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Proteolytic Enzymes and Cavitation as Strategies to
Enhanced Penetration of Drug Nanocarriers

Introduction

Since Matsummura & Maeda [1] discovered the tendency
of nanocarriers to be extravasated and accumulated in tumoral
tissues, nanomedicine has emerged as a promising alternative
to conventional cancer therapies. This effect receives the name
of Enhanced Permeability and Retention (EPR) effect and is due
to the irregular vasculature that irrigated the solid tumor, which
present fenestrations of hundreds of nanometers [2]. This high
porosity allows that nanocarriers be selectively accumulated into
the diseased tissue. In addition, the high interstitial pressure [3,4]
caused by the deficient lymphatic drainage, favors their retention.
However, to reach and to be accumulated into the malignant
tissue is only the first step which a nanocarrier must overcome.
Once there, they should be capable to achieve a homogeneous
distribution within the diseased tissue in order to lead to an
effective treatment. Unfortunately, the elevated interstitial
pressure and high collagen content [5] in the ECM suppose a great
impediment to their diffusion and provoke that the nanocarriers
remain localized in the periphery of the malignancy, which
strongly limits their efficacy.

Discussion

Solid tumors are supported by tumoral extracellular matrix
(ECM) which consist in a highly interconnected network of
collagen fibers and other components as elastin, proteoglycans,
laminin, hyaluronic acid, among other structural proteins
[6]. The interstitial transport, penetration and distribution
of macromolecules inside the tissues are governed by two
contributions: diffusion and convection [7]. However, tumoral
tissues have high interstitial pressure that hinders the convective
transport and limit the transport of macromolecules to diffusion.
Moreover, tumoral extracellular matrix present higher collagen
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contents than healthy connective tissues [5] and, as the diffusion is
inversely depends on the viscosity, the transport of nanoparticles
in tumors is much hindered. Thus, the dense collagen networks
and its interactions with the rest of structural proteins heighten
the greater mechanical stiffness of the tumor and increased
the resistance to macromolecules penetration. To improve
nanocarriers penetration can be used different types of strategies,
one of them consist in the normalization of tumor matrix, that is
to say, degrade specifically the components that form the network
that support solid tumors, decreasing its stiffness and improve
the diffusion of them. Other alternative is the use of ultrasounds;
the ultrasound are mechanic waves that can be focused in a local
region and induce a propulsion movement of the nanoparticles
into the tumor.

Then, the poor penetration of nanocarriers in solid tumors
can be addressed by the use of proteolytic enzymes which can be
administrated in combination with the drug loaded nanocarrier.
As have been mentioned this strategy is based on the capacity
of these enzymes to degrade the ECM reducing its density and
therefore, favoring the penetration of the nanoparticle into
the diseased tissue. As example, use of proteolytic enzymes
has demonstrated efficiently digest components of ECM and
increase the macromolecule diffusion. Intratumoral injection
of enzymes as collagenase, Cathepsin C and hyaluronidase have
demonstrated increase the 10KDa fluorescent labeled dextran
until two folds [8]. The enzymes can be administered previously to
the nanoparticle treatment [9] or can be anchored [10-12] on the
nanocarrier surface. However, the labile nature of these proteins
can compromise their catalytic activity during the journey into the
bloodstream. Nanomedicine has provided interesting strategies
for protein delivery such as its encapsulation into organic or
inorganic shells [13-15]. This approach increases the circulation
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time of the housed enzyme at the same time that protects its
structure and allows controlling its release in response to the
local environment present in the tumor [16]. Recently, Villegas
et al. have reported the synthesis of pH-responsive polymeric
nanocapsules able to house collagenase within their matrix and
to release it when the system reaches the acidic environment
present in the solid tumor (Figure 1) [17]. These nanocapsules
allow the controlled and selective release of proteolytic enzymes
in the malignant tissue and achieve a significant protection of the
enzyme against different insults which can be present in living
tissues such as other proteases or elevated temperatures, among
others. The same research group has anchored these collagenase
nanocapsules on the surface of a drug loaded nanocarrier
yielding a significant improvement in the particle penetration
and, as a consequence of this, higher tumoral cell destruction in
comparison with the system without the proteolytic capsules [18].
This nanocarrier was formed by a mesoporous silica nanoparticle
loaded with a potent cytotoxic compound (topotecan) and coated
with a lipid bilayer in order to prevent the premature release of
the transported drug. The external surface of the lipid bilayer was
decorated with an EGFR-antibody, able to provoke the selective
uptakeintolungcancer cells (A549) and collagenase nanocapsules,
which provide the capacity to degrade the ECM. This system was
evaluated in a 3D tumoral tissue model formed by a cancerous
cell monolayer covered with a collagen gel of 200pm of thickness.
The collagen matrix contains also malignant cells embedded in
order to provide similar rheological parameters that a real tissue.
This matrix supposes a strong barrier for particle penetration and
it completely hampers the penetration of nanoparticles which
did not have collagenase nanocapsules on the external surface
whereas, if collagenase nanocapsules are present on the device,
the drug nanocarrier induced a significant mortality in the model.

Other alternative which has been proposed for overcoming
the poor nanoparticle penetration is the use of ultrasounds [19].
Ultrasounds can be focused in deep areas of interest into the body
and, in certain conditions, produce cavitation. The cavitation
consists in oscillations of a gas bubble in a fluid [20]. These
oscillations can be stable, that it to say, the gas bubbles expand
and contract around an equilibrium radius, non-inertial cavitation
or, at higher pressure, the gas bubbles can grow unstably during
decompression periods and collapse violently during compression
periods. This ultimate type of cavitation receives the name of
inertial cavitation and is employed to impel the nanocarrier
favoring its extravasation and penetration within the diseased
tissue (Figure 1) [21]. However, the required pressure can be
above clinically acceptable. For this reason, cavitation nuclei such
as gas stabilizing solid nanoparticles [22,23] and micrometric
shelled gas bubbles [20], among others, have been used in order to
reduce the pressure required to induce the violent collapse of the
gas bubbles. It has been recently reported [24] in a study where
mesoporous silica nanoparticles were propelled by ultrasounds
reaching deeper zones of a tumoral tissue model of agarose gel
which present similar porosity than endothelial gaps of tumor
tissue. For this, channels of 1mm of diameter and 50mm of length
were made inagarose gel and a peristaltic pump remainsa constant
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flow of fluorescent labeled nanoparticles inside them. Then, focus
ultrasound was applied in different points of the channel and the
penetration of the system was evaluated by fluorescence imaging.
The experiment was performed at two frequencies and at different
pressure, obtaining better results in the case 1,6MHz and 4MPa.
However, as was mentioned above, the conditions that give raise
a successful extravasation and penetration of the nanoparticles
into the agarose gel might be too high for the clinical application.
Then, the incorporation of micrometric polymeric cups with the
nanoparticles was studied. The combination of nanoparticles
with cavitation nuclei achieved an efficient extravasation and
penetration into the agarose gel decreasing the required pressure
by half in order to obtain the same effect when only nanoparticles
were employed. Thus, this study validates the possibility to
induced nanocarriers extravasation and distribution through
the tumor using focused ultrasound at biologically acceptable
pressure using combinations of drug nanocarriers and cavitation
nuclei.

a) Proteolytic enzymes

b) Cavitation

Figure 1: Use of a) encapsulated proteolytic enzymes or b) cavitation
induced by ultrasounds, for improving drug nanocarrier penetration
into tumoral tissues.

Conclusion

Thus, different alternatives have been proposed in order to
obtain nanocarriers able to reach deeper areas within tumor
tissue. This capacity is indispensable for achieving an effective
and uniform nanoparticle distribution throughout the tumoral
mass. The use of proteolytic enzymes or ultrasounds would
improve the design of new generation of nanosystems enhancing
their therapeutic efficacy providing an important progress to
their clinical application.
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