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ABSTRACT 
 

 

The study focused on the performance of ultrasound imaging in detecting fetal spinal deformities. First, 

the double emulsification method and the carbodiimide method were used to prepare the target Au-loaded 

nanorod phase-change nano-level contrast agent-PLGA-Au-PFH-NPs. After being characterized for 

physical and chemical properties, it was used in ultrasound imaging diagnosis. The results showed that 

the prepared PLGA-Au-PFH-NPs solution was a milky white suspension, the particle size detected by the 

laser particle sizer was (376.17±20.74) nm, and the Zeta potential was (-4.82±2.88) mV. Under the light 

microscope, it showed a spherical shape, uniform size distribution, and a very smooth surface. The 

encapsulation rate measured by the UV spectrophotometer was (80.63±4.82) %, and there was no 

significant difference in cell survival rate between different concentrations (P>0.05). Prenatal ultrasound 

in the observation group accurately diagnosed 10 cases with spinal deformities, and the diagnostic 

accuracy rate was 50%, including 5 cases of meningocele, 3 cases of invisible spina bifida, 1 case of 

myelomeningocele, and 1 case of hemivertebrae. In the control group, 7 cases were diagnosed correctly 

by conventional ultrasound, and the diagnosis accuracy rate was 35%, including 3 cases of meningocele, 

3 cases of invisible spina bifida, and 1 case of hemivertebra. The diagnostic accuracy of the observation 

group was higher than that of the control group, and the difference was statistically significant (P<0.05). 

In conclusion, the prepared PLGA-Au-PFH-NPs had good physical and chemical properties. Ultrasound 

imaging based on the PLGA-Au-PFH-NPs had high accuracy in diagnosing fetal spinal deformities. To a 

certain extent, it provides a basis for clinical diagnosis of fetal spinal abnormality and some new ideas for 

ultrasound imaging diagnosis. 
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Introduction 

Abnormal spine development is a common fetal 

malformation (1). The abnormal development of the 

fetal spine and spinal cord are interrelated and affect 

each other. Abnormal development of the spine may be 

accompanied by spinal cord diseases, and abnormal 

development of the spinal cord can cause changes in 

the morphology of the spine. As imaging technology is 

gradually being mature, ultrasound has become popular 

in the diagnosis of fetal malformations (2). However, 

the tissue resolution and spatial resolution of 

ultrasound imaging are low, and the imaging quality is 

severely affected by many factors, so certain 

anatomical structures, such as the fetal spinal cord, and 

pathological changes cannot be ideally described (3). 

Two-dimensional ultrasound has a high misdiagnosis 

rate for fetal limb and spinal dysplasia, especially 

limbs, hands, and feet dysplasia (4). Three-dimensional 

surface mode, transparent mode, and plane mode can 

reconstruct three-dimensional images of the fetal body 

surface and bones, which provides a basis for the 

accurate diagnosis of fetal spine and limb abnormalities 

(5,6). 

With the development of imaging technology, 

molecular imaging technology has become a research 

hotspot. Photoacoustic imaging is a new non-invasive 

biomedical imaging method (7). The photoacoustic 

signal generated by biological tissue absorbs the light 

so that it can obtain molecular-level image information, 

and perform multi-scale high-resolution imaging of the 

tissue (8). Among nanomaterials, gold nanorods 

(GNRs) have been highly valued due to their unique 
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optical, optoelectronic, photothermal, photochemical, 

and molecular biological properties (9). GNRs are easy 

to synthesize, have good stability and low toxicity, and 

are suitable for the preparation of molecular probes 

(10). GNRs can detect pathological features at the 

molecular level because they have unique tunable 

surface plasmon resonance (SPR) optical properties 

and a high light-absorption coefficient. Research has 

pointed out that the absorption and scattering intensity 

of Au nanoparticles is higher than that of most organic 

dye molecules, which makes them have obvious 

advantages in imaging. 

Multifunctional liquid fluorocarbon emulsion is a 

nano-level contrast agent that can be used for multi-

modality imaging (ultrasound, photoacoustics, MRI, 

and CT). Liquid perfluorocarbons can irradiate light 

through photo-induced phase change (ODV), which 

can be widely used in biomedical testing. Using the 

ODV method, the liquid fluorocarbon emulsion can 

evaporate from droplets to microbubbles (ie phase 

change), thereby increasing the acoustic impedance of 

surrounding tissue and improving the quality of 

ultrasound imaging. Polylactic acid oxalic acid 

(PLGA) is a biodegradable polymer approved by the 

FDA, using lactic acid and oxalic acid as degrading 

agents. Because of the low toxicity, it has a good film-

forming ability. PLGA and its products are extensively 

used in nano-medicine. 

Above, in this study, a highly-active nano-molecular 

probe was prepared, which was loaded with liquid 

fluorocarbon-perfluorohexane (PFH) and GNRs. The 

optical properties of GNRs can enhance the 

photoacoustic imaging, and the phase change 

properties of liquid fluorocarbon can increase the 

acoustic impedance around the tissue, thereby 

highlighting the tissue boundary of the region of 

interest (RoI) to enhance the ultrasound imaging. This 

study aimed to provide new ideas for the diagnosis of 

fetal malformations, thereby improving the accuracy of 

diagnosis and preventing fetal malformations. 

 

Materials and methods 

Research subjects 

In this study, 20 pregnant women with suspected 

fetal malformations, admitted to the hospital from 

March 20, 2019 to March 20, 2020, were selected as 

the research subjects, and they were randomly divided 

into control group and observation group, each with 10 

patients. The control group was diagnosed by 

conventional ultrasound, and the observation group 

was diagnosed by ultrasound imaging based on PLGA 

liquid fluorocarbon nanoparticles. The study has been 

approved by the Medical Ethics Committee of the 

Hospital, and the patients and their families understood 

the situation and signed an informed consent form. 

 

Main instruments and reagents 

GE-E8/730, PHILIPS-iu22 ultrasonic diagnostic 

equipment, abdominal convex array probe, and three-

dimensional volume probe were purchased from 

Jiangsu Medical Instruments Co., Ltd., with a 

frequency of 3~5MHz and power of less than 

100mW/cm2. 

Main reagents: PLGA-COOH, Au-NRs (GNR) (NR-

10-780), DAPI, CCK-8, etc. were purchased from 

Jiangsu Medical Reagent Co., Ltd., phosphate buffer 

solution (PBS, pH 7.4), perfluorinated Hexane (PFH), 

polyvinyl alcohol (PVA), physiological saline, etc. 

were purchased from Shanghai Biyuntian 

Biotechnology Co., Ltd. 

 

Phase-change nanoparticles loaded with GNRs 

[1] The nanoprobe was prepared by the double 

emulsification method, and 200μL of PFH was added 

to 100uL of GNR solution. Under an ice environment, 

the white primary emulsion was acquired by acoustic 

vibration for 1 min (operating cycle 5:5.103 w); 

[2] 5mL of dichloromethane was added to 50 mg of 

PLGA-COOH, followed by ultrasonic cleaning. After 

fully dissolved, the above-mentioned primary emulsion 

was added to the PLGA dichloromethane solution, 

followed by acoustic vibration for 5 minutes to obtain 

a white complex emulsion; 

[3] 5mL of 5% polyvinyl alcohol (PVA) was added 

to the double emulsion, followed by homogenization 

for 5 minutes; 

[4] 15mL 2% isopropanol was added to solidify the 

surface of the nanoparticles; 

[5] the liquid was stirred with a magnetic stirrer for 

2 hours to completely volatilize the dichloromethane; 

[6] centrifugation was performed twice using a high-

speed low-temperature centrifuge (10000 r/min, 10 

min), and the centrifuge was cleaned with double 

distilled water, and GNR-PFH-PLGA nanoparticles 

were collected; 
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[7] the carbodiimide method was used to modify the 

nanoprobe, and the non-targeted nanoparticles were 

dissolved in 3 mL of MES buffer (0.1 mol/L, pH 5.5); 

[8] coupling activators of EDC and NHS were 

added, followed by an ice bath for 1h (EDC:NHS molar 

ratio=1:3, PLGA:EDC molar ratio=1:10); 

[9] after centrifugation and washing with PBS 3 

times, the nanoparticles were re-dissolved in MES 

buffer (0.1 mol/L, pH 8); 

[10] after centrifugation and washing with PBS 3 

times, targeted nanoparticles were obtained (PLGA-

Au-PFH-NPs). 

Au-NPs of different diameters and the Au foil are 

shown in Figure 1. 

 

 
Figure 1. The colors of Au-NPs of different diameters (left) 

and the Au foil (right) 

 

Characterization of PLGA-Au-PFH-NPs 

nanoparticles 

The size and uniformity were visualized with an 

optical microscope (11). Malvern laser particle size 

detection instrument and Zeta potential detector were 

used to detect particle size and surface potential. Its 

surface morphology and internal structure were 

observed with a transmission electron microscope and 

scanning electron microscope. An ultraviolet 

spectrophotometer was used to calculate the 

encapsulation efficiency of GNRs in NPs. 1 mL of NPs 

was centrifuged to separate the supernatant at low 

temperature, and the absorbance of the supernatant was 

measured at a wavelength of 780 nm. The content of 

GNRs in the supernatant was calculated using the 

standard equation, and then the encapsulation rate was 

calculated as follows: A represents the total input of 

GNRs, B represents the input of GNRs, and C 

represents the amount of GNRs in the supernatant. 

Figure 2 shows the zeta potential detector. 

 
B C

Encapsulation rate
A

−
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                         (1) 

 

 

 
Figure 2. Zeta potential detector 

 

Phase-change ability detection 

The prepared NPs were irradiated with an 808nm 

laser treatment instrument for 10 minutes. Before and 

after the laser irradiation, the shape and size of each 

group of NPs were observed with an optical 

microscope and the temperature before and after 

irradiation was recorded with an infrared thermal 

imager. 

 

The effect of PLGA-Au-PFH-NPs on cell viability 

CCK-8 was used to detect the cytotoxicity of the 

nanoparticles (12); and cells were cultured in vitro and 

seeded in a 96-well plate during the logarithmic growth 

phase, followed by culture for 24 hours. The NPs 

solution was diluted into five different concentrations 

with 1640 medium: 2mg/mL, 3mg/mL, 5mg/mL, 

10mg/mL, 20mg/mL. Each group was transferred to 

culture wells, and 5 replicate wells were set for each 

concentration, followed by incubation for 24 hours. 

The cell morphology was observed by a light 

microscope, and the cell activity was detected by the 

CCK8 method. 

 

Two-dimensional ultrasound diagnosis 

Two-dimensional ultrasound (13): the pregnant 

woman lay on her back and, if necessary, lay on her 

side on the bed. First of all, the biological indicators of 

pregnant women were measured and the fetus was 

screened at level III. The examination focused on the 

development of the spine and limbs. Spine examination 

included the shape and arrangement of the entire spine 
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and each segment, as well as the integrity of the 

vertebral body and vertebral arch. The upper and lower 

limbs were scanned carefully to collect clear images. 

Upper extremity scanning included the long axis of the 

humerus and its length, the contours of the forearm, the 

longitudinal section of the forearm ulna and radius, and 

the presence or absence of the ulna and radius. 

Additionally, the wrist, palm, fingers, and metacarpal 

bones were scanned, and the hand shape and its 

positional relationship with the forearm were observed. 

Lower extremity scanning included the long axis of the 

femur and its length, the long axis of the tibia and fibula 

of the lower leg, as well as the ankle, palm and toe. The 

shape of the foot and its positional relationship with the 

calf were then observed. 

 

Three-dimensional ultrasound diagnosis 

Three-dimensional ultrasound refers to three-

dimensional imaging and real-time three-dimensional 

dynamic observation of all spine and limbs. Under the 

3D mode, the volume probe was used, and 3D 

reconstruction was then performed. The RoI was 

observed from multiple angles. The morphological 

structure and development of the fetal limbs and the 

integrity of the spine skin surface were displayed by 

surface imaging. The development of the fetal spine 

and limb bones was presented by transparent imaging. 

The arrangement and various vertebral bodies, the 

integrity of the vertebral body, and the development 

and existence of limb bones were observed. The overall 

shape and development of each vertebral body and 

vertebral arch were visualized from multiple angles of 

the spatial rotating image. Under the four-dimensional 

mode, dynamic three-dimensional images were 

obtained in real-time under the surface mode. The 

structural shape and activity state of the limbs and spine 

were dynamically observed, and the x, y and z axes 

were adjusted to obtain the best results (14).  

 

Statistical methods 

The data was processed by SPSS19.0 version 

statistical software, the measurement data were 

expressed by the mean ± standard deviation (x±s), and 

the count data were expressed by a percentage (%). 

P<0.05 was the threshold for significance. 

 

Results and discussion 

Characterization results of PLGA-Au-PFH-NPs  

    The PLGA-Au-PFH-NPs solution prepared in this 

study was a milky white suspension. The particle size 

detected by the laser particle sizer was (376.17±20.74) 

nm, and the Zeta potential was (-4.82±2.88) mV. Under 

the light microscope, the NPs were sphere-like in 

shape, the size distribution was uniform, and the 

surface was very smooth. Under the scanning electron 

microscope, it was noted that the nanoparticles were 

spherical and arranged regularly (Figures 3, 4 and 5). 

Gold nanorods were attached to the surface of the NPs. 

The encapsulation rate measured by the ultraviolet 

spectrophotometer was (80.63±4.82) %. The NPs were 

scanned at full wavelength, and the maximum 

absorption peak was measured near 800nm. 

 

 

(a) (b)
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Figure 3. Microscopic observation results of PLGA-Au-

PFH-NPs of different sizes, (a) × 200 image, (b) × 400 image 
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Figure 4. Size of PLGA-Au-PFH-NPs(a); potential 

distribution of PLGA-Au-PFH-NPs (b) 
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Figure 5. The PA value of PLGA-Au-PFH-NPs scanned at 

the full wavelength (a); the absorbance concentration 

correlation curve of Au-NPs in the UV-Vis-NIR region with 

a wavelength of 780 nm (b) 

 

The effect of PLGA-Au-PFH-NPs on cell activity 

    The CCK-8 experiment confirmed that different 

concentrations of NPs had no effect on cell viability 

(Figure 6), and the cell survival rate under different 

concentrations all exceeded 80%. There was no 

significant difference in cell survival rate between 

different concentrations (P>0.05). 
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Figure 6. The effect of PLGA-Au-PFH-NPs on cell viability 

 

Phase-change ability detection of PLGA-Au-PFH-

NPs  

     PLGA-Au-PFH-NPs were circular and uniform in 

size when observed under a light microscope (Figure 

7). After laser irradiation, the PFHliquid wrapped in the 

PLGA-Au-PFH-NPs vaporized and became gas. The 

diameter of the NPs began to increase, and some 

nanoparticles even burst under radiation. 

(a) (b)
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Figure 7. PLGA-Au-PFH-NPs before and after irradiation. 

(a) before radiation; (b) after radiation 

 

General information of the two groups of patients 

    The age of 20 pregnant women included in this study 

ranged from 20 to 38 years old. In the control group, 

the average age was (24.18±3.39) years, the average 

weight was (60.82±4.02), and the average gestational 

age was (28.18±4.71) weeks. In the observation group, 

the average age was (25.01±4.02) years, the average 

weight was (62.19±3.22), and the average gestational 

age was (29.84±3.19) weeks (Figure 8). There was no 

statistical difference between the two groups and they 

were comparable (P>0.05). 
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Figure 8. General information of the two groups of patients. 

 

Ultrasound examination results of the two groups of 

patients 

    A total of 20 fetuses were detected in 20 pregnant 

women, including 11 cases of irregular spinal 

arrangement, 5 cases of limited spinal canal widening, 

and 4 cases of abnormal spinal flexion. Among the 11 

fetuses with irregular spine arrangement, 5 had 

meningocele, 3 had invisible spina bifida, 1 had 

myelomeningocele, 1 had hemivertebrae, and 1 had 

butterfly vertebra with longitudinal myelopathy 

(Figure 9). Some ultrasound images of the observation 

group were as follows (Figure 10). 
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Figure 9. Types of fetal spinal deformity. A: the irregular 

arrangement of the spine; B: the limited widening of the 

spinal canal; C: the invisible spina bifida 

 

(a) (b)

(c) (d)
Figure 10. Ultrasound images of fetal spina bifida. (a) 

Sagittal section; (b) Coronal section; (c) Cross-section; (d) 

27 weeks of gestation, fetal spina bifida and hydrocephalus 
 

Ultrasound diagnosis results 

    As for the ultrasound diagnosis results of the two 

groups of patients, the observation group accurately 

diagnosed 10 fetuses with spinal abnormalities by 

prenatal ultrasound, and the accuracy rate was 50%, 

including 5 cases of meningocele, 3 cases of invisible 

spina bifida, 1 case of myelomeningocele, and 1 case 

of hemivertebrae. In the control group, 7 cases were 

correctly diagnosed by conventional ultrasound, and 

the diagnostic accuracy rate was 35%, including 3 

cases of meningocele, 3 cases of invisible spina bifida, 

and 1 case of hemivertebra (Figure 11). The diagnostic 

accuracy of the observation group was higher than that 

of the control group, and the difference was statistically 

significant (P<0.05). 
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Figure 11. Comparison of the diagnostic accuracy of the two 

groups of patients. * indicated that the observation group and 

the control group were statistically different (P<0.05) 

 

    Ultrasonography is a common imaging method for 

the fetal spine and limbs. CT and X-ray examinations 

affect the development of the fetus to a certain extent. 

Currently, prenatal ultrasound screening is mainly 

based on two-dimensional diagnosis, which can screen 

out the abnormal development of most fetal organs 

(15). Abnormal development of the spine and limbs is 

a common deformity. Spina bifida is a serious neural 

tube deformity. Osteogenesis, atrophy, and loss of 

limbs are all serious deformities (16). Therefore, the 

prenatal diagnosis of abnormal fetal spine and limb 

development is very important. To improve the 

accuracy of prenatal diagnosis, first, the double 

emulsification method and carbodiimide method were 

used to prepare PLGA-Au-PFH-NPs. NPs have great 

potential in PA imaging. 

     The prepared PLGA-Au-PFH-NPs solution was a 

milky white suspension. The particle size detected by 

the laser particle sizer was (376.17±20.74) nm, and the 

Zeta potential was (-4.82±2.88) mV. Under the light 

microscope, it was spherical in shape with uniform size 

distribution, and the surface was very smooth. Under 

the scanning electron microscope, the nano-particles 

were spherical and arranged neatly and regularly. 

GNRs were attached to the surface of the NPs, and the 

encapsulation rate measured by the UV 

spectrophotometer was (80.63±4.82) %. The NPs were 

scanned at full wavelength, and the maximum 

absorption peak was measured near 800nm; CCK-8 
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experiments confirmed that different concentrations of 

NPs had no effect on cell viability, and the cell survival 

rate of each group of concentrations exceeded 80%. 

There was no significant difference in cell survival rate 

between different concentrations (P>0.05); PLGA-Au-

PFH-NPs were circular and uniform in size when 

observed under a light microscope. After laser 

irradiation, the PFH wrapped in the PLGA-Au-PFH-

NPs group underwent a liquid-vapor phase transition, 

and the diameter of the NPs began to increase, and 

some nanoparticles even burst under continuous 

radiation. This was in line with the research conclusion 

of Koerner et al. (2019) (17), which indicated that the 

nanoparticle had a small particle size and can circulate 

in blood vessels. Under a full wavelength scan, the 

maximum absorption peak appeared near 800nm, 

which proved that the GNRs loaded with PFH did not 

affect the optical properties and can perform dual-mode 

ultrasound imaging. The temperature of the PLGA-Au-

PFH-NPs began to change after being irradiated by the 

laser, which indicated that the nanoparticles can remain 

stable at room temperature, and the PFH phase 

transition temperature was 56°C. Cell viability studies 

have shown that the concentration of NPs had no effect 

on cell viability, and cell survival rates under different 

concentrations of NPs were all above 80%. This 

indicated that PLGA-Au-PFH-NPs were safe. 

Organic and inorganic nanoparticles with unique 

properties compared to bulk materials may be a 

desirable carrier for the therapy and diagnosis of 

various diseases (18-20). The prepared PLGA-Au-

PFH-NPs contrast agent was applied to the ultrasound 

diagnosis of pregnant women. Of the 20 fetuses with 

spinal deformities, there were 11 cases of irregular 

spinal arrangement, 5 cases of limited spinal canal 

widening, and 4 cases of abnormal spinal flexion. Of 

the 11 fetuses with irregular spine arrangement, 5 had 

meningocele, 3 had invisible spina bifida, 1 had 

myelomeningocele, 1 had hemivertebrae, and 1 had 

butterfly vertebra with longitudinal myelopathy. The 

observation group accurately diagnosed 10 fetuses with 

spinal deformities by prenatal ultrasound, and the 

accuracy rate was 50%, including 5 cases of 

meningocele, 3 cases of invisible spina bifida, 1 case of 

myelomeningocele, and 1 case of hemivertebrae. In the 

control group, 7 cases were correctly diagnosed by 

conventional ultrasound, and the diagnostic accuracy 

rate was 35%, including 3 cases of meningocele, 3 

cases of invisible spina bifida, and 1 case of 

hemivertebra. The diagnostic accuracy of the 

observation group was higher than that of the control 

group, and the difference was statistically significant 

(P<0.05). Song et al. (2019) (21) have shown that 

ultrasound can clearly detect and diagnose spina bifida, 

spina bifida, obvious occult spina bifida, and spina 

bifida. However, ultrasound imaging of arachnoid cysts 

in the spinal canal, tethered spinal cord, and 

syringomyelia show that the spinal column is arranged 

irregularly or the spinal cord dilatation is limited, but 

the spinal cord cannot be observed. As a result, it is 

impossible to identify whether myelomeningocele, 

meningocele, and meningocele are combined with 

myelodysplasia, so the accuracy of ultrasound imaging 

diagnosis is generally low. The research of Sahu et al. 

(2020) (22) pointed out that three-dimensional 

ultrasound and maximum mode imaging can clearly 

and comprehensively display the anatomical shape and 

connection relationship of the spine and ribs, and 

diagnose deformities, such as hemivertebrae and rib 

misalignment. This was also confirmed in the study of 

Toledo et al. (2019) (23). 

 

Conclusion 

    In the study, the double emulsification method and 

the carbodiimide method were used to prepare PLGA-

Au-PFH-NPs. After being characterized for its physical 

and chemical properties, it was applied to the 

ultrasound imaging diagnosis of fetal spinal 

deformities. The results showed that the prepared 

PLGA-Au-PFH-NPs had good physical and chemical 

properties, and the ultrasound imaging based on 

PLGA-Au-PFH-NPs had high accuracy in diagnosing 

fetal spinal abnormalities. However, there are still 

some shortcomings in this study. Their lack of a control 

experiment of NPs prepared. Therefore, the 

experimental results are subjective. Furthermore, the 

sample size is small, which reduces the power of the 

study. In the follow-up, expanded sample size is needed 

to strengthen the findings of the study. In conclusion, 

the PLGA-Au-PFH-NPs contrast agent can lift the 

diagnosis accuracy of spinal deformities. To a certain 

extent, this study provides a basis for clinical diagnosis 

of fetal spinal abnormality and some new ideas for 

ultrasound imaging diagnosis. 
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