vascular imaging. Hence,
achieving a delicate balance between blood circulation
time and renal clearance is imperative. Alternatively,
nanomaterials with sizes exceeding the glomeru-
lar filtration limit may be recognized and taken up by
the mononuclear phagocytic system, leading to their
long-term accumulation in the liver or spleen. If the
mononuclear phagocytic system can be bypassed, the
nanoparticles may undergo hepatobiliary elimination
and be excreted from the body via feces [133, 134].
These pharmacokinetic routes do not require kidney
involvement, rendering it applicable to vascular imag-
ing in patients with renal insufficiency. Nevertheless, in
such scenarios, careful evaluation is essential to assess
whether the prolonged retention of the nanomaterials
in the liver and spleen lead to the undesired adverse
side effects. Overall, when designing nanomaterials as
vascular imaging agents, it is crucial not only to focus
on the vascular imaging performances, but also to care-
fully consider the pharmacokinetics, along with the
corresponding clinical indications.

In addition to achieving an optimal balance between
imaging performance and pharmacokinetics, a signifi-
cant challenge in the clinical translation of nanomateri-
als is scaling up their production from the laboratory
settings to industrial manufacturing. The complex
chemical and physicochemical processes involved in
nanomaterial synthesis make it challenging to maintain
both quality and imaging performance during large-
scale production. Addressing these issues is essential
for the successful clinical application and widespread
use of nanomaterials.

To sum up, there is high anticipation that nanomate-
rial-based vascular imaging strategy could play an impor-
tant role in the future clinical diagnosis for patients with
vascular-related diseases. This could lead to the develop-
ment of personalized treatment strategies for individuals,
marking an update in the diagnostic paradigm.
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