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ABSTRACT: Accurate imaging evaluations of pre- and post-
treatment of cardiovascular diseases are pivotal for effective clinical
interventions and improved patient outcomes. However, current
imaging methods lack real-time monitoring capabilities with a high
contrast and resolution during treatments. This study introduces
PEGylated ultrasmall iron oxide nanoparticles (PUSIONPs), which
have undergone comprehensive safety evaluations, boasting an r1
value of 6.31 mM−1 s−1, for contrast-enhanced magnetic resonance
angiography (MRA). Systematic comparisons against common
clinical methods in rabbits reveal that PUSIONPs-enhanced MRA
exhibited improved vascular contrast, clearer vascular boundaries,
and superior vessel resolution. Moreover, owing to their nanosize,
PUSIONPs demonstrate significantly prolonged blood circulation
compared to small molecular contrast agents such as Magnevist and Ultravist. This extended circulation enables captivating
real-time monitoring of thrombolysis treatment for up to 4 h in rabbit models postsingle contrast agent injection. Additionally,
in larger animal models such as beagles and Bama minipigs, PUSIONPs-enhanced MRA also showcases superior contrast
effects, boundary delineation, and microvessel visualization, underscoring their potential to transform cardiovascular imaging,
particularly in real-time monitoring and high-resolution visualization during treatment processes.
KEYWORDS: iron oxide nanoparticles, magnetic resonance angiography, contrast agent, thrombolysis monitoring, cardiovascular diseases

1. INTRODUCTION
Cardiovascular diseases (CVDs) pose an immense global
health challenge due to their alarming rates of morbidity,
mortality, and disability.1−5 Among the spectrum of CVDs,
ischemic disorders such as thrombosis are particularly
prevalent.6 Thrombolysis using recombinant tissue plasmi-
nogen activator stands as a primary treatment approach for
intravenous thrombolysis.7 However, patients subjected to
thrombolysis often confront the distressing recurrence of
episodes, highlighting the imperative for continuous real-time
monitoring of their condition.8 Furthermore, the pivotal role of
imaging assessments, before and after treatment, cannot be
overstated. These assessments serve as indispensable guides in
formulating clinical treatment strategies and ultimately
improving patient outcomes.9 Therefore, the pursuit of precise
diagnosis, effective intervention, and vigilant real-time
monitoring remains paramount in the relentless battle against
these life-threatening cardiovascular conditions.

Conventional methods for assessing blood vessels encom-
pass a range of imaging techniques including ultrasound
(US),10,11 computed tomography angiography (CTA),12,13

digital subtraction angiography (DSA),14,15 and magnetic
resonance angiography (MRA).14,16 Each of these methods
has its own set of advantages and limitations in the context of
CVD assessment. US, notable for its ease of use and lack of
radiation exposure, offers accurate localization of lesions,
assessment of luminal narrowing, and dynamic visualization of
blood flow.1,17 However, its spatial resolution is relatively low,
and it can be challenging to perform examinations in areas with
total ultrasound wave reflection or severe acoustic wave
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attenuation, such as the lungs, gastrointestinal tract, or dense
bone tissues. Additionally, in severely obese patients, the
presence of a thick subcutaneous fat layer can increase
background noise in the images, potentially impacting
diagnostic accuracy.18 CTA is another widely utilized method
for evaluating CVDs, offering high spatial and density
resolutions and ease of use. However, it is susceptible to the
partial volume effect, which can affect accurate assessment of
luminal stenosis in the presence of calcified plaque in vessel
walls. Additionally, bone artifacts can interfere with the
visualization of blood vessels located near bone structures.19

Furthermore, CTA involves exposure to ionizing radiation, and
the use of contrast agents may have detrimental effects on renal
function.20 DSA stands out as a dynamic imaging technique
that allows real-time observation of target vessels and enables
concurrent interventional procedures, such as stent placement,
based on imaging guidance. It is often regarded as the “gold
standard” for diagnosing vascular diseases.15 Nevertheless,
DSA is an invasive procedure associated with a degree of
radiation exposure, and it necessitates a potentially traumatic
femoral artery puncture for contrast agent administration.21 In
contrast, MRA offers a noninvasive means of assessing vascular
anatomy and hemodynamics. By reconstructing volumetric
data through multiplanar techniques, MRA can produce
angiograms comparable to those generated by invasive
methods such as DSA.22 Importantly, MRA eliminates the
risks associated with arterial catheterization, iodinated contrast
agents, and exposure to ionizing radiation, making it a safer
option for patients.23

In clinical MRA, two primary categories are commonly
employed: time-of-flight MRA (TOF-MRA) and contrast-
enhanced MRA (CE-MRA).24 TOF-MRA, an MRI technique,
is tailored for visualizing blood flow within vessels without the
need for administering a contrast agent. This method relies on
the intrinsic enhancement of spins as they traverse an imaging
slice.25 However, it is crucial to acknowledge the inherent
limitations associated with TOF-MRA. In cases of slow blood
flow or when blood flows parallel to the imaging plane of a
vessel, it can become saturated, resembling stationary tissue,
and this can result in signal loss from the vessel of interest.26

Turbulent blood flow can induce spin-dephasing and
unexpectedly short transverse relaxation times (T2), further
contributing to signal loss within the vessel. Additionally, TOF-
MRA typically necessitates relatively extended acquisition
times, a factor that may potentially limit its clinical utility in
specific scenarios.
CE-MRA operates on the principle of utilizing a contrast

agent to reduce the longitudinal relaxation time (T1) within
blood vessels, thereby enhancing the contrast of the
surrounding tissue and improving vascular imaging.27,28 The
application of the 3D-FLASH sequence in CE-MRA scans
leads to a shortened repetition time (TR), resulting in faster
imaging when compared to TOF-MRA.29 Traditionally,
gadolinium-based contrast agents, exemplified by Magnevist,
have served as the primary choice for clinical MR contrast
agents for over three decades. However, these Gd-based
contrast agents are associated with potential risks such as
nephrogenic systemic fibrosis and brain deposition.30−32

Furthermore, due to their limited circulation half-life within
the bloodstream, Gd-based contrast agents must be adminis-
tered for each CE-MRA procedure to facilitate real-time
disease assessment.33,34 This practice places an increased
physical and economic burden on patient. To address these

challenges, there is a pressing need to develop innovative
contrast agents that can offer improved safety and efficacy in
CE-MRA procedures.
In recent years, ultrasmall iron oxide nanoparticles

(USIONPs) have emerged as a prominent contender in the
realm of MRI contrast agents.35,36 They offer a plethora of
advantages over conventional Gd-based agents, including their
exceptional magnetic properties, prolonged blood half-life, and
impeccable biocompatibility.37−40 The application of
USIONPs as T1 contrast agents has yielded significant
outcomes in various preclinical studies.41−44 For instance,
Wang et al. conducted vascular imaging assessments in SD rats,
harnessing the power of USIONPs at a 7.0 T field strength
alongside SWI technology. This innovative approach facilitated
the clear visualization of cerebral blood vessels, even those with
diameters as diminutive as 10 μm.45 In another notable study,
Wei et al. highlighted both the biocompatibility and impressive
vascular imaging capabilities of USIONPs in rats within 60 min
postinjection.46 Furthermore, Lu et al. harnessed the potential
of USIONPs for MRA in a model of middle cerebral artery
occlusion in both beagle dogs and rhesus monkeys, achieving
exceptional imaging results.47 These investigations undeniably
showcase the substantial potential of USIONPs as a superior
contrast agent for T1 MRI of blood pools, holding promise for
eventual clinical application. However, despite these encourag-
ing findings, it is essential to acknowledge that they do not fully
address the genuine clinical needs for real-time, precise, and
extended monitoring of emergency thrombolysis patients with
CVDs.
In this study, we meticulously compared the imaging

efficiency of CE-MRA using PEGylated ultrasmall iron oxide
nanoparticles (PUSIONPs), CE-MRA with Magnevist, TOF-
MRA, and CTA employing Ultravist. Our investigation
commenced with the systematic imaging of the head and
neck vasculature in rabbits, revealing the exceptional potential
of PUSIONPs as blood pool contrast agents. Building upon
these promising results, we established a robust model to
replicate the thrombolysis process. This monitoring phase
unveiled the notable capability of PUSIONPs to sustain
vascular imaging for extended durations, providing an effective
means of detecting thrombosis within blood vessels.
Furthermore, we extended our research to include beagle
dogs and Bama minipigs to validate the efficacy of PUSIONPs
as MR T1 blood pool contrast agents and to explore their
potential for clinical translation. Our findings demonstrate that
PUSIONPs serve as highly effective MRI contrast agents for
real-time thrombolysis monitoring, significantly reducing the
need for repeated contrast agent administration and marking a
significant advancement in cardiovascular imaging and
diagnosis.

2. RESULTS AND DISCUSSION
2.1. Characterization of PUIONPs. The PUSIONPs

utilized in this study were produced by Suzhou Xinying
Biomedical Technology Co., Ltd. These nanoparticles were
synthesized using a high-temperature thermal decomposition
method and have undergone comprehensive safety evaluation
studies involving SD rats and beagle dogs, demonstrating
excellent biocompatibility. Representative TEM images, as
illustrated in Figure 1a, showcase the uniform distribution of
the PUIONPs. Statistical analysis of the particle size affirmed
excellent monodispersity, with an average size of 3.1 ± 0.5 nm
(Figure 1b). Dynamic light scattering (DLS) analysis revealed
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a narrow hydrodynamic size distribution profile for PU-
SIONPs, with a peak at approximately 9 nm (Figure 1c).

Furthermore, it was determined that the longitudinal relaxivity
of the PUSIONPs at 3.0 T is 6.20 mM−1 s−1, which is nearly
double the value of 3.47 mM−1 s−1 measured for the Magnevist
under the same conditions (Figure 1d). These results suggest
that PUSIONPs demonstrate significantly superior MRI
contrast enhancement performance and are expected to
outperform Magnevist in the context of MRA.
2.2. Evaluation of MRA in Rabbits. Expanding upon the

impressive in vitro MRI capabilities of PUSIONPs, we
conducted a systematic comparison of imaging efficiency
involving CE-MRA with PUSIONPs (CE-MRA (Fe)), CE-
MRA with Magnevist (CE-MRA (Gd)), CTA with Ultravist,
and TOF-MRA in rabbits, utilizing clinical facilities. For CE-
MRA, MR images of the head and neck were acquired both
before and at various time points (3 min, 1 h, 2 h, and 4 h)
after the administration of
PUSIONPs (Figure 2a) or Magnevist (Figure 2b). Notably,

delineating the distribution of blood vessels in rabbits
presented challenges before the administration of these
contrast agents. Following the administration of 0.1 mmol/
kg of PUSIONPs or Magnevist, both exhibited significant
enhancement in the measured vessels during the initial phase.

Figure 1. (a) Representative TEM images of PUSIONPs and (b)
their size histogram (scale bar = 100 nm). (c) Hydrodynamic size
of PUSIONPs determined based on DLS. (d) R1 relaxivities of
PUSIONPs and Gd-DTPA as a function of the Fe concentration.

Figure 2. (a) CE-MRA images of healthy rabbits before and after intravenous injections of PUSIONPs and (b) Gd-DTPA at different time
points. (c) CTA images of healthy rabbits before and after intravenous injections of Ultravist at various time points. (d) Plot of MRI signal/
CT value enhancement versus time for PUSIONPs, Gd-DTPA, and Ultravist. The strong MRI signal of the PUSIONPs lasted longer than
that of Gd-DTPA and Ultravist. (e) CNR measured in the carotid common artery of normal rabbits with CE-MRA (Fe), CE-MRA (Gd),
CTA, and TOF-MRA.
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However, as time progressed, rabbits injected with Magnevist
rapidly lost their vascular signals, with no discernible signals
after 1 h. In contrast, rabbits injected with PUSIONPs still
displayed clear vascular imaging, even after 4 h. Due to the
faster scan time of CT compared to MRI, CTA imaging was
performed at 13 s, 23 s, 33 s, and 600 s after Ultravist injection
at a dosage of 1 mL/kg, as depicted in Figure 2c. It is evident
that the MIP images of the vessels in the CTA were
significantly affected by bone artifacts. This issue could
potentially be mitigated through volume rendering, as
demonstrated in Figure S1. However, the imaging performance
of CTA falls short of CE-MRA, and the contrast enhancement
rapidly diminishes after administration, with virtually no
enhancement remaining by 10 min. Further quantification of
vascular signals indicated that the signals for all three contrast-
enhanced imaging techniques increased significantly after
injection and then gradually declined (Figure 2d). Notably,
the signal from PUSIONPs exhibited a significantly slower
decline compared to Magnevist and Ultravist, attributed to
their extended blood half-life of 3.28 h (Figure S2). Notably,
vascular structures remained clearly distinguishable even 4 h
postcontrast, despite the gradual reduction in contrast intensity
within the blood vessels. TOF-MRA, which does not require a
contrast agent and acquires only one image, as shown in Figure
S3, can display the larger arteries in the rabbit’s head and neck.
However, it lacks the level of detail seen in CE-MRA. The
results presented in Figure 2e reveal that the maximum CNR
values of the carotid common artery using the aforementioned
four methods were 48.5 ± 5.5, 40.8 ± 3.5, 36.8 ± 4.2, and 40.6
± 5.6. These findings validate the high contrast enhancement
capabilities of PUSIONPs.
To comprehensively evaluate the imaging performance of

various techniques, we conducted quantitative analyses from
multiple perspectives, including contrast, vascular boundary
clarity, and resolution. When transverse images of the carotid

common artery were compared using the four different
imaging methods, all techniques showed improved visibility
of blood vessels, with similar vessel diameters (Figure 3a).
Notably, CE-MRA (Fe) stood out among the four techniques.
As depicted in Figure 3b, the signal ratio of the artery to the
surrounding tissue in CE-MRA (Fe) was 7.3% higher than that
in CE-MRA (Gd), 19.9% higher than that in CTA, and 21.0%
higher than that in TOF-MRA. This suggests that CE-MRA
(Fe) provided the most promising contrast for vascular
imaging.
Furthermore, the vascular boundaries delineated by CE-

MRA (Fe) were significantly sharper than those obtained with
other imaging techniques, as shown in Figure 3c. When using
the distance to reach half of the maximum CNR value
(referred to as L1/2) to quantitatively describe vascular
boundary clarity, as shown in Figure 3d, the L1/2 along the
orange line across the artery in Figure 3c was 0.91, 1.01, 1.27,
and 1.87 mm for CE-MRA (Fe), CE-MRA (Gd), CTA, and
TOF-MRA, respectively. Quantitative analysis results indicated
that CE-MRA is the optimal method for displaying vascular
boundaries. This superior performance can be attributed to
MRI’s high soft tissue contrast and the high relaxation rate of
PUSIONPs. The exceptional ability to visualize vascular
boundaries suggests that CE-MRA is more effective at
illustrating fine details of blood vessels.
To assess the capability of imaging microvessels, we analyzed

the MIP reconstruction images obtained using the four
imaging techniques mentioned above. The results in Figure
3e demonstrated that CE-MRA (Fe) could identify vessels
with significantly smaller diameters than the other three
methods. The smallest diameters that were clearly visible for
the four methods were approximately 0.61 ± 0.05, 0.84 ± 0.06,
1.29 ± 0.08, and 1.07 ± 0.11 mm (Figure 3f). These findings
highlight the excellent angiography performance of PU-
SIONPs, with CE-MRA (Fe) enabling the observation of

Figure 3. (a I−IV) Transverse CE-MRA (Fe), CE-MRA (Gd), and CTA and TOF-MRA images in the same position of the ipsilateral carotid
common artery in rabbits. (b) Signal ratio between the carotid common artery and surrounding tissue for the above four imaging methods.
(c) Analysis curve from ImageJ software corresponding to (a). (d) The distance needed for the signal of the four imaging techniques in (a)
to achieve half of the maximum CNR. (e I−IV) The smallest vessels shown by CE-MRA (Fe), CE-MRA (Gd), CTA, and TOF-MRA,
respectively. (f) Quantitative values of the smallest vessel diameters that can be displayed by four imaging modalities.
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higher vascular contrast, greater vascular boundary clarity, and
superior vessel resolution. More importantly, the extended
duration of PUSIONPs-enhanced MRA aligns well with the
requirements of real-time observation for clinical thrombolytic
treatment, which typically spans 1 to 2 h.
2.3. Monitoring Rabbit Carotid Thrombolysis. To

assess the potential application of PUSIONPs in thrombolysis
monitoring, the rabbit carotid artery thrombosis models were
first established by wrapping the carotid artery with filter paper
soaked in 10% FeCl3 for 20 min (Figure S4a). Confirmation of
the model’s success was achieved by extracting the carotid
common artery at the induction point for H&staining.
Pathological sections, viewed at 100× and 400× magnification,
confirmed the presence of a mixed thrombus composed of red
blood cells, inflammatory cells, and fibrin (Figure S4b). This

kind of thrombus could be dissolved by recombinant tissue
plasminogen activator (rt-PA).
After successfully constructing the model, the degree of

carotid artery stenosis was first assessed using TOF-MRA. The
models with similar degrees of stenosis were selected for
further experiments. Subsequently, rt-PA was administered

through the auricular vein, and thrombolysis was monitored at
different time points using various imaging methods
aforementioned (Figures 4a and 5a). Figure 4b,c provide the
imaging assessment results of the thrombolysis process using
CE-MRA (Gd) and CTA, respectively. As can be seen, both
techniques exhibited a rapid increase in the signal upon
contrast agent administration. However, due to their rapid
metabolism, the signal declined quickly, which inadequately
reflected the thrombolytic process in the vessels. Therefore,
contrast agents were reinjected after 4 h to monitor the

Figure 4. (a) Schematic illustration of imaging in the thrombolysis process. (b) MIP images of the thrombolysis process and axial MR images
of the distal normal and stenosis vessel after injection of Gd-DTPA (c) Ultravist. (Note: red solid and dotted lines indicate distal normal
vessel; yellow solid and dotted lines indicate stenosis vessel, where the thrombus was located.) (d) Graph of the arterial-to-tissue signal ratio
in a model vessel over time for thrombolysis monitoring. (e) The change in stenosis rate after thrombolysis for 4 h.
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thrombolytic effect. For the analysis of imaging performance,
the signal ratio of the artery to the surrounding tissue was used
as a reference. As shown in Figure 4d, the ratios of the two
imaging techniques peaked immediately after contrast agent
administration (0 h), then maintained a steady value around 1
and were restored following the second injection at 4 h. For
evaluating thrombolytic efficacy, the alteration in the stenosis
ratio was adopted as a benchmark. As illustrated in Figure 4e,
the change rates obtained by both imaging methods were
almost identical, providing a clear measurement of lumen
stenosis following the second injection. Nevertheless, the
multiple contrast agent injections made it impractical to track
the
course of thrombolytic therapy in live scenarios, as contrast

agents would need to be readministered for each blood vessel
examination, increasing the incidence of contrast agent-related
side effects and also the economic costs. In addition, both
Magnevist and Ultravist contrast agents were found to leak
from the blood vessels rapidly after injection. This led to an

increase in whole-body signal while decreasing the contrast
between blood vessels and the surrounding tissue background,
making it more challenging to distinguish blood vessels.
Next, we observed the thrombolytic process of the carotid

thrombus by using PUSIONPs. The results in Figure 5b
showed that, in contrast to Magnevist, the clinically used
contrast agent, PUSIONPs were able to maintain the
enhancement effect over an extended period. The carotid
artery remained well visualized at all subsequent time points
following a single injection of the PUSIONPs. In addition,
TOF-MRA, despite not requiring a contrast agent, can also
effectively monitor the thrombolysis process in real-time using
specific sequences, as illustrated in Figure 5c. This contrast-
agent-free approach results in minimal fluctuations in both the
carotid signal and the signal from the surrounding tissue over
time. Quantitative analysis demonstrated that the signal ratio
of the carotid artery to surrounding tissue in CE-MRA (Fe)
and TOF-MRA remained at a high signal level for an extended
period, providing additional confirmation of prolonged and

Figure 5. (a) Scheme for the in vivo imaging study of thrombolysis progression in CE-MRA (Fe) and TOF-MRA. (b) MIP images of the
thrombolysis process and axial MR images of the stenosis and distal normal vessel in CE-MRA (Fe) and (c) TOF-MRA. (Note: red solid and
dotted lines indicate distal normal vessel; yellow solid and dotted lines indicate stenosis vessel, where the thrombus was located.) (d) Curve
of the ratio of arterial to surrounding tissue signal of the model vessel of thrombolysis monitoring with time. (e) Change in stenosis rate at
each time point after thrombolysis.
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accurate visualization of blood vessels (Figure 5d). According
to the imaging results, the evolution of the stenosis rate over
time was calculated and plotted in Figure 5e, showing that
both techniques were competent in assessing trends in carotid
stenosis rate at different intervals over a 4-h period.
Nevertheless, from a radiological perspective, CE-MRA (Fe)
offers a noticeably clearer display of blood vessels compared to
TOF-MRA, making it easier to monitor thrombolysis in tiny
blood vessels.
Moreover, when assessing a carotid artery that was

completely occluded in a particular location, TOF-MRA failed
to provide a complete visualization of the vessel or lesion site
as CE-MRA did (Figure S5a). Additionally, TOF-MRA may
overestimate the severity of stenosis
in vessels that were significantly narrowed compared to

those of CE-MRA (Figure S5b). The reason for this
discrepancy was that CE-MRA (Fe) was less reliant on
blood inflow or phase-shift effects, reducing the influence of
motion- and flow-related artifacts and leading to substantially
increased image resolution. Compared to TOF-MRA, CE-
MRA (Fe) provided a more precise evaluation of severely
narrowed vessels, avoiding overestimation, could accurately
pinpoint the location of obstructions in completely occluded
vessels. Furthermore, CE-MRA (Fe) demonstrates superior
time efficiency compared to TOF-MRA, making it the
unequivocal choice for critically ill patients.
Table S1 summarizes the change in stenosis rate obtained by

the four methods after 4 h of thrombolysis, revealing no
significant differences among the mentioned approaches.

However, the above results from in vivo imaging of the carotid
thrombosis model strongly indicate that PUSIONPs have
substantial potential as outstanding contrast agents for MR
angiography. It is important to note that their hydrodynamic
size, approximately 9 nm, restricts PUSIONPs from freely
passing through the intercellular gaps in the vascular wall. This,
coupled with their high relaxivity, greatly enhances the contrast
between blood vessels and the surrounding tissues. Con-
sequently, it becomes possible to achieve high-resolution MR
angiography of microvasculature and vascular disorders. More
importantly, the prolonged blood half-life of PUSIONPs
facilitates extended monitoring of the treatment process with
just a single injection, offering an extended window for
observation.
2.4. MRA in Beagle Dogs and Bama Minipigs. Large

animal experiments are crucial in evaluating material
effectiveness and their translation to clinical use. After
validating PUSIONPs’ capacity for imaging vessels in rabbits,
we extended our study to explore their application in
visualizing vessels in beagle dogs and Bama minipigs through
head and neck angiography using CE-MRA (Fe), CE-MRA
(Gd), CTA, and TOF-MRA at various intervals (Figure S6).
Upon administration of both PUSIONPs and Magnevist, a
noticeable upsurge in the vascular signals was observed.
However, while Magnevist signals declined rapidly over time,
PUSIONPs sustained signals even after 4 h, facilitating robust
vessel
visualization. CTA improved vascular signals post-Ultravist

administration but lost the signal at 10 min due to rapid

Figure 6. MIP images of healthy beagle dogs (a) and Bama minipigs (b) in four imaging modalities. (c) Contrast, vascular boundary clarity,
and resolution of four imaging methods. Note: Sartery/Stissue refers to signal ratio between the common carotid artery and surrounding tissue;
L1/2 refers to the distance required for the signal of the four imaging techniques in Figure S6a,d to achieve half of the maximum CNR value.
Diameter refers to the tiniest vessels shown in four imaging ways.
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metabolism. Quantitative analysis revealed rapid signal
enhancement, followed by gradual attenuation, with PU-
SIONPs displaying the most effective prolonged signal
maintenance and minimal amplitude attenuation (Figure S7).
CE-MRA (Fe) notably excelled in vascular imaging, evident in
amplified vascular contrast and enhanced vasculature visual-
ization in Figure 6a,b.
Subsequently, quantitative analysis was undertaken to

evaluate its efficacy in enhancing image contrast, displaying
vessel boundaries, and visualizing microvessels in beagle dogs
and Bama minipigs. In the case of beagle dogs, cross-sectional
images from four methods were extracted for analysis, showing
a clearly outlined lumen across all four methods, with CE-
MRA (Fe) demonstrating the most distinctive delineation
(Figure S8a). The signal ratios of first-pass phase vessels to
surrounding tissue highlighted CE-MRA (Fe) as providing
significantly stronger contrast of 6.75 ± 0.39, approximately
156%, 255%, and 71% higher than CE-MRA (Gd), CTA, and
TOF-MRA, respectively (Figure 6c). Moreover, an evaluation
was conducted to assess the ability to define vessel boundaries,
echoing the observations in the rabbit model, where CE-MRA
(Fe) exhibited the sharpest curve (Figure S8b). The L1/2 values
for CE-MRA (Fe), CE-MRA (Gd), CTA, and TOF-MRA were
0.75 ± 0.10, 0.97 ± 0.11, 0.88 ± 0.15, and 1.06 ± 0.16 mm,
respectively (Figure 6c). Additionally, the diameters of the
smallest visible vessels were 0.89 ± 0.16, 1.29 ± 0.23, 1.17 ±
0.12, and 1.39 ± 0.20 mm for the four methods, respectively
(Figures S8c and 6c). These findings highlight the outstanding
potential of CE-MRA (Fe) in visualizing small vessels.
Likewise, cross-sectional images of the carotid artery in pigs

at the corresponding level were analyzed to ascertain the
vessel-to-surrounding-tissue signal ratio, the ability to display
vessel boundaries, and the smallest visible vessel, contributing
to an assessment of their visualization capacity (Figure S8d−f).
These outcomes corroborate previous findings, illustrating the
notable imaging capabilities of the CE-MRA methods. The
quantitative data in Figure 6c depicted that CE-MRA (Fe)
exhibited the highest signal ratio between the artery and
surrounding tissue (7.80 ± 1.83), the clearest vessel
boundaries (L1/2 = 0.91 ± 0.12 mm), and the smallest visible
vessel diameter (0.70 ± 0.11 mm). These results outperformed
CE-MRA (Gd), CTA, and TOF-MRA, thus emphasizing the
exceptional imaging quality of PUSIONPs in enhancing vessel
contrast, delineating boundaries, and visualizing smaller
vessels.

3. CONCLUSION
In summary, the application of PUSIONPs as a contrast agent
for MRA demonstrated promising potential in vascular
imaging. Across diverse animal models�from rabbits to
beagle dogs and Bama minipigs�PUSIONP-enhanced MRA
exhibited superior imaging capabilities, offering significantly
heightened vascular contrast, clearer vascular boundaries, and
enhanced vessel resolution compared to conventional
Magnevist-enhanced MRA, Ultravist-enhanced CTA, and
TOF-MRA. These characteristics highlight the capacity of
PUSIONPs to enable precise microvessel visualization, thereby
aiding accurate diagnoses of cardiovascular diseases. More
importantly, the prolonged circulation time within the blood
pool allowed for an extended imaging window, facilitating
continuous monitoring of the thrombolysis process and
thereby providing crucial guidance for the formulation of
effective clinical treatment strategies. These findings under-

score the promising clinical value of PUSIONPs as an
advanced contrast agent, potentially revolutionizing cardiovas-
cular imaging. Furthermore, owing to their capacity for
targeted delivery through surface modifications, PUSIONPs
hold promise beyond diagnostic imaging. They can also
function as effective carriers for targeted drug delivery, with
applications spanning various biomedical fields.48,49 Looking
ahead, PUSIONPs are poised to play a pivotal role in
advancing personalized medicine and transforming the land-
scape of integrated medical care.

4. EXPERIMENTAL SECTION
4.1. Materials. PEGylated ultrasmall iron oxide nano-

particles (PUSIONPs) were supplied by Suzhou Xinying
Biomedical Technology Co., Ltd. Na99mTcO4 was purchased
from Shanghai GMS Pharmaceutical Co., Ltd. Tin(II) chloride
dihydrate was purchased from Alfa Aesar Chemical Co., Ltd.
Pelltobarbitalum Natricum was acquired from Shanghai Sigma-
Aldrich Trading Co., Ltd. Sodium chloride solution (0.9%)
was procured from Dalian Otsuka Pharmaceutical Co., Ltd.
Gadopentetate Glucosamine (Gd-DTPA) and Iopromide
(Ultravist) were obtained from Bayer Healthcare Ltd. Ferric
chloride hexahydrate (FeCl3) was provided by Shanghai
Macklin Biochemical Co., Ltd. Recombinant tissue-type
plasminogen activator (rt-PA) was purchased from Boehringer
Ingelheim Shanghai Pharmaceuticals Co., Ltd.
4.2. Synthesis and Characterization of PEG-Coated

Fe3O4 Nanoparticles. The morphology of PUSIONPs was
characterized using transmission electron microscopy (TEM,
Talos F200S G2) at an acceleration voltage of 200 kV. The
hydrodynamic size of PUSIONPs was measured using a
Malvern Zetasizer Nano ZS90. The relativity measurements
were conducted using a 3 T animal MRI scanner (MRS 3000,
MR Solutions, Guildford, UK).
4.3. Animals for the In Vivo Imaging Experiment. The

study was conducted according to the Guidelines for the Care
and Use of Laboratory Animals of the Department of
Laboratory Animal Science, Soochow University, and the
protocol was approved by the Ethics Committee of Soochow
University. All New Zealand rabbits (2.5 kg) were purchased
from Zhenghu (Jiangsu, China). Beagles (female, 5−10 kg)
and Bama minipigs (female, 10−15 kg) were obtained from
Agan Biotechnology Co., Ltd. (Shanghai, China).
4.4. Blood Circulation Analysis of PUSIONPs in

Rabbits. 99mTc-labeled PUSIONPs were synthesized following
a previous report.50 Rabbits were intravenously administered
0.1 mmol/kg 99mTc-labeled PUSIONPs via the marginal ear
vein, where an indwelling catheter was placed for repeated
blood sampling. Blood samples (approximately 0.5 mL each)
were collected at designated time points postinjection (1, 5, 10,
20, 30, 60, 90, 120, 240, 360, 480, 1200, and 1440 min)
through the catheter. After each collection, 0.5 mL of
heparinized saline was injected to prevent coagulation. The
blood samples were weighed, and their radioactivity was
quantified using a gamma counter to determine the blood
circulation half-life of the nanoparticles.
4.5. Establishment of the Carotid Thrombosis Model.

The rabbits were anesthetized with 3% pentobarbital sodium
(30 mg/kg). Using a midline incision, one side of the common
carotid artery was isolated, and external application of filter
paper soaked with 10% FeCl3 solution followed. An
incompletely blocked thrombus was observed forming on the
wall of the common carotid artery 20 min after induction.
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4.6. In Vivo MRA/CTA Imaging of Rabbits Vessel and
Carotid Artery Thrombolysis. For the evaluation of the
vascular enhancement effect of the PUSIONPs contrast agent,
TOF-MRA, CE-MRA, and CTA images were acquired after
the rabbits were anesthetized with 3% pentobarbital sodium
(30 mg/kg). Prior to the administration of contrast, a TOF-
MRA and a 3D Flash sequence imaging on the rabbit head and
neck were performed. Then, the contrast agent was
administered through an indwelling needle into the auricular
veins of the rabbits. PUSIONPs and Gd-DTPA contrast agents
were infused at the recommended Gd-DTPA dose of 0.1
mmol/kg at a speed of 1 mL/s. Following this, the same
sequences of scans mentioned above were repeated at 13.2 s, 1
h, 2 h, and 4 h post-injection. Afterward, CTA imaging was
carried out on the head and neck of the rabbits before and after
intravenous Ultravist injection at the ear margin (13.2 s, 1 h, 2
h, and 4 h). Of these, the Ultravist injection was administered
via an indwelling needle (iodine concentration of 370 mg/mL
and 1 mL/kg) at a rate of 1 mL/s.
For in vivo thrombolytic monitoring of PUSIONPs, rabbits

were anesthetized with 3% pentobarbital sodium (30 mg/kg)
and TOF-MRA, CE-MRA, and CTA images were acquired
before and after intravenous injection of rt-PA at different time
points (1, 2, 3, and 4 h). Of these, before the injection of rt-PA,
PUSIONPs and Gd-DTPA contrast agents were administered
to obtain CE-MRA (Fe) and CE-MRA (Gd) images,
respectively, and then CTA images were collected before and
after Ultravist injection, referred to as pre and 0 h. Notably, the
Gd-GTPA and Ultravist were reinjected at 4 h.
The specific MRI scan sequence and parameters used for the

above study are as follows: for the CE-MRA scan, a clinical
MRI 64-channel head/neck coil was utilized with a 3D-Flash
sequence, along with the following scanning parameters: TR =
4.78 ms, TE = 1.82 ms, FOV = 280 × 280 mm2, matrix = 467
× 467, and FA = 20°. For the TOF-MRA imaging, it was
conducted utilizing a 64-channel head and neck MRI coil
within a clinical setting. The scanning parameters comprised a
3D-TOF sequence, with TR = 24 ms, TE = 3.69 ms, FOV =
220 × 220 mm2, matrix = 367 × 367, and FA = 18°.
CTA imaging scanning parameters are as follows : voltage =

120 kV, electricity = auto mAs, thickness = 0.6 mm, and slice
gap = 0.3 mm.
4.7. In Vivo MRA/CTA Imaging of Beagle Dogs Vessel.

For the evaluation of the vascular imaging potential of
PUSIONPs, the beagles were subjected to 24 h of fasting
and 8 h of dehydration prior to the experiment. An indwelling
26G needle was inserted into the upper limb vein of the
animals, followed by the administration of a 3% sodium
pentobarbital solution (1 mL/kg) through the same needle.
After anesthetization, the beagles were placed in a magnetic
resonance scanning bed. CE-MRA and CTA images of the
canine head and neck were acquired before and after the
administration of the appropriate contrast agents. In addition,
TOF-MRA images were performed.
The parameters used for the image acquisition were as

follows: 3D-Flash sequence with TR = 4.0 ms, TE = 1.5 ms,
FOV = 460 × 460 mm2, matrix = 467 × 467, FA = 20°; TOF-
MRA with TR = 24 ms, TE = 3.69 ms, FOV = 360 × 360 mm2,
matrix = 367 × 367, FA = 18°; CTA with voltage = 120 kV,
electricity = auto mAs, thickness = 0.6 mm, and slice gap = 0.3
mm.
4.8. In Vivo MRA/CTA Imaging of Bama Minipigs

Vessel. The pigs underwent a 24 h fast and were not allowed

access to water for 8 h prior to the experiment. To prevent
excessive secretion of salivary glands and asphyxiation, atropine
(0.05 mg/kg) was injected. After a 15 min interval, the pigs
were anesthetized with postauricular intramuscular anesthesia
using Sultai 50 (10 mg/kg) mixed with Lupronin (2 mg/kg).
Subsequently, the CE-MRA (Fe), CE-MRA (Gd), and CTA
images were collected before and after injecting PUSIONPs,
Gd-DTPA, and Ultravist via the ear vein. Subsequently, the
identical sequence of scans as explained earlier was carried out
at different time points. Additionally, TOF-MRA images were
obtained.
The specific measurement parameters were set as follows:

CE-MRA images were obtained using 64-channel head/neck
coil and 3D-FLASH sequence with TR = 4.11 ms, TE = 1.61
ms, FOV = 220 × 220 mm2, matrix = 352 × 352, and FA =
22°; TOF-MRA images were collected using 3D-TOF
sequence with TR = 30 ms, TE = 3.69 ms, FOV = 220 ×
220 mm2, matrix = 352 × 352, FA = 18°; CTA images were
conducted with voltage = 120 kV, electricity = auto mAs,
thickness = 0.6 mm, and slice gap = 0.3 mm.
4.9. Statistical Analysis. Continuous variables are

presented as the mean ± standard deviation (SD). Significant
differences between groups were determined using an unpaired
t-test (for two groups) and one-way analysis of variance (for >2
groups). In every case, a p-value below 0.05 was considered
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001;
ns: no significance). All magnetic resonance images were
measured using the RadiAnt DICOM Viewer (64-bit), while
all CT data were analyzed using software (ADW4.6, GE
Healthcare) provided by the scanner manufacturer. Contrast-
to-noise ratio (CNR): CNRvessel = (SIvessel − SItissue)/σtissue,
where SIvessel and SItissue represent the standardized signal
intensity of the vessel and surrounding tissue, respectively, and
σtissue represents the standard deviation of the background
signals.
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