Ultrasound based targeting
This lecture deals with the concepts involved in ultrasound targeting and the challenges involved
therein. A snapshot of the challenges involved in targeting the brain across the blood-brain
barrier (BBB) is also presented.

1 Ultrasound targeting
Ultrasound is a form of pressure wave with frequencies above 20 kHz. Ultrasound waves require
a liquid medium for transmission and are generated through piezoelectric transducers. It is also a
method of physical targeting. However, it is not in a strict sense going to guide the nanocarriers
to the desired location but it can be used to ensure the release of a drug only at the desired
location from an otherwise impermeable carrier. As this str
strategy
ategy ensures that the drug is
available only in the desired location, adverse effects due to release of drug in non-specific
regions is avoided. The use of ultrasound can be used to:

•
•
•
•

trigger the release of the drug from a carrier at desired time points and location
enhance the cell uptake of the carrier as well as drug by enhancing permeability
specifically focuson the tissue of interest
promote cancer cell cytotoxicity through production of free radicals

Figure 1 represents a cartoon showing the effectiveness of ultrasound in reducing tumour
volume.

Fig 1: Cartoon representing the effectiveness of ultrasound in treatment of cancer
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The animal is induced with tumour bilaterally (on both limbs). The tumour on one limb is
subjected to periodic sonication while the other is left untreated. It is seen that the tumour in the
sonicated limb recedes faster indicating the benefits of ultrasound in treating cancer.
It is evident that the maximum benefits of ultrasound can be realized using special carrier
systems that will respond to ultrasound. Such systems are referred to as ‘sonoresponsive
systems’. One of the best combinations for treatment of cancer is ultrasound and pluronic
micelles. Let us discuss about this combination and the reasons for its success in treatment of
cancer in the following section.
Pluronics® is the trademark name of a tri-block copolymer consisting of poly((ethylene oxide)co-(propylene oxide)-co-(ethylene oxide)). This polymer on introduction into an aqueous
medium will self-assemble to form micelles. The highly hydrophilic ethylene oxide units face
outwards while the hydrophobic propylene oxide units form the core. Any hydrophobic drug can
be encapsulated within the hydrophobic core. Unless there is large amount of dilution or high
temperature or drastic changes in pH, the micelle disruption does not occur and hence the
amount of drug released from the system also is very less. This necessitates the use of an external
energy source such as ultrasound to facilitate the release of the drug from the micelle. How does
ultrasound cause disruption of the micelle? It is through a phenomenon known as ‘cavitation’.

2 Transient cavitation induced by ultrasound
Ultrasound waves are pressure waves that move through a liquid medium forming alternate
compression and rarefaction phases. In general, liquids contain some air bubbles. When these
bubbles encounter the rarefaction or expansion phase during the transmission of ultrasound, the
bubbles start to expand and increase in size. During the compression phase, the inward
movement of the surrounding medium tries to contract the bubble while the gas inside the bubble
tries to resist the contraction. However, at a particular time, the resistance of the gas is overcome
by the inward motion of the surrounding liquid and the bubble collapses. This process of
expansion and collapse of the bubble due to passage of ultrasound is known as ‘transient
cavitation’. The term ‘transient’ is used to indicate the fact that the lifetime of the bubble is
short. The minimum power density of the ultrasound requiredto cause the cavitation is referred to
as the ‘cavitation threshold’. Any power density below the cavitation threshold will not result
in collapse of the bubble. This state is known as ‘stable cavitation’. Values above the cavitation
threshold will result in immediate collapse of the bubble.
The cavitation is facilitated when the size of the bubble is large. This is because the rate of
inward movement of the surrounding liquid increases with increase in bubble size. The following
equation relates the rate of the inward motion of the liquid and the size of the bubble.
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  =  
where,
U is the rate of inward motion of the surrounding liquid
R0 is the radius of the bubble before the compression phase and
R is the radius of the cavitation bubble i.e., the bubble after the compression phase

How does this cavitation phenomenon aid in drug release? The last stage before the collapse of
the bubble is adiabatic process. This causes very high local temperatures and pressure at the site
of collapse of the bubble. This enormous energy causes the release of the drug from the carrier
molecules that are in the vicinity of the bubble. The collapse of the bubble is also referred to as
‘implosion’. The high temperature and pressure generated locally at the site of the bubble
collapse also induce lysis of water molecules in to hydrogen and hydroxyl radicals that can cause
damage to the nearby cells. This can be exploited to cause more damage to cancer cells.

3 Factors that influence the drug release by ultrasound
The major factors that influence the drug release by ultrasound are as follows.

3.1 Frequency of ultrasound
The low frequency ultrasound causes higher amount of drug release. Why? This is because low
frequency enables sufficient growth of the bubble during the expansion phase. This is important
for cavitation to occur. The energy required during cavitation is essential to bring about drug
release.

3.2 Power density
An increase in the power density of the ultrasound increases the drug release. This is on expected
lines as high power density will definitely be greater than the cavitation threshold resulting in
collapse of the bubble. However, very high power densities will result in disruption of cells in
the neighbourhood. Hence an optimum window has to be identified between high drug release
and cell damage.

3.3 Pulse duration
Continuous application of ultrasound is to be avoided due to extreme heating effects produced.
In the case of pulsatile application of ultrasound, the duration in which the ultrasound is on is the
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main determinant for the amount of drug released. The greater the time for the ‘on’ phase, the
greater will be the amount of drug released. However, higher ‘on’ phases will also cause higher
cell damage.

3.4 Nature of drug
The drug entrapped in the micelles could be either hydrophilic or hydrophobic. Release of
hydrophilic drugs from a carrier is faster when compared with hydrophobic drugs. This is
because the external aqueous environment provides a more conducive environment for
hydrophilic drugs than hydrophobic drugs.

3.5 Concentration of the carrier
Lower concentration of the carrier causes faster release of the drug when compared with higher
concentration of carrier. This is because at lower concentrations, the aqueous medium
completely surrounds the carrier, which is impaired at higher carrier concentrations. Therefore,
at lower concentrations, the probability of cavitation near the carrier is higher.

3.6 Viscosity of the medium
High viscosity of the medium results in reduction in the cavitation. Can you guess the reason?
The high viscosity impairs the inward movement of the liquid, which is essential for cavitation to
occur. Hence low viscosity medium is preferred for ultrasound mediated drug delivery.

3.7 Dimensions of the transducer
The diameter of the piezoelectric transducer used to generate ultrasound waves determines the
depth of penetration or the focal point of the ultrasound. The Figure 1 shows the relation between
the diameter of the transducer ‘d’ and the depth of penetration in to the tissue.
Tissue
d
r
Transducer
Fig 1: Relation between the diameter of the transducer and the focal point in the tissue

The depth of penetration into a tissue also depends on the frequency of ultrasound apart from the
dimensions of the transducer used.
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4 Combination of Pluronic micelles and ultrasound
Well, we started the discussion on ultrasound by stating the superiority of the combination of
Pluronic micelles and ultrasound. The main advantages of using this combination are as follows:

•
•
•
•

It can be used to sensitize drug resistant tumours to chemotherapy
Pluronics by itself can cause cytostatic effect in tumours
Drug release occurs only on application of ultrasound
Drug resistant tumours uptake more amount of pluronic micelles

Now let us look into the reasons as to why such unique phenomena are encountered with this
combination. Pluronic micelles tend to permeabilize the cell membrane of cancer cells,
especially the drug resistant variety when compared to normal cells. This difference in
permeabilizing ability might be due to differences in the membrane composition of normal and
cancer cells. As a result, internalization of the drug containing micelles is facilitated in drug
resistant cancer cells.
The pluronic micelles have also been found to alter the mitochondrial membrane permeability as
well as the cell membrane permeability. Consequently, the electron transport chain located in the
mitochondrial membrane is impaired. The electron transport chain is involved in production of
ATP. Due to its impairment, the energy production in the cell is inhibited and as a result, the cell
does not undergo division or many metabolic activities in an effort to minimize energy usage.
This is responsible for the cytostatic action of pluronic micelles. It is important to note here that
cytostatic effect is different from cytotoxic effect! In cytotoxicity, the cell dies while in the
cytostatic effect, the cell survives but is unable to proliferate and function normally.
Now comes the question of how does the pluronic micelles sensitize the cancer cells to
chemotherapeutic agents? There are many strategies adopted by cancer cells to drive out the
cytotoxic drugs that enter them. One of the common methods observed in cancer cells is the
expression of efflux pumps that get activated when a drug enters the cancer cells. The drug is
immediately pumped out of the cell even before it can exert its action. Pluronic micelles not only
inhibit the energy production by interfering with the electron transport system in the
mitochondria but also have been found to interfere with the key proteins involved in the
activation of these pumps. As a result, the cancer cell is unable to remove the drug and hence
becomes susceptible to the cytotoxic action of the drug.
From the above discussion, it may seem that the pluronic micelles by themselves can be good
weapons against cancer. But when used alone, they are not found to be effective. Why? Because
they do not release the drug soon! That is why ultrasound is required. Application of ultrasound
will induce fast release of the drug from the micelles as well as enhance the permeability of the
membrane for better internalization of the micelles. Another advantage is that the free radicals
produced during cavitation can aid in causing cell death and hence only a small amount of drug
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is sufficient to ensure complete cell kill. Figure 2 depicts the schematic representation of the
synergistic role of pluronic micelles and ultrasound on killing cancer cells.
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Fig 2: Synergistic role of ultrasound and pluronic micelles in killing cancer cells

5 Challenges
In spite of the numerous advantages of ultrasound, there are several challenges that limit its
clinical applications. The depth of penetration of the ultrasound into the body also depends upon
the type of tissue and its location. The ultrasound energy is absorbed to different extents by
different tissues of the body. Apart from the type of the intervening tissue, the frequency of the
ultrasound also determines the extent of penetration of the ultrasound waves in a particular
tissue. Table 1 gives the distance travelled by the ultrasound in different tissues when 50%
energy loss is observed.
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Table 1: Distance travelled by a 1 MHz ultrasound wave in different tissue types when 50% energy is absorbed

Tissue type
Fat
Muscle
Tendon
Bone

Distance travelled when 50%
ultrasound energy is absorbed
5.0
2.7
0.9
0.3

Thus, bone tissue absorbs ultrasound energy to the maximum extent while fat tissue displays
least absorption capacity for ultrasound energy. Therefore, the amount of ultrasound energy
required depends on the location of the tumour as well as the body mass of the individual being
treated apart from the frequency of the ultrasound used. Thus the ultrasound therapy has to be
customized for treatment of each individual.
Another issue that bogs down the clinical application of ultrasound is the cell damage that occurs
when tissues are exposed to ultrasound. Damage to neighbouring normal tissues cannot be
avoided. As with all types of physical targeting, treatment of metastasing tumours is difficult.
Only solid tumours can be effectively treated with ultrasound.

6 Combined targeting
The combined targeting involves integration of more than one kind of targeting strategy as
implied by the name. For example, several systems exploit both passive targeting to accumulate
the carrier in the tumour tissue and employ active targeting to interact with a specific
intracellular compartment or molecule. Alternately, an external trigger might be employed to
guide the delivery system to the desired location where the surface ligands on the carrier may
seek specific cells and deliver their cargo. Most of the new era nanocarriers fall under this
category and are referred as ‘multi-functional’.

7 Future scope
Though many strategies have been attempted, there is no single method that has been found to be
100% successful. Cellular level targeting has been achieved but it is evident that molecular level
targeting also needs to be integrated to ensure that the treatment modality is successful.
Combination of multiple targets in the same carrier and integration of multiple targeting
strategies in a single system are being explored and might represent the strategies for the future.
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