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Ultrasound Contrast Agent: fabrication, size distribution and visualization 

 

Abstract 

Ultrasound contrast agents composed of micro-bubble filled with gas are 

introduced to increase the backscattered power from blood. Their intravenously 

injection results in the improved contrast in the images. 

The aim of this master thesis project is to manufacture MB suspension at varied 

temperature and shear forces and to inspect the size distribution and concentration of 

the PVA-shelled micro-bubble with standard methods according to the developed 

protocol. A pulser-receiver (Panametrics PR 5072) setup combined with two  

transducers (2.25 MHz and 5 MHz) was used to investigate the backscattered 

enhancement of the micro-bubble suspension. 

Images were collected with transmission optical microscope (OLYMPUS IX71) 

with the aid of counting chamber. The diameter and concentration of the 

micro-bubbles were analyzed by Image J. The pulser-receiver setup was used to test 

the acoustic response. 

The mean diameter of micro-bubbles was from 2.03 to 4.38 µm with a standard 

deviation between 0.40 and 1.12 µm and the micro-bubble concentration varied from 

0.07×108  to 5.22×108  MBs/ml. The enhancement of the ultrasound backscattered 

power was greater than 20 dB or even reached 30 dB when the energy was increased.  

 

Key words: Ultrasound, Contrast Agents, PVA-shelled Micro-bubble, Size 

Distribution, Backscatter Enhancement 
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Sammanfattning 

Kontrastmedel för ultraljud består av mikrobubblor fyllda med gas som ger en 

förstärkt signal i blod. En intravenös injektion av dessa bubblor ger därmed förbättrad 

kontrast för ultraljudsbilder.  

Syftet med det här arbetet var att studera hur varierande temperatur och 

omrörningsmetoder under tillverkningen påverkade faktorer som storleksfördelning 

och koncentration av mikrobubblorna. Bilder för dessa analyser erhölls med ett 

ljusmikroskop (OLYMPUS IX71) och räknekammare. Diameter och koncentration av 

mikrobubblorna analyserades med programmet Image J. För att bestämma 

signalökningen som lösningen av mikrobubblorna gav upphov till användes ett 

puls-mottagar-system (Panametrics PR 5072). Två transducrar (2.25 MHz och 5 MHz) 

användes som sändare/mottagare.  

Mikrobubblornas diameter varierade mellan 2.03-4.38 µm med en standard 

avvikelse på 0.40-1.12 µm och koncentrationen varierade mellan 0.07-5.22 x 108 

MBs/ml. Förstärkningen av ultraljudssignalen var större än 20 dB och då energin 

ökades erhölls en förstärkning på 30 dB. 

 

Nyckelord: ultraljud, kontrastmedel, mikrobubblor, PVA, storleksdistribution, 

signalförstärkning 
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Introduction 

 

Background: 

Nowadays, the ultrasound-based imaging technique has been commonly applied in 

noninvasive diagnostics and the ultrasound can be used in both diagnostics and 

therapeutics in clinical practice. In comparison with the radiotherapy such as CT, it is 

safer because it does not require use of radiation. Moreover, the ultrasound 

examination is noninvasive in comparison to surgical treatment. From the financial 

point of view, it is cheaper than other imaging techniques such as CT, MRI or SPECT. 

In addition, the equipment for ultrasound investigation is mobile and becomes 

portable of a size of laptop. [1] Besides these merits, of course, ultrasound has its 

drawbacks as well. For example, the backscattered power from the blood is weaker 

than that of surrounding tissue due to the minor sound scatter of the red blood cells, 

especially in the myocardial examination with ultrasonic waves. Therefore, ultrasound 

contrast agents (UCAs) are introduced to improve the contrast between the blood and 

the background, which is beneficial to the ultrasound examination.  

Ultrasound contrast agents are mostly micro-bubbles coated with thin shells since 

the high compressibility of the bubbles results in efficient scattering of ultrasound. 

The application of the ultrasound contrast agents is determined by the physical 

properties of the coated micro-bubbles. [2] The application of free gas bubbles as 

earliest contrast agents focused on the heart investigation. Encapsulated air bubbles as 

the first generation of the ultrasound contrast agents are capable of passing through 

the pulmonary circulation result in visualizing in the left heart because of the smaller 

diameter of bubbles. The second generation of contrast agents is the low solubility gas 

bubbles stabilized by the shell, which is applied to provide opacification of cardiac 

chambers and to improve left ventricular endocardial border delineation. [3, 4] In this 

project, PVA-shelled bubbles were investigated which is the third generation of 

contrast agents. It can be used in both diagnostics and therapeutics. 

 An ideal ultrasound contrast agent includes several principal requirements. First of 

all, it should be easily injected intravenously by bolus or infusion and stable during 

whole diagnostic examination. Moreover, the contrast agent should be non-toxic 

is very important to the patients’ safety. Finally, it should have long circulation life 

for the imaging examination and remain within the blood pool when it is injected into 

the body. [3] 
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Objectives: 

The first objective of this master thesis project is to fabricate micro-bubble 

suspension and to assess the size distribution of the micro-bubbles. Furthermore, it is 

hypothesized that diameter and concentration of the micro-bubbles varies with respect 

to fabrication parameters, such as temperature and revolutions of the Ultra-turrax® 

engine used in the fabrication part. Finally, the ultrasound backscattered efficiency of 

the micro-bubble suspension manufactured under varied conditions is evaluated using 

pulser-receiver setup with transducers of two different frequencies (2.25MHz and 

5MHz). 

 

Delimitations: 

There are four generations of contrast agents for ultrasound. The zero generation of 

ultrasound contrast agents is free gas bubbles, which is unstable and can be used 

mostly during short examinations due to the fast dissolution of air into the 

surrounding fluid. Compared to the zero generation, the first generation of ultrasound 

contrast agents is encapsulated air micro-bubbles with thin solid shell made of 

galactose or human serum albumin. The persistence of shell extends the lifetime of 

the micro-bubbles. Worth mentioning that presence of even thin shell change the MBs 

oscillation behavior by introducing damping and increasing the resonance frequency.  

The low solubility gas micro-bubbles as the second generation ultrasound contrast 

agents better improves the lifespan of the micro-bubbles and the backscattered power 

from the blood. And the lower the solubility is; the longer the lifetime of 

micro-bubbles will be. [3, 4] The polymer-shelled micro-bubbles are the latest 

generation of ultrasound contrast agents. The focus of this project is on manufacturing 

of the micro-bubbles based on the PVA (Polyvinyl Alcohol). It is expected to perform 

their characterization and find out how PVA-based MBs contribute to the 

ultrasound-based imaging technique compared to the previous generations of 

ultrasound contrast agents.  
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Methods: 

There are two types of methods to determine the characteristics of ultrasound 

contrast agents. One is optical method which is beneficial to studying the 

characteristics of individual bubbles. The other is acoustical method which is suitable 

for measuring the average response of all bubbles in the insonified volume. [2] 

In this project, the transmission optical microscope was used to study the size 

distribution and concentration of the bubbles in the suspension. The ultrasound 

backscattered efficiency of the bubbles was evaluated by the acoustical setup contains 

pulser-receiver and transducers. 

 

Conclusion: 

The polymer-shelled micro-bubbles can be applied to imaging enhancement. The 

advantages of this kind of micro-bubbles are better stability and longer duration 

during diagnostic examination. [5] Moreover, the micro-bubbles can be manufactured 

with narrow size distribution from 2.0 to 4.5 µm and the backscattered enhancement 

can reach 20 dB, or even higher.  
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1 Ultrasound 

Ultrasound is mechanical vibrations with a high frequency above 20 kHz than can 

be heard by human ear.  

The approximate frequency ranges for sound waves is shown in Figure 1. The blue 

line (20 Hz-20 kHz) represents audible part to the human ear, which is the boundary 

of infrasound and ultrasound. The ultrasound can be used in many different fields, 

especially the frequency range between 1 to 15 MHz, which is suitable application in 

diagnostics.  

 

 

Fig.1. Sound Frequency Ranges [6] 

 

1.1 Ultrasound Principle and Application 

 

1.1.1 Principle 

Ultrasound imaging is based on the “pulse-echo” principle, which is shown in 

Figure 2. The transducer is regarded as both emitter and receiver. A short burst 

ultrasound is firstly emitted from the transducer into tissue. Echoes are produced and 

reflected due to interaction between sound and tissue, and some of them are received 

by transducer. The period between the pulse emission and echo reception can be timed. 

The distance r can be calculated and an image formed. [7]  
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Fig.2. Principle of Ultrasound Imaging [6] 

 

1.1.2 Application  

Ultrasound is widely applied in different disciplines, such as medical application 

and industrial application.  

In the medical field, it is focused on diagnostics and therapy. For example, the 

ultrasound can be used in the sonography to monitor the development of fetuses. And 

cardiac irregularities and valvular insufficiency can be identified by ultrasound. In the 

industrial field, ultrasound can be used to weld. Moreover, the thickness of products 

and objects can be measured by ultrasound through non-destructive testing.  

In fact, there are a great number of other applications for ultrasound as well, such 

as ultrasonic cleaning and ultrasonic disintegration attribute to cavitation. 

 

1.2 Ultrasound Contrast Agents (UCAs) 

Ultrasound contrast agents (UCAs) are used to enhance the contrast between the 

blood and surrounding tissue. Most UCAs are suspensions containing micro-bubbles 

(MBs) with or without shells. Micro-bubbles can be used for ultrasonic imaging 

enhancement because they are excellent scatterers due to the high compressibility. 

The first application of micro-bubbles that increased the backscattered power of blood 

was introduced in 1986 and Echovist was the first UCA that was commercially 

available in 1991. [2] 

The characteristics of the MB contrast agents are mainly determined by two parts, 

one part is the solubility and diffusibility of the gas content within the micro-bubbles 

and the other part is the physical properties of the shell composition.  
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1.2.1 Ideal Ultrasound Contrast Agents  

An ideal ultrasound contrast agent includes several requirements: 

1. It should be easily injected through intravenous by bolus or infusion.  

2. It should have narrow distribution of MB diameter which benefits to circulate 

through the veins or the pulmonary capillaries.  

3. It should be stable and have longer lifespan during the whole diagnostic 

examination. 

4. It should be non- toxic and safe to the patient. 

There are two principal methods to improve the stability and persistence of the 

micro-bubbles: using low-solubility and low-diffusibility gases as well as coating the 

micro-bubbles with thin shell. [3, 4] 

The diffusion of a gas is inverse proportion to the square root of its molecular 

The lower solubility will be achieved by application of the gas with higher molecular 

weight. [2] Therefore, per- fluorocarbons (PFCs) and sulphur hexafluoride (SF6) gas 

were chosen to instead of air in order to extend the lifespan of the micro-bubbles.  

The coated shell causes an increased resistance to the insonified acoustic power of 

ultrasound due to its stiffness, which means the lifespan of MBs can be extended by 

coated shell.  

 

1.2.2 Polymer-shelled Micro-bubbles Ultrasound Contrast Agents 

The PVA-shelled micro-bubbles are the third generation of ultrasound contrast 

agents, which can be applied to enhance the image quality in diagnostics and as a 

drugs carrier for the therapy. The advantages of this kind of micro-bubbles are better 

stability and longer duration in the examination procedure. Figure 3 represents the 

structure of the PVA-shelled micro-bubbles. 
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Fig.3. Structure of the PVA-shelled Micro-bubble 

 

1.2.3 Other Generations of Ultrasound Contrast Agents 

Besides the latest generation of UCAs with PVA-shelled micro-bubbles, there are 

three other generations of UCAs. 

The zero generation of UCAs is the free air micro-bubbles. There are two problems 

for this generation UCAs. The first problem is the fast dissolution of air in the 

surrounding fluid which results in the short lifespan of the UCAs. And the second 

problem is that the diameter of MBs should be smaller than the capillaries in order to 

ensure they can pass through the circulation. With the advent of the first generation of 

the UCAs that the gas is coated with thin shell such as albumin, the stability and the 

lifespan are better improved. Then, the second generation of UCAs introduces the low 

solubility of gas content, which gives further improvement in the stability and lifespan 

of the micro-bubbles. [3, 4] 

Thus, the introduction of the UCAs increases the ultrasound backscattered power of 

blood compared with surrounding tissue, which makes the ultrasound-based imaging 

technique better applied in diagnostics and therapy.  
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2 Micro-bubbles Fabrication 

 

2.1 Brief Description 

The objective of this part was to fabricate the suspension with micro-bubbles based 

on the developed protocol.  

In this part, the MB suspension was manufactured according to variable parameters, 

such as temperature and revolutions of the Ultra-turrax® engine (dispersing tool 

labeled with 25G). It was expected to find the effect of variable parameters on the size 

distribution and concentration of micro-bubbles in the contrast agents.  

 

2.2 Materials and Micro-bubble Preparation 

 

2.2.1 Materials: Polyvinyl Alcohol (PVA) 

  The material used was the poly (vinyl alcohol).  

There are three main advantages of a polymer shell based on PVA. Firstly, it is easy 

to form the membrane which can be used to coat the micro-bubbles. Moreover, the 

stability of the UCAs can be increased by the stiffness of the shell which prevents the 

dissolution of the gas bubbles. Furthermore, PVA is biocompatible polymer which is 

safe inside the body since they can be adapted to the physiological system.  

 

2.2.2 Micro-bubble Fabrication 

MB fabrication included two parts: suspension preparation and washing. 

In the beginning, three batches of MB suspension were fabricated at different 

temperature: 23°C, 37°C and 45°C, with same speed of 8000 rpm on IKA 

Ultra-turrax® engine. After that, two batches of MB suspension were fabricated at 

different revolution: 4000 rpm and 12000 rpm on Ultra-turrax® engine but with same 

temperature at 23°C.  

The MB suspension was prepared with 4 g of 2% PVA and 200ml of Milli-Q water. 

The PVA container should be washed with water from the 200ml so that all of the 

was added into the solution. The suspension was heated to 80°C under high stirring of 

about 1000 rpm. The high temperature of the solution, the higher stirring was required 

to get the homogenous solution. 380 mg of NaIO4  as oxidant was added to the 
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It is critical to note that the container should be covered in order to prevent the 

powder volatilizing and flying around. The powder should be poured as much as 

possible into the solution since additional water cannot be added into the container. 

Then, the reaction was conducted at 80°C for 1 hour. The waiting time could be 

increased when the temperature was below 80°C, whereas it must be done again if the 

temperature was higher than 80°C. The reason is that the solution will be in danger of 

ignition because 80°C is the flash point of PVA. For the second experiment, in the last 

step of the preparation, IKA Ultra-turrax® engine at 8000 rpm was used to form the 

PVA shell at required temperature (23°C, 37°C and 45°C) for 2 hours. Worth of notice 

that the solution at 45°C needs to be heated and kept at 45°C during the PVA-formed 

procedure. And for the third experiment, the MB suspensions cooled to 23°C were 

used to form the PVA-shell at 4000 rpm and 12000 rpm, respectively. After that, the 

MB suspension was transferred to the separation funnel for washing part. Rinse the 

rod with Milli-Q water before pouring the formed MB suspension into the funnel to 

ensure all of the bubbles were transferred. It does not matter that the volume of 

Milli-Q water was increased since the PVA-shell has already been formed. [8]  

The preparation of PVA-shelled MBs contains two reaction steps shown in Figure 4. 

The first step is periodate cleavage of PVA, which oxidized head-to-head hydroxylic 

groups in the backbone of PVA by a selective metaperiodate oxidation. Therefore, the 

new and shorter PVA with the telechelic aldehydic group is synthesized. In the second 

step, the cross- linked PVA is prepared by an acetalizaiton reaction between the 

aldehydic PVA and original PVA at water and air interface under strong stirring. [9] 

 

 

 

 

 

 

 

 

 



Ultrasound Contrast Agent: fabrication, size distribution and visualization 

10 

Fig.4. Periodate Splitting of PVA and Acetalization for Cross- linking Reaction [9] 

 

The washing part should last 7 to 10 days. Firstly, the MB suspension manufactured 

in the first part was required to stand for 24 hours for separation. Then, the water in 

the separation funnel was changed with fresh and clean Milli-Q water. In this step, it 

should be more careful to control the pouring speed during the whole procedure, 

especially when the steak of water was close to the opening of the funnel in order to 

prevent the MBs from pouring out of the funnel. Lastly, the Milli-Q water was added 

into the funnel accompanied by soft shaking of the funnel so that all of MBs were 

detached from the wall of the funnel. The washing process should be repeated 7 to 10 

times until the clear liquid was separated. It is critical to note that the volume of water 

should be daily decreased to reach approximate 50 ml for the last washing. [8] 

In the end, the MB suspension was obtained and poured into laboratory chamber. It 

should be noted that a negligible amount of Milli-Q water was added into the funnel 

to get all of the MBs in this step.  
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3 Microscopy Imaging 

 

3.1 Brief Description 

In this part, transmission optical microscope was used to study the size distribution 

and concentration of the micro-bubbles manufactured in the micro-bubble fabrication 

part. 

 

3.2 Basic Principle of Light Microscope 

The microscope is used to magnify small objects, which cannot be distinguished 

with eyes, by means of the imaging principle of the convex. The basic princ iple of the 

light microscope is that the objective forms an image of the specimen and the image is 

viewed through eyepiece. The optical layout of the light microscope is illustrated in 

Figure 5. [10] 

 

 

 

 

 

 

 

 

Fig.5. Optical Layout of Light Microscope [10] 
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3.3 Equipment and Procedure 

 

3.3.1 Equipment Used In Experiment  

Equipment used for micro-bubbles imaging and analysis: 

1. Optical microscope (OLYMPUS IX71) with camera was used to get images in the 

experiment and the objective 20×magnification was selected.  

2. Neubauer Improved Counting Chamber illustrated in Figure 6 with defined 

volumes was used for determining the number of the MBs in the suspension. It 

includes two different counting grids seen in Figure 7. One is 0.25 mm×0.25 mm 

(area) ×0.1 mm (depth) and 0.05 mm×0.05 mm×0.1 mm. In this study, the 

volume was selected to determine size of the micro-bubbles.  

3. Image J Analysis Software was applied to analyze the images obtained from the 

microscope imaging step.  

 

 

Fig.6. Neubauer Improved Counting Chamber [11] 

 

 

Fig.7. Counting Grids of Neubauer Counting Chamber [11] 
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3.3.2 Procedure 

The samples were prepared from the batches of MB suspension manufactured in 

the fabrication part. At the beginning, the suspension was diluted so as to avoid 

overlapping of the micro-bubbles with higher concentration and the statistical error 

with lower concentration. Different dilution factors were used in the experiments in 

order to compare the results. For example, samples were diluted 5 times, 10 times and 

100 times (1:51:101:100) or the dilution of samples was 1:2, 1:5 and 1:10 

(1:21:5 1:10). In this step, it is significant to note that the latter sample should be 

diluted from the former one. [12] 

The example of dilution procedure is indicated in Figure 8. 

 

Fig.8. Dilution Example of MB Stock Solution 

 

Both the counting chamber and cover-slip should be cleaned with water before 

using them to avoid any organic substances and old PVA-bubbles. Then, the MB 

suspension was introduced into the counting chamber for observation using 

appropriate pipette. Two opposed methods had been performed in this step, which 

were push-method and drip-method. The push-method means that the cover-slip is 

placed over the surface of the counting chamber before dripping of suspension, 

whereas the drip-method is first to have a drop of MB suspension and then place the 

cover-slip. The counting chamber should be upside down on the stage in order to the 

light only passes through the thin cover slip before hitting the bubbles.  

The optical microscope with camera was used for image observation and 

acquisition by means of the counting chamber. It was required to wait several minutes 

so that all of the micro-bubbles were in focus before taking images since motion or 

floating of the MBs can be observed in the beginning. Image J software was used to 

analyze the images obtained from the microscope imaging step.  

Finally, calculation of the diameter and concentration of MBs in the stock solution 

was conducted. 
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3.3.3 Image J 

Image J can display, edit, analyze, process, save, and print images. It can open and 

save various image formats including TIFF, PNG, GIF, JPEG, BMP, DICOM, FITS, 

well as raw formats. [13] 

There were four steps for analysis with Image J.  

In a first step, the scale of images was measured and set. The “Measure” function in 

the “Analyze” menu was chosen to measure the length of the yellow line between the 

edges of the square (AnalyzeMeasure) shown in Figure 9. The distance in pixels 

was 776 with the images and the known distance was 0.25 mm which is given by the 

counting chamber. Then, the scaling was 3.104 pixels/µm shown in Figure 9. The 

checkbox of “Global” was clicked in order to ensure all of the analyzed images were 

the same scale in the next steps. 

In a second step, images were prepared for analysis by cutting them according to 

the edges of the square shown in Figure 7. The rectangle selection was clicked to cut 

the images. The length between the yellow lines in both horizontal and vertical 

direction was equal to 250 µm as the reference in order to obtain more accurate results. 

Cutting image was indicated in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Screenshot of the Image Scale with Image J 

http://en.wikipedia.org/wiki/Image_formats
http://en.wikipedia.org/wiki/TIFF
http://en.wikipedia.org/wiki/Portable_Network_Graphics
http://en.wikipedia.org/wiki/GIF
http://en.wikipedia.org/wiki/JPEG
http://en.wikipedia.org/wiki/BMP_file_format
http://en.wikipedia.org/wiki/DICOM
http://en.wikipedia.org/wiki/FITS
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Fig.10. Screenshot of the Cutting Image with Image J 

  

In a third step, the cutting image from previous step was converted to black and 

white using the “Make Binary” function in the “Process” menu 

(ProcessBinaryMake Binary). The image was illustrated in Figure 11 (Left). 

In the last step, it was to analyze micro-bubbles with the binary images using 

“Analyze Particle” function in the “Analyze” menu. The number of 1-80 µm2 means 

that the size of particles outside the specified range is ignored, especially very small 

ones (noise). “Circularity” is used to measure the compactness of a shape compared 

with circle regarded as the reference. That is to say, the object is more close to circle 

the number is close to 1. In this step, the function of circularity was to filter the 

micro-bubbles caused by destruction. The “Outlines” option in the “Show” menu 

should be chosen and the “Display results” was checked. Figure 11 (Right) shows the 

information described above. [12] 

The analyzed results consisted of several parameters, such as values of area and 

perimeter and so on. What concerned about in this study was the diameter of the 

micro-bubbles, therefore, only values of the area was selected to display. And all of 

the analyzed micro-bubbles were labeled with numbers. Figure 12 depicts the labeled 

micro-bubbles after analysis using Image J.  

 



Ultrasound Contrast Agent: fabrication, size distribution and visualization 

16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11. Screenshot of Binary Image (Left) and Analyze Particles (Right)  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12.Analyzed Micro-bubbles with Numbers (1-80 µm2) 
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3.4  Results 

In order to recalculate diameter and concentration of MBs in the suspension, using 

the analyzed data acquired from Image J, some simple mathematics should be 

performed. 

According to grids distribution of the counting chamber displayed in Figure 7, four 

images adjacent to each other in four directions for each corner of the counting 

were chosen in 0.25 mm×0.25 mm region. Therefore, 16 images in different positions 

were taken with the camera but 4 images were regarded as one group to be analyzed.  

Compared with MBs counting numbers in different dilutions obtained from 

push-method and those from drip-method described previously, push-method offered 

better results than drip one since it was clear when the chamber was full of MB 

suspension. It means that push-method provided more homogeneous solution.  

   

3.4.1 Diameter Analysis 

The area values of MBs were produced by the “Display results” of Image J. Then, 

the diameter of MBs can be obtained using the following formula:  

                           d=2R=2 
A

Pi
                             (1) 

Figure 13, 14, and 15 represent the frequency and normalized distribution which 

were obtained with same mean values and standard deviation of diameter in the 

experiment for dilution in case of 1:5 at different temperature. Based on the calculated 

results and diagrams illustrated below, the results indicate that the PVA-shelled 

micro-bubbles are capable of passing through the pulmonary capillary due to s ize 

distribution which is just mean diameter ±  standard deviation. The average diameter 

and average concentration of micro-bubbles are presented in Table 1.  

 

 

Tab.1. Average Diameter and Average Concentration of the Micro-bubbles 
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Fig.13.The Frequency and Normalized Distribution of Diameters at 23°C  

 

Fig.14.The Frequency and Normalized Distribution of Diameters at 37°C 

 

Fig.15.The Frequency and Normalized Distribution of Diameters at 45°C  
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3.4.2 Concentration Analysis 

The volume of the counting chamber is equal to 6.25×10−6 ml (0.25 mm×0.25 

mm×0.1 mm). And the number of MBs inside the counting chamber was given from 

the “Display results” of Image J (Figure 11). The concentration of MBs in the stock 

solution can be calculated using the following formula:  

          Concentration=  
Average  NO .of  MBs

Volume
× dilution factor                (2) 

For example: the average number of MBs from four images was 58 (Tab.3) in 

6.25×10−6 ml with dilution in case of 1:5. The concentration in stock solution will be  

Concentration =
58

6.25 × 10−6 ml
× 5 = 4.64 × 107 MB/ml 

Table 2, 3 and 4 display the MB concentration and related values at different 

temperature (23°C, 37°C and 45°C) with different dilutions.  
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Tab.2.The Number and Concentration of MBs in Stock Solution at 23°C 

 

Tab.3.The Number and Concentration of MBs in Stock Solution at 37°C 

 

Tab.4.The Number and Concentration of MBs in Stock Solution at 45°C 
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4 Ultrasound Imaging 

 

4.1 Brief Description 

The major goal of this part is to evaluate the backscattered efficiency of the 

micro-bubbles in the suspension in an acoustic field with different transducers (2.25  

MHz and 5 MHz). Different backscattered power was obtained when the water alone 

and the MB suspension was injected into the small chamber, respectively. The 

difference between these two backscattered power forms the contrast enhancement. 

Worth notice that it should have same diluted volume fraction in order to compare 

different lines of the micro-bubbles in the suspension. There are three regimes of 

micro-bubbles behavior based on the incident acoustic pressure in an acoustic field. 

The linear backscattered enhancement at low incident pressure (<100 kPa) was 

focused in this project since it was the first clinical indication for Doppler signal 

enhancement.  

4.2 The Behavior of Micro-bubbles 

The MB suspension is used as UCA because the high compressibility of MBs 

results in efficiency scattering of the ultrasound. The gas bubbles decrease in diameter 

when the external pressure in the surrounding fluid is raised while they expand when 

the pressure is decreased. The bubbles should be insonated at their resonant frequency 

in order to produce the most effective backscattering since the contraction and 

expansion of bubbles in diameter will be increased by several folds. [4] 

There are three regimes of the scattering (Raleigh scattering, Mie scattering and 

Geometric scattering) divided on the basis of size parameter, is defined as: 

                        α =
пDp

λ
                                  (3) 

where Dp is the diameter of the particle and λ is the wavelength of the incident of 

radiation. [14] In our case, the particle is the micro-bubbles in the suspension and the 

incident radiation is the ultrasound excited by the pulser-receiver. The values of 

ultrasonic wavelength are given by different transducers according to the equation:    

                             λ =
c

f
                                  (4) 

where c is the velocity of ultrasound in water and f is the frequency of the transducer.  

For example: f= 10 MHz, λ = 
c

f
 = 

1500  m/s

10 MHz
 = 0.15 mm. 
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Raleigh scattering occurs when the size of bubbles is much smaller than 

wavelength of ultrasound (α<<1) whereas the size of bubbles is similar to wavelength 

(α≈1) which will produce Mie scattering. The geometric scattering will appear when 

the bubble size is much larger than the wavelength (α>>1). However, the value of size 

parameter α is much smaller than the ultrasound wavelength even if the transducer 

with the central frequency is 10 MHz used in our case. In other words, the mechanism 

of MB backscattering is only produced by Raleigh scattering. And the scattering 

intensity described by Raleigh scattering is proportional to the fourth power of 

frequency and to sixth power of the bubble radius. [1] 

The backscattered behavior of bubbles depends on incident acoustic pressure. The 

bubbles are generated linear backscattered enhancement at low incident pressure less 

than 100 kPa. They will change to nonlinear vibration with harmonics as the pressure 

is raised greater than 100 kPa but less than 1 MPa. However, most of bubbles will be 

crushed and dissolved within the surrounding fluid when the incident acoustic 

pressure is above 1 MPa. [3] 

 

4.3 Equipment and Methods 

 

4.3.1 Equipment Used In the Experiment 

The experimental setup illustrated in Figure 16 was used for measuring the 

backscattered enhancement of the MB suspension. The testing setup consisted of four 

main components seen from the schematic diagram.  

A custom-made chamber and transducers were inserted in a tank filled with 

de-ionized water in the experiment. The MB suspension was added into the chamber 

with acoustic windows made by plastic sheets. The optimal focal length of transducer 

was positioned by the controller-driver (Universal Motion Controller/ Driver ESP 

3000, Newport, USA) in order to minimize the attenuation. A pulser-receiver 

(Panametrics PR 5072, Waltham, MA, USA) was used to pulse the transducer at the 

pulse repetition frequency of 1 kHz. The detected signals were received by the digital 

oscilloscope (Tektronix TDS 5052, National Instrument, USA) which was used to 

analyze the signal online or to store the digital data for post-processing. [15, 16]  
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Fig.16.The Schematic Diagram of the Testing Set-up of Backscattered Enhancement  

 

4.3.2 Methods and Procedure 

The first step was to prepare the sample used for backscattered power study. It is 

necessary to dilute the MB suspension to the same volume fraction, which is defined 

the volume of a constituent Vi divided by the volume of all constituents of the mixture 

prior to mixing, before injected into the chamber. [17] In our case, the same volume 

fraction represents that there are same amount of micro-bubbles in 1 ml, which is 

beneficial to compare the ability of backscattered enhancement with MB suspensions 

manufactured at different temperature (23°C, 37°C and 45°C). In the experiment, the 

required volume fraction was 1.15×10−5 and the mean concentration was 1.37×108 

MB/ml, 4.90×107 MB/ml and 5.49×107 MB/ml for MB suspensions at 23°C, 37°C 

and 45°C. Therefore, the dilution factor was 250 times, 84 times and 70 times for 

three MB suspensions, respectively. They required an intermediate step to obtain the 

final concentration according to the diluted procedure described in the previous 

The 23°C MB suspension was firstly diluted 10 times and then 25 times. The 37°C 

suspension was diluted twice by a factor of 7 and 12, respectively. The dilution of 

MB suspension was 1:7 and then 1:10. 

The backscattered power is the difference between the baseline and the peak of the 

signal intensity, whereas the backscattered enhancement is that the peak values in the 

signal intensity of UCA subtract that of water. At the beginning, the water was 
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into the chamber in order to adjust the focal length of the transducer by mean of the 

controller-driver where the signal intensity from the front wall and back wall has the 

same amplitude. Afterwards, the MB suspension was injected into the chamber to be 

examined for the backscattered power. The parameters, such as center frequency, 

frequency span and gate position, can be optimized on digital oscilloscope for 

transducer. The chamber should be properly cleaned before reference study of the 

was performed in order to avoid the effect from the residual MBs adhered to the 

chamber. In fact, it cannot be completely avoided even if the chamber was washed 

several times. The whole process was required to repeat 3 times with each transducer, 

therefore, the obtained results can be seen as repeatable but not random.  

 

4.4 Enhancement of the Backscattered Power 

In our experiment, it is critical to note that the incident acoustic pressure produced 

by transducers should be less than 100 kPa realized by using lower incident energy 

because the study was only interested in the linear properties of MBs in the 

suspension. And the backscattered enhancement is proportional to emitted power 

controlled by the energy selection provided by the pulser-receiver. The behavior of 

MBs will change to non- linear vibration or even to MBs destruction with larger 

incident pressure.   

Figure 17a and 17b depict the backscattered enhancement spectrum obtained by 

transducers with central frequency 2.25 MHz at 45°C and 5 MHz at 37°C, 

respectively. It is obvious that the maximum backscattered enhancement was obtained 

approximately to the central frequency of the transducers.  

The curves indicated in Figure 18 and 19 were the fitting for curves in Figure 17a 

and 17b, which were fitted using the cftool function in Matlab (MathWorks, USA). 

The curves were cut on the central frequency and fitted by the polynomial fitting of 

2th and 4th degree for both sides. Figure 18a and 19a are the right side of the 

transducers with central frequency of 2.25 MHz and 5 MHz, respectively. And the left 

side for these two transducers is shown in Figure 18b and 19b. The approximate 

equations for the relationship between the frequency and backscattered enhancement 

can be obtained according to the values produced from the fitting results. The red line 

and blue line represent the fitting of the quadratic polynomial and the 4th degree 

polynomial in Figure 18 and 19, respectively. The results display that the fitting curve 

of 4th degree polynomial is better than that of quadratic polynomial.  

 



Ultrasound Contrast Agent: fabrication, size distribution and visualization 

25 

The equations generated by the Matlab are: 

For 2.25MHz and quadratic polynomial: 

Enh1= 8.937×f 2 -13.43×f + 2.829 

Enh2= -1.656×f 2 -1.656×f + 0.9874 

For 2.25MHz and 4th degree polynomial: 

Enh1= -8.332×f 4 + 42.99×f 3 -62.98×f 2+ 28.58×f -2.701 

Enh2= 4.572 ×f 4 -71.05×f 3 + 405.6×f 2 -1009 ×f + 939.9  

For 5MHz and quadratic polynomial: 

Enh1= -0.08361×f 2 + 6.044×f -3.295 

Enh2= -0.9423×f 2 + 9.47×f -0.0543 

For 5MHz and 4th degree polynomial: 

Enh1= 0.1584×f 4 -2.053×f 3+ 8.509 ×f 2 -6.567×f + 0.9617 

Enh2= 0.1564 ×f 4 -4.82 ×f 3 + 53.89×f 2 -263.1 ×f + 498.7  
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Fig.17a.The Backscattered Enhancement of the MB Suspension at 2.25 MHz 

 

Fig.17b.The Backscattered Enhancement of the MB Suspension at 5 MHz 
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Fig.18a.The Fitting Curve of the Backscattered Enhancement at 2.25MHz (Left) 

 

Fig.18b.The Fitting Curve of the Backscattered Enhancement at 2.25MHz (Right) 
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Fig.19a.The Fitting Curve of the Backscattered Enhancement at 5MHz (Left) 

 

Fig.19b.The Fitting Curve of the Backscattered Enhancement at 5MHz (Right) 
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5 Discussion and Conclusion 

In this project, the acoustic response of the MB suspensions fabricated under varied 

conditions was tested, such as different temperature and different revolutions. The 

results prove the hypotheses that were put forward at the beginning of the project.  

In terms of temperature, the diameter of the bubbles is proportional to the 

temperature but 37°C gives the peak diameter. And the maximum concentration of 

MB suspension is obtained at 23°C since it is suitable for the cross-linking for 

acetalizaiton reaction between the aldehydic PVA and original PVA at the water and 

air interface under strong stirring. Therefore, more bubbles are manufactured in the 

fabrication step.  

With respect to revolution, the maximum concentration is given by the 8000 rpm. 

And the minimum concentration is obtained at 12000 rpm because the speed is so fast 

that the overwhelming majority of bubbles are destructed during the PVA-shell 

formed procedure. Therefore, the concentration at 12000 rpm is quite low. 

For backscattered efficiency, the enhancement of ultrasound backscattered power 

for the MB suspensions can reach 20dB, or even reach 30 dB with larger energy 

provided by the pluser-receiver. 
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6 Future Work 

Based on the results of this project, the size distribution and concentration of 

micro-bubbles are affected by the temperature and revolutions of the dispersing tools. 

In addition, the polymer-shelled micro-bubbles enhance the backscattered power of 

the blood.  
Nowadays, it has been proved that the polymer-shelled ultrasound contrast agents 

can be used in both backscattered enhancement and drug carriers. In this project, the 

former one has been investigated by means of the acoustic method. The latter one will 

be focused in the future work.  

The polymer-shelled micro-bubbles can be made as targeted agents since the 

polymer has higher ability in drug carriers due to the functional group and coil 

structure. Therefore, drugs could be controlled to deliver in the region of interest 

where the micro-bubbles are crushed by the larger incident pressure. For example, the 

targeted agents are capable of promoting angiogenesis for the ischemic regions in 

tissue and thrombolysis using cavitation effect. Moreover, the tumor can be cured 

with the targeted agents. In this case, the harmful cells are killed but the surrounding 

cells are protected because the carried drugs are only delivered on the tumor. The 

targeted agents can be labeled with magnetic nanomaterial so that the drugs are 

positioned exactly on the targeted organs or in tissue because the micro-bubbles 

carrying drugs will move directly towards the targets due to its magnetic response 

under an external constant magnetic field. 

  In this project, the micro-bubbles were fabricated according to the developed 

protocol. It focused on affected parameters: temperature and revolutions of dispersing 

tool. In fact, the changing of size distribution can be realized by adjusting the 

polymeric proportion, which may produce Nano-bubbles that easily pass through the 

physiologic barrier. If possible, the ultrasound contrast agents will be more widely and 

effectively applied in therapeutics. 
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Appendix 

  At the beginning, the dispersing tool labeled with 25G was used to form the 

PVA-shelled bubbles in the experiment. At the end of this project, the dispersing tool 

labeled with 8G and 25F were used to instead of the initial one based on the same 

protocol, which give us different results. There are no bubbles in the MB suspension 

when the dispersing tool labeled 8G was used in the formed procedure, whereas it is 

the smallest for the bubble diameter formed by 25F one . All of the results are 

displayed in Table 5. 

Figure 20 represents the frequency and normalized distribution for bubbles formed 

by the dispersing tool labeled with 25F, which were obtained with same mean values 

and standard deviation of diameter in the experiment for dilution in case of 1:5. The 

average diameter and average concentration of micro-bubbles are presented in Table 6. 

In addition Figure 21 depicts the backscattered enhancement spectrum obtained by 

transducers with central frequency 5 MHz and the corresponding fitting curves are 

shown in Figure 22 fitted by the same method and procedure described in the previous 

paragraphs.  

Compared to the backscattered enhancement from all batches of MB suspension, 

the one produced by 25F is smaller than that of others. The reason is that the smaller 

diameter of the bubbles results in minor scatter for ultrasonic waves. 

 

 

Tab.5. Results for All Batches of MB Suspension 
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Fig.20.The Frequency and Normalized Distribution of Diameters for 25F 

 

Tab.6.The Number and Concentration of MBs in Stock Solution for 25F 

 



Ultrasound Contrast Agent: fabrication, size distribution and visualization 

35 

 

Fig.21.The Backscattered Enhancement of the MB Suspension for 25F at 5MHz  

 

Fig.22a.The Fitting Curve of the Backscattered Enhancement for 25F at 5MHz (Left) 
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Fig.22b.The Fitting Curve of the Backscattered Enhancement for 25F at 5MHz (Right) 

 


