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Abstract: The development of contrast agents that can be activated by multiple modes is of great significance for tumor diagnosis. In this study, the lactoferrin (Lf)-conjugated polylactic acid (PLLA) nanobubbles (Lf-PLLA NBs) were used to encapsulate liquid perfluoropentane (PFP) with the double emulsion method, creating PFP loaded (PFP/Lf-PLLA) NBs for the ultrasound/magnetic resonance dual-modality imaging of subcutaneous tumor. The particle diameter and stability of nanobubbles were investigated by photon correlation spectroscopy. The biocompatibility of nanobubbles was preliminarily evaluated by cell proliferation and migration assay, hemolysis rate, and blood biochemistry analysis. A B-mode clinical ultrasound real-time imaging system was used to perform ultrasonic imaging in vivo. Magnetic resonance imaging in vivo was applied with a clinical 3.0 T magnetic resonance imaging (MRI) scanner system. The mean particle diameter of PFP/Lf-PLLA NBs was 320.2 ± 4.1 nm with a low polydispersity index (PDI, 0.145 ± 0.025), and the NBs were negatively charged (−11.4 ± 0.4 mV). The transmission electron microscopy (TEM) results showed that PFP/Lf-PLLA NBs exhibited highly monodispersed and possessed an obvious spherical structure of nanocapsules. Nanobubbles had good stability at 4°C. Different concentrations of the PFP/Lf-PLLA NBs solution had no effect on the cell in cytotoxicity and cell migration, and the results of hemolysis rate and blood biochemistry assay also indicated the good biocompatibility of NBs. On the ultrasound/magnetic resonance imaging of tumor-bearing mice, PFP/Lf-PLLA NBs showed significantly enhanced contrast ability of tumor tissue. Therefore, PFP/Lf-PLLA NBs had great potential to be a contrast agent for tumor dual-modality imaging in vivo.
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1  Introduction

Medical imaging techniques, such as magnetic resonance imaging (MRI), ultrasound imaging and fluorescence imaging technology, were used to diagnose the tumor, which can represent an integrated tissue property with a certain dimension or a cross-sectional slice and depict the inner structure [1]. However, to a certain extent, each technology presents its advantages and disadvantages. In recent years, multimodal imaging plays a particularly important role in the early diagnosis, treatment monitoring and prognosis prediction of diseases. Ultrasound and magnetic resonance imaging are both non-ionizing in nature and considered hazardless measurements in standard clinical practice [2–4]. They can measure the blood flow velocity and blood flow dynamics evaluating the function of tissue or organ. Furthermore, they all need contrast agents, which are frequently used to enhance the contrast between normal and abnormal tissue for correct and early detection of pathology.

Microbubbles have been used to enhance acoustic backscattering signals in ultrasound imaging for more than 20 years, which are used as a contrast agent for tumor ultrasound imaging, or a drug carrier that is delivered to the targeted tissue [5–7]. The reflection intensity of ultrasonic is related to the acoustic impedance of the two media at the phase interface, and the acoustic impedance of the microbubbles is much higher than that of tissue or fluid inside the body. This difference serves as a theoretical underpinning for organ edge delineation and perfusion imaging and obtains a higher image resolution. Furthermore, the potential application of microbubbles used as a unique magnetic resonance susceptibility contrast agent was based on the induction of large local magnetic susceptibility differences by the gas-liquid interface [8–12]. In recent years, potential applications of microbubbles as magnetic resonance pressure sensors have been investigated based on pressure-induced sensitivity changes. The T2- and T*2-based measurements of pressure are strongly influenced by the bubble size at atmospheric pressure, static magnetic field strength, the magnitude of the susceptibility difference between the encapsulated gas and plasma, bubble volume fraction, and the refocusing interval [10].

However, the diameters of microbubbles are much larger (about 2∼8 μm), which cannot pass through tumor vasculature endothelial gaps and only stay in the circulation to behave as blood-pool markers [13]. In order to overcome this problem, nanobubbles have been developed due to their potential for US imaging outside blood vessels, which has caught the researcher’s attention [14–16]. The vascular endothelial gap in tumors is approximately 380∼760 nm, which is much wider than that of normal tissue (the endothelial gap is less than 7 nm) [17]. Nanobubbles (NBs) are nanosized bubbles and can effectively accumulate in a tumor due to the enhanced permeability and retention (EPR) effects, which are promising contrast agents for their ability to penetrate tumor blood vessel pores to allow for targeted imaging [18–21].

In recent years, nanobubbles consisted of surfactants, lipids, albumin, and biocompatible polymers have been used as a contrast agent in ultrasound imaging and exhibited good contrast enhancement [22–26]. The most important biodegradable polymers, such as polylactic acid (PLA) and polyglycolic acid (PGA), have wide application prospects in the field of biomedicine [27–30]. In addition, degraded monomers are easy to be metabolized through the normal metabolic pathways and harmless to the human body [31].

In this study, perfluoropentane (PFP) loaded polylactic acid (PLLA) nanobubbles (PFP/PLLA NBs) were prepared by the double emulsion method. Lactoferrin (Lf) as a ligand for targeting the glioma cells was conjugated with nanobubbles (PFP/Lf-PLLA NBs). The appearance, average diameter, zeta potential and stability of the obtained PFP/Lf-PLLA NBs were studied. The biocompatibility of PFP/Lf-PLLA NBs was evaluated by cytotoxicity, cell migration and blood biochemical analysis. In order to carry out extravascular imaging, and overcome the shortcoming that micron contrast agent can only be used as blood pool contrast agent, PFP/Lf-PLLA NBs as a potentially promising multimodal nanoscale contrast agent for ultrasound/magnetic resonance imaging was performed on BALB/c nude mice bearing subcutaneous tumors.

2  Materials and Methods

Poly(vinyl alcohol) was obtained from Aladdin Reagent Co., Ltd. (Shanghai, China) and used as an emulsifier. Perfluoropentane was obtained from Jenkem Technology Co, Ltd. (Beijing, China), L-lactide was purchased from Daigang Biomaterial Co., Ltd. (Jinan, China), which were used to prepare nanobubbles. Lactoferrin (Lf) was obtained from Sigma Chemical Co. (St Louis, MO, USA) and used as a targeted group. Rat C6 glioma (C6) cells and human normal liver cells (HL-7702) were obtained from the Institute of Life Science Cell Culture Center (Shanghai, China) and used for cell experiments and animal model construction.

2.1 Preparation of Targeted PFP/Lf-PLLA NBs

The PFP/Lf-PLLA NBs were developed with a traditional double-emulsion method. PLLA (50 mg) was dissolved in a plastic tube containing chloroform (1 mL) and the solution was used as the O2 phase. After PFP (0.5 mL) was added, the mixture was stirred for 3 min at 10,000 rpm to get the primary O1/O2 emulsion. Afterward, the primary O1/O2 emulsion was added to a tube containing 0.5% PVA solution (10 mL) and sonicated at low temperature for 5 min to get O1/O2/W double emulsion. After continuous stirring for a period of 24 h at 25°C, the organic solvent evaporated, and NBs were obtained. The PFP/PLLA NBs were centrifuged at high speed (12000 rpm, 5 min) and the precipitate was redispersed in normal saline solution (NS). Then, NBs suspension was poured into α-Malemidyl-ω-N-Hydroxysuccinimidyl poly(ethyleneglycol) solution, and incubate with lactoferritin sulfhydryl group in PBS under gentle stirring. Therefore, lactoferrin as a ligand for targeting the glioma was conjugated with PFP/PLLA NBs. The method was performed in detail as described in our previously published works [32]. The flowchart of preparation was shown in Scheme 1.
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Scheme 1: Flowchart of the PFP/Lf-PLLA NBs preparation

2.2 Characteristics of PFP/Lf-PLLA NBs

The structure and morphology of the obtained PFP/Lf-PLLA NBs were characterized by Transmission Electron Microscope (TEM, JEM-2010, Japan). The diluted NBS was sprayed on the copper net, which was dried naturally and dyed with 2% phosphotungstic acid aqueous solution.

The particle diameter and zeta potential of the PFP/Lf-PLLA NBs were measured by laser particle size analyzer (Zetasizer Nano ZSE, Malvern). The PFP/Lf-PLLA NBs were diluted with distilled water and measured three times at 25°C. The obtained results were average values.

The PFP/Lf-PLLA NBs solution was stored at 4°C. Within a specified period (0, 5, 10, 15, 20 days), the samples of PFP/Lf-PLLA NBs solution were taken out of the refrigerator, and after rising to room temperature, the samples were diluted with deionized water to obtain a suitable concentration. Then, the average hydrodynamic diameter, zeta potential and particle diameter distribution of the obtained samples were measured with a laser particle size analyzer at 25°C, and each experiment was repeated three times under the same conditions.

2.3 Cytotoxicity Assay

HL-7702 cells were used for cell viability studies determined by the MTT assay. After resuscitation, the cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum. After passaged 3 times, cells were seeded on a 96-well plate at a density of 5000 cells to each well, and cultured at 37°C in a humidified 5% CO2 cell incubator for 24 h. Afterwards, the PFP/Lf-PLLA NBs were poured into the cell medium at concentrations of 0.5%, 1.0%, 2.0%, 3.0%, 4.0%, and 5.0% (v/v) and cells incubated with medium for another 24 h. PBS was used as the control group. Then, 20 μL of the prepared MTT solution (5.0 mg/mL) was added, and the cells were incubated for another 4 h. Subsequently, the medium was removed and the formazan crystals were dissolved by dimethyl sulfoxide. The absorbance value was measured by a microplate reader (Bio-Tek Instruments, Winooski, VT, USA) at 570 nm, and calculated the cell survival rate according to the following formula:

Cell viability = Asample−AblankAcontrast−Ablank×100%
where the Asample is the cells solution containing nanobubbles, the Ablank is the PBS, and the Acontrast is the cells solution without nanobubbles.

2.4 Determination of Hemolytic Activity

After the Sprague Dawley rats (about 200 g, n = 3) were anesthetized with 4% chloral hydrate, the femoral artery was exposed, and a catheter was inserted. Blood samples were obtained from the femoral arteries and placed in test tubes bathed with heparin sodium. After centrifugation, the supernatant was discarded and the red blood cells were collected. The collected erythrocytes were washed three times and re-dispersed in normal saline (2%, v/v). The PFP/Lf-PLLA NBS solution was mixed with the erythrocytes suspension and different concentrations samples (0.5%, 1%, 2%, 3%, 4% and 5%) were formed. The negative control group was the solution of erythrocytes suspension (150 μL) and normal saline (150 μL), the positive control group was a mixture of double-distilled water (150 μL) and erythrocytes suspension (150 μL). The samples were incubated for 1 h at 37°C and then centrifuged at 3500 rpm for 25 min. The measurement of the optical density of the supernatants was carried out on a spectrophotometer at 540 nm. The calculation formula of hemolysis rate is as follows.

Hemolysis ratio=Asample−AnegativeApositive−Anegative×100%
2.5 Cell Migration Assay

The scratch assay was carried out to analyze cell migration ability in vitro. C6 glioma cells were seeded in six-well plates at a density of 6 × 105 cells per well, and cultured overnight at 37°C in a 5% CO2 humidified incubator. After the cells became adherent and the density was more than 90%, which were scratched in a straight line with a 200 μL pipette tip, and floating debris or dead cells were removed by gentle washing with PBS. The cells were cultured in the medium containing the PFP/Lf-PLLA NBs with different concentrations for 24 h. The photographic images were taken using an inverted microscope (Olympus, Japan) at different time points. The images were analyzed by Image J software.

2.6 Blood Biochemical Analysis

Five adult male New Zealand white rabbits, weighing 2.5∼3.0 kg, were randomly selected for this study. The rabbits were injected intravenously through the marginal ear vein with 4% chloral hydrate. Blood samples (2 mL) were withdrawn from the heart of the anesthetized rabbits through a syringe and used as the control group. Then, animals were injected intravenously with PFP/Lf-PLLA NBs at a dose of 2 mL/kg. After 2 h, blood samples were collected for biochemical analysis.

2.7 Use of the PFP/Lf-PLLA NBs for Ultrasound/Magnetic Resonance-Enhanced Tumor Imaging in Vivo

All animal experiments were performed according to the guidelines issued by the Hubei University of Science and Technology, which are in accordance with the National Institutes of Health (NIH) guidelines.

Male BALB/c nude mice, aged 4 weeks and weighing 18–20 g, were purchased from the Animals Center of Tongji Medical University. The collected C6 glioma cells (about 2.5 × 106 cells) were resuspended in 100 μL phosphate-buffered saline and inoculated subcutaneously into nude mice to develop a nude mouse model of subcutaneous glioma. The experiments of ultrasound/magnetic resonance-enhanced tumor imaging in vivo were then performed when the mean tumor size was 0.8 cm. The subcutaneous tumor models of nude mice (n = 6) were anesthetized via an intraperitoneal injection of 4% chloral hydrate. Firstly, the 10 MHz probe (Philips IU22, Amsterdam, Netherlands) was coated with a layer of ultrasonic medicinal coupling gel, which would prevent the presence of air, and then placed on the surface of the tumor to acquire the ultrasound images, which were used as a control. Afterward, PFP/Lf-PLLA NBs (100 μL, 1.5 × 108 bubbles/mL) were directly injected into the tumor site of the tumor-bearing mice and collected the images. All contrast images were recorded on B-mode imaging, with the persistence of low, the mechanical index (MI) was 0.06, the frame rate was 37 Hz, the dynamic range was 55 dB, and the gain was 67%. Magnetic resonance imaging experiments were performed with an animal coil on a 3.0-T clinical whole-body magnetic resonance imaging scanner (General Electric Medical Systems, USA). Before the administration, the mice were anesthetized. The mice were scanned before and after the administration of PFP/Lf-PLLA NBs solution, T2-weighted images were acquired using a spin-echo sequence. The scanning parameters were as follows: TR/TE = 4594 ms/95.26 ms, matrix = 256 × 256, field of view (FOV) = 60 × 60 mm, slice thickness = 1.4 mm, Average: 6 (2DT2WI TSE sequence).

2.8 Statistical Analysis

All data were expressed as mean ± SD. The data analysis was performed using Student’s t-tests.

3  Results and Discussion

3.1 Preparation and Characterization of PFP/Lf-PLLA NBs

Nanobubbles were manufactured by a double-emulsion (water/oil/water) and solvent-evaporation method described in our previous works [32]. The outer shell of the nanobubble was made of polylactic acid (PLLA), and the core of nanobubbles was liquid PFP, which was wrapped with the outer layer of PLLA, and a core-shell structure was developed. Liquid PFP with the boiling point of 28.5°C at atmospheric pressure was encapsulated by hydrophobic polylactic acid, which would retard the outward diffusion of PFP and enhanced storage stability, in addition, compared with other gases, the encapsulated liquid PFP would improve the storage stability of the nanobubbles. The PFP/Lf-PLLA NBs were obtained by conjugating lactoferrin to the surface of nanobubbles.

The characterization of PFP/Lf-PLLA NBs was shown in Fig. 1. The nanobubble solution was milky white at room temperature (Fig. 1a). The mean diameter of PFP/Lf-PLLA NBs was 320.2 ± 4.1 nm (Fig. 1b) and the polydispersity index (PDI) was 0.145 ± 0.025, revealing the uniform size and good dispersion of PFP/Lf-PLLA NBs. Furthermore, the zeta potential of the NBs was −11.4 ± 0.4 mV. The TEM images of the nanobubbles were shown in Fig. 1c, which revealed that PFP/Lf-PLLA NBs had good dispersion and no aggregation. The nanobubbles were spherical in shape and had an obvious capsular structure [33,34].
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Figure 1: Characteristics of PFP/Lf-PLLA nanobubbles. (a) photograph (b) particle diameter distribution, and (c) transmission electron microscopy image of PFP/Lf-PLLA nanobubbles

3.2 Stability of PFP/Lf-PLLA NBs in Vitro

The nanobubbles were nanoscale particle size with a high surface area to volume ratio, which resulted in high surface Gibbs free energy. They might be prone to aggregation and more instability during long periods of storage. Once the nanobubbles aggregated together during storage periods, their hydrodynamic diameter or the zeta potential should be changed. So the stability in vitro of nanobubbles could be estimated by measuring their changes of zeta potential and hydrodynamic diameter. The aqueous dispersion of PFP/Lf-PLLA NBs was placed at 4°C in a refrigerator and measured with a laser particle size analyzer at 25°C during the experiment (0, 5, 10, 15, 20 days). As shown in Fig. 2, the changes of nanobubbles in particle diameter and zeta potential were very few, which illustrated that the PFP/Lf-PLLA NBs exhibited good stability in vitro. The PLLA was used as a shell, and PFP was encapsulated with PLLA. The core-shell structure improves the stability of the capsules, compared to that stabilized by a monomolecular layer of surfactant [35].
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Figure 2: The stability of PFP/Lf-PLLA NBs in vitro. (a) The particle diameter and (b) zeta potential of PFP/Lf-PLLA NBs

3.3 Cytotoxicity Assay and Hemolysis of PFP/Lf-PLLA NBs

Cytotoxicity is a method to evaluate the biocompatibility of nanomaterials. When the material enters the body, it will interact with normal cells. As a kind of normal cells, HL7702 is used to evaluate the interaction between nanobubbles and normal cells to see whether they inhibit the growth of normal cells, and to judge the cytotoxic effect of the material through this experiment. The cytotoxicity effect of PFP/Lf-PLLA NBs at 37°C for 24 h was determined by MTT assay. At the evaluated concentration, the cytotoxic effect of PFP/Lf-PLLA NBs to the HL7702 cells was less prominent and the cell viability was more than 90% (Fig. 3a). Furthermore, the hemolysis rates were less than 5% within the evaluated concentration range (Fig. 3b), which suggested that the PFP/Lf-PLLA NBs had no hemolysis effect. The above experimental results indicated that the PFP/Lf-PLLA NBs had great potential in the biomedical field as a carrier.
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Figure 3: The cytotoxicity and hemolysis of PFP/Lf-PLLA NBs. (a) in vitro cytotoxicity assays, HL7702 cells were treated with PFP/Lf-PLLA NBs at different doses for 24 h. (b) in vitro hemolysis, the hemolysis rate of PFP/LF-PLLA NBS interacting with erythrocyte suspension. Data were reported as mean ± SD (n = 5)

3.4 Cell Migration Assay

Cell scratch assay is a straightforward and well-developed method, which is particularly suitable for researches on the effects of the extracellular matrix on cell migration. Cell scratch assay was used to detect the effect of PFP/LF-PLLA NBS as extracellular matrix on cell migration. Under the experimental concentration of PFP/Lf-PLLA NBs (1%, 5%), after the artificial gap was formed, the cells on the edge of the newly created gap began to move toward the opening to close the artificial gap, and after 24 h of incubation, the cell-cell contacts were established again (Fig. 4).
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Figure 4: Effects of different concentrations of PFP/Lf-PLLA NBs on the migration of C6 glioma cells

The cell migration rate was calculated as follows:

Migration rate = [(Area(0)−Area(t))/Area(0)] ×100%
The cell migration rate of the blank control group (without the PFP/Lf-PLLA NBs), the experimental groups (1%, 5%, v/v) were about 76.52 ± 2.326%, 74.92 ± 1.986%, 72.9 ± 2.389% (n = 3), respectively. Compared with the blank control group, there was no significant change in the migration ability of C6 glioma cells in the experimental groups within 24 h, the results were shown in Fig. 5. Statistical analysis showed that there was no significant difference among all groups. The results showed that PFP/Lf-PLLA NBS had no significant effect on the migration and growth of C6 glioma cells, which confirmed the good biocompatibility of PFP/LF-PLLA NBS.
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Figure 5: Migration rate of C6 glioma cells with different PFP/Lf-PLLA NBs concentrations after 24 h incubation

3.5 Biochemical Analysis

Hematology and blood biochemistry test are frequently used not only to assess overall health but also to monitor animals’ effectiveness and safety of interventions including treatment, drugs, and other exogenous substances. If the toxic substance causes the body’s tissues to fail to function properly, then the level of some enzymes in that tissue will change dramatically. The rabbits were anesthetized and the total blood was collected via cardiac puncture before and 2 h after the injection of nanobubbles and performed for hematology and biochemistry test. The serum was used to examine uric acid and creatinine as two renal function indicators, aspirate aminotransferase (AST), alanine transaminase (ALT), alkaline phosphatase (AP), the total protein, total bilirubin, albumin propagated, direct bilirubin as seven important liver function indicators. Fig. 6a illustrated the liver function, no significant differences were detected in AST, ALT and AP values before and after injection of nanobubbles, and the values of the total protein, total bilirubin, albumin propagated and direct bilirubin changed little during the experiment (P > 0.05). Similarly, as shown in Fig. 6b, no significant differences were detected in uric acid and creatinine values before and after injection of nanobubbles (P > 0.05). The above results indicated that nanobubbles had no obvious potential toxicity to the liver and kidneys. However, gadolinium-based contrast agents have been reported to be associated with an increased risk of nephrogenic systemic fibrosis [36].
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Figure 6: Biochemistry analyses before and 2 h after the administration of PFP/Lf-PLLA NBs. (a) liver function index, (b) renal function index. Data were reported as mean ± SD (n = 5)

3.6 Ultrasonic Imaging in Vivo

To evaluate the tumor enhanced ultrasound imaging capability of PFP/Lf-PLLA NBs in vivo, subcutaneous tumor animal models were constructed. As shown in Fig. 7a, before the administration of PFP/Lf-PLLA NBs, the area of the tumor was hypoechoic and dark region, and exhibited a blurred boundary with the surrounding tissue. However, when the PFP/Lf-PLLA NBs suspension was injected, there were obvious bright spots throughout the subcutaneous tumors, the gray-scale intensity increased and marked ultrasound imaging enhancement occurred immediately, the results were shown in Fig. 7b. The enhancement obtained using nanobubbles lasted for approximately 1.5 h, indicating that the PFP/Lf-PLLA NBs were stable and long-lasting contrast ability enough for clinical ultrasonography.
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Figure 7: The effect of PFP/Lf-PLLA NBs on tumor imaging in vivo. (a) pre- and (b) post-injection of PFP/Lf-PLLA NBs

PFP/Lf-PLLA NBs were prepared by the double emulsion method. PFP was a liquid state at room temperature, which was used as the O1 phase and encapsulated by an outer wall composed of the biodegradable polymer. As a result, the PFP stabilized by the outer layer could not diffuse away from the NBs, furthermore, the F atom in PFP could form a hydrogen bond with the hydroxyl group in the chain segment of PLLA molecule [37,38], which caused the nanobubbles more stable and had long-lasting ultrasonic contrast ability. PFP is liquid at room temperature and atmospheric pressure. Under the action of thermal and mechanical factors, the wrapped PFP underwent phase transition from liquid to gas and triggered droplet to bubble transition. After the phase transition, the nanobubbles would change into larger nanobubbles or microbubbles. Gases of PFP encapsulated in the nanobubbles stabilized by elastic polymer walls are compressible. Under the action of ultrasound, the nanoscale bubbles grow and shrink in a rhythmic fashion, which will generate harmonic signals and contrast-enhanced imaging would be acquired [39,40].

3.7 Magnetic Resonance Imaging in Vivo

Fig. 8 was the T2-weighted magnetic resonance images of subcutaneous tumors before and after administration of PFP/Lf-PLLA NBs. Signal intensity was determined in several regions of interest (ROI) and measured before and after injection of the contrast agent. Before the administration of PFP/Lf-PLLA NBs, MR scans were performed using T2-weighted spin echo sequences, and obtained images were used as pre-injection, as shown in Fig. 8a, the tumor exhibited obscure boundaries to surrounding tissues. After injection of nanobubbles, it was clear that the signal intensity within the tumor was significantly decreased and become a dark signal area that was distinct from the surrounding tissue. A negative enhancement effect was observed in the tumor. The magnetic resonance signal intensity in the tumor region significantly decreased by 47% in comparison to the image of the pre-injection. The hypointense region with the tumor lesion was indicative of nanobubbles accumulation, which caused a reduction in signal intensity on T2-weighted images. The decreased signal lasted for hours.
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Figure 8: T2-weighted magnetic resonance images of the subcutaneous tumor pre- (a, c) and post-injection (b, d) of PFP/Lf-PLLA NBs. (a) and (b) are in the sagittal position,(c) and (d) are in the coronary position

The signal intensity (SI) in the tumor on T2-weighted magnetic resonance images was measured with a RadiAnt DICOM Viewer software by defining the ratio of the mean signal intensity (the five points) in the region of interest (ROI) within the tumor area to the signal intensity of the surrounding muscle. The smaller the value of ratio was, the more serious the signal attenuation was, and the clearer the boundary with the surrounding area was, which showed that the tumor area was the dark signal area. The SI (tumor/muscle) of pre-injection were 190.2 ± 2.566%, and the SI (tumor/muscle) of post-injection were 143.5 ± 9.660% (n = 5). The change of SI(tumor/muscle) was statistically significant before and after administration of PFP/Lf-PLLA NBs (P < 0.05). The results were shown in the following Fig. 9. These results indicated that PFP/Lf-PLLA NBs exhibited the ability to improve performance in magnetic resonance imaging and might be used in enhanced magnetic resonance imaging.
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Figure 9: The signal intensity pre- and post-injection of PFP/Lf-PLLA NBs. Data are presented as the mean ± SD, **P < 0.01

4  Conclusions

The study reported here investigated a novel nanoscale bubble using as a contrast agent for ultrasound/magnetic resonance imaging. The PFP/Lf-PLLA NBs were prepared with a double-emulsion (water/oil/water) and solvent-evaporation method. Liquid PFP was encapsulated with polylactic acid (PLLA) and formed a core-shell structure. The obtained PFP/Lf-PLLA NBs had good stability in vitro.

The PFP/Lf-PLLA NBs solution with different concentrations showed little cytotoxicity and a low hemolysis rate. They also had no obvious effect on cell growth and no obvious potential hepatic and renal toxicity. The results of cytotoxicity, hemolysis, cell migration, and blood biochemical tests showed that PFP/LF-PLLA NB had good biocompatibility.

Under the action of ultrasound, the PFP/Lf-PLLA NBs could enhance the ultrasonic imaging of tumor tissue. On the magnetic resonance imaging of tumor-bearing mice, the signal intensity in the region of interest was significantly decreased, and a negative enhancement effect was observed in the tumor. The results of ultrasound and magnetic resonance imaging in vivo indicated that the PFP/Lf-PLLA NBs possessed the ability of enhanced contrast imaging, which had great potential to be a contrast agent for tumor dual-modality imaging in vivo.
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