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1. Introduction 

Targeted micro- and nanobubbles can be 
applied as contrast agents for ultrasound moleculer 
imaging, where bubbles with ligand specifically 
bind to the target molecule. Several in-vivo studies 
demonstrated that bubbles targeting such as 
VEGFR2 and avb3 integrin were useful to monitor 
antiangiogenic or cytotoxic responses. To put the 
ultrasound moleculer imagng to practical use, 
several issue have remained. One of the most 
important issue is quantification of 
speciffically-bounded bubbles.     

This study aims to understand the affinity 
between bubbles and target moleculer using a QCM 
system. We belive that the finding in this in-vitro 
experiment will be helpful to quantify the 
speciffically-bounded bubbles in in-vivo experiment. 
Previously we demonstrated that QCM enabled to 
monitor the adsorption of biothinylated bubbles to 
the streptavidin by monitoring the change of 
resonant frequency and Q-value of QCM(1). In 
additon, it was revealed that the response of QCM 
was significantly affeceted by the amount and size 
disstribution of bounded bubbles(1,2).  This report 
investigates how the QCM response under the 
interation between bubbles and target molecule 
(streptavidin) depends on their concentrations.  
 
2. Methods 

A well-type cell is attached to an AT-cut 
QCM (QA-A5 M-AU(M)(SEP), Seiko EG&G 
Princeton Applied Research) connected to a 
network analyzer (E5071B, Agilent Technologies).  
The frequency characteristics of the conductance 
and the susceptance of the QCM are measured and 
the resonant frequency are calculated. Although the 
QCM has a fundamental frequency of 5MHz, 
measurements are conducted using the third 
harmonic of 15MHz due to the electrical impedance 
matching.  The system are semi-automatically 
controlled using Labview software.  

The measurement is conducted in accordance 
with the following procedure. First, 30 L of 
ultrapure water is dropped into the cell.  The 
resonant frequency in this condition is the criterion 

value.  Then, the ultrapure water is replaced by the 
equivalent amount of bubble suspension (PBS 
solution).  After the replacement of liquid, the 
bubble starts to absorb to the target molecule on 
QCM surface.  As a result, the resonant frequency 
of QCM decreases due to the loading of bubbles.  
The changes in resonant frequency are recorded 
every 5 s by the system.  After a certain period of 
time, the bubble suspension is washed by dropping 
the ultrapure water again.  The difference in 
resonant frequency before and after the interaction 
relates to the amount of bounded bubble.  Fig.1 
shows the typical change in resonant frequency 
under the interaction between the bubble and target 
molecule. 

 
3. Materials  

Biotinylated microbubble suspension was 
prepared as targeted microbubbles.  The bubbles 
consist of phospholipid (DSPC, DSPE-PEG2000, 
DSPE-PEG2000-biotin) and gas (C4F8: 7.94%, N2: 
92.06%).  For the method of preparation of these 
microbubbles, refer to our previous paper(1). The 
number density of bubbles in the suspension was 
evaluated by using a counting chamber.  A 
streptavidin (Wako) layer was preliminary formed 
on the QCM electrode using a biotinylated 
self-assembled monolayer (Dojindo).  Biotinylated 
microbubbles are attached through the 
streptavidin-biotin bond. 

Bubble suspension

Wash
Frequency shift caused by 
specific adsorption of bubbles

 
Fig. 1 Typical fb-t curve under interaction 
between bubble and target molecule. fb is the 
shift of resonant frequency of QCM. 

3. Result and Discussion 

Frequency responses of microbubbles within 
the shunt catheter is shown in Fig. 2. In case of no 
microbubbles in the catheter, the signal reflected 
from the wall of the catheter was received; and, as 
expected, the response mainly contained a 
fundamental frequency (3.75 MHz) component. 
Once the microbubbles were injected, nonlinear 
components in sub-harmonic and 2nd harmonic were 
observed but fundamental frequency was still 
dominant in the linear mode. In the nonlinear mode, 
nonlinear fundamental and harmonics from bubbles 
were obtained.  

Velocity maps estimated from linear (left 
column) and nonlinear (right column) responses are 
presented in Fig. 3. As microbubble concentration 
progressively decreased, the velocities in the linear 
mode were considerably underestimated. In the 
nonlinear mode, however, the flow is clearly visible 
even at the lowest concentration (i.e., conc #3). The 
velocity underestimation was mainly due to the 
influence of the stationary wall of the catheter. Thus, 
it is noted that the effect of bubble concentration is 
significant in the velocity estimation. 

Velocity profiles in the shunt catheter are 
 
 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
displayed in Fig. 4. The expected laminar velocity 
profile for the flow rate (0.1 ml/min) is presented 
for comparison. It is clearly seen that the estimated 
velocities from nonlinear response (bottom) are 
more accurate than those from linear response (top).  

This study demonstrates that the nonlinear 
responses from microbubbles can be utilized to 
improve detection of the fluid flow in a VP shunt 
system using low concentration of bubbles. 
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Fig. 4 Velocity profiles in VP shunt catheter in linear 
(top) and nonlinear (bottom) modes. 

 
 
Fig. 2 Frequency responses from VP shunt and 
microbubbles. 
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Fig. 3 Velocity maps for different concentrations 
of bubbles in linear and nonlinear modes. 
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4. Results and Discussions 
The amount of streptavidin on the QCM 

surface was controlled by diluting the solution of 
streptavidin in forming the layer.  Before and after 
the formation of the layer, the resonant frequency of 
QCM was measured for quantifying the amount of 
streptavidin.  Fig. 2 (a) shows the shift of the 
resonant frequency due to the formation of 
streptavidin layer as function of the concentration 
of streptavidin.  It is found that the mass loading 
effect of streptavidin decreases the resonant 
frequency of the QCM.  To check the state of 
streptavidin layer, it was observed by using 
scanning electron microscopy (SEM).  Fig. 2 (b) 
shows the SEM image of QCM surface in different 
three conditions for the streptavidin concentration 
(Cavidin).  In case of Cavidin=0.01 mg/mL, there are 
areas covered with streptavidin and naked area. In 
case of Cavidin=0.1 mg/mL, all areas are covered 
with streptavidin although it is inhomogeneous.  

It was investigated how the resonant 
frequency shift (fb) of QCM was affected by the 
number of bubbles in suspension.  Fig. 3 (a) shows 
the fb–Nbubble curve in different two conditions for 
concentrations of streptavidin solution 
(Cavidin=0.0003 and 0.1 mg/mL), where Nbubble is the 
number of bubbles in 30 L of suspension.  In 
both cases, it was found that the characteristic of 
fb–Nbubble curve has two regions: unsaturated and 
saturated region.  In the unsaturated regions 
(Nbubble < 105), the shift of resonant frequency 
logarithmically decreased.  On the other hand, the 
shift was clearly saturated in case of Nbubble > 105.  
In all range for Nbubble, the frequency shift in case of 
Cavidin=0.0003 mg/mL of streptavidin concentration 
was smaller than that in case of Cavidin=0.1 mg/mL.  
Fig. 3 (b) shows fb–Cavidin in the constant condition 
for Nbubble (Nbubble = 105). Because fb should be 
related to the amount of specifically-absorbed 
bubble, this suggest a possibility that the amount of 
target molecule could be estimated by counting the 
absorbed bubbles even in clinical situation.  
 
5. Conclusions 

Focusing on amounts of absorbed bubbles 
and the target molecule on QCM surface, the 
change in resonant frequency of QCM under 
interaction between bubbles and target molecule 
was investigated.  As a result, it was 
experimentally indicated that the amount of 
absorbed bubbles related to that of target molecule.   
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Fig. 2 Fixation of streptavidin on QCM surface. 
(a) Resonant frequency shift as function of 
streptavidin concentration. (b) SEM image on 
QCM surface. Left, center and right images are 
obtained in case of control (0 mg/mL), 0.01 
mg/mL and 0.1 mg/mL, respectively.  
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Fig. 3 Characteristic of fb–Nbubble and fb–Cavidin. 


