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Drug discovery and the BBB
The blood–brain barrier (BBB) limits drug delivery to

the central nervous system. When combined with

microbubbles, ultrasound can transiently permeate

blood vessels in the brain. This approach, which can

be referred to as sonoporation or sonopermeabiliza-

tion, holds significant promise for shuttling large ther-

apeutic molecules, such as antibodies, growth factors

and nanomedicine formulations, across the BBB. We

here describe the basic principles of BBB permeation

using ultrasound and microbubbles, and we summarize

several (pre-) clinical studies showing the potential of

BBB opening for improving the treatment of cancer

and neurodegenerative disorders.

Introduction

Efficient delivery of therapeutic agents across the blood–brain

barrier (BBB) for the treatment of central nervous system

(CNS) disorders remains to be one of the biggest challenges

in pharmaceutical research. The BBB consists of endothelial

cells linked together by tight junctions, a thick basement

membrane and a layer of astrocyte end-feet, together only

allowing for the uptake of small lipophilic drugs, while
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and which enable transcytosis; the intra-arterial injection of
preventing the vast majority of other drug molecules from

entering the CNS [1–3].

Numerous (physico-) chemical and pharmacological strate-

gies have been investigated to overcome the BBB and to enable

(more) efficient drug delivery to the brain parenchyma. These,

for example, include the modification of small water-soluble

molecules into small lipid-soluble ones; the use of solute

carrier proteins for drug transportation; the targeting of drugs

and drug delivery systems to receptors like the transferrin

receptor, which are overexpressed on brain endothelial cells

hyperosmotic solutions like mannitol; the transcranial injec-

tion via catheters; and the direct intracerebral injection or

implantation of drugs and drug delivery systems [3–8].

In recent years, in addition to the abovementioned strate-

gies, the combination of ultrasound (US) and microbubbles

(MB) has attracted a lot of attention for opening up the BBB

and for improving drug delivery to the brain [9–11]. In the

present manuscript, we describe the mechanisms and factors

involved in the opening of the BBB upon the combined use of
.07.007 41

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ddtec.2016.07.007&domain=pdf
http://dx.doi.org/10.1016/j.ddtec.2016.07.007
http://dx.doi.org/10.1016/j.ddtec.2016.07.007
mailto:tlammers@ukaachen.de
http://dx.doi.org/10.1016/j.ddtec.2016.07.007


Drug Discovery Today: Technologies | Drug discovery and the BBB Vol. 20, 2016
US and MB, we highlight several preclinical proof-of-princi-

ple studies, and we discuss currently ongoing efforts towards

clinical translation.

Ultrasound as a diagnostic and therapeutic tool

US imaging is the most ubiquitous imaging modality in the

clinic after X-ray radiography, which can be explained by its

non-invasive and bedside capable nature, the option of real-

time diagnosis of various pathological conditions, the lack of

radiation and its low cost [12]. US imaging is used as a

standard practice in clinics for routine examinations of

fetuses during prenatal development, breast, abdomen, neck,

microcirculatory flow and other soft tissue pathologies [13].

The implementation of MB as contrast agents has extended

diagnostic US imaging. During ultrasonography, intrave-

nously (i.v.) administered MB are known to cause an acoustic

backscatter due to differences in the acoustic impedance of

the gas in the MB core and the surrounding tissues [14]. This

characteristic of MB very strongly increases their US reflec-

tion, and it explains their usefulness as (blood pool) contrast

agents [15]. The high echogenicity of circulating MB has

improved the US detection and characterization of malignant

liver lesions, cardiac pathologies (such as left ventricular

opacification and endocardial border delineation), cerebral

vessel stenosis and vesico-ureteric reflux, and it is also useful

to monitor tumor perfusion in oncological studies [16].

Apart from diagnostic applications, US has also emerged

as a powerful tool for therapeutic purposes. For example,

magnetic resonance image guided high-intensity focused
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ultrasound (MR-HIFU) has been employed for the thermal

ablation of deep-seated tumors and uterine fibroids [17,18].

In such setups, the US waves and energies are focused deep

into the pathological target tissues, which causes a local

temperature rise of up to 608C, resulting in thermal ablation

of the lesion. Hybrid imaging together with MRI provides

anatomical reference for guidance of focused US therapy, and

it at the same time enables real-time monitoring of local

temperature increases via MR thermometry [19]. MR-guided

US has also been used to induce mild hyperthermia (40–458C),

which can be employed to trigger drug release from tempera-

ture-sensitive nanocarriers, such as liposomes [20,21]. Anoth-

er interesting therapeutic application of US relates to its ability

to induce clot lysis, for example, in patients with stroke.

In case of the latter, it has been shown that combining US

with MB results in significant improvements in therapeutic

outcome [22].

In the last couple of years, the combination of US with MB

has also attracted attention for delivering drugs, genes and

nanomedicine formulations across biological barriers, in-

cluding the cellular membrane and the BBB [10,23,24]. In

this context, MB can either be used for direct drug delivery

(upon loading therapeutic agents into their interior or shell)

or for indirect delivery (upon employing stable and inertial

cavitation effects to open up biological barriers). MB are

1–5 mm-sized gas-filled vesicles stabilized by phospholipids,

proteins or polymers, and their shell can be functionalized

with various different moieties, including drugs, imaging

agents, PEG and targeting ligands (Fig. 1a) [25,26]. Due to
(b)

Compression Implosion

A
co

u
st

ic
 p

re
ss

u
re

Rarefaction

Mechanical index

Drug Discovery Today: Technologies

al) microbubble, which can be loaded with drugs or imaging agents, and

hen exposed to ultrasound, microbubbles can undergo stable or inertial
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the compressible nature of MB, they can either oscillate (i.e.

stable cavitation) or implode (i.e. inertial cavitation) depend-

ing on the magnitude of mechanical index, which is a mea-

sure of cavitation intensity governed by pressure amplitude

and US frequency (Fig. 1b). Stable and inertial MB cavitation

can generate a plethora of biophysical effects that can tem-

porarily open up cell membranes and blood vessels (Fig. 2)

[25,27]. The former is generally referred to as sonoporation,

the latter could alternatively be referred to as sonopermea-

bilization. For the sake of simplicity, however, we decided to

stick to the term sonoporation for describing both cell mem-

brane and blood vessel permeabilization.

Mechanisms involved in vessel permeabilization

Multiple physical phenomena play a role in sonoporation

and vessel permeabilization [27]. At low mechanical index,

MB oscillate in a symmetrical manner. The repeated expan-

sion and compression of MB upon exposure to low acoustic

pressures is referred to as stable or non-inertial cavitation.

The expansion of MB near the vessel wall during the gas

inflow phase can push the endothelial or cellular lining

apart, while MB shrinkage during the compression phase

causes invaginations in the vascular lining, potentially

resulting in the opening of tight junctions via push–pull

mechanisms (Fig. 2). In addition, the rapid expansion and

contraction features of MB in an ultrasonic field are known to

create fluid flow patterns, known as micro-streams, which

can induce high shear stresses of up to several thousand

of Pascals, and which can disrupt the integrity of the
Microbubble

Drug

Free radical

Endothelial cell

Tight junction

Figure 2. Sonoporation mechanisms. Schematic overview of the physical mec

contribute to blood vessel (and BBB) permeabilization.
endothelial lining. A third mechanism which can help to

improve drug delivery across the endothelial lining relies on

absorption of US energies, which result in pressure gradients

and in acoustic radiation forces displacing MB in the direc-

tion of US waves. This phenomenon can force MB to strongly

push against (and massage) the endothelium, thereby induc-

ing vascular permeability. If mechanical indices exceed a

particular threshold, MB violently collapse during the com-

pression phase. This can lead to the fragmentation of the MB,

generating extremely high temperatures and pressures with-

in close proximity. This effect is referred to as inertial cavita-

tion and it is generally accompanied by shock waves and by

micro-jet formation (Fig. 2). Both of these biophysical effects

are known to perforate cell membranes and to induce vascu-

lar permeability. Other effects, such as the formation of

free radicals, have also been proposed to contribute to en-

dothelial permeabilization, for example, lipid peroxidation

mechanisms [28].

Factors affecting vessel permeabilization

The magnitude of blood vessel (and BBB) permeabilization

depends on both US parameters and MB properties. US

parameters which play an important role include transducer

type, pressure amplitude, sonication time, US frequency,

burst length and pulse repetition frequency. In case of

the BBB, selecting an US transducer with an optimal geo-

metrical design is paramount for efficient propagation of US

waves through the skull, which otherwise gets distorted due

to skull’s irregular shape and its high acoustic impedance.
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hanisms, based on stable and inertial microbubble cavitation, which
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Particularly, a phased array transducer has been proposed

to minimize skull heating and attenuation of US waves,

thereby improving US propagation into the brain and

potentially enhancing sonoporation efficiency [29,30].

Increasing the pressure amplitude and the sonication time

increases the magnitude of BBB permeation, however

medical complications such as hemorrhages, erythrocyte

extravasation and edema formation are observed at higher

pressure amplitudes and upon prolonged sonication

[31–33]. It was demonstrated that the threshold for BBB

permeation linearly increased with US frequency and that

less vascular damage was observed at lower frequencies [34].

Similarly, studies have also reported an increase in the

extent of BBB opening upon increasing the US burst length

or pulse repetition frequency [35–37]. Importantly, howev-

er, the magnitude of BBB opening has been shown to be

saturable, and at a certain point, no further enhancements

in permeation are obtained upon further increasing pres-

sure amplitude, burst length and/or pulse repetition fre-

quency [31–33,35–37].

Apart from US parameters, also the nature and the proper-

ties of MB play an important role in determining the extent

(and duration) of BBB opening. Some studies have reported

that the degree of BBB permeability can be increased by using

higher concentrations of MB, while other reports have not

observed significant differences in the extent of BBB opening

upon using higher amounts of MB [35,36,38]. The permeabil-

ity of the BBB can also be enhanced by using MB with larger

average sizes. In this regard, Konofagou and colleagues dem-

onstrated that the BBB opening volume could be increased by

more than a tenfold by increasing the MB size from 1–2 mm to

6–8 mm (at the same acoustic pressure; 0.45 MPa) [39]. The

composition of the MB shell, which can be based on lipids,

proteins and polymers, likely also plays a crucial role in

optimizing BBB opening. In this regard, Hynynen and col-

leagues showed that Optison1 MB, which contain a shell

based on denatured albumin, induced much greater BBB

disruption (and higher erythrocyte extravasation) than lip-

id-shelled Definity1 MB. However, a definite conclusion

cannot yet be drawn, due to differences in the diameter

and the dosing of both MB formulations in the study [40].

A more extensive and more detailed analysis would be re-

quired to assess the impact of shell properties on the efficien-

cy of BBB opening.

Other factors, such as the mode of MB administration

(intravenous bolus injection vs. intravenous infusion), the

time delay between MB administration and the initiation of

US sonication, and the time of administering drugs, that is,

pre or post sonication, may also influence the effect of BBB

opening on drug delivery to the brain. Bearing the above

insights and efforts in mind, it becomes clear that there are

still quite some factors that can be further refined to enable

safe and efficient BBB opening [41].
44 www.drugdiscoverytoday.com
Preclinical progress

In the 1950s, Barnard and colleagues demonstrated that US

can be employed to disrupt the BBB [42]. In the decades that

followed, multiple studies confirmed these findings, some-

times at the cost of severe side effects, sometimes without

complications (such as hemorrhages and significant tissue

damage) [43,44]. To attenuate side effects, Hynynen and co-

workers in the early 2000s employed MRI-guided US in

combination with MB to open up the BBB. In comparison

to US treatment alone, the administration of MB reduced the

energy required for BBB disruption and it minimized the

thermal damage done to the brain. At the same time, MRI

enabled non-invasive monitoring of BBB opening, together

paving the way for more efficient and less harmful strategies

for US-mediated drug delivery to the brain [45]. The same

group of authors subsequently showed that even large thera-

peutic agents, such as the monoclonal antibody Herceptin

(�15 nm), which is used to treat breast cancer (and breast

cancer brain metastases) can be efficiently delivered to the

brain upon the co-administration of US and MB. The amount

of Herceptin delivered to the brain correlated with the accu-

mulation of Magnevist, that is, a low-molecular-weight gad-

olinium-based MRI contrast agent (<1 nm), [46]. McDannold

and colleagues extended these efforts by demonstrating,

again under MRI and Magnevist guidance, that also lipo-

somal doxorubicin (i.e. Doxil; �100 nm) accumulates in

the brain upon multiple sessions of transcranial sonoporation

[47].

Keeping the abovementioned efforts in mind, an interest-

ing step forward would be the development of MB which can

mediate and monitor BBB permeabilization at the same time.

We therefore recently developed polymeric MB based on

poly(butyl cyanoacrylate) (PBCA) which contain ultrasmall

superparamagnetic iron oxide (USPIO) nanoparticles within

their �50 nm-sized shell [9]. These USPIO-loaded MB were co-

administered together with FITC-dextran (70 kDa; �10 nm),

and upon exposure to transcranial US pulses, they were

employed to facilitate and image the delivery of this relatively

large macromolecular model drug to the brain. As shown in

Fig. 3a, we observed significant extravasation and accumula-

tion of FITC-dextran in the brain upon combining US and

USPIO-MB. The accumulation and penetration of FITC-dex-

tran, as determined by means of 2D and 3D microscopy,

correlated well with the findings obtained using MRI [9].

Such theranostic materials and methods might be useful to

fine-tune BBB opening, and to enable safe and efficient drug

delivery to the brain.

Progress in the development of soft- and hardware tools to

accurately focus US waves to specific regions within the

brain, such as the putamen, thalamus, cortex, striatum

and hippocampus, is also considered to be instrumental to

enable safe and efficient drug delivery to the brain. In this

context, McDannold and co-workers provided important
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Figure 3. Preclinical proof-of-concept for US- and MB-mediated drug delivery to the brain. (a) Two-photon microscopy imaging showing extravasation of

70 kDa FITC-dextran across the BBB upon combining US with MB. (b) Contrast enhanced T1-weighted MRI showing delivery of gadolinium-DPTA to six

distinct regions within the cingulate cortex upon the implementation of focused US. The inset shows the corresponding T2-weighted imaging. (c)

Immunohistochemistry exemplifying efficient gene delivery to the right striatum upon combining MB with US. (d) When combined with focused US, BCNU-

loaded and VEGFR2-targeted MB were able to substantially prolong survival in a rat glioma model.

Images adapted and reproduced, with permission, from [9,26,48,49].
proof-of-principle, showing that transcranial MRI-guided

focused US can be employed to deliver gadolinium-based

MRI contrast agents to specific regions in the cingulate

cortex in rhesus macaques by electronically steering the

beam to distinct volumetric regions in the brain without

physically moving the US transducer (Fig. 3b) [48]. In line

with this, viral vectors could be locally accumulated and

activated in distinct brain regions upon the application of

focused US (Fig. 3c) [49].

Besides at the technological level, significant progress has

also been made at the therapeutic level. Preclinically, the

combined use of US and MB has already been employed to

relieve disease symptoms in pathologies such as brain cancer,

Alzheimer’s disease and Huntington’s disease [26,50,51]. In

the case of cancer, both indirect drug delivery approaches,

based on the co-administration of drugs and MB, as well as

direct drug delivery strategies, based on the use of drug-

loaded MB, have been employed. An interesting example

of the latter has been published by Yeh and colleagues,

who encapsulated BCNU (carmustine) in the shell of

VEGFR2-targeted MB, and who showed that upon combining

these drug-containing MB with transcranial US, significant

improvements could be achieved in the survival of rats
suffering from orthotopic gliomas (Fig. 3d) [26]. Similarly,

in mice suffering from Alzheimer’s disease, Hynynen and

colleagues showed that indirect drug delivery strategies,

based on the co-administration of MB and US together with

antibodies directed against toxic amyloid-beta peptides, effi-

ciently suppressed disease symptoms, as exemplified by

reductions in the number, size and total surface area of Ab

plaques in the brains of these mice [50].

Besides in rodents, brain sonopermeabilization studies

have also been performed in large animals. Xie and colleagues

for instance showed that the permeability of the BBB can be

safely and efficiently increased in pigs by combining US with

MB [52]. Similarly, also in non-human primates, sonoper-

meabilization was able to open up the BBB in a non-invasive,

efficient and safe manner. The cavitation effects resulting

from transcranial US exposure were investigated by Konofa-

gou and colleagues, and were found to correlate with US

pressure and MB size [53]. In line with this, McDannold

and co-workers demonstrated efficient (and repeated) disrup-

tion of the BBB in rhesus macaques, by employing a tran-

scranial MRI-guided focused US system (TcMRgFUS), which is

designed for treating patients [48]. In none of these studies,

significant tissue damage or functional deficits were
www.drugdiscoverytoday.com 45
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observed, although it needs to be stressed that treatment

protocols were optimized to minimize the occurrence of side

effects.

Clinical translation

Extending the above efforts, US-mediated drug delivery has

recently made notable advancements in the clinic. For in-

stance, Kotopoulis and colleagues initiated a clinical trial in

Norway in which patients suffering from advanced pancreat-

ic cancer were given gemcitabine in conjunction with Sono-

Vue1 MB and US [54]. Care was taken to maximize the safety

of the intervention, and therefore stable cavitation was

employed, rather than inertial cavitation. The patients toler-

ated the treatment very well, and a higher number of treat-

ment cycles could be given as compared to patients on

gemcitabine treatment alone. In multiple patients, tumor

size temporally decreased, while in other patients, an inhibi-

tion of tumor growth was observed. As compared to a histori-

cal cohort, which showed an overall survival time of 8–9

months, which is typical for pancreatic cancer, sonoporation

more than doubled the efficacy of the intervention, with

survival times of up to 19 months. Although the number

of patients was low, and although no direct comparator arm

was available, these findings suggest that sonopermeabiliza-

tion might hold significant potential for improving the treat-

ment of high medical need malignancies, such as pancreatic

cancer.

Along the same line of thought, Hynynen and colleagues at

Sunnybrook Health Sciences Center in Toronto recently ini-

tiated the first clinical BBB sonopermeabilization study in

patients suffering from glioblastoma multiforme (GBM) [55].

As pancreatic cancer, GBM is known to be among the most

deadly forms of cancer. In this study, which was started at the

end of 2015, GBM patients are treated with doxorubicin, and

US and MB are employed to locally open up the BBB to enable

efficient drug delivery to the tumor. MRI guidance is

employed to tailor the sonopermeabilization protocol. In

the first patient, in which two different GBM regions were

exposed to focused US, efficient BBB opening could be con-

firmed by contrast-enhanced T1-weighted MRI. Additionally,

after the intervention, a small portion of the tumor was

surgically excised to validate the accumulation of doxorubi-

cin at the target site. This study will recruit up to ten patients,

and even though its primary goal only is to demonstrate the

safety of this novel type of externally triggered and targeted

therapy, its (efficacy) results are eagerly awaited.

Conclusions and future outlook

The BBB remains to be one of the most insurmountable barriers

in the drug delivery field. When combined with MB, focused

US may assist in overcoming this barrier, by opening the BBB in

a temporally and spatially controlled manner. Multiple physi-

cal principles, such as push-pull-mechanisms, microstreaming,
46 www.drugdiscoverytoday.com
micro-jets and shock waves, may contribute to US- and MB-

mediated BBB opening, and non-invasive (MR) imaging may

help to tailor efficient and safe sonopermeabilization. Signifi-

cant progress has already been made at the preclinical level,

both in rodents and in large animal models. At the clinical

level, several pioneering studies have recently been initiated in

patients, suffering from pancreatic cancer and from glioblas-

toma multiforme. Although it may be too early to draw any

definite conclusions, the results obtained thus far are very

promising. If the initial findings obtained in cancer patients

can be confirmed in larger (and case-controlled) clinical trials,

sonopermeabilization may also become relevant for the treat-

ment of neurodegenerative disorders, such as Parkinson’s,

Alzheimer’s and Huntington’s disease. To more efficiently

and more rapidly move the field forward, concerted actions

between several different basic and applied scientific disci-

plines are necessary, bridging biology, medicine, chemistry,

physics and engineering, and involving input from both aca-

demia and industry, as well as from funding agencies, govern-

mental bodies and health policy makers.
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