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Abstract 

The blood–brain barrier (BBB) is a selectively permeable membrane that separates the bloodstream from the brain. 
While useful for protecting neural tissue from harmful substances, brain-related diseases are difficult to treat due 
to this barrier, as it also limits the efficacy of drug delivery. To address this, promising new approaches for enhancing 
drug delivery are based on disrupting the BBB using physical means, including optical/photothermal therapy, electri-
cal stimulation, and acoustic/mechanical stimulation. These physical mechanisms can temporarily and locally open 
the BBB, allowing drugs and other substances to enter. Focused ultrasound is particularly promising, with the ability 
to focus energies to targeted, deep-brain regions. In this review, we examine recent advances in physical approaches 
for temporary BBB disruption, describing their underlying mechanisms as well as evaluating the utility of these physi-
cal approaches with regard to their potential risks and limitations. While these methods have demonstrated efficacy 
in disrupting the BBB, their safety, comparative efficacy, and practicality for clinical use remain an ongoing topic 
of research.
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Background
A brain’s structure and environment, including the cellu-
lar microenvironment, must be tightly controlled for it to 
properly function [1]. The architecture and organisation 
of brain vasculature are vital to maintaining this micro-
environment [2]. Numerous major arteries branch out 
into increasingly smaller blood vessels, ending in a dense 
network of capillaries. This capillary network accounts 
for 85% of the surface area between the bloodstream and 
the brain parenchyma, the latter comprising neurons and 
glial cells [2, 3]. Blood flow from these cells is separated 
by the blood–brain barrier (BBB), an efficient and highly 
selective permeable barrier. Many neurological disorders 

are caused by dysfunction and breakdown of the BBB 
[4–6]. At other times, the selective barrier hampers the 
delivery of therapeutic drugs into brain parenchyma 
targets. Therefore, medical researchers are increasingly 
interested in technologies that help them not only bet-
ter understand the BBB but also circumvent the BBB to 
deliver drugs to targeted brain regions [3, 7–9]. On the 
topic of circumventing the BBB, recent research has 
focused on the dynamics regulating the BBB and the 
effects of its disruption [10, 11], where understanding 
these processes can help identify therapeutic targets. An 
important finding of this work is that molecular waste 
compounds across the BBB in many neurodegenera-
tive diseases [12–14] and directly contribute to disease 
progression [15]. Conversely, several therapeutic strate-
gies aim to intentionally and temporarily increase BBB 
permeability to improve drug delivery, since many phar-
maceuticals cannot cross an intact BBB [8, 16, 17]. Such 
strategies often employ chemical methods, such as modi-
fying therapeutic agents’ chemical structure to exploit 
endogenous transport mechanisms or encapsulating 
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them in nanoparticle vehicles to cross the BBB. Despite 
extensive research on chemical-based approaches, their 
clinical applications remain limited, with high failure 
rates in clinical trials [3, 14]. A promising alternative 
strategy, however, involves physically altering the BBB’s 
structure and function to temporarily allow larger mol-
ecules to pass. Paracellular transport can be enhanced 
by modulating cell function to disrupting tight junctions 
[18–20], multiprotein complexes that bind adjoining 
endothelial cells in vasculature lumens.

Here, we examine the physical mechanisms and the 
efficacy of three common strategies for modulating 
BBB transport: optical/photothermal therapy, electrical 
stimulation, and acoustic/mechanical stimulation. At a 
basic level, BBB modulation depends on modifying the 
physical gaps proteins that bind adjacent cells, hence, 
tight junction proteins and paracellular transport are of 
particular interest. Next, we analyse the three stimula-
tion approaches in turn, highlighting work from in vivo 
and in  vitro studies that shed light on their modulation 
mechanisms. We conclude by summarising key differ-
ences between these approaches, considerations for clini-
cal application, and possible future directions.

Anatomy of the BBB
Cellular components of the BBB
To understand transport mechanisms across the BBB, 
we first give an overview regarding its structural and 
functional components, detailing the cell types involved 
and their roles in BBB regulation (Fig.  1a). Endothelial 
cells (ECs) form the walls of the blood vessels by curv-
ing to form a lumen, resulting in walls as thin as 0.1 μm 
[21]. ECs are connected by adherens junctions and tight 
junctions, and together, they secrete the 30–40 nm thick 
vascular basement membrane, composed of collagen 
IV, heparan sulphate, laminin, fibronectin, and other 
extracellular matrix proteins [22]. To facilitate blood-
parenchyma exchange, ECs express numerous receptors 
and transporters. Pro-inflammatory signals cause ECs 
to release cytokines that attract circulating leukocytes 

[23]. In the central nervous system, ECs are enriched 
with tight junctions, giving the brain microvasculature its 
non-fenestrated appearance. While other cells play a role 
in the BBB, the ECs form the most significant component 
of the BBB environment and function.

Partially enveloping ECs, pericytes sit embedded within 
the vascular basement membrane, providing intercel-
lular signals regulating, EC development and behaviour. 
They extend long membrane processes across the ablu-
minal side of capillaries [24] and cover about 22–37% 
of the EC surface [25] in an endothelial cell-to-pericyte 
ratio of approximately 3:1. A lack of pericytes correlates 
with increased BBB permeability via upregulation of 
endothelial transcytosis, suggesting an important role 
of pericytes in maintaining the integrity of the BBB [26, 
27]. Additionally, pericytes regulate angiogenesis, deposit 
extracellular matrix components, and regulate the infil-
tration of immune cells [28].

Astrocytes further encapsulate blood vessels in the 
brain, extending their end-feet over 99% of the endothe-
lial surface [25]. Astrocytes secrete their own parenchy-
mal basement membrane in the perivascular space, also 
called the glia limitans [15]. Astrocytes promote BBB 
formation and integrity via the Hedgehog signalling path-
way [29]. Other astrocyte functions include monitoring 
electrochemical activity, regulating innate immunity and 
balancing parenchymal water and metabolites [30, 31]. 
This cellular arrangement is coated by an extracellular 
matrix, which accounts for 20% of the BBB volume [25].

Endothelial cell junctions and the BBB
Through junctional protein complexes, endothelial cells 
reduce diffusion and maintain mechanical stability. In 
this section, we examine the configuration and function 
of junctional complex components. Tight junctions (TJ) 
are found near the apical (lumen side) part of the cell, 
conjoined to the adherens junctions (AJ) [32]. Figure 1b 
depicts a schematic of the junctional complex and 
proteins involved, which are also listed in Table  1. By 
interacting with the cytoskeleton, adherens junctions 

Fig. 1  Schematic of a BBB. a Cell components. A basement membrane surrounds the endothelial cells that form the lumen. Surrounding 
these are pericytes and astrocytes, which together cover roughly 30 and 99% of the blood vessel, respectively. b Tight and adherens junctions. 
Apical and lumen TJs are composed of three transmembrane-spanning proteins: Occludin, Claudin, and JAM, which recruit ZO-1 (ZO-2, ZO-3), 
an actin-binding protein. Adjoining are AJs, which are composed of nectin- and cadherin-based adhesions. In the extracellular domain, nectins 
of neighbouring cells dimerise while the cytoplasmic tail recruits Afadin. The cadherin cytoplasmic tail recruits β-catenin, which binds to α-catinen 
that connects to the F-actin. c Schematics of BBB opening process during stimulation. TJ and AJ proteins internalise and retract to open the BBB 
for liposomes to trespass before recovery. d In photodynamic therapy, in which the brain is exposed to light for a certain time, post-exposure BBB 
opening, and subsequent recovery is observed. e Process in electroporation and non-invasive transcranial electrodes. During exposure to an electric 
field, TJ & AJ proteins functions reduce, allowing particles to pass paracellularly. Removal of stimulation leads to an almost instant BBB closure. f 
schematic of FUS with microbubbles injected intravenously prior to stimulation. During FUS stimulation, microbubbles within the capillaries are 
excited via external US, with vibrations opening the BBB, where removal of US leads to immediate closure of the BBB

(See figure on next page.)
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link ECs to form continuous sheets and drive tissue 
morphogenesis [33]. Adherens junctions are formed by 
the homophilic interactions between transmembrane 

cadherin proteins and intracellular catenin proteins to 
anchor them to actin filaments and tubulin microtu-
bules [34, 35]. Cadherin-10 is predominately expressed 

Fig. 1  (See legend on previous page.)
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in brain microvessels with BBB phenotypes, while VE-
cadherin is more prevalent in larger pial vessels and in 
leakier barriers [36]. β-catenin binds and stabilises the 
cytoplasmic cadherin tail, associating with α-catenin to 
anchor to actin filaments. Attachment to microtubules 
is facilitated by p120 catenin. Cadherins and catenins 
mediate processes such as pericyte interactions and 
barrier integrity [37].

Tight junctions (TJ) play a significant role in regulat-
ing the endothelial microenvironment by regulating the 
passage of solutes between cells and by restricting the 
diffusion of membrane proteins between the apical and 
basal cell surfaces [37]. The BBB has a characteristi-
cally high trans-endothelial electrical resistance (TEER) 
due to limited paracellular transport caused by tight 
junctions. Examining these junctions in more detail, 
TJs are formed by three types of transmembrane pro-
teins, namely occludin claudins, and junctional adhe-
sion molecules and anchored to the actin cytoskeleton 
via cytoplasmic scaffolding proteins (ZO-1, ZO-2, and 
ZO-3) and heterotrimeric G-proteins [38]. It is believed 
that occludin plays the most important role in regulat-
ing permeability of TJs, though it is not essential for 
TJ formation [38, 39]. Claudins, on the other hand, 
are the primary constituents of the TJ strands linking 
the membranes of adjacent cells. There are 27 known 
claudins, and while claudin expression varies between 
species and cell type, claudin-1, -5, -11, -12, -25, and 
-27 have been found at comparably high levels in the 
human brain microvasculature [40]. This, alongside 
earlier studies into claudin-5 deficient mice showing 
intact TJs, supports the idea that these proteins can 
compensate for one another to a certain extent. [41, 
42]. JAMs are believed to localise ZO-1 and occludin 
to TJ complexes [43]. Further, although TJs and AJs 
are distinct structures, there is significant crosstalk 
between the processes governing their expression and 
maturity [37]. More detailed information regarding 

the interplay between these junctions can be found in 
Campbell et al. [32].

Physiological blood brain barrier transport
TJs in the BBB limit passive diffusion through the para-
cellular space, meaning that only molecules with specific 
characteristics can pass through. Molecules are limited to 
a maximum molecular weight of 400–450 Da [44, 45] and 
must be sufficiently lipophilic [46]. Transcellular routes 
also allow molecules to enter and leave the parenchyma 
via a variety of mechanisms [30, 47]. In carrier-mediated 
transport, larger molecules are transported across the 
membrane by proteins (e.g., GLUT-1). Active efflux, for 
example, is the pumping out of brain materials by ATP-
binding cassette transporters, which consume energy. 
Relevant examples include P-glycoprotein and Breast 
Cancer Resistance Protein [48]. The ECs can also trans-
port larger molecules through endocytosis, encapsulating 
them in caveolin-lined vesicles. This process of transcy-
tosis can be either specific (i.e., receptor-mediated) or 
non-specific (i.e., adsorption-mediated). Several proteins 
are involved in receptor-mediated transcytosis relevant 
to neurodegenerative diseases, including LDL-receptor-
related protein-1 and the receptor for advanced glycation 
end-products (RAGE) [46, 49]. Endothelial membranes 
also contain numerous ion channels, co-transporters, 
and pumps that maintain electrochemical homeostasis 
[50]. For a more in-depth understanding of cellular junc-
tions in the BBB and the various transport mechanisms, 
the interested reader is directed to the following reviews 
on the topic [30, 33, 38, 50].

Opening the blood brain barrier—physical 
stimulation methods
In recent years, researchers have demonstrated methods 
of circumventing the BBB, often with the goal of increas-
ing the accumulation of therapeutic agents in the paren-
chyma. Generally, these methods can be categorised as 

Table 1  Tight and adherens junction proteins involved in BBB opening

Junction protein Position Role in BBB opening

Claudin TJ, Transmembrane Structural integrity/permeability of the TJ, TJ assembly

Occludin TJ, Transmembrane Regulates permeability

Zonula occludens (ZO) TJ, Intracellular Anchors occludin and claudin to actin cytoskeleton

JAM TJ, Transmembrane Guides tight junction assembly

P-glycoprotein TJ, Transmembrane Efflux transporter

VE-cadherin AJ, Transmembrane Forms adherens junction, cell adhesion and metabolism

Nectin AJ, Transmembrane Forms adherens junctions, Leukocyte trafficking

α/β-catenin AJ, Intracellular Anchors VE-cadherin to actin cytoskeleton

afadin AJ, Intracellular Anchors Nectin to actin cytoskeleton
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transcellular and paracellular. In transcellular methods, 
molecules are either made more lipophilic for passive dif-
fusion, or they are transported through endothelial cells 
by carrier-mediated transport or receptor-mediated tran-
scytosis [51]. Nevertheless, transcellular methods require 
use of a limited number of compatible pharmaceuticals 
[48]. Alternatively, paracellular methods weaken tight 
and adherens junctions, allowing molecules to migrate 
between cells.

Paracellular methods of bypassing the BBB involve both 
chemical and physical mechanisms. Chemical mecha-
nisms [1, 52, 53] often utilise vasoactive compounds such 
as histamine, bradykinin, alkylglycerols, tumour necro-
sis factor, or interferon-γ to activate signalling pathways 
within endothelial cells, ultimately resulting in increased 
BBB permeability [54]. Alternatives include hyperosmo-
lar agents such as mannitol to reduce endothelial intra-
cellular volume, opening the BBB. However, chemical 
approaches often produce off-target effects and tissue 
damage, limiting their clinical utility [48, 54, 55]. The 
controlled opening of the BBB has been demonstrated 
through the use of artificial molecules, such as antibod-
ies or peptides, which interact with the claudin fam-
ily. For example, claudin-5 antibodies enhanced drug 
penetration into the BBB [56–58]. However, as they are 
distributed throughout the entire brain, these binding-
modulator approaches still lack spatial control. Physical 
disruption of the BBB, on the other hand, is emerging as 
a promising method of delivering drugs to specific tar-
gets with a higher degree of spatiotemporal control.

Physical mechanisms
Physical techniques can alter BBB integrity by destabi-
lising TJs in addition to chemically mediated or hyper-
osmotic approaches. In recent years, work has focused 
on how they can induce selective and reversible BBB 

permeability. Figure  1c–f depicts the schematic of the 
effects of physical stimulation on the BBB. During stim-
ulation, the bonds between TJ and AJ proteins are dis-
rupted and decoupled, resulting in temporary opening of 
the BBB, which recovers with time after stimulation has 
ended (Fig. 1c). The specific proteins that are disrupted, 
the timescale over which this occurs, and the nature of 
the renewal of these junctions is a function of the spe-
cific disruption mechanism employed. For optical meth-
ods like photodynamic therapy and laser interstitial 
thermotherapy (Fig.  1d), disruption of the BBB occurs 
by local heating. In electrical stimulation (Fig. 1e), either 
transcranial stimulation, with electrodes placed on the 
skull, or electroporation, using penetrating electrodes, 
electrical currents generate increased permeability. In 
mechanical stimulation, ultrasound often in combination 
with injected microbubbles opens the BBB mechanically 
(Fig. 1f ). A list of some of the relevant physical character-
istics of brain tissue is provided in Table 2, where these 
quantities provide insight into the practical application of 
each of these methods. Each mechanism is discussed in 
more detail in the following sections.

Optical stimulation
Phototherapy is the use of light at specific wavelengths to 
treat a range of diseases in a range of disciplines includ-
ing oncology, optometry and dermatology [65–67]. Two 
types of phototherapies exist, namely photodynamic 
therapy, which uses photoactivated molecules or pho-
tosensitising drugs to trigger photochemical reactions, 
and laser interstitial thermal therapy, which uses pho-
tothermal agents to selectively heat tissue [67]. In either 
method, illuminating a specific brain region causes the 
internalisation of junction molecules, locally opening the 
BBB. Without further stimulation, the BBB recovers over 
time and junction proteins seal the paracellular space. In 

Table 2  Relevant physical values for BBB stimulation

Property Value Reference

Trans-endothelial electrical resistance (TEER) 1500–8000 Ω cm2 [59]

Density, brain tissue 1.03 g/cm3 [60]

Conductivity, brain tissue 0.258 S/m [61]

Volume specific surface area, BBB 150–200 cm2/g tissue [59]

Total surface area, BBB (in adults) 12–18 m2 [59]

Acoustic attenuation, brain tissue 0.8 dB/cm*MHz [62]

Safe electric current density, brain tissue 0.06 mA/m2 [63]

Safe electric charge injection capacity 0.054  C/m2 [63]

Thermal conductivity, brain tissue 0.527W/mC [64]

Thermal attenuation coefficient, brain tissue 35.2/cm [64]

Diffusivity 1.3 10–7 m2/s [64]
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contrast to other physical stimulation methods, which 
demonstrate an almost instantaneous opening and clos-
ing of the BBB, optical stimulation opens the BBB after 
exposure and can last up to 48 h [68].

Photodynamic therapy
Photodynamic therapy (PDT) is a clinically approved 
anti-tumour treatment applied to a wide variety of can-
cers [69]. Figure 2a shows the schematic of PDT in a rat 
model. In order to activate a drug, a photosensitising 
agent or drug is administered intravenously to the target 
tissue, followed by illumination with light of a wavelength 
determined by the agent. Light activation triggers chemi-
cal reactions that interact with the tissue [65]. Light acti-
vation of photosensitisers (i.e. fluorescent dyes) generates 

reactive oxygen species which cause localised cell death 
via apoptosis, necrosis, and autophagy. In this method, 
light is delivered through an optical window in the skull 
[68]. PDT is currently applied to kill tumour cells, col-
lapse tumour microvasculature, and to induce inflamma-
tory responses that stimulate systemic immunity [70, 71].

Important physical parameters of PDT include the 
optical wavelength, the fluence (energy density, J/cm2) 
and the fluence rate (mW/cm2). Common photosensitis-
ers include hematoporphyrin derivatives and 5-aminole-
vulinic acid (ALA) [72, 73]. It is common to use fluences 
above 50  J/cm2 in clinical applications of PDT. There is, 
however, a tendency for these “high dose” regimes to 
result in oedema lasting longer than 3  days, which sug-
gests more permanent damage to the vascular system as 

Fig. 2  a Schematic of photodynamic therapy-induced BBB opening in an animal model, adapted from Zhang et al. [68]. 5-ALA, a photosensitising 
agent, is injected intravenously prior to light exposure. Through a small opening/window in the skull, light at an agent-specific wavelength (here 
635 nm) is emitted into the brain leading to photochemical reactions and heating of the stimulated area. The thermal effect leads to the local 
opening of the BBB post-exposure. b Schematic depiction of the LITT delivery system in mice. The laser fibre (right arrow) is positioned 1 mm 
caudal to the thermo-sensor (left arrow). In contrast to PD, a photosensitising agent is not used and laser treatment is delivered via laser fibre, 
avoiding a skull window. Figure adapted from Salehi et al. [87] c experimental results of PD stimulation: confocal imaging of GM1-liposomes 
the with usage of markers of the neurovascular unit. Cell nuclei are labelled with DAPI, liposome leakage outside the vascular endothelial cells are 
labelled by antibodies. The white arrows show the sites of liposome leakage. Images were taken from Zhang et al. [68]. d LITT increases BBB and BTB 
permeability in vivo. Representative white light and fluorescence images of mouse brains harvested on the indicated days after intravenous 
fluorescein injection. LITT was performed in the right somatosensory cortex. Control = unmanipulated brain. Scale bar = 5 mm, taken from Salehi et. 
al. [87]
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demonstrated in a rat model [74]. Multiple in vivo studies 
using mice and rat models, however, have also shown that 
PDT at fluences beneath the clinical standard can tem-
porarily increase BBB permeability. For example, Zhang 
et al. demonstrated in vivo opening of the BBB to fluores-
cent liposomes using a wavelength of 635 nm (10–40  J/
cm2, 40–100 mV, 250–400 s) in mice, as shown in Fig. 2c 
[68]. Additional rat model investigations demonstrated 
that even fluences on the order of 10 J/cm2 led to vaso-
genic oedema lasting up to 2  weeks [73, 75, 76]. More 
recently, Inglut et  al. presented photodynamic priming 
as a low-dose (< 1.2  J/cm2) alternative, demonstrating 
a temporary increase in BBB permeability using human 
brain microvascular endothelial cells (HBMEC) in vitro, 
while maintaining high cell viability [77]. The transduc-
tion mechanisms of photodynamic therapy and photody-
namic priming remain unconfirmed.

Comparisons across in  vitro studies are complicated 
by differences in wavelength, fluence, fluence rate, pho-
tosensitive agent concentration, and cell type. However, 
given that a dose of 5  J/cm2 at 6  mW/cm2 reduced the 
viability of HBMEC by ~ 18% and mitochondrial activity 
by ~ 36% [77], the overall effect on BBB permeability in 
in  vivo experiments is likely a combination of transient 
reorganisation of the cytoskeleton and long-term dam-
age to the cell and mitochondria [68, 78]. The formation 
of actin stress fibres has been observed in this sub-cyto-
toxic regime, consistent with earlier in  vitro studies on 
human umbilical vein endothelial cells (HUVECs) [79]. 
That study confirmed RhoA phosphorylation as the 
underlying mechanism for actin reorganisation, where 
RhoA protein plays a central role in regulating cell shape 
and polarity [80]. While the presence of RhoA hasn’t 
been confirmed in HBMECs directly, this would explain 
observed decreases in VE-cadherin expression following 
PDT [76], since RhoA inhibits VE-cadherin production. 
Photodynamic priming, however, did not significantly 
alter VE-cadherin expression, suggesting that this obser-
vation might be limited to higher fluences. Additionally, 
photodynamic effects induce microtubule depolymerisa-
tion in HUVECs [81]. Based on these effects, photody-
namic priming, increases the circularity of HBMECs by 
3–13% [77]. Aside from cytoskeletal morphology, Inglut 
et  al. also observed changes in cell–cell junction mor-
phology following photodynamic priming [77]. Adherens 
and tight junctions changed from a mature morphology 
in which VE-cadherin and ZO-1 were aligned continu-
ously along the edge of the cell to an immature mor-
phology in which they orient perpendicularly to the cell 
membrane. This agrees with previous studies into cancer 
cell transendothelial migration across HBMEC barri-
ers, which also showed that TJ disruption, mediated by 
Rho/ROCK activation, led to increased transendothelial 

cancerous cell migration. This was due to TJ opening 
through rearrangement of the actin cytoskeleton and 
rendered TJ proteins such as occludin from insoluble 
to soluble state [82]. Since stress fibres anchor to cad-
herin complexes, the rearrangement of actin fibres does 
not explain the changes in VE-cadherin morphology 
[83, 84]. Instead, Zhang et  al. suggest that β-arrestin1 
might be responsible for VE-cadherin internalisation, as 
β-arrestin1 expression rose following PDT [76]. Indeed, 
Hebda et  al. confirmed that phosphorylated VE-cad-
herin was internalised via interactions with β-arrestin1 
and β-arrestin [85]. However, that study observed the 
effects of vascular endothelial growth factor on HUVECs; 
whether the same mechanism applies to HBMECs 
remains to be determined.

Overall, PDT-induced changes in junction morphol-
ogy consistently increase BBB permeability to a variety 
of large molecules, regardless of the mechanism. The 
uniqueness of PDP lies in its spatiotemporal selectivity, 
which limits endothelial permeability to the site where 
light is applied. In addition to opening the BBB, the 
photodynamic effect provides a platform for developing 
treatments for brain diseases.

Laser interstitial thermo‑therapy
Further light-based methods include laser interstitial 
thermo-therapy (LITT), used primarily in conjunction 
with magnetic resonance thermal imaging to ablate brain 
tumours [86]. Figure  2b depicts a schematic of LITT 
in an animal model. LITT uses laser energy to gener-
ate heat within the target tissue, which is delivered via 
a laser probe inserted directly into the tissue [86, 87]. 
LITT is a minimally invasive procedure used primarily 
in conjunction in magnetic resonance thermal imaging 
or CT scans, and it differs from PDT in that laser energy 
interacts directly with the tissue without the use of pho-
tosensitising drugs [87, 88]. The advantage of LITT lies 
in its precision and ability to precisely target the area 
of interest while minimising damage to the surround-
ing tissue. Clinical systems cause coagulative necrosis of 
tumour cells above 60  °C using either a 12 W, 1064 nm 
or 15 W, 980 nm laser. Sabel et al. showed hyperthermia 
in the peritumoral region (> 40 °C) disrupted the BBB in 
rodents [89]. Salehi et al. investigated LITT in vivo using 
mice (Fig. 2d), where BBB permeability, as measured by 
brain fluorescein accumulation, substantially increased 
within the first-week post-LITT, using 2  W power on 
continuous mode to deliver laser at 1064  nm through a 
fibre optic cable [87].

Many clinical studies assessing BBB permeability 
shed light on the full cellular mechanisms involved 
in hyperthermia-induced disruption. Leuthardt et  al. 
demonstrated that LITT could be used to deliver the 
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BBB-impermeant chemotherapy agent doxorubicin 
dosed intravenously at 200  mg/m2 into the brain. By 
monitoring the serum concentration of brain-specific 
enolase, they showed a peak increase in BBB perme-
ability 1–2  weeks following LITT, with effects persist-
ing up to 4–6 weeks. Enolase concentration rose from 
175  ng/ml prior to LITT to 350  ng/ml between week 
2 and 4 before falling again pre-exposure levels after 
week 6. [90]. Based on previous studies investigating 
the effects of LITT on nitric oxide levels in brain tissue, 
one theory proposes that LITT induces an increase in 
nitric oxide in the BBB. Nitric oxide plays an important 
role in regulating cerebral blood flow and metabolism, 
and its deficiency has been implicated in a variety of 
neurological and psychiatric disorders [91]. For exam-
ple, Balanca et  al. found that LITT increased nitric 
oxide levels in injured rat brain tissue, potentially con-
tributing to a neuroprotective effect [92]. In addition, 
LITT may also contribute to transient increases in BBB 
permeability in vivo by causing heat shock proteins and 
nitric oxide secretion [93]. These findings suggest that 
LITT may be used as a potential therapeutic in condi-
tions where nitric oxide is deficient, such as strokes and 
neurodegenerative diseases [94]. An in  vivo study in 
rats, however, suggested that hyperthermic brain injury 
might be mediated by upregulation of nitric oxide syn-
thase in neurons [95]. In summary, the relationship 
between hyperthermia and the upregulation of nitric 
oxide synthase is not yet fully understood, with the 
possibility that other circulating serum proteins pro-
duced by other organs may be involved.

When considering mechanisms for how LITT 
increases barrier permeability, lessons might be taken 
from studies of heat stress on endothelial cells [96]. 
Yamaguchi et  al. used a combination of an in  vivo 
mouse model and an in  vitro pluripotent stem cell-
derived model to study the effects of heat stress [96]. 
When cells were exposed to serum from mice exposed 
to heat stress, in  vitro barrier permeability increased. 
When the in vitro cultures were exposed to heat stress, 
claudin-5 expression fell, PECAM-1 expression rose, 
and ZO-1 and occludin levels remained unchanged. 
Interestingly, expression of Pgp, an efflux transporter 
effective against multiple drug targets, also rose. This 
suggests a decrease in transcellular permeability, 
although this was not measured. According to Salehi 
et  al., separate in  vitro models showed an increase in 
endocytic vesicles following LITT [87]. However, they 
confirmed lower claudin-5 expression, albeit in mouse 
cells. Ultimately, current data suggested that LITT 
increases paracellular permeability by weakening tight 
junctions [66], although more research is needed to 
fully understand the mechanisms involved.

Electrical stimulation
Electrical stimulation has been studied to treat Par-
kinson’s disease, epilepsy, paralysis and even psychiat-
ric disorders. It seeks to modify inter-neural signalling 
by inducing or inhibiting action potentials with applied 
electrical potentials. A well-known example of electrical 
stimulation is deep brain stimulation, with application 
in the treatment of tremors in Parkinson’s disease [97, 
98]. Recently, a study showed that patients’ quality of life 
improved even 15 years after intervention [63]. However, 
its efficacy in the treatment of neural dysregulation does 
not predict success in the use of electrical stimulation for 
treatment of other diseases. Electrical stimulation can 
be applied via either low-current transcranial or high-
frequency penetrating electrodes to the brain. Depending 
on the method used, electric stimulation has a wide range 
of achievable spatial resolutions [19]. Transcranial stimu-
lation, for instance, has been shown to modulate neurons 
within mouse brain regions of a few millimetres [99]. The 
neurovascular unit, however, is closer to 10 µm in diam-
eter [100]. The spatial resolution is, therefore, relatively 
coarse compared to the size of the neurovascular unit. 
This means that while electric stimulation targets specific 
brain regions, it may not target specific cells within that 
region precisely [101, 102]. The BBB may also be affected 
differently depending on the electrical parameters and 
location of the stimulation.

Transcranial direct current stimulation (tDCS)
Non-invasive transcranial direct current stimulation 
(tDCS) can be used to treat neurological disorders [103]. 
By placing electrodes on the scalp, a low electric current 
(in the mA range) can safely be delivered to modify neu-
roplasticity across wide regions of the brain. Figure 3a, b 
show electrode arrangements used for transcranial DC 
stimulation in a rat [104], where one electrode connects 
to the rat cranium and the counter electrode connects to 
the ventral thoracic region (Fig. 3c) [101]. In a rat model, 
Liebetanz et al. showed that lesions did not develop until 
a current density of 142.9  A/m2 or an estimated cumu-
lative charge density of 52400    C/m2 was applied [104]. 
Subsequent clinical and laboratory studies have remained 
far below this limit. For example, Marceglia et al. applied 
1.5 mA for 15 min to patients with Alzheimer’s disease, 
yielding 0.06  mA/cm2 of current density and 0.054    C/
cm2 of cumulative charge density [63]. A working mem-
ory test showed that tDCS modulated both high-fre-
quency and low-frequency cortical oscillations. Within 
the context of its original clinical intent, tDCS has dem-
onstrated benefit for decades and has been relatively well 
characterised.

Rather than studying tDCS’s neuromodulatory 
effects, recent studies have focused on its effects on the 
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neurovascular unit. Cancel et  al. presented a modified 
Transwell-based setup which allowed them to apply a 
1  mA electric current to a monolayer of bEnd.3 mouse 
brain endothelial cells under either pressure-driven 
(i.e. convective) or diffusive flow. Under both flow cir-
cumstances, applying an electric current significantly 
increased the permeability of the barrier to a large 
molecular weight colloid (TAMRA-modified dextran, 
70  kDa) but not to a low molecular weight fluorescent 
marker (TAMRA, 430  Da). Given that the transport of 
the smaller solute was dominated by diffusion and that 
its permeability was therefore not affected by the appli-
cation of electric current, the authors surmised that the 
increased permeability to the larger solute was caused 
by increased convection through the gaps between TJs. 
If the electric current had caused widening of the gaps 
or an increase in the number of gaps, the permeability of 
the smaller solutes would also have been affected [105]. 
Xia et  al. showed tDCS downregulated and delocalised 
ZO-1 in bEnd.3 monolayers [106], whereas Cancel et al. 
showed no such TJ damage [105].

In vivo studies have, however, revealed additional 
effects. Rather than immediately returning to normal, 

Shin et al. observed increases in membrane permeability 
that lasted approx. 20 min following tDCS treatment of 
0.1–1.0 mA for 20 min in a rat model [101] (Fig. 3d). The 
BBB permeability to sodium fluorescein (376  Da) also 
increased, suggesting another mechanism in addition to 
increased convection through TJ.

When it comes to the effects of tDCS on endothelial 
cells, numerous studies paint a multi-faceted range of 
molecular targets. As a result of applying a nitric oxide 
synthase inhibitor, Shin et  al. found that permeability 
effects were sharply reduced, suggesting that NO-medi-
ated opening may also contribute to the permeability 
effects in vivo in rats [101]. Later studies from the same 
group confirmed this dependency in in  vitro human 
and rat cell monolayers [101]. With tDCS, the interplay 
between processes that results in this increased nitric 
oxide production is unclear, but calcium has been offered 
as one potential mediator. For example, Monai et  al. 
showed tDCS induced release of Ca2+ from mouse astro-
cytes in  vivo [99] and Trivedi et  al. found that low-fre-
quency (0.5–2.0 Hz) electric fields amplified nitric oxide 
synthesis in bovine aortic ECs in  vitro in the presence 
of extracellular Ca2+ [91]. Regardless, Trivedi et  al. also 

Fig. 3  Electrode arrangement for transcranial DC stimulation in a rat. a The epicranial electrode (contact area = 3.5 mm2) is fixed onto the skull 
unilaterally above the frontal cortex (1.5 mm right and 2 mm anterior to bregma) using dental cement. b Before DC stimulation, the epicranial 
electrode is filled with saline solution. A large rubber plate mounted on the chest serves as the counter electrode, images adapted from Liebetanz 
et al. [104]. c Schematic of the setup for the tDCS. One electrode connects to the rat cranium and the counter electrode connects to the ventral 
thoracic region, d Determination of the BBB solute permeability with illustration of the scanning region of interest (ROI) comprising several 
microvessels. The yellow frame enclosed area is the ROI used to determine the BBB permeability to a solute. e Total fluorescence intensity in the ROI 
as a function of the perfusion time. Fluorescence intensity in the figure is proportional to the total amount of solute accumulating in the region 
surrounding the microvessel. Figure taken from Shin et al. [101]
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observed an apparently Ca2+-independent pathway for 
nitric oxide synthesis when cells were exposed to these 
electric fields (albeit alternating rather than direct). Like-
wise, Tarbell et al. reported that flow increased through 
intercellular junctions [107], indicating a possible con-
nection between Cancel et  al. s’ convective effects and 
others’ in  vivo effects [101, 106, 108]. Aside from nitric 
oxide, Bai et al. showed small DC electric fields applied to 
HUVECs upregulated VEGF [109], which increases brain 
microvascular permeability [110]. Additionally, tDCS 
transiently degraded endothelial glycocalyx and ECM; 
heparan sulphate and hyaluronic acid were downregu-
lated. In the same study, tDCS eliminated the permeabil-
ity difference between positively and negatively charged 
solutes of comparable size in vivo. Xia et al. suggested this 
effect previously, where tDCS raised the permeability of 
bovine serum albumin (~ 69 kDa with a negative charge) 
above that of 70 kDa dextran in vitro, even though it had 
been lowering at baseline [106]. It is interesting to note 
that tDCS only had an effect on the BBB itself; once the 
molecules reached the ECM of brain tissue, there was no 
change in effective diffusivity.

While tDCS has been shown to have various cogni-
tive and therapeutic effects, further research is needed 
to determine the safety and efficacy of this approach as 
well as the potential risk of increased exposure to toxins 
and pathogens [111, 112]. In addition, different operat-
ing requirements of the probes can have different effects 
on the blood–brain barrier [104, 111]. Lastly, the probes 
for electroporation are highly invasive. It further remains 
to be seen if these can be inserted into other deep brain 
regions without causing long-term damage.

Pulsed electric fields
In contrast to transcranial Direct Current Stimulation, 
pulsed electric field methods intermittently stimulate 
the brain. For the sake of clarity, here we use the clas-
sification of “pulsed electric field methods” to refer to 
a range of clinical applications such as electrochemo-
therapy, tumour treating fields [113], non-thermal 
irreversible electroporation (NTIRE) [61, 114] low 
pulsed electric field [115] deep brain stimulation [116] 
or high-frequency irreversible electroporation (HFIRE) 
[117, 118]. While these techniques have distinct clini-
cal purposes and effects, they differ largely in terms of 
certain key process parameters, such as pulse ampli-
tude, pulse duration, pulse application frequency, field 
polarity, and therapy duration (or number of pulses). 
For example, NTIRE and HFIRE ablate tumours by 
stimulating with pulse amplitudes typically exceeding 
500  V/cm, creating irreversible pore structures in the 
cell membrane to kill cells [114, 117]. Early MRI out-
lined how the effects within the tissue correlated with 

the field strength at that point, depending on the posi-
tion of the stimulating electrodes and the electrical 
properties of the tissue [61, 114]. Outside the high field 
strength regions, lower amplitude fields (< 500  V/cm) 
cause reversible electroporation, allowing molecules 
to permeate the BBB through a transcellular pathway. 
With even lower field strengths (< 140  V/cm), Shar-
abi et al. have demonstrated both in vivo and in vitro 
methods for reversibly disrupting the BBB via the par-
acellular pathway, without inducing electroporation 
effects [115]. In that low pulse electric field approach, 
10 pulses applied for a duration of 50 μs each at a rate 
of 1 pulse/s could create the reversible, non-electropo-
rative effect. Interestingly, Bonakdar et  al. induced 
similarly reversible increases in paracellular perme-
ability using an in  vitro model to analyse deep brain 
stimulation pulses [116]. There, low amplitude (25 V/
cm) pulses were applied for a shorter pulse duration 
(10  μs) at a much higher frequency (200 pulses/s) for 
30  min, increasing the permeability of an endothelial 
monolayer to both high- and low-molecular weight 
tracers. In total, electrical stimulation methods offer 
a range of clinical possibilities, including the ability to 
simultaneously ablate tissue regions and reversibly dis-
rupt the BBB in the surrounding tissue for more effec-
tive drug delivery strategies.

The transduction mechanisms of pulsed electric field 
methods remain unconfirmed, though in  vivo experi-
ments are beginning to paint a clearer picture than pre-
vious in  vitro investigations have. A recent study from 
Partridge et  al. showed that BBB disruption caused by 
HFIRE was mediated largely by post-translational modi-
fication of claudin-5 and occludin [118]. Ubiquitina-
tion of both tight junction proteins was associated with 
reduced protein expression via molecular recycling as 
well as delocalisation from the cell membrane to the 
cytosol, resulting in reduced tight junction stability. 
These results pair well with a study from Salvador et al. 
that attributed the reversible disruption of BBB perme-
ability with tumour treating fields to phosphorylation of 
claudin-5 [113]. That study also showed delocalisation 
of claudin-5 over the course of 72 h following treatment. 
Combined with earlier in vitro studies that did not show 
substantial changes expression of other junction proteins 
like VE-cadherin and ZO-1 [115], the literature seems to 
suggest that this non-electroporative disruption is medi-
ated by modification of existing cellular structures, rather 
than broad level protein expression. The dynamics of 
post-translational modification could also underlie the 
reversible nature of changes in permeability. Compar-
ing the results from the in vitro and in vivo studies also 
demonstrates the advantage of animal models in identi-
fying these changes between experimental conditions. 
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Due to varying expression profiles of different primary or 
immortalised cell lines under in  vitro conditions, it can 
be difficult to identify which mechanisms play how large 
of a role in the natural environment.

Irreversible and reversible electroporation
The main medical application of electroporation is to 
eliminate tumours by delivering high voltage short pulsed 
electric fields (10–100  µs) through minimally invasive 
electrodes directly to the target tissue. Cellular response 
varies depending on the strength of the applied electric 
field. Irreversible electroporation uses high electric fields 
(> 500 V/cm) leading to irreversible membrane permea-
bilisation and subsequent cell death, a common method 
in Glioblastoma tumour ablation [118, 119]. Here, an 
intracranial needle electrode is placed in the target tis-
sue and the outer surface electrode placed on the skin 
or skull. Figure  4a depicts such distal end of micronee-
dles, which are inserted into the brain (Fig. 4b), leading 
to enhanced electroporation in the surrounding tissue 
(Fig.  4c) [119]. The strongest electric field is found sur-
rounding the electrode region, causing irreversible elec-
troporation. This electrical field gradually weakens with 
distance resulting in a reversible electroporation effect 
in peripheral regions [120]. While these microneedles 
leave a visible insertion path (Fig.  4d) they only cause 
minor bleeding without further damage (Fig. 4e). Revers-
ible Electroporation uses low field strengths (< 500  V/
cm) resulting in a reversible cell membrane permeabilisa-
tion. This method is often applied to targeted delivery of 
molecules by forming temporary, reversible channels in 
the cell membrane [120]. Applied to the BBB, controlled 
electrical pulses create temporary and reversible pores 
in the endothelial cells. These pores allow for the pas-
sage of therapeutic agents or drugs that would typically 
be unable to cross the BBB [117, 118]. In vivo studies in 
rat model by Hjouj et al. and Sharabi et al. demonstrated 
that applied electric fields between 200 and 600  V/cm, 
using 90 50 µs pulses at 1 Hz result in successful BBB dis-
ruption with limited damage to surrounding tissue [61, 
114]. At low voltages, HFIRE is an effective intracranial 
combination therapy for facilitating drug diffusion into 
brain parenchyma below lethal levels of energy ensuring 
reversible BBB opening [117]. Several in vivo studies have 
examined BBB disruption as a function of pulse number, 
where a higher number of pulses requires lower powers 
to achieve paracellular passage [115–117, 121]. Partridge 
et  al. and Lorenzo et  al. investigated temporal BBB dis-
ruption through high electric fields with 600  V/cm in 
rat models, demonstrating disruption for 1–72 h and an 
intact BBB at t = 96 h post-treatment, though tissue dam-
age may result at the electrode insertion area [117, 118]. 
A further analysis of the proteins and cytoskeleton found 

that F/G-actin ratios and TJ proteins concentrations 
decreased, and that TJ protein ubiquitination increased 
within 1–48  h after treatment. Additionally, cytoskel-
etal and TJ protein expression recovered to pretreatment 
levels by 72–96  h, with claudin-5 and ZO-1 expression 
increasing [118] (Fig. 4f ). Therefore, cytoskeletal remod-
elling and altered regulation of TJ proteins causes tran-
sient disruption of TJ complexes, leading to the opening 
of the BBB.

Low‑pulsed electrical fields (L‑PEF)
For non-invasive drug delivery, L-PEFs are a new and 
promising approach to increase BBB permeability selec-
tively and temporarily. Voltage pulses, far below the 
electric-field threshold for electroporation-induced BBB 
disruption set at about 500–700 V/cm, are applied to the 
skull via non-penetrating electrodes [122]. The resulting 
electrical fields destabilise the cell membrane and induce 
nano-scale pores in the cell’s membranes [122]. L-PEF 
can be seen between reversible electroporation, applying 
extremely low voltages [61, 121], and tDCS, using extrac-
ranial electrodes at similar current densities but pulsing 
the signal compared to consistent current ramped up 
and down [105]. Operating at lower intensities reduces 
the risk of cellular damage and other side effects. Thus, 
L-PEF induces temporary and reversible opening of the 
BBB opening, allowing for precise control over drug 
delivery while minimising potential harm to brain tis-
sue [123]. For example, Sharabi et  al. demonstrated 
increased paracellular barrier leakage in  vitro, using 
human BLEC. By applying low voltage pulses of down to 
10 V and pulse duration of 90–400 μs, they detected an 
up to 40% increase of NaF permeability and decrease in 
TEER [115]. Also, Rajagopalan et al. investigated revers-
ible BBB disruption in vitro using primary HUVEC and 
in vivo using rat model [123]. Both in vitro and in vivo, 
pulses with electrical fields of 1000 V/cm induced signif-
icant alterations to the BBB. In  vitro, pulses of 1000  V/
cm led to actin remodelling and tight junction disruption 
and internalisation but also reduced cell viability. In ani-
mal models, higher energy delivered corresponded with 
a larger region of the brain undergoing BBB disruption 
peaking at 1500 V, 100 μs and 100 pulses at 10 Hz. Fur-
thermore, recent studies demonstrate effective and safe 
BBB disruption in mice models. In an MRI study, Sharabi 
et  al. detected a linear increase in area of BBB disrup-
tion with applied voltage ranging 0–300 V at 100 pulses, 
peaking in a 3–3.2  times larger area without signs of 
oedema, damage or bleeding [122]. Cooper et al. demon-
strated efficient doxorubicin delivery in vivo, where treat-
ment with 100 pulses at 200 V led to a 29-fold higher BBB 
opening in mice brains, resulting in concentrations of 
0.5 μg Doxo/gr brain compared to 0.03 Doxo/gr brain for 
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the control group [124]. While these results demonstrate 
that PEFs increase the permeability of the paracellular-
endothelial route, the underlying mechanism are still yet 
to be determined.

Mechanical stimulation
Ultrasound disrupts the BBB through mechanical means. 
In clinical trials, low-intensity pulsed ultrasound (LIPU) 
[125] and focused ultrasound (FUS) [126] have both 
been shown to disrupt the BBB safely and effectively. 

Fig. 4  HFIRE stimulation, where a illustrates the distal end of the CETCS system with microneedles arborized from the primary cannula 
in convection-enhanced delivery CED catheters. b Schematic needle insertion in HFIRE induced BBB disruption and c post-contrast MRI images 
after gadolinium enhancement surrounding tumour area after treatment. Figures taken from Partridge et al. [119]. d MRI analysis of control 
brains in electroporation treatment with visible needle path (white arrow) obtained 30 min post treatment and e Histopathology of brain region 
with minimal bleeding along electrode insertion path. Figures taken from Sharabi et al. [61]. Immunofluorescent staining of transverse brain 
samples following intracranial HFIRE revealed a deceased in claudin-5 and ZO-1 reactivity 1 h post-treatment followed by gradual increase over time 
compared to control. Scale bar is 50 µm across all images. Image taken from Partridge et al. [118]
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In LIPU, a transducer is implanted through the skull 
to direct waves to a preselected region [127]. In FUS, 
however, waves are transmitted through the skull using 
various external transducers. Additionally, magnetic 
resonance imaging is often used for target planning and 
thermal monitoring, leading to techniques such as mag-
netic resonance-guided focused ultrasound (MRgFUS) 
[128]. To reduce the acoustic power required to open the 
BBB, microbubbles are injected systemically prior to US 
treatment [129]. When acoustic waves are present, these 
microbubbles oscillate, transmitting mechanical forces to 
the surrounding vessel walls as they flow through the vas-
culature [129]. A schematic of the application is depicted 
in Fig. 5a. This allows more targeted disruption through 
mechanical mechanisms [130], in contrast to other clini-
cal uses of high-power US which employ thermal effects 
for tissue ablation [131].

Despite LIPU’s ability to overcome the skull’s reflec-
tion and distortion of ultrasound beams, FUS has been 
studied more extensively because of its relative non-
invasiveness. In fact, FUS is approved by the FDA for 
the symptomatic treatment of Parkinson’s tremor [132], 
and safety and feasibility studies have investigated FUS in 

the context of glioblastoma [133, 134], amyotrophic lat-
eral sclerosis (ALS) [135], Alzheimer’s, as well as several 
neuropsychiatric disorders [136]. As an example, Main-
prize et  al. found that MRgFUS treatment with 4–15W 
sonication power enhanced T1-weighted MRI contrast 
by 15–50% for up to 24  h, as well as increased chemo-
therapeutic delivery to tumours and peritumoral tissues 
[134]. Abrahao et al. saw similar results for ALS patients, 
including the resolution of BBB opening within 24  h, 
and they also reported no temperature elevation during 
MRgFUS [135]. Further, Lipsman et  al. demonstrated 
that repeated openings of the BBB were well tolerated by 
Alzheimer’s patients, using MRgFUS twice in the fron-
tal lobe [130]. While these studies were small in scope 
and patient number, they offer promising indications 
for FUS’ usefulness going forward. Current drawbacks 
of this technique are the limited tissue penetration, the 
long treatment procedure, safety, and cost efficacy. Lastly, 
MRgFUS is not suitable for patients with certain medical 
conditions or body habitus.

When investigating the effectiveness of US tech-
niques for BBB disruption, many parameters can be 
adjusted. The most common reported device controls 

Fig. 5  Schematic representation of blood–brain barrier opening in Alzheimer’s disease patient in vivo and patient-derived model in vitro. a 
Schematic of a magnetic resonance (MR)-guided ExAblate device used in the first successful blood–brain barrier (BBB) opening in Alzheimer’s 
disease (AD) patients. System consists of a hemispherical helmet lined with > 1000 independent transducer elements delivering low frequency 
ultrasound treatment to the prescribed target. The helmet is positioned in the specialised MRI bed with stereotaxic frame and the space 
between patient’s head and the helmet filled with degassed water for acoustic coupling. Microbubble (MB) administration is carried out using 
repeated bolus injection or a continuous infusion. Reversible BBB opening occurs in the defined ultrasound focal zone. Figure taken from [161]. 
b fluorescence images of FUS treated at US pressure of 0.84 MPa mouse brains (left side) compared to non-treated (right side), each injected 
with 500 kDa size dextran’s. Dashed lines indicated boundaries of the hippocampal regions. Figure taken from Chen et al. [142]. c Detection of BBB 
opening in rat brain, with left hemisphere sonicated at an intracranial pressure amplitude of 1.25 MPa in the presence of microbubbles at a dosage 
of 0.1 mL/kg and no treatment to the right side. Macroscopic inspection of 2–3 mm thick coronal section (front side of the brain) showed 
penetration of Evans Blue (molecular weight of 960.8 Da) into the underlying cortex. Figure taken from Alonso et al. [143]
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include acoustic frequency, sonication duration, sonica-
tion power, burst length, and burst repetition frequency. 
Aside from the device itself, microbubble properties such 
as concentration, size distribution, and circulation time, 
as well as tissue properties like vascular density, also 
affect the degree of BBB opening. Here, animal mod-
els are helpful for exploring the parameter space [129, 
137–146]. Typical transducer frequencies include 0.5, 1.0, 
and 1.5  MHz, with peak negative pressure amplitudes 
in situ between 0.3 and 1.0 MPa. Burst length and burst 
repetition frequency typically range from 1 to 100  ms 
and 1 to 5 Hz, respectively, with sonication durations of 
20 s to 11 min. Chen et al. showed in a mice model that 
the degree of BBB opening depends on the amplitude 
in a setup with 1.5  MHz transducer frequency, 1.3  ms 
pulse duration, repetition frequency of 5 Hz, and 11 min 
sonication duration [142]. At these settings, 0.51  MPa 
is sufficient to enhance the delivery of agents < 70  kDa 
in mice, whereas 0.31  MPa was only capable of deliver-
ing agents < 3  kDa. Figure  5b shows diffused dextran of 
size 500 kDa under FUS exposure compared to a control. 
Microbubble cavitation is stable at low powers, but above 
a threshold of approximately 0.8 MPa, inertial cavitation 
causes the bubbles to burst, damaging surrounding ves-
sels in both human and animal models [127, 130]. Dur-
ing stable cavitation, though, the degree of BBB opening 
tends to increase with increasing microbubble diameter 
[147–149]. For more information on the effects of FUS 
parameters on BBB opening, the reader is referred to 
Aryal et al. [150].

FUS treatment increases BBB permeability via both 
transcellular and paracellular pathways. Early studies by 
Sheikov et al. showed increased vesicular formation, fen-
estration and channel opening in addition to the widen-
ing of tight junctions in brain microvascular cells in vitro 
1–2 h after sonication [129, 146], where the use of immu-
nostained ZO-1, claudin-1, claudin-5, and occludin con-
firmed that TJs had been disrupted [146]. Expression of 
occludin, claudin-5, and ZO-1 fell more than 50% imme-
diately following sonication, and ZO-1 delocalised away 
from TJs. Approximately 24  h after sonication, immu-
nosignals returned to control levels, indicating that BBB 
disruption had been fully reversed. Alonso et al. hypoth-
esized that the delocalisation of ZO-1 might explain 
their observations of increased gap junction plaque size 
in astrocytes and neurons [143]. They showed that two 
key gap junction proteins, connexin36 and connexin43, 
reorganised into larger junctional plaques following FUS 
treatment, again in a reversible manner demonstrated 
in vivo rat model. Since ZO-1 regulates gap junction size 
under normal conditions, the removal of ZO-1 from the 
cell membrane might explain the increased gap junc-
tion size, possibly as part of a neuroprotective response. 

Figure 5c shows leakage of blue Evans through BBB open-
ing at an intracranial pressure amplitude of 1.25 MPa in 
the presence of microbubbles at a dosage of 0.1 mL/kg.

FUS disrupts the BBB by increasing shear stress of 
ECs, but the exact signalling cascade is unknown [151]. 
Numerous studies have shown the effects of shear stress 
on regulating endothelial phenotype in  vitro [152]. 
Shear stress dependent potassium channels, for exam-
ple, hyperpolarise the cell membrane, allowing endothe-
lial cells to vasodilate in response to increased shear via 
Ca2+-dependent activation of nitric oxide synthase [153]. 
Additionally, VE-cadherin mediates a shear response by 
modulating TJs through multiple pathways [154, 155]. 
Tzima et  al. reported on a mechanosensory complex 
consisting of PECAM-1, VE-cadherin, and VEGF-R2 
that acts as an upstream activator of multiple pathways 
via PI3K activation in vitro [156]. Jalali et al. found in a 
rat study that FUS treatment increased phosphorylation 
of protein kinase B (Akt), confirming that the PI3K/Akt 
pathway disrupts the BBB [137]. However, Akt phospho-
rylation remained high after TJ stability had returned, 
implying that, additional mechanisms must be responsi-
ble for restoring BBB stability if Pi3K/Akt signalling was 
caused by BBB disruption.

Comparison of different stimulation methods
In terms of their mechanisms, target specificity, and 
safety considerations, each of optical/thermal, electric, 
and ultrasound-based/mechanical stimulation has its 
advantages and challenges. The key effects and, where 
known, mechanisms of each method are summarised in 
Table 3. Ultimately, any physical disruption method that 
can successfully impact paracellular transport mecha-
nisms via TJ modification has the potential to impact cell 
function in other ways. The added energies can result 
in deleterious effects on cell viability at sufficiently high 
exposure doses, therefore the key operating parameters 
and appropriate ranges for different methods are summa-
rised in Table 4.

Optical or thermal stimulation relies on using light 
or heat to trigger specific molecules or nanoparticles in 
the BBB. This activation can lead to temporary BBB per-
meability for drug delivery. We distinguish between the 
two main options, Laser interstitial thermotherapy LITT 
and Photodynamic therapy PDT, where LITT uses laser 
energy directed to generate heat directly while PDT 
uses a photosensitizing agent and light to produce heat. 
When using targeted light sources or nanoparticles, 
both methods offer excellent spatial precision, including 
in deep brain regions. These methods have shown some 
advantages in terms of safety since they are relatively 
non-invasive. However, concerns about potential tissue 
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damage due to heat and long-term effects of light expo-
sure require careful evaluation.

Electric stimulation involves applying electrical cur-
rents directly to the brain or targeted brain regions using 
techniques like transcranial direct current stimulation 
(tDCS), irreversible and reversible electroporation (EP) 
and low-pulse electrical fields (L-PEF). The key difference 
is the non-invasiveness of tDCS and L-PEF with elec-
trodes only placed on the skull, compared to electropora-
tion, which requires brain-tissue-penetrating electrodes. 
The electrical currents alter the membrane permeability 
of BBB endothelial cells temporarily. It can be challeng-
ing to achieve precise targeting using electric stimula-
tion, as electric current spreads unevenly throughout the 
brain tissues. There may also be some safety risks associ-
ated with electric stimulation since high currents or pro-
longed stimulation periods could cause unwanted neural 
activation or tissue damage. Overall, electric stimulation 
offers a straightforward approach but lacks precision 
and can lead to long-term tissue damage in the case of 
implanted electrodes.

Mechanical or acoustic stimulation typically involves 
the use of focused ultrasound (FUS) combined with 

microbubbles. The microbubbles oscillate under the 
influence of ultrasound, creating transient disruptions in 
the BBB and enhancing drug delivery. FUS provides the 
best spatial targeting and control of all physical methods, 
allowing precise control over the area of BBB opening. 
Acoustic stimulation has shown promise for BBB open-
ing with a relatively good safety profile, and its efficacy 
has been confirmed in several clinical studies. However, 
concerns about potential side effects like microhemor-
rhages and inflammation require further investigation.

Current state of clinical applications
While safety and efficacy studies in animal models have 
shown promising results for physical stimulation meth-
ods, clinical studies demonstrating BBB opening to 
increase drug delivery are still in an early state. LITT 
and FUS lead the race towards therapeutic applications. 
Investigating LITT, Leuthardt et  al. conducted a pilot 
clinical trial between 2013 and 2018, studying magnetic 
resonance imaging (MRI)-guided laser surgery (MLA) 
and doxorubicin hydrochloride in treating 14 patients 
with recurrent glioblastoma multiforme between, dem-
onstrating increased BBB permeability [90]. FUS was 

Table 3  Mechanisms in stimulated BBB opening

Method Effect/underlying mechanism Ref

PDT • RhoA phosphorylation leads decreased VE-cadherin expression
• VE-cadherin and ZO-1 orientation shift perpendicular to cell membrane (immature state)
• Actin rendering, occludin from insoluble to soluble state

[80]
[76]
[82]

LITT • Heat stress TJ proteins, increase in NO, Clauding-5 expression decreases [157]

tDSC • Increases convection through TJs
• Downregulation of ZO-1 and nitric oxide mediated opening

[99]
[106]

L-PEF • Remodelling of Actin, decrease in VE-cadherin and ZO-1 expression [115, 123]

EP • F/G-actin ratio decrease, TJ proteins decrease, actin remodelling [121]

FUS • Reduced expression of occludin, claudin-5, and ZO1
• Shear stress-dependent CA2+ channels, hyperpolarise cell membrane causing vasodilation
• Nitric oxide synthase activation, VE-cadherin shift (immature state)

[129, 153]
[152]

Table 4  Representative reported stimulation parameters

Parameter Value Ref

Optical: Thermal energy density brain tissue in PDT 50 J/cm2 [68]

Electrical: Reversible cell membrane permeabilisation 500 V/cm [120]

Electrical: Applied electric field maximum 500 V/cm [120]

Electrical: Voltage to distance ratio for BBB opening 200–400 V/cm [122–125]

Threshold electroporation 400–600 V/cm [158]

FUS: Safe and effective sonication power 4–15W [144]

FUS: Effective BBB frequency range 0.5–1.5 MHz [144, 145]

FUS: Effective acoustic pressure 0.3–1.0 MPa [127, 144]

FUS: Effective pulse duration 1.3 MHz [127, 145]

FUS: Microbubble bursting  > 0.8 MPa [136, 144]
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approved in 2019 by the US FDA for clinical trials in 27 
recurrent glioblastoma patients to deliver the chemo-
therapy drug carboplatin, with results still pending [159]. 
In a pilot study in 2018, Lipsman et  al. demonstrated 
safe, reversible, and repeated opening of the BBB using 
MRgFUS in 5 patients suffering from Alzheimer’s Dis-
ease. Furthermore, cognitive scores didn’t decline within 
3 months post treatment [130]. According to clinicaltri-
als.gov, Clinical trials investigating therapeutical appli-
cations of FUS are ongoing with currently 22 registered, 
with 7 active and 14 recruiting [160]. This growing body 
of evidence suggests that BBB modulation holds great 
potential for revolutionising the treatment of neurologi-
cal diseases.

Conclusion
The delivery of therapeutic agents to the brain can be 
modulated by physical disruption approaches based on 
optical, electrical and mechanical stimulation. While 
chemical methods to circumvent the BBB have been 
widely studied, clinical limitations include high failure 
rates and non-selective tissue effects. Physical methods, 
in contrast, offer the potential for spatiotemporally con-
trolled modulation of the BBB, allowing temporary and 
reversible opening. The mechanisms of these physical 
methods have been a topic of recent examination, with 
available evidence suggesting that they can selectively 
disrupt tight junctions and increase paracellular trans-
port. Focused ultrasound in particular has emerged as a 
leading clinically applied technique due to its ability to 
non-invasively achieve localised BBB modulation with 
minimal damage to surrounding tissue. Further research, 
however, is still required to determine the signalling cas-
cades responsible for barrier disruption for each tech-
nique on a mechanistic level. Another key question is 
how BBB stability is restored following the disruption 
to ensure these methods can be applied without caus-
ing adverse effects, such as tissue damage, inflammation, 
or long-term alterations in BBB integrity. It may be pos-
sible to exploit mechanisms discovered here to develop 
therapeutic windows that could be activated for a defined 
amount of time, possibly mitigating the off-target effects 
of the techniques currently being studied. On a disease 
level, understanding the BBB’s role in early-stage pathol-
ogy is a key hurdle to designing appropriate therapeutic 
strategies. On a system level, understanding how the BBB 
interacts with the remaining components of the neuro-
vascular unit might uncover improved methods of diag-
nosing and preventing disease.
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