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Abstract: 
Cardiovascular disease (CVD) is one of the most devastating diseases with high incidence and mortality worldwide. 
Early and accurate diagnosis is the key to effective therapy, and unequivocal identification of the atherosclerotic 
vulnerable plaques and infarcted myocardium may require advanced technologies and expertise. However, existing 
diagnostic approaches are currently at the infant stage of technological development. Emerging molecular imaging 
techniques possess the potential to enhance the understanding of CVD. Designing suitable molecular imaging probes 
is vital to the success of any molecular imaging study. Nanoparticles (NPs)-based biomedical imaging probes have 
been investigated extensively as potential alternatives to conventional molecular imaging probes. Herein, we first 
summarized the concepts and characteristics of different molecular imaging including fluorescence (FL) imaging, 
photoacoustic (PA) imaging, magnetic resonance imaging (MRI), ultrasound (US) imaging, computed tomography 
(CT) imaging, and multimodal imaging. And then we focused on the application of nanoprobes as contrast agents 
in molecular imaging of CVD, and finally briefly introduced the challenges and prospects of nanoprobes-based 
molecular imaging.
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Introduction

   Cardiovascular disease (CVD), including acute myocardial 
infarction (AMI) and atherosclerosis (AS), accounts for 
most of the deaths in the worldwide [1-5]. In etiology, long-
term AS is caused by inflammation of blood vessels and 
fibrin deposition, which leads to blockage of blood vessels 
and eventually develops into loss of heart function [6-9]. 
Accurate and timely diagnosis may help facilitate earlier 
recovery, minimize early complications, and prevent 
further plaque formation. Despite this, early detection is 
difficult and late diagnosis is one of the major causes of 

poor prognosis and high mortality [10-14].
   The current diagnostic methods for diagnosing CVD 
include biomarkers, electrocardiograms, and molecular 
imaging [15-19]. Concerning biomarkers, troponin I (cTnI) 
is considered the most robust biomarker in AMI, but in 
many cases its specificity is insufficient because it can 
be detected in non-CVD such as kidney injury [20-23]. 
The electrocardiogram has been used to assess cardiac 
abnormalities. However, electrocardiography may reveal 
nonspecific abnormalities in conduction or repolarization 
[24-28]. Therefore, molecular imaging becomes particularly 
important for CVD diagnosis.
   In recent years, molecular imaging has received extensive
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attention because of its ability to non-invasively visualize 
and quantify the physio-pathological system at the cellular 
or molecular level, which can be summarized based 
on the existing literature [29-34]. Currently, molecular 
imaging mainly includes fluorescence (FL) imaging, 
photoacoustic (PA) imaging, magnetic resonance imaging 
(MRI), ultrasound (US) imaging, computed tomography 
(CT) imaging, and multimodal imaging [35-38]. Among 
them, molecular imaging agents play essential roles that 
may determine the final imaging effect. Molecular imaging 
agents are mainly divided into small molecules and 
nanoprobes [39, 40]. Despite their significant contributions 
to CVD diagnosis, a small molecule has inevitable 
limitations as molecular imaging agents because of rapid 
clearance, poor imaging adaptation, potential toxicity, and 
relatively weak signal intensity [41, 42]. These limitations 
have led to the development of nanoprobes-based molecular 
imaging. Compared with small molecules, nanoprobes may 
possess several significant advantages, such as aggregated 
emission signals, prolonged residence time, enhanced 

penetration, high surface area/volume ratio, and excellent 
adaptability [43- 46]. Indeed, nanoprobes-based molecular 
imaging has been widely applied in the diagnosis and 
image-guided therapy of CVD and other diseases, showing 
unlimited prospects.
   While various molecular imaging probes have been 
reported for the diagnosis of CVD, to the best of our 
knowledge, an in-depth understanding of the use of 
nanoprobes as contrast agents in the diagnosis of CVD 
has rarely been summarized in the form of an imaging 
classification. Here we first introduced the concepts and 
features of various molecular imaging methods including 
FL imaging, PA imaging, MR imaging, US imaging, CT 
imaging, and multimodal imaging. Then, a comprehensive 
review of nanoprobes-based molecular imaging involved in 
the diagnosis of CVD was highlighted. Finally, we briefly 
mentioned the current challenges and future perspectives 
of nanoprobes-based molecular imaging in diagnosing 
CVD.

Scheme 1. Schematic illustration of molecular nanoprobes for imaging of cardiovascular diseases.

1. Molecular imaging

1.1 Fluorescence imaging

   Fluorescence (FL) imaging is a noninvasive modality 
that detects photons emitted from fluorescent probes 
excited by a laser [47, 48]. FL imaging offers some 
excellent features over other imaging techniques, 
including cost efficiency, high sensitivity, facile detection, 
and the ability to adjust FL properties quickly [49-52]. 
For example, Li et al. developed a ROS-responsive core-
shell bifunctional NPs (LFP/PCDPD NPs) consisting of 
plaque-targeted dextran as a shell and complex as a core 

for the theranostics of AS (Figure 1A) [53]. The complex 
was composed of lipid-specific aggregation-induced 
emission (AIE) FL probe (LFP), anti-inflammatory drug 
prednisolone (Pred) and lipid-removal cyclodextrin. 
The core and shell were connected by ROS-responsive 
poly (2-(methylthio) ethyl methacrylate) (PMEMA). 
In the presence of ROS, PMEMA was oxidatively 
cleaved, resulting in the release of the LFP, Pred and 
cyclodextrin. Because LFP was readily soluble in DMSO, 
the aggregation degree of LFP increased with the decrease 
of DMSO fraction in H2O/DMSO mixed solution and 
the increased FL intensity with falling DMSO fraction 
confirmed the AIE properties of LFP (Figure 1B). Moreover,
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upon H2O2 treatment, the FL wavelength of the oil 
solution of LFP/PCDPD was blue-shifted compared with 
that of the water solution of LFP/PCDPD and emitted 
FL changed from orange to green, suggesting that ROS-
responsive LFP/PCDPD had lipid-specific FL imaging 
capability (Figure 1C). After incubation with lipid-
enriched foam cells, the LFP/PCDPD accumulated 
significantly in foam cells and emitted distinct green FL at 
495–540 nm (Figure 1D). However, after incubation with 
control RAW 264.7 cells, LFP/PCDPD emitted orange 
FL at 575–630 nm (Figure 1E). These results confirmed 
that the LFP/PCDPD possessed the capability of lipid- 
responsive FL imaging. After intravenous administration, 
due to the modification of the dextran, the LFP/PCDPD 
specifically accumulated in the ROS-enriched plaque area 
and released LFP, resulting in emitting the green FL in 
the aortic plaque area of mice instead of normal tissue. 
The results illustrated that the ROS-responsive and lipid-
specific LFP/PCDPD enabled the diagnosis of AS (Figure 
1F). This work showed the potential of nanoprobes as FL 
contrast agents.
   Single biomarker responsive imaging easily leads to 
misdiagnosis due to false positive signals, while multiple 
biomarker responsive imaging helps to improve the 
accuracy and specificity of diseases diagnosis. Based on 
the premise that lipid accumulation and oxidative stress 
coexist in the atherosclerotic plaque area, Liu and co-
workers prepared a dual-target sequentially activated 
fluorescent nanoprobe (iSHERLOCK) consisting of 
Boron-dipyrromethene (BODIPY) 493/503 as FL scaffold, 
lipophilic bis(trifluoromethyl) phenyl group (CF3) as 
LD responsive moiety and 4-(methylthio)-benzaldehyde 

(MTB) as hypochlorous acid (HClO) reactive moiety for 
sequentially detecting LDs and HClO (two typical markers 
of AS) (Figure 1G) [54]. MTB and CF3 were connected 
to BODIPY to synthesize a π-conjugated polymer 
with a donor (phenylthioether group) - acceptor (two 
trifluoromethyl groups) alternating copolymer structure 
(MTB-B-CF3), which caused the excitation and emission 
wavelengths redshift to 561 and 615 nm respectively from 
493 and 503 nm, and emitted FL due to intramolecular 
charge transfer (ICT) effect. However, because of the 
intermolecular aggregation-caused quenching (ACQ), the 
lipophilic probe exhibited a weak FL signal in aqueous 
solutions, whereas it showed a strong FL signal in LDs. 
The red FL at 670 nm (FR) of MTB-B-CF3 was increased 
as a function of LDM concentration due to the high 
affinity between MTB-B-CF3 and TDM (LD mimetic) 
(Figure 1H). Furthermore, with the increasing HClO 
concentration, the FL of MTB-B-CF3-LDM shifted from 
615 nm to 600 nm (FY), along with a decrease at 670 nm, 
and accompanied by a change of FL from red to yellow 
(Figure 1I), thus showing an LD and HClO responsive 
FL ratiometric imaging (Y/R). After intravenous injection 
of MTB-B-CF3, the higher FL signals (both red and 
yellow signals) and higher Y/R ratio signal in the aorta 
of AS model mice (ApoE-/- mice) instead of normal mice 
(C57BL/6J mice) was observed, while the Y/R ratio signal 
in the liver of both ApoE-/- mice and C57BL/6J mice 
was not significantly different (Figure 1J-L). The results 
demonstrated that the LD and HClO responsive probe 
with ratiometric FL imaging could effectively distinguish 
plaques to diagnose AS.
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1.2 Photoacoustic imaging

   Photoacoustic imaging (PA) is a functional imaging 
technique based on the PA effect and US properties [55, 
56]. The principle is that the contrast agent converts 
light energy into thermal energy, causing thermoelastic 
tissue expansion. Thermoelastic expansion generates 
acoustic waves, which are detected and converted into 
PA images by the instrument [57, 58]. Contrast agents 
are divided into endogenous (melanin, hemoglobin) 
and exogenous contrast agents (nanoprobes) [59, 60]. 
Although endogenous contrast agents can provide PA 
signals, poor near-infrared absorption of tissue limits 
the feedback of endogenous contrast agents to the tissue 
information, resulting in insufficient imaging depth 
and signal attenuation [61, 62]. Therefore, developing 
sensitive and specific exogenous contrast agents for PA 
imaging has received increasing attention. For example, 
Zheng et al. prepared a PA nanoprobe with the ability 
to target the vulnerable plaque (OPN Ab/Ti3C2/ICG) 
consisting of osteopontin antibody (OPN Ab) as a plaque 
targeting agent and Ti3C2 nanosheets loaded indocyanine 
green (ICG) as PA contrast agent for diagnosis of AS 
(Figure 2A) [63]. Ti3C2 nanosheets (Figure 2B) and 
ICG have excellent PA imaging performance, and the 
combination of the two significantly improves the PA 
imaging performance (Figure 2C). After intravenous 
injection, the OPN Ab/Ti3C2/ICG probe was specifically 
enriched in the atherosclerotic lesion area because of the 
modification of OPN, and exhibited a higher PA signal in 
AS mice compared to other groups (Figure 2D,E). Thus, 
the OPN Ab/Ti3C2/ICG-based PA probe enabled accurate 
AS diagnosis by PA imaging.
   Recently, ratiometric PA imaging has been widely used 

for the diagnosis of diseases with its unique advantages, 
which can circumvent the absolute intensity-dependent 
signal readout inherent in conventional imaging and 
realize the built-in self-calibration of signal correction 
[64, 65]. For instance, Zhang and co-workers reported a 
semiconductor polymer nanomaterial (RSPN) consisting 
of hydrophobic O2

•−–responsive molecules, hydrophobic 
O2

•−–insensitive semiconducting polymer molecules, and 
amphiphilic polymers to detect O2

•− level of AS plaques 
via ratiometric PA imaging (Figure 2F) [66]. An O2

•− 
concentration-dependent enhanced PA signal at 690 nm 
was observed, while the signal at 800 nm remained stable, 
resulting in an O2

•− concentration-dependent enhanced 
ratio of the PA690/PA800, which demonstrated RSPN could 
detect the concentration of O2

•− through PA690/PA800 ratio 
(Figure 2G,H). After the incubation of the RNSP with 
the cells, the PA690/PA800 ratio of macrophages in the 
O2

•− generation group was higher than that in the control 
group, illustrating that RSPN was an excellent ratiometric 
probe that can accurately reflect the O2

•− concentration 
in macrophages through PA690/PA800 ratio (Figure 2I). 
After intravenous administration of RSPN, the plaque-
bearing mice group had a higher PA690/PA800 ratio than 
that of the normal mice group. Meanwhile, the plaque-
bearing mice group exhibited a lower PA690/PA800 ratio 
than the plaque-bearing mice with the pneumonia group. 
The results demonstrated that RSPN could be used as a 
PA nanoprobe to distinguish plaque-bearing mice, plaque-
bearing pneumonia mice, and healthy mice by assessing 
the content of O2

•− in the plaques (Figure 2J,K). The 
results demonstrated that ratiometric PA imaging could 
accurately detect subtle differences in the target and 
exclude the interference of the plaque microenvironment, 
thereby improving the diagnostic accuracy of AS.

Figure 1. (A) Schematic illustration of ROS-responsive LFP/PCDPD. (B) Variation of FL emission wavelength and FL intensity of 
different DMSO fractions in H2O/DMSO mixed solution. (C) FL spectra and photographs of LFP/PCDPD in water or oil after 1mM 
H2O2 treatment. (D) FL intensity after treatment of foam cells with LFP/PCDPD. (E) FL intensity after treatment of RAW 264.7 
cells with LFP/PCDPD. (F) FL images of mouse aortas treated with LFP/PCDPD. (G) Schematic illustration of MTB-B-CF3. (H) 
FL spectra of MTB-B-CF3 treated with varying concentrations of LDM. (I) FL spectra of MTB-B-CF3-LDM treated with different 
concentrations of HClO. (J) FL images of the aorta of different mice treated with MTB-B-CF3 combined with Ac-LDL complexes. 
(K) FL mean radiation efficiency (MRE) of mice aorta. (L) Ratiometric Y/R values of aortas. (A-F) Reproduced with permission [53]. 
Copyright 2022, Elsevier. (G-L) Reproduced with permission [54]. Copyright 2022, Wiley-VCH.
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Figure 2. (A) Schematic illustration of OPN Ab/Ti3C2/ICG. (B) UV-Vis spectra of Ti3C2 nanosheets with different concentrations, 
and PA imaging of Ti3C2 nanosheets with 808 nm laser. (C) UV-Vis spectra and PA intensities of various nanosheets. (D) PA images 
of different mice. (E) PA intensity in different mice. Grouping: 1) AS model mice without treatment, 2) AS model mice intravenously 
injected with Ti3C2/ICG, 3) healthy C57BL/6J mice intravenously injected with OPN Ab/Ti3C2/ICG, 4) AS model mice intravenously 
injected with OPN Ab/Ti3C2/ICG. (F) Schematic illustration of RSPN. (G) PAI of two wavelengths at different O2

•− concentrations. 
(H) Quantification of PA690/PA800 ratios in solution. (I) Quantification of PA690/PA800 ratios in RAW264.7 cells. (J) PA images in 
different mice after RSPN treatment. (K) Quantification of PA690/PA800 ratios in different mice. (A-E) Reproduced with permission [63]. 
Copyright 2020, Wiley-VCH. (F-K) Reproduced with permission [66]. Copyright 2021, American Chemical Society.

1.3 Magnetic resonance imaging

   Magnetic resonance (MR) imaging has been extensively 
employed among numerous clinical diagnostic techniques 
over the past two decades because of its safety and 
high spatial resolution [67-72]. For example, Hu et al. 
designed a magnetic nanoprobe (EGFP-EGF1-SPIONs) 
consisting of enhanced green fluorescent protein-first 
epidermal growth factor (EGFP-EGF1) as plaque-
targeting agents and superparamagnetic iron oxide NPs 
(SPIONs) as MR contrast agents for the diagnosis of AS 
plaques (Figure 3A) [73]. The relaxation coefficient (r2) 
of EGFP-EGF1-SPIONs was significantly higher than 
that of SPIONs, indicating that the targeted modification 
achieved the contrast enhancement of EGFP-EGF1-
SPIONs (Figure 3B). Moreover, the T2-weighted images 

of both NPs showed Fe concentration-dependent contrast 
enhancement, and the image of EGFP-EGF1-SPIONs was 
darker than that of SPIONs. These results confirmed the 
properties of EGFP-EGF1-SPIONs as MRI T2 contrast 
agents. After intravenous administration, the MR signals 
intensities of the EGFP-EGF1-SPIONs-treated AS mice 
group were higher than that of the EGFP-EGF1-SPIONs-
treated normal mice group (Figure 3C, D), indicating that 
EGFP-EGF1-SPIONs as powerful MR contrast agents 
could achieve an effective diagnosis of AS.
   Thrombosis contributes to the rupture of plaques and 
clots in AS. MR imaging shows the promise not only 
for AS diagnosis, but also for thrombus [74, 75]. For 
example, Wang and co-workers designed an activated 
platelet-targeted NP (MFe2O4−ZnDPA) consisting of 
Zn0.4Co0.6Fe2O4@Zn0.4Mn0.6Fe2O4 as contrast agents and 
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Zn (II)-bis(dipicolylamine) as targeting agents for MR 
imaging of thrombus (Figure 3E) [76]. The rate of 
change in the T2 signal increased with the increasing Fe 
concentration, confirming the MFe2O4−ZnDPA possessed 
excellent MR characteristic (Figure 3F). Furthermore, 
the T2 signal of MFe2O4−ZnDPA in the activated 
platelets was significantly higher than that in the resting 
platelets, indicating that MFe2O4−ZnDPA NPs could 
specifically image activated platelets by MR imaging. 
After intravenous injection of different NPs into thrombus 

model rabbits, MFe2O4−ZnDPA NPs accumulated in 
the thrombus because of the modification of Zn (II)-
bis(dipicolylamine), and the Tthrombus/ Twater signal ratio in 
the MFe2O4−ZnDPA group decreased from 0.67 to 0.05 
within 15 minutes, while the changes in the other two 
groups were negligible, confirming that MFe2O4−ZnDPA 
can be an effective MR contrast agent for diagnosing 
thrombus (Figure 3G). These results highlighted the high 
efficacy of MR imaging in CVD diagnosis.

Figure 3. (A) Schematic illustration of EGFP-EGF1-SPIONs. (B) T2 relaxation rate (1/T2, S
-1) of different nanoprobes. (C) T2-

weighted MRI of the abdominal aorta in different mice treated with different nanoprobes. (D) Quantitative analysis of MRI signal 
changes. WD 18w: ApoE-/- mice were fed a high-fat diet for 18 weeks. WD 24w: ApoE-/- mice were fed a high-fat diet for 24 weeks. 
Chow group: C57 mice were fed with a normal diet for 18 weeks. (E) Schematic illustration of MFe2O4−ZnDPA. (F) MRI and 
signal change rates of two platelets after different NPs treatments. (G) signal ratio (Tt/Tw) of the thrombus. (A-D) Reproduced with 
permission [73]. Copyright 2019, Elsevier. (E-G) Reproduced with permission [76]. Copyright 2021, American Chemical Society.

1.4 Ultrasound imaging

   Ultrasound (US) imaging is an effective, reliable, and 
convenient method for performing routine screening and 
monitoring examinations [77-79]. US imaging possesses 

various merits including high spatial and temporal 
resolution, no ionizing radiation, simple operation, rapid 
imaging, low cost, few side  effects, and real-time data 
processing, which can serve as a promising diagnostic 
modality for CVD [80, 81]. For example, Zheng et al. 
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developed a triple-targeted nanomaterial (MBVIS) 
consisting of vascular cell adhesion molecule 1 (VCAM-
1) antibodies, intercellular adhesion molecule 1 (ICAM-
1) antibodies, synthetic polymeric sialyl Lewis X (sLex), 
and microbubble (MB) as a US contrast agent for 
diagnosis of AS (Figure 4A) [82]. VCAM-1 antibodies, 
ICAM-1 antibodies and sLex were integrated into the 
surface of MB to enhance the targeting of MB to plaques. 
After intravenous injection of US contrast agents into 
AS model mice, the echo signal intensity (DTE) of the 
MBVIS group was significantly higher than that of the 
control group (MBIgG), the single targeting group (MBV, 
MBI, MBS) and the double targeting group (MBVI, MBVS, 
MBIS), suggesting MBVIS possessed excellent US imaging 
capability due to the triple targeting modification (Figure 
4B). After intravenous injection, compared with other 
groups, the echo intensity in AS model mice (A-HD) was 
significantly increased, and the intensity was positively 
correlated with the degree of lesions (time of high-fat diet 
feeding), indicating that MBVIS could not only diagnose 
AS, but also identify the degree of the lesion (Figure 
4C,D). This work showed the potential of US imaging in 
CVD diagnosis.
   In another example, Guo and co-workers designed 
a liquid-gas phase transition NPs (Fe3O4-PLGA-PFH-
CREKA) consisting of Fe3O4, poly (lactic-co-glycolic 
acid) (PLGA), perfluorohexane (PFH), and thrombus-

targeted CREKA peptide for diagnosis and treatment 
of thrombus. As a liquid-gas phase transition (PT) 
agent, PFH transforms from liquid phase to gas phase 
after irradiation with low-intensity focused ultrasound 
(LIFU), allowing for both US imaging and thrombolysis 
(Figure 4E) [83]. Thirty minutes after LIFU irradiation, 
compared with Fe3O4-PLGA-CREKA (NPT group), 
the DTE of Fe3O4-PLGA-PFH-CREKA (PT group) in 
B mode and CEUS mode increased by 12-fold and 6.6-
fold, respectively, indicating that the modification of PFH 
endowed the Fe3O4-PLGA-PFH-CREKA with excellent 
US imaging capability (Figure 4F,G). Therefore, Fe3O4-
PLGA-PFH-CREKA was used to monitor thrombolytic 
effects in vivo. Fifteen minutes after intravenous injection, 
the DTE of the PT group in B mode and CEUS mode 
were significantly higher than that in NPT and sham 
(saline injection) groups, suggesting that the modification 
of PFH facilitated the liquid-gas transition function of 
Fe3O4-PLGA-PFH-CREKA NPs, which in turn improved 
US imaging and thrombolysis (Figure 4H,J). Fe3O4-
PLGA-PFH-CREKA NPs exhibited excellent US imaging 
performance and thrombolytic effect, which realized 
imaging-guided therapy. These results demonstrated 
that nanoprobe-based US imaging broke through the 
limitations of previous poor resolution and enabled the 
diagnosis of CVD at the molecular level.
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1.5 Computed tomography

   Computed tomography (CT) utilizes X-rays to get cross-
sectional images and anatomical details, and is one of the 
most frequently used imaging means because of its non-
invasiveness, high spatial resolution, and low cost [84-86]. 
With the help of iodine-based compound contrast agents, 
clinical CT can distinguish different tissue structures via 
electron densities. The development of nanoprobes-based 
CT contrast agents showed a great potential for molecular 
imaging of CVD [87-90]. For example, Vyavahare et 
al. reported a degraded elastin-targeted NPs (EL-GNP) 
consisting of gold NPs (GNPs) as contrast agents and 
elastin antibodies as targeting agents for CT imaging 
of abdominal aortic aneurysms (Figure 5A) [91]. After 
retro-orbital injection, both the 3D model (left) and the 
attenuation pattern (right) showed higher contrast intensity 
in the aneurysm area than that in the healthy area because 
of the elastin antibodies with excellent targetability 
contributed to the accumulation of EL-GNP in the 
aneurysm area (Figure 5B). Therefore, the signal intensity 
of EL-GNP gradually decreased with the decrease of aortic 
elastin expression (elastin expression: A1>A2>A3>A4) 
(Figure 5C). Furthermore, the signal intensity of EL-GNP 
was negatively correlated with rupture pressure (Figure 
5D). These results demonstrated that EL-GNP could locate 

the aneurysm accurately and reflect the rupture pressure 
through the signal intensity, which contributed to assessing 
the risk of aneurysm rupture.
   The low spatial resolution of conventional CT does 
not differentiate between arterial wall calcification. NPs-
based photon-counting CT (PCCT) quantifies the energy 
of individual photons in the structures in the form of 
K-edge imaging, improving spatial resolution [92, 93]. For 
instance, Si-Mohamed and co-workers reported GNPs as a 
PCCT contrast agent for K-edge imaging of macrophages 
in atherosclerotic plaques (Figure 5E) [94]. Compared with 
conventional imaging, in vitro K-edge imaging depicted 
only the GNPs tube, with no background or signal from the 
iodine and calcium tubes, indicating PCCT can specifically 
image GNPs (Figure 5F). After two days of intravenous 
injection, GNPs were enriched around the calcified areas 
of plaques, endowing more pronounced K-edge images 
as compared to conventional CT imaging, confirming 
the superiority of PCCT in diagnosing plaques (Figure 
5G, H). Furthermore, the concentration of GNPs showed 
a positive linear correlation with the macrophage area 
within the plaque, indicating that PCCT could quantify the 
macrophages (Figure 5I). GNPs-based PCCT could reflect 
the degree of plaque lesions by quantifying macrophages, 
possessing a better diagnostic effect than conventional CT 
imaging.

Figure 4. (A) Schematic illustration of MBVIS. (B) US signal intensity of different NPs. (C) US images of different mice treated with 
MBVIS. (D) Quantitative analysis of US signal. A-HD: ApoE-/- mice were fed a high-fat diet. A-RD: ApoE-/- mice were fed a regular 
diet. C-HD: C57BL/6 mice were fed a high-fat diet. C-RD: C57BL/6 mice were fed a regular diet. (E) Schematic illustration of 
Fe3O4-PLGA-PFH-CREKA. (F) Echo intensity of different NPs after LIFU irradiation. (G) CEUS and B-mode images of the PT 
process of the Fe3O4-PLGA-PFH-CREKA NPs. (H) US images of rat aorta at different time points after different NPs treatments. PT 
group: Fe3O4-PLGA-PFH-CREKA NPs. NPT group: Fe3O4-PLGA-CREKA NPs. Sham group: saline. (I) Quantification of grayscale 
intensity for B-mode. (J) Quantification of grayscale intensity for CEUS. (A-D) Reproduced with permission [82]. Copyright 2018, 
Ivyspring International Publisher. (E-J) Reproduced with permission [83]. Copyright 2019, American Chemical Society.
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1.6 Multimodal imaging

   CVDs have complex pathological mechanisms with 
high concealment and irreversibility, which brings a 
great challenge to treatment and diagnosis of disease 
[95, 96]. Nevertheless, a single imaging technique 
cannot provide all the information required [97-100]. 
For example, MRI has high spatial resolution with low 
sensitivity. PA imaging has high sensitivity without 
effective tissue penetration. Multimodal imaging can 
provide more detailed information about the efficacy 
of treatment compared to single imaging. For instance, 
Ran et al. reported a multimodal imaging NPs (PHPMR 
NPs) consisting of perfluoropentane (PFP) as US contrast 
agents, hematoporphyrin monomethylether (HMME) as 
sonosensitizers, polylacticacid-glycolic acids (PLGA) 
as plaque targeting agents, manganese ferrite (MnFe2O4) 
as MR/PA contrast agents and ramucirumab as plaque 
neovascularization inhibitors for the theranostics of 
AS (Figure 6A) [101]. The PHPMR NPs possessed the 
potential for PA/MR/US imaging due to their broad UV–
vis–NIR absorption, paramagnetic properties, and LIFU-
stimulated liquid-gas transition properties. As shown 
in Figure 6B, the MR signals gradually increased as a 
function of the Mn+Fe concentration, and the relaxation 
rate r1 and r2 of the PHPMR NPs were calculated to be 
7.728 and 16.4 mM−1 s−1, respectively, resulting in r2/r1 to 
be 2.12, confirming exceptional MR imaging capability of 
the PHPMR NPs. Furthermore, the PA signal of PHPMR 
NPs was higher than that of the MnFe2O4-free group and 
increased with the concentration, demonstrating that the 
PHPMR NPs had excellent PA imaging capability (Figure 
6C). In addition, after LIFU irradiation, the DTE reached a 
maximum value at 4 min post-irradiation, indicating good 

US imaging capability of the PHPMR NPs (Figure 6D). 
After intravenous injection, compared to the Ram-free and 
MnFe2O4-free groups, the PHPMR NPs group exhibited 
higher T1 and PA signals at 90 min and higher echo signals 
after LIFU irradiation, confirming the more robust MR/
PA/US imaging performance of PHPMR NPs (Figure 6E, 
F). PHPMR-based multimodal imaging had the soft tissue 
resolution of MRI, the high sensitivity of PA imaging, and 
the tissue penetration of US imaging, which contributed to 
subsequent imaging-guided treatment.
   In another example, Cao and co-workers prepared a 
PEGylated Fe3O4 NPs (FITC-LASG-PEGylated Fe3O4 
NP) with a fluorescent dye (FITC) attached to its surface 
by thrombin-sensitive peptide (LASG) for FL/MR dual-
imaging of thrombus (Figure 6G) [102]. Based on the 
principle that quenching occurred when FITC was 
attached to the Fe3O4 NPs surface, after LASG was 
specifically cleaved by thrombin, FITC left the Fe3O4 NPs 
and emitted FL. The enhancement of the T1-weighted 
MRI signal increased in a concentration-dependent 
manner of Fe ions in FITC-LASG-PEGylated Fe3O4 NPs 
(Figure 6H). Furthermore, the FL intensity of FITC-
LASG-PEGylated Fe3O4 NPs increased with increasing 
thrombin concentration. These results confirmed the MR 
imaging and thrombin-activatable FL imaging capabilities 
of FITC-LASG-PEGylated Fe3O4 NPs (Figure 6I). After 
intravenous injection, the thrombus group exhibited 
stronger FL (Figure 6J,K) and MR signals than the other 
groups due to thrombin enrichment, indicating that 
FITC-LASG-PEGylated Fe3O4 NPs accurately diagnose 
thrombus by FL imaging and MR imaging. These results 
illustrated that nanoprobe-based multimodal imaging 
could significantly avoid the defects of single imaging 
and improve imaging sensitivity and spatial resolution, 
thereby confirming the potential for CVD diagnosis.

Figure 5. (A) Schematic illustration of EL-GNP. (B) Aneurysm aorta in attenuation mode (A1). Distribution of EL-GNP in the aorta 
(A2). (C) 3D aorta models were reconstructed in attenuation mode for MS#1 (A1), MS#5 (A2), MS#11(A3), and control mice (A4). 
(D) Graph of the relationship between signal strength and burst pressure. (E) Schematic illustration of gold NPs. (F) PCCT images 
of different materials. (G) PCCT images of non-calcified (top) and calcified (bottom) areas. (H) Gold NPs concentrations before and 
after injection. (I) Plot of macrophage area versus gold NPs concentration. (A-D) Reproduced with permission [91]. Copyright 2019, 
Ivyspring International Publisher. (E-I) Reproduced with permission [94]. Copyright 2021, Radiological Society of North America.
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Figure 6. (A) Schematic illustration of PHPMR NPs. (B) MRI T1 images of PHPMR under different Mn+Fe concentrations. (C) PA 
images at various concentrations of the two NPs. (D) Echo intensity of PHPMR at different time points after LIFU irradiation. (E) 
MRI T1 signal intensities of different NPs within rabbits' plaque. (F) PA signal intensities of different NPs within rabbits' plaque. (G) 
Schematic illustration of FITC-LASG-PEGylated Fe3O4 NP. (H) T1WI MRI of different concentrations of the FITC-LASG-PEGylated 
Fe3O4 nanoprobe. (I) Fluorescence emission spectra of the nanoprobe at different concentrations of thrombin. (J) Fluorescence images 
of mice treated with different NPs. (K) Fluorescence intensity of mice treated with different NPs. (A-F) Reproduced with permission 
[101]. Copyright 2021, Wiley-VCH. (G-K) Reproduced with permission [102]. Copyright 2021, American Chemical Society.

Classification Merits Drawbacks

FL imaging high spatial resolution; high sensitivity; 
low cost; nonionizing radiation

moderate penetration depth; pre-
clinical

PA imaging
high sensitivity; superior penetration 
depths compared with FL imaging; real-
time; nonionizing radiation

poor penetration depths when 
compared with MR imaging; pre-

clinical

MR imaging
good spatial resolution; non-invasion; 
high soft tissue contrast; nonionizing 
radiation

poor sensitivity; poor signal to noise 
ratio; long imaging times

US imaging low cost; good sensitivity; real-time；
nonionizing radiation

poor signal to noise ratio; poor 
penetration

CT imaging non-invasion; good spatial resolution; 
fast imaging

low sensitivity; ionizing radiation; 
poor soft tissue contrast

Multimodal imaging
high sensitivity; high penetration depths; 
high speed real-time imaging; high 
spatial resolution

the technology is immature and in its 
infancy; pre-clinical

Table 1. The merits and drawbacks of different imaging modalities
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2. Conclusions and perspectives

   The pathogenesis of CVD is complex and involves 
both hemodynamic and non-hemodynamic mechanisms, 
which is significantly different from other diseases. 
Nanoprobes-based molecular imaging seems particularly 
important for CVD diagnosis, because various imaging 
modalities have the advantage of safely, sensitively, and 
accurately diagnosing CVD at the molecular level via 
utilizing nanoprobes as imaging agents, providing vital 
information on the structure, function, metabolism, and 
genetic variation of diseased tissues [103-105]. Various 
nanoprobes were explored for molecular imaging in the 
past few years.
   Here, we introduced different molecular imaging 
concepts and features, focusing on the recent applications 
of nanoprobes-based molecular imaging in CVD. With the 
further development of nanomedicine, the application of 
molecular imaging in CVD will become more and more 
extensive. To date, research on nano-imaging agents has 
mainly focused on two aspects: first, the improvement 
and optimization of existing contrast agents combined 
with multifunctionality; second, the development of novel 
contrast agents that are more powerful than previous 
contrast agents.
   Although various nanoprobes-based molecular imaging 
has been reported in CVD in recent years, the research of 
nano-imaging agents is still far from clinical application. 
While nano-imaging agents achieve a molecular-level 
diagnosis, they also expose some problems, such as poor 
biocompatibility, large doses, low targeting, and difficulty 
in quantitative evaluation [106-108]. Therefore,  it is 
still necessary to further optimize the role of nanoprobes 
in molecular imaging. Future research should focus on 
the following aspects: 1. improving the properties of 
contrast agents, taking fluorescent agents as an example, 
optimizing FL excitation and absorption wavelengths; 
2. using biomimetic technologies to improve the 
biocompatibility of nanoprobes, such as coating NPs 
with platelet membranes or red blood cell membranes; 
3. changing shape and bonding way of nanomaterials 
to increase efficiency, such as increasing targeted 
modification and changing the aspect ratio of nanorods. 
Therefore, biomimetic nanomaterials with unique optical, 
acoustic, or magneto-mechanical properties have become 
a hotspot in molecular imaging research. In conclusion, 
we believe that with the development of science and 
technology, the research of nanomaterials in molecular 
imaging will continue to deepen, which will help the 
application of molecular imaging in the diagnosis of 
various diseases, including CVD.
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