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Background: Angiogenesis plays an important role in endometrial receptivity, determining the response of the endometrium to the 
blastocyst at the early stage of embryo implantation. During the application of assisted reproduction technologies, it is very important 
to evaluate the status of uterine angiogenesis before deciding on embryo implantation. Targeted microbubbles (MBs)-based ultrasound 
molecular imaging (UMI) can noninvasively detect the expression status of biomarkers at the molecular level, thereby being 
a potential diagnosis strategy for various diseases and their therapeutic evaluation.
Methods: The iRGD-lipopeptide (DSPE-PEG2000-iRGD) conjugate was prepared with iRGD peptides and DSPE-PEG2000-mal-
eimide through the Michael-type addition reaction. Then, the magnetic iRGD-modified lipid-polymer hybrid MBs (Mag-iLPMs) were 
prepared with the double-emulsification-solvent-evaporation method. Magnetic targeting of Mag-iLPMs was confirmed under the 
microscope, followed by a rectangular magnet. Next, the in vitro targeted binding of MBs to murine brain-derived endothelial cells.3 
(bEnd.3) and human umbilical vein endothelial cells (HUVEC) were evaluated. The ratio of MBs binding to bEnd.3 and HUVEC at 
the same field was also compared. For in vivo studies, bolus injections of targeted or control MBs were randomly administrated to non- 
pregnant or pregnant rats on day 5. Then, the uteri were imaged using a VisualSonics Vevo 2100 ultrasound system (Fujifilm 
VisualSonics Inc., Ontario, Canada) equipped with a high-frequency transducer. Ultrasonic imaging signals were acquired from Mag- 
iLPMs, and compared with Mag-LPMs, iLPMs, and LPMs.
Results: The Mag-iLPMs showed excellent performance in ultrasound contrast imaging and binding affinity to target cells. Using the 
magnetic field, 10.5- and 12.47-fold higher binding efficiency to bEnd.3 and HUVEC were achieved compared to non-magnetic 
iLPMs, respectively. Significantly enhanced UMI signals were also observed in the uteri of rats intravenously injected pregnant rats 
(6.58-fold higher than rats injected with iLPMs).
Conclusion: We provided a powerful ultrasonic molecular functional imaging tool for uterine angiogenesis evaluation before 
embryonic implantation.
Keywords: endometrial receptivity, ultrasound molecular imaging, αvβ3 integrin

Introduction
Embryonic implantation is a crucial period of human embryogenesis.1–3 Up to a third of human embryos can not 
successfully implant into the endometrium, resulting in spontaneous abortions.4–7 Generally, successful embryonic 
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implantation depends on the synchronization between the developing blastocyst and the receptive endometrium.8 The 
“implantation window” or endometrial receptivity is spatiotemporally restricted and is only sustained for about 48 h in 
humans. During the “implantation window”, molecular events underlying this process are established. Therefore, 
evaluating the endometrial receptivity to improve embryo implantation rate in reproductive medicine remains a big 
challenge.

Several studies have revealed that the pinopodes expressed on the endometrial epithelial cells are the optimum 
morphological marker to evaluate endometrial receptivity.9 Developed pinopodes exist only in the “implantation 
window”, 6 to 8 days after ovulation.10 The appearance, development and degeneration of pinopodes are almost precisely 
synchronized with the start and the end of the endometrium “implantation window”, affecting different stages of embryo 
implantation.9 Additionally, pinopodes in the rat endometrium increase on pregnancy day 4, and reach a peak on day 5, 
then rapidly decrease on day 6.11,12 Moreover, the expression of αvβ3 integrin in endometrial pinopodes and blastocyst 
trophectoderm plays an important role during embryo implantation.13 Besides, αvβ3 integrin presents a high expression 
on activated endothelial cells during angiogenesis, participating in the development of new vessels by elongation and 
intussusception.14 Furthermore, endometrial angiogenesis plays an important role in female fertility, including follicular 
development, periodical endometrial regeneration, embryo implantation, and placentation.15–17 The vascularity in the 
endometrium affects endometrial receptivity to the blastocyst during the “implantation window”.18,19 Then, the endome-
trium grows thicker as the vessel gradually grows mature, implicating sufficient endometrial receptivity for embryo 
implantation.19

Many researchers have studied the endometrial molecular expression in humans via endometrial biopsy during the 
“implantation window”.20 However, the acquisition of endometrial tissue is traumatic and is not suitable to prepare for 
the pregnancy period. Ultrasonography (US) is non-invasive and repeatable and is the most common method used to 
assess endometrial receptivity, including endometrial thickness, and the endometrial and uterine artery blood flow 
spectrum parameters. Nevertheless, there are no standardized diagnostic criteria for different conventional ultrasono-
graphy assessing endometrial receptivity, resulting in doubtable accuracy.21–24 Moreover, contrast-enhanced ultrasound 
(CEUS) can be used to predict endometrial receptivity by measuring endometrial and sub endometrial blood flow.25

Furthermore, CEUS imaging is a valuable tool for preclinical and clinical diagnostics.26 The most frequently used 
ultrasound contrast agents (UCAs) are microbubbles (MBs). The US signal can be further enhanced by UCAs that 
amplify the detection. Additionally, CEUS techniques using targeted MBs that can adhere to specific biomarkers on cells 
have been used for ultrasound molecular imaging (UMI), presenting a great potentials to monitor the molecular status. So 
far, MBs are functionalized with various targeting ligands. Targeted MBs can be used to detect disease-related functional 
state, such as inflammation and angiogenesis.27 Many targets related to neo-angiogenesis have been proposed for UMI, 
including αvβ3 integrin and vascular endothelial growth factor receptor-2 (VEGFR-2). Thus, UMI is a powerful 
technique for preclinical diagnosis, studying disease mechanism, and monitoring of therapeutic effects. However, the 
binding affinity of ligands modified on the surface of MBs might not be enough to resist the high flow shear stress, 
especially in large blood vessels. Therefore, in the present study, we constructed iRGD-modified lipid-polymer hybrid 
MBs with magnetic nanoparticles (Mag-iLPMs). We hypothesized that these Mag-iLPMs would enhance the binding 
affinity and improve UMI for evaluating endometrial receptivity with a magnet-guide.

Materials and Methods
Materials
The 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC) and 1,2distearoyl-sn-glycero-3-phosphoethanolamine 
N [methoxy(polyethylene glycol)-2000] (DSPE-PEG2000) were purchased from Avanti Polar Lipids Inc. (Alabaster, 
AL, USA). Fe3O4 nanoparticles (Fe3O4-NPs) were purchased from Nanjing Nanoeast Biotech Co., Ltd. Poly(DL-lactide- 
co-glycolide) (PLGA) (10,000) (50/50) was purchased from Jinan Daigang Biological Material Co., Ltd. Agarose 
powder, (NH4)HCO3 and polyvinyl alcohol (PVA) (30–70 kDa) were obtained from Sigma-Aldrich Co., Ltd. iRGD 
peptide (CRGDKGPDC-NH2) and 5-FAM-iRGD peptide were obtained from Shanghai GL Biochem Co., Ltd. DMEM, 
penicillin and streptomycin were obtained from HyClone Biochemical Products Co., Ltd. FBS was purchased from 
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Gibco Co., Ltd. Murine bEnd.3 endothelial cells (bEnd.3) and human umbilical vein endothelial cells (HUVEC) were 
purchased from the EK-Bioscience Biotechnology Company Limited Shanghai Enzyme Research.

Preparation of Magnetic iRGD-Modified Lipid-Polymer Hybrid Microbubbles 
(Mag-iLPMs)
The iRGD-lipopeptide (DSPE-PEG2000-iRGD) conjugate was prepared with iRGD peptides and DSPE-PEG2000- 
maleimide through the Michael-type addition reaction.28,29 Magnetic nanoparticles (Fe3O4-NPs) were dispersed in 
double distilled water to form a suspension at 2 mg/mL and treated with sonication for 20 min in the pulse mode with 
(3 s off, 3 s on) to prepare Fe3O4-NPs storage solution. Then, the magnetic iRGD-modified lipid-polymer hybrid MBs 
(Mag-iLPMs) were prepared using the double-emulsification-solvent-evaporation method.30 Briefly, DSPE-PEG2000- 
iRGD (1 mg), DSPE-PEG2000 (1.5 mg), and PLGA (50 mg) were dissolved in 1 mL methylene chloride. The above oil 
phase was added into an water phase composed of 400 μL Fe3O4-NPs solution and (NH4)HCO3 aqueous solution (6% w/ 
v, 200 μL), followed by sonication for 120 s (3 s on, 3 s off). Then, 5 mL 4% w/v of PVA solution was added to the 
above solution and homogenized using an IKA homogenizer for 5 min at 5000 rpm. The resultant solution and 10 mL of 
deionized water were mixed and homogenized for another 5 min, then stirred for 4 h to evaporate the organic solvent. 
Subsequently, Mag-iLPMs were centrifugated at 5000 g for 5 min. The precipitate of Mag-iLPMs was rinsed with 
deionized water thrice. Finally, Mag-iLPMs were lyophilized for 24 h. Dry sample were stored at 4 °C. The 5-FAM- 
iRGD-lipopeptide (5-FAM-DSPE-PEG2000-iRGD) was prepared by conjugating 5-FAM-iRGD peptide to DSPE- 
PEG2000-maleimide through Michael-type addition reaction.27,28 The fluorescence-labeled Mag-iLPMs were prepared 
using the same method adding 5-FAM-DSPE-PEG2000-iRGD instead of DSPE-PEG2000-iRGD.

Characterization of Mag-iLPMs
The particle size of LPMs, Mag-LPMs, iLPMs, and Mag-iLPMs were measured using Nano Measurer software by 
analyzing three different scanning electron microscope (SEM) images. The surface morphology of Mag-iLPMs was 
observed with a scanning electron microscope (SEM) (JEOL Technics, Tokyo, Japan). The magnetic particles and shape 
of Mag-iLPMs were observed with a transmission electron microscope (TEM) (JEOL JEM-1400). The content of Fe in 
Mag-iLPMs was determined using Agilent 720ES ICP-OES (PerkinElmer, Massachusetts, USA). The Mag-iLPMs 
synthesized with PLGA and 5-FAM-DSPE-PEG2000-iRGD were observed with a fluorescent microscope (Olympus 
IX71, Japan) to evaluate the combination of iRGD-lipopeptide and the polymer. Fluorescent MBs were also observed 
with a fluorescent microscope (Leica DMI3009B, Wetzlar, Germany).

CEUS Imaging of Mag-iLPMs in vitro
The CEUS imaging of Mag-iLPMs in vitro was performed on a phantom of agarose (3% w/v). Mag-iLPMs with different 
concentrations (0.625, 1.25, 2.5, 5 and 10 mg/mL) were added into the phantom holes. A VisualSonics Vevo 2100 
ultrasound system equipped with MS250 linear array transducer was used for CEUS. The parameters were set to 18.0 
MHz harmonic frequency, 35 dB dynamic range and 4% transmit power.

Evaluation of Magnetic Targeting and CEUS of Mag-iLPMs in vitro
First, 1 mg/mL Mag-iLPMs was dropped into a 10 cm petri dish, then placed under the microscope, followed by placing 
a rectangular magnet close to the petri dish to record the magnetic attraction process. A phantom with lumen was used to 
observe the movement of the Mag-iLPMs in vitro under the influence of the magnetic field using CEUS. Rectangular 
magnets with different magnetic field intensities were put at the bottom of the phantom, and 1 mg/mL Mag-iLPMs was 
injected into the lumen. Then, the magnetic attraction process was recorded. 4 min after injection of Mag-iLPMs, the 
echo signal intensity was measured in the lumen under the magnetic field.
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Cell Culture and in vitro Targeted Binding Experiment
The bEnd.3 and HUVEC were cultured in a 6-well plate (1×105 cells per well) for overnight using DMEM (Hyclone) 
mixed with 10% FBS (Gibco), 100 IU/mL penicillin (Hyclone) and 100 μg/mL streptomycin (Hyclone), maintaining at 
37 °C, 20% O2, 5% CO2 and humidified conditions. Then, the static binding of αvβ3 integrin-targeted LPMs to cells was 
performed. 1 mL of 5-FAM-labeled LPMs, 5-FAM-labeled Mag-LPMs, 5-FAM-labeled iLPMs or 5-FAM-labeled Mag- 
iLPMs were added into the cell monolayer and rectangular magnets were positioned under the plates. The cell culture 
plates were sealed and rotated on the shaking table for 4 min. Next, rectangular magnets were removed and free MBs 
were washed away using PBS. The number of MBs targeted binding to cells was counted under a fluorescent microscope 
(Olympus, Tokyo, Japan) at five random fields of view. The ratio of MBs binding to cells in the same field of view was 
used to assess their attachment capability.

Ultrasound Imaging and in vitro Adhesion Experiment
The HUVEC were cultured in a 10 cm petri dish (8×105 cells per well) for overnight in DMEM mixed with 10% FBS 
and 1% penicillin-streptomycin solution at 37 °C, 20% O2, 5% CO2, and humidified conditions.Then, the static binding 
of αvβ3 integrin-targeted Mag-iLPMs to cells was performed. First, 1 mL of Mag-iLPMs was added into the cell 
monolayer and rectangular magnets were positioned under the plate. The cell culture plates were sealed and rotated on 
the shaking table for 4 min. Next, the rectangular magnets were removed and free Mag-iLPMs were washed away using 
PBS. The cells were digested, centrifugated and resuspended with DMEM complete medium. The HUVEC cultured in 
a 10 cm petri dish with the same cell density and Mag-iLPMs dissolved in the DMEM complete medium with the same 
concentration were used as the contrast groups.

Animals
First, female and male SD rats (8–10 weeks) were bred in estrus. Pregnancy day 1 was determined when the vaginal 
plugging appeared in female rats. Both non-pregnant and pregnant rats were included in this study. Considering the 
double uteri of female rat, the left uterus was imaged. Since the “implantation window” of rats occurs on pregnancy day 5 
and is considered the highest endometrial receptivity, bolus injections of targeted or control MBs were randomly 
administrated on non-pregnant or pregnant rats on day 5. All rats underwent UMI around at 18:00. Briefly, rectangular 
magnets were placed on the uteri of non-pregnant or pregnant rats and the prepared 1 mL of LPMs, Mag-LPMs, iLPMs, 
or Mag-iLPMs (5 mg/mL) was intravenously injected, respectively. Rectangular magnets were removed 4 min after 
injection. And 1 mL of Mag-LPMs or Mag-iLPMs (5 mg/mL) was intravenously injected into pregnant rats without 
magnet-guide. Blood was collected before and after injections for routine blood tests, including red blood cell counts, 
platelet counts, and white blood cell counts. The health of rats was monitored for 2 h after UMI. Then, the female rats 
were sacrificed and the embryos were confirmed.27 The main organs resected were fixed, paraffin-embedded and sliced. 
Next, H&E staining of the resected main organs and blood analysis was used to evaluate the safety of MBs. All animal 
experiments were performed under the guidelines for ethical review of laboratory animal welfare (GB/T 35892–2018) 
and were approved by the Animal Study Committee of Shenzhen Institutes of Advanced Technology, Chinese Academy 
of Sciences.

Statistical Analyses
SPSS 20.0 (IBMCorp, Armonk, New York, USA) was used to process the data. The data were expressed as means ± s.d. 
After determining the homogeneity of variance in the measurement data, t-tests were performed. The Mann–Whitney test 
was used for counting data. A p < 0.05 was considered statistically significant.

Results
Preparation and Characterization of Mag-iLPMs
The Mag-iLPMs were successfully prepared using the double-emulsification-solvent-evaporation method (Figure 1A). The 
bright-field image of the targeted Mag-iLPMs under the optical microscope showed a spherical appearance (Figure S1). The 
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Figure 1 Synthesis and characterization of Mag-iLPMs. (A) Schematic illustration of the preparation of Mag-iLPMs. (B) SEM of Mag-iLPMs. Scale bar = 1 μm. (C) TEM of 
Mag-iLPMs. Scale bar = 1 μm. (D) Typical size distribution of LPMs, Mag-LPMs, iLPMs and Mag-iLPMs. (E) Fluorescence microscopic images of Mag-iLPMs show the presence 
of 5-FAM-iRGD (green) on the bubble shell. Scale bar = 10 μm. (F) Ultrasound images of Mag-iLPMs in vitro at different concentrations in B-mode and nonlinear contrast 
mode.
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Mag-iLPMs also exhibited a spherical appearance in the SEM (Figure 1B). The TEM images showed that the Mag-iLPMs 
presented a hollow structure, with many black nanoparticles encapsulated in the shell (Figure 1C). The typical size distribution 
of LPMs, iLPMs, Mag-LPMs and Mag-iLPMs are illustrated in Figure 1D. The mean size of LPMs, iLPMs, and Mag-LPMs 
was 1518.00 ± 729.30, 1549.00 ± 769.2, 1627.00 ± 977.00 nm, respectively (Figure S2). However, the mean size of Mag- 
iLPMs increased to 1862.00 ± 674.90 nm (Figure S2). The particle size of Mag-iLPMs lyophilized powder did not significantly 
change after 15 days of storage (Figure S3). The Fe loading of Mag-iLPMs reached 0.44 wt%, and weight percentage of Fe3O4 

was 0.61 wt%. The fluorescence micrographs showed that Mag-iLPMs emitted green fluorescence (5-FAM-DSPE-PEG2000- 
iRGD) from bubble shells, revealing the iRGD peptide coating on the shell (Figure 1E). Mag-iLPMs emitted red (DiI-labeled 
PLGA) and green (5-FAM-DSPE-PEG2000-iRGD) fluorescence from bubble shells in Figure S4, revealing uniform hybri-
dization of polymers and lipids on the shell. To investigate the echo intensity of Mag-iLPMs, different concentrations of Mag- 
iLPMs were poured into holes of the phantom for CEUS with a dual-display (B-mode and contrast mode). The acoustic signals 
weakened with decreased concentrations of Mag-iLPMs (Figure 1F). Overall, the excellent imaging capability of Mag-iLPMs 
demonstrated that they can be used as UCAs for CEUS.

Validation of the Magnetic Responsiveness of Mag-iLPMs
To test whether Mag-iLPMs have the magnet-targeted ability, we evaluated the magnet targeting and responsiveness of Mag- 
iLPMs. The Mag-iLPMs moved directionally towards the magnet with magnetic guidance (Figure 2A and Video 1). Without 
the magnetic field, the Mag-iLPMs injected into the tube flowed along with the pushing direction. Upon exposure to the 
magnetic field, the Mag-iLPMs moved backwards to the magnetic field and were retained, which could be observed by 
ultrasonography in the contrast mode (Figure 2B and Video 2). Additionally, the targeted imaging ability was enhanced with 
stronger magnetic fields, and was steady with magnetic field intensities higher than 2000 Gs (Figure S4). Similarly, when 

Figure 2 Magnetic attraction assay of Mag-iLPMs in vitro. (A) Optical images of Mag-iLPMs dispersed in water. Scale bar = 400 μm. (B) Ultrasound images of Mag-iLPMs 
injected into the transparent lumen mimicking vessel without or with a magnet. (C) Photographs of Mag-iLPMs dispersed in water before and 10s after the application of the 
magnetic field.
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Mag-iLPMs were dispersed in water in an ampere bottle with a magnet placed at one side, Mag-iLPMs could move towards 
the side with a magnet within 10s (Figure 2C).

Examination of αvβ3 Integrin-Targeted Mag-iLPMs Binding Efficiency to bEnd.3 and 
HUVEC
The fluorescence micrography images of 5-FAM-labeled LPMs, iLPMs, Mag-LPMs, and Mag-iLPMs (green) binding to 
bEnd.3 under magnetic fields are presented in Figure 3A. A large number of Mag-iLPMs were attached to bEnd.3 with 
magnetic guidance under the optical microscope (Figure 3A). The quantitative analysis showed that the Mag-iLPMs 
targeted adhesion to bEnd.3 was significantly higher than LPMs, iLPMs or Mag-LPMs with magnet-guide (LPMs = 0, 
iLPMs = 18 ± 15, Mag-LPMs = 28 ± 7, Mag-iLPMs = 189 ± 36, ****p < 0.0001; Figure 3B). Moreover, the binding 
affinity to bEnd.3 of Mag-iLPMs increased with the addition of DSPE-PEG2000-iRGD (Figures S6 and S7). 
Fluorescence micrographs of 5-FAM-labeled LPMs are presented in Figure 3A and S8. iLPMs (green) binding to 
HUVEC was also observed. The merged image showed that iLPMs could adhere to the surface of HUVEC while LPMs 
were scattered in the intercellular space. Additionally, the Mag-iLPMs targeted adhesion to HUVEC were significantly 
higher than LPMs, iLPMs or Mag-LPMs with magnet-guide (LPMs = 0 ± 0, iLPMs = 17 ± 18, Mag-LPMs = 38 ± 2, 
Mag-iLPMs = 212 ± 41, ****p < 0.0001; Figure 3C). Finally, the binding affinity of Mag-iLPMs to HUVEC increased 
with increasing weight ratios of DSPE-PEG2000-iRGD and DSPC (Figures S9 and S10). When the weight ratio of 
DSPE-PEG2000-iRGD and DSPC was 1.5:1, the binding efficiency of Mag-iLPMs to HUVEC was strongest.

Ultrasound Molecular Imaging in vitro
To evaluate the targeted adhesion of Mag-iLPMs and ultrasonic imaging ability in vitro, the Mag-iLPMs were incubated 
with HUVEC for 4 min. The cells were digested, centrifuged, washed, and resuspended (Figure 4A). The cells 
suspensions were imaged with CEUS. The ultrasonic imaging ability was comparable to the same concentration Mag- 
iLPMs. Significantly stronger ultrasonic signals were detected for HUVEC bound to Mag-iLPMs compared to HUVEC 
without adhesion of Mag-iLPMs (Figure 4B). The quantitative analysis showed that echo signal intensities (ESI) of 
HUVEC bound with Mag-iLPMs were higher than without adhesion (HUVEC = 26.98 ± 1.65, Mag-iLPMs+HUVEC = 
348.73 ± 96.07, Mag-iLPMs = 307.78 ± 17.56; Figure 4C).

Ultrasound Molecular Imaging in vivo
Female rats have double uteri with a “Y” shape. The ultrasonography showed the transverse section of the two uterine 
bodies or cervix and the long axis of one uterus (Figure S11). The in vivo targeted and imaging ability of Mag-iLPMs 
was confirmed by UMI in female rats during the “implantation window”. 1 mL MBs were intravenously injected and the 
rectangular magnets were placed on the skin above the rats’ uteri (Figure 4D). Then, the UMI was performed. The 
rectangular magnets were removed 4 min after injection and the imaging signal was compared. The imaging signal of the 
uteri of pregnant rats was the highest under the magnetic field using Mag-iLPMs as UCAs, while no imaging signal was 
detected using LPMs (Figure 4E and Video 3). The ESI of uteri of pregnant rats that received Mag-iLPMs was much 
higher under the magnetic field than in the other groups (LPMs = 12.81 ± 2.42, Mag-LPMs = 26.82 ± 1.27, iLPMs = 
56.41 ± 7.94, Mag-iLPMs = 84.29 ± 7.01), with 6.58-fold higher than rats that received LPMs (Figure 4F). Additionally, 
without magnetic guidance, the imaging signal of the uteri of pregnant rats decreased using Mag-iLPMs or Mag-LPMs as 
UCAs (Mag-LPMs = 14.03 ± 2.33 a.u., Mag-iLPMs = 55.47 ± 6.47 a.u.; Figure S12). Meanwhile, scarcely imaging 
signal could be seen in non-pregnant rats with UMI using either MBs under a magnetic field (Figure S13).

Biological Safety
The safety of LPMs, iLPMs, Mag-LPMs and Mag-iLPMs was evaluated by health monitor for 2 hours after UMI. No 
obvious complications of abnormal heartbeat and respiration were detected in rats and they returned to normal activities 
after UMI. Besides, no significant changes were detected in the blood analysis for these rats after treatment with MBs, 
including red blood cell count, platelet count, and white blood cell count (Figure S14). Additionally, no appreciable 
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Figure 3 Adhesion of LPMs, Mag-LPMs, iLPMs and Mag-iLPMs to bEnd.3 and HUVEC in vitro. (A) Representative fluorescence and merge micrographs for 5-FAM-labeled 
LPMs, Mag-LPMs, iLPMs and Mag-iLPMs adhered to bEnd.3 and HUVEC. Scale bar = 200 μm. (B) Quantitative assay of the number of bEnd.3 adhered to LPMs, Mag-LPMs, 
iLPMs and Mag-iLPMs from five random view fields. (C) Quantitative assay of the number of HUVEC adhered to LPMs, Mag-LPMs, iLPMs, and Mag-iLPMs from five at random 
view fields. ****p < 0.0001.
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Figure 4 Targeting and ultrasound tracking of Mag-iLPMs. (A) Schematic illustration of targeting and ultrasound tracking of Mag-iLPMs in vitro. (B) Ultrasound image of 
HUVEC, Mag-iLPMs and Mag-iLPMs-binding HUVEC in B-mode and nonlinear contrast mode in vitro. (C) Quantitative assay for echo signal intensity of HUVEC, Mag-iLPMs 
and Mag-iLPMs-binding HUVEC. (D) Schematic illustration of targeting and ultrasound tracking of Mag-iLPMs in vivo. (E) Ultrasound tracking of LPMs, Mag-LPMs, iLPMs and 
Mag-iLPMs in the uteri of pregnant rats under a magnetic field. (F) Quantitative assay for echo signal intensity of the uteri of pregnant rats under a magnetic field. ****p < 
0.0001.
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abnormality was observed during the histological analysis of the main organs from rats treated with different methods 
(Figure 5). Altogether, these results demonstrated that the Mag-iLPMs were tolerable and had no obvious acute toxicity 
in the rats.

Discussion
The synchronized crosstalk between a receptive endometrium and a functional blastocyst is critical for successful 
implantation.31 This is the time when embryos penetrate and invade the endometrium, which is called the “implantation 
window”.32 Thus, optimal endometrial preparation and identification of the “implantation window” for embryo transfer 
are of great importance. During this process, angiogenesis in the endometrium plays an important role, especially for 
mother-fetal nutrient and oxygen transport.34 Therefore, assessing angiogenesis in the endometrium is crucial in 
evaluating endometrial receptivity. Different methods, such as endometrial biopsy, biologically or biochemical molecular 
examination, and ultrasonography have been studied to assess endometrial receptivity.22 Most of them are traumatic or 
without standardized diagnostic criteria which make them unwelcome in clinical practice.35 Nevertheless, ultrasound is 

Figure 5 H&E staining of rats’ main organs. No significant histological morphological and pathological changes were observed in the main organs (heart, liver, spleen, lung 
and kidney) of rats in each group. Scale bar = 50 μm.
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a common imaging modality in clinics and is safe, non-invasive, real-time and cost-effective. Moreover, UMI combines 
CEUS with novel molecularly-targeted UCAs, providing a promising strategy for noninvasively assessing biomolecular 
processes at the molecular level noninvasively.

To perform effective UMI, the selection of molecular targets is crucial. The integrin expressed on the surface of newly 
formed vascular endothelial cells has different neovascularization from native vessels. The αvβ3 integrin is highly 
expressed on activated endothelial cells during angiogenesis. Thus, the targeted detection of ανβ3 integrin expression in 
the uterus can reflect uterine angiogenesis. Besides, magnetic targeting can be used to enrich magnetic drug carriers and 
avoid the rapid clearance of drugs from the targeted region with a magnet guide. Moreover, CEUS is a widely adopted 
strategy by researchers and clinicians since it is simple and compatible with clinical settings.33 CEUS techniques using 
targeted MBs have been used for UMI in different fundamental research, and it offers potential clinical benefits. 
Therefore, the UMI based on ανβ3 integrin-targeted magnetic MBs has great potential to assess angiogenesis in the 
endometrium. In the present study, the in vivo animal experiments demonstrated that UMI is an effective method for 
noninvasively assessing uterine morphology and molecular pathophysiology.

Here, we synthesized a new type of lipid/PLGA hybrid magnetic MBs decorated with iRGD (Mag-iLPMs) 
(Figure 1A). The size of the MBs was enlarged with the decoration of Fe3O4 magnetic nanoparticles. The Mag-iLPMs 
had a good contrast imaging capability, and the ultrasound signal intensities enhanced with the concentrations 
(Figure 1F). It was reported that the appropriate amount of lipid can improve the elasticity of bubble shells, which 
might improve the harmonic signals and contrast imaging capability of lipid/PLGA MBs.36 Besides, we demonstrated 
that Mag-iLPMs have a good magnetic responsive ability (Figure 2). Under magnetic fields, Mag-iLPMs can be enriched 
in the lumen towards the site of an external magnet. Moreover, their targeting imaging ability was enhanced with stronger 
magnetic fields (Figure S5). Hence, the ultrasonic imaging signal can be enhanced due to the enhanced interaction 
between blood vascular endothelial cells and Mag-iLPMs.

To assess the angiogenesis in the endometrium, we decorated MBs with iRGD polypeptide to target ανβ3 integrin. It 
can control the permeability of cells, regulate cell internalization and exosmosis, promote deep tissue penetration, and 
improve imaging sensitivity and therapeutic effect. These effects might be mediated by NRP-1 binding, which the 
expression increases during proliferation. It might also be involved in hormone-regulated changes in endometrial 
angiogenesis, preparing the endometrium for implantation.37 Our current results from cell affinity experiments showed 
that the MBs decorated with iRGD could specially bind to bEnd.3 or HUVEC (iLPMs bound to bEnd.3 = 18 ± 15, iLPMs 
bound to HUVEC = 17 ± 18).

Moreover, compared with iLPMs, the magnetic targeting significantly improved the accumulation of Mag-iLPMs in 
bEnd.3 or HUVEC under magnetic fields (Figure 3). The Mag-iLPMs binding to bEnd.3 and HUVEC were 10.5-, and 
12.47-fold more than that of iLPMs, respectively. Thus, as previously reported, magnetic targeting can be controlled to 
actively gather at the target site with external magnetic fields, thereby potentially increasing the curative effect dose and 
avoiding many of the disadvantages of systemic administration.38,39

Besides, the HUVEC bound with Mag-iLPMs could be visualized by US imaging, and the ESI was 12.93-fold higher 
than HUVEC before treatment. The ESI in the endometrium of pregnant female rats that received Mag-iLPMs under 
magnetic field was much higher than those that received Mag-LPMs, iLPMs or LPMs. Meanwhile, without magnetic 
guidance, the ESI in the endometrium of pregnant female rats with Mag-iLPMs or Mag-LPMs decreased. These results 
demonstrated the targeted ability of Mag-iLPMs in UMI in vivo under a magnetic field. Moreover, scarcely imaging 
signal was detected in non-pregnant rats with UMI using either MBs under magnetic field, which suggesting insufficient 
angiogenesis in the endometrium. Thus, Mag-iLPMs presented a great value to assess the angiogenesis in the endome-
trium and evaluating endometrial receptivity. Additionally, the health monitor, blood analysis and histological results 
showed that the resulting MBs were not toxic to major organs in those rats.

In summary, we showed that Mag-iLPMs can be used to improve UMI for the evaluation of ανβ3 integrin expression 
on uterine vascular endothelium before implantation. This imaging modality paves the way for its use in clinics for 
evaluating endometrial receptivity.
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