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Introduction

The blood-brain barrier (BBB) serves as the interface 
between systemic circulation and the central nervous sys-
tem (CNS). This barrier consists of a tightly controlled 
and highly coordinated network of different types of cells, 
including endothelial cells, pericytes, astrocytes, and neu-
rons [1, 2]. Under physiological conditions, the BBB inhib-
its the passage of almost all systemically administered drug 
molecules into the CNS, allowing only highly lipophilic and 
relatively small molecule drugs to cross [3, 4]. Strategies 
to overcome the BBB have encompassed pharmacologi-
cal approaches, like the use of ATP-binding-cassette-trans-
porter blockers like quercetin or hyper osmolar agents like 
sorbitol, as well as physical interventions, such as intrathe-
cal injection or sonopermeation [5–8].
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Abstract
Drug delivery to central nervous pathologies is compromised by the blood-brain barrier (BBB). A clinically explored 
strategy to promote drug delivery across the BBB is sonopermeation, which relies on the combined use of ultrasound (US) 
and microbubbles (MB) to induce temporally and spatially controlled opening of the BBB. We developed an advanced in 
vitro BBB model to study the impact of sonopermeation on the delivery of the prototypic polymeric drug carrier pHPMA 
as a larger molecule and the small molecule antiviral drug ribavirin. This was done under standard and under inflamma-
tory conditions, employing both untargeted and RGD peptide-coated MB. The BBB model is based on human cerebral 
capillary endothelial cells and human placental pericytes, which are co-cultivated in transwell inserts and which present 
with proper transendothelial electrical resistance (TEER). Sonopermeation induced a significant decrease in TEER values 
and facilitated the trans-BBB delivery of fluorescently labeled pHPMA (Atto488-pHPMA). To study drug delivery under 
inflamed endothelial conditions, which are typical for e.g. tumors, neurodegenerative diseases and CNS infections, tumor 
necrosis factor (TNF) was employed to induce inflammation in the BBB model. RGD-coated MB bound to and permeabi-
lized the inflamed endothelium-pericyte co-culture model, and potently improved Atto488-pHPMA and ribavirin delivery. 
Taken together, our work combines in vitro BBB bioengineering with MB-mediated drug delivery enhancement, thereby 
providing a framework for future studies on optimization of US-mediated drug delivery to the brain.
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Improved understanding of drug delivery to the brain 
profits from advanced in vitro setups, employing BBB mod-
els to study drug shuttling at the molecular level and upon 
different co-treatments [9–12]. A key parameter indicating 
proper BBB functionality is the transendothelial electrical 
resistance (TEER), which results from a confluent endothe-
lial cell layer with intact tight junctions [13]. In mammals, 
TEER values are reported to exceed 1000 Ω⋅cm² in vivo. 
In vitro, values usually range between 40 and 800 Ω⋅cm², 
depending on the setup and cell lines used [14–16]. For the 
cells used in this study, comparably low TEER values from 
10 to 50 Ω⋅cm² have been reported, which still allow mea-
surements of TEER changes [17, 18].

A healthy, functional BBB carefully controls the transport 
of nutrients, hormones and molecules and restricts cellular 
passage in and out of the brain [19]. Upon inflammatory 
stress, endothelial cells react with modified expression of 
molecules, resulting in increased permeability, altered cel-
lular structure, and/or signaling via receptors to mediate 
immune responses [20]. These changes induce invasion of 
immune cells across the BBB to combat disease progression 
and protect CNS tissue [21]. An example for these receptors 
is the group of integrins, that promote immune cell adhesion 
and interactions between cells and the extracellular matrix 
[22]. Among those, alpha-v-beta-3 integrin receptors can be 
exploited as a target for inflammation-targeted drug delivery 
systems, for example, via the Arg-Gly-Asp (RGD) peptide 
motif which is known to bind to several integrin subtypes 
[23, 24]. The stimulation of integrin expression can be 
induced in endothelial cells by exposure to e.g. tumor necro-
sis factor (TNF), of which the latter can be employed to 
establish an inflamed in vitro BBB model [25–27]. In con-
trast to animal models, in vitro models allow direct control 
over interacting cell types and stimuli [18, 28]. The use of 
in vitro models enables easier adjustment to research ques-
tions as well as high-throughput screening of neuro-active 
drugs and brain-targeted drug delivery systems, both alone 
and in combination with physical interventions intended to 
promote trans-BBB drug delivery, such as sonopermeation.

Sonopermeation is a biophysical mechanism based on 
the interaction of microbubbles (MB) with ultrasound (US) 
[29]. MB oscillate when exposed to acoustic pressures 
and can cavitate or burst depending on their shell type and 
applied US parameters [29, 30]. MB-mediated mechani-
cal forces affect nearby cells, and can induce an opening 
of intercellular junctions and/or increased transcytosis 
[31]. The main effects of sonopermeation-mediated BBB-
opening are observed in capillary beds, where the distance 
between MB and endothelial cells is small, and the thin 
vessel wall allows for easier molecular transport [32–34]. 
Here, sonopermeation can enhance tissue penetration of 
circulating small molecule drugs and larger compounds, 

e.g., antibodies and drug delivery systems, across the BBB 
[35, 36]. One concept to enhance the regional specificity of 
sonopermeation is the use of focused US (fUS), where an 
acoustic lens concentrates US waves in a small target vol-
ume. The efficacy of US-induced local BBB opening can 
be further increased by employing targeted MB, which are 
surface-coated with different ligands ranging from peptides 
to antibodies, that bind to and accumulate at specific sites of 
interest. Their mainly imaging-focused application is more 
and more extended to therapeutic applications [37, 38]. 
Here, their focused accumulation can be exploited to target 
different pathological lesions in the CNS for more effective 
sonopermeation-based BBB opening.

In vitro BBB models promote research on biophysical 
and pathophysiological mechanisms aiming for an improve-
ment of, e.g., localized drug delivery. The increasing com-
plexity of models can serve different research purposes, 
starting from monocultures up to 3D-bioprinted microfluidic 
models with incorporated flow or organoids [18, 39, 40]. 
While simpler models are used to screen for toxic effects 
or drug delivery mechanisms, more complex models can 
enhance understanding of cell-cell interactions of different 
cell types in a 3D setting. As an example, antitumor research 
has already employed in vitro BBB models incorporating 
glioma cell lines [28]. Apart from the general setup, the 
choice of cell lines heavily impacts the scope of application 
[1]. Both primary and immortalized rat or bovine cerebral 
endothelial cell lines provide high TEER values, around 600 
Ω⋅cm², but they differ from human cells in terms of receptor 
expression [16]. For example, the expression of the solute 
carrier monocarboxylate transporter 1 is rarely reported in 
animal-based in vitro BBB models but is present in BBB 
models relying on human cell lines [16, 41]. Primary human 
stem cell-based BBB models can create a more realistic dis-
play of the human BBB, but their availability and handling 
tend to be challenging [42, 43]. Immortalized human cell 
lines can be a pragmatic compromise between decent TEER 
values, representative molecular marker expression, and 
ease of application [17]. BBB co-culture models incorpo-
rating such immortalized human cerebral cells can provide 
important new insights into the expression of potential tar-
get receptors, into the usefulness of drug delivery systems, 
as well as into the mechanisms of trans-BBB drug delivery.

We here describe the development of an in vitro co-
culture BBB model based on human cell lines to study the 
application of sonopermeation for delivering a prototypic 
polymeric drug carrier system across a healthy as well as an 
inflamed BBB. To improve drug delivery at inflammatory 
sites, we employed RGD peptide-coated MB to increase the 
specificity of sonopermeation. The binding of RGD-coated 
MB to inflamed cerebral endothelium was evaluated under 
static and dynamic (flow) conditions, mimicking the in 
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vivo situation. As a proof-of-concept for inflammation- and 
infection-targeted trans-BBB drug delivery, we finally also 
assessed the ability of sonopermeation to shuttle the antivi-
ral small molecule drug ribavirin across the BBB.

Materials and methods

BBB model

Human cerebral microvascular endothelial cells D3 
(hCMEC/D3, Merck Millipore, Germany) were cultivated 
as advised by the manufacturer in EndoGRO™ medium 
(Merck Millipore, Germany) with 1 ng/mL FGF-2. Human 
pericytes (hPC-PL, PromoCell, Germany) were cultured 
according to the manufacturer´s instructions in Pericyte 
Growth Medium 2 (Promocell, Germany). For BBB models, 
25,000 hCMEC/D3 cells were seeded on the lower side of 
a 6 mm polyester membrane cell culture insert with 0.4 μm 
pores (Corning® Transwell®, USA) and left to incubate 
and attach for 1 h. After placing the inserts into the well, 
50,000 hPC-PL were seeded into the upper compartment. 
This generated a blood compartment on the endothelial side 
and a CNS compartment facing the pericytes (Fig. 1A). The 
model was left to establish for 15 days at 37°C with 5% 
CO2. Further experiments were conducted if stable and con-
sistent resistance measurements indicated an intact barrier. 
To induce inflammation, the models were incubated with 
human TNFα (abcam, Great Britain) at a concentration of 
20 ng/ml in medium for 4 h under standardized cell culture 
conditions [20].

Synthesis of MB

Synthesis of poly-butyl cyanoacrylate (PBCA) MB was 
done using a previously established protocol [44]. In short, 
n-butyl cyanoacrylate was added to a 1% Triton X-100 solu-
tion and stirred to encourage bubble formation. MB were 
purified using repeated centrifugation and resuspension. 
Targeted MB were produced by coupling cyclo(RGDfK) 
(RGD-MB, Arg-Gly-Asp, MedChemExpress, USA) or 
unspecific control cyclo(RADfK) (RAD-MB, Arg-Ala-Asp, 
MedChemExpress, USA) amino acid sequences to the shell 
of hydrolyzed PBCA MB via carbodiimide conjugation, as 
described previously [45]. Labeling with rhodamine B was 
also done as previously described [30, 46, 47]. Unlabeled 
MB at a concentration of 1 × 109 MB/ml were diluted in a 
0.1 mg/ml rhodamine B solution and incubated for 4 h under 
continuous stirring. The solution was then cleared of broken 
MB and free rhodamine B via centrifugation and resuspen-
sion of the MB cake in fresh Triton X-100 solution until the 

solution below the cake was clear and colorless. Labeled 
MB were stored for up to 48 h at 5°C.

Polymeric drug carrier

Atto488-labeled HPMA polymers (poly(N-(2-hydroxypro-
pyl)methacrylamide; Atto488-pHPMA) were synthesized 
as described before [48, 49]. Briefly, N-(2-hydroxypropyl) 
methacrylamide (HPMA; 85 mol %) and 3-(N-methacryloyl 
glycylglycyl)thiazolidine-2-thione (Ma-GG-TT; 15 mol %) 
were combined in DMSO for radical copolymerization for 
6 h at 50°C to produce the copolymer precursor poly(HPMA-
co-Ma-GG-TT). Atto488-NH2 was added to the polymer 
precursor (10% w/w) in N,N-dimethylacetamide in the pres-
ence of N,N’-diisopropylethylamine in equimolar amount 
to Atto488. After 30  min, remaining polymeric reactive 
TT groups were aminolyzed with 1-aminopropan-2-ol, fol-
lowed by a precipitation step with diethyl ether. Purification 
of the product was done by gel filtration on PD-10 desalt-
ing columns containing Sephadex G-25 resins in water. The 
resulting polymer had a molecular weight of 67 kDa and a 
polydispersity (Ð) value of 1.7. The dye content of Atto488 
was 2.1% w/w as assessed by UV/Vis spectrophotometry. 
The polymeric nanocarrier size under physiological condi-
tions was 10–20 nm, as measured via fluorescence correla-
tion spectroscopy.

TEER analysis

TEER measurements were performed using an EVOM2 
epithelial voltohmmeter with STX-2 chopstick electrodes 
(World Precision Instruments, USA) at 37°C. The obtained 
values were normalized by subtracting the resistance of 
inserts without cells (44 ± 12 Ω⋅cm²) and relating them to 
membrane surface; thus, results are expressed in Ω⋅cm². A 
baseline TEER measurement of our BBB model was con-
ducted after 15 days, as a quality control for barrier func-
tion. Longitudinal TEER measurements were performed in 
a water bath heated to 37°C. Models were returned to cul-
ture conditions between two measurements.

Drug translocation

Model macro- and small molecule drugs were introduced 
to the blood compartment in the transwell BBB co-culture 
model at a concentration of 0.1 nmol/ml for Atto488-
pHPMA or 100 µg/ml for ribavirin [50]. Drug concentra-
tions in CNS compartments were determined at different 
time points using fluorescence detection or reverse-phase 
high-performance liquid chromatography (HPLC), respec-
tively. For Atto488-pHPMA, fluorescence detection was 
done at an excitation wavelength of 490 nm. Emission was 
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taken for HPLC analysis with an isocratic elution method 
using methanol (containing 0.1% TFA) as a solvent in a 
5 min sequence. A C18 column (4.6 × 150 mm, particle size 
5 μm), 1 ml/min flow and a detection wavelength of 220 nm 
were used. The area under the curve (AUC) was correlated 
to a control sample and a previously done calibration curve 

assessed at 525 nm using the Tecan Reader infinite M200. 
Sample preparation for HPLC analysis of ribavirin (Merck, 
Germany) was adapted from Homma et al. [51]. To measure 
drug concentrations, 150 µl of medium were extracted from 
the CNS compartment. Using 1 M HCl, the pH was adjusted 
to 2 to allow for protein precipitation. Samples were cen-
trifuged at 5,000  g for 5  min, and 85  µl supernatant was 

Fig. 1  In vitro BBB model. A: Schematic depiction of an in vivo BBB 
capillary and of our in vitro BBB co-culture model. In this model, 
hCMEC/D3 endothelial cells and hPC-PL pericytes were used on 
opposing sides of a porous transwell membrane. hCMEC/D3 faced the 
model blood compartment, while hPC-PL faced the model CNS com-
partment. Graphic was created with Biorender.com B: Scanning elec-
tron microscopy image of the BBB model upon cutting and turning one 
part of the membrane, exposing scattered hPC-PL (left) on the upper 
side and a dense hCMEC/D3 layer at the bottom (right). Lower images 
are magnified from the overview image above, with white rectangles 
marking the areas in the overview image. Scale bar indicates 500 µm. 
C: Three-dimensional confocal microscopy of our BBB model, visual-

izing CD31-labeled endothelial cells in green and CD13-labeled peri-
cytes in red. Nuclei in blue. Between the cell layers, blue fluorescence 
of the membrane can be observed. D: TEER values measured of in 
vitro BBB models. The central line indicates a median TEER value 
of 16 Ω⋅cm², the smaller dotted lines represent SD (n=264, including 
technical and biological replicates). E: Immunostainings (in red) of 
endothelial markers CD31, P-GP (P-glycoprotein) and TR (Transferrin 
receptor) by hCMEC/D3 cells in 2D cell culture. DAPI-stained nuclei 
in blue. F: Immunostainings (in red) of fibroblast markers CD13, NG2 
(Neural/glialantigen 2), alpha-SMA (Alpha smooth muscle antigen) by 
hPC-PL cells. Nuclei in blue. 
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Axio Imager M2 fluorescence microscope (Carl Zeiss, 
Germany). For every petri-dish, five images were acquired 
using the 10x objective. Bound MB were counted manually 
and unbound MB, defined by not being in observable con-
tact to cell membranes, moving bubbles and/or signals out 
of focus plane, were excluded from the final data (NB: on 
average less than one MB per picture).

Microscopy

BBB models were fixated in 3% glutaraldehyde in PBS, 
dehydrated with ethanol and coated with a 10  nm layer 
gold/palladium for scanning electron microscopy (SEM, 
ESEM Quattro S, ThermoScientific FEI, Netherlands). For 
immunostainings, a fixation with 4% paraformaldehyde 
buffered in PBS for 12 min was performed. These models 
were then incubated with primary antibodies to detect the 
expression of the following targets: P-glycoprotein (P-GP, 
1:100, ab170904, abcam, Great Britain), transferrin recep-
tor (1:200, ab84036, abcam, Great Britain), alpha-v-beta-3 
integrin (1:250, ab7166, abcam, Great Britain), CD13 
(1:250, ab108310, abcam, Great Britain) and CD31 (1:200, 
RA0259-C.5, ScyTek Laboratories, USA). Incubations with 
primary antibodies were done overnight at 4°C, followed 
by a washing step with PBS to remove unbound antibodies 
before incubation with secondary antibodies for 1 h at room 
temperature (1:500, 711-166-152, Dianova, Germany and 
1:150, 115-165-166, Dianova, Germany). For tight junc-
tion staining, fixation was done with ice-cold methanol and 
acetone 1:1 for 10 min at -20°C [55]. The ZO-1 antibody 
(1:100, ab190085, abcam, Great Britain) was left on the fix-
ated models at 4°C overnight, washed with PBS and visu-
alized via a secondary antibody exposure for 1 h at room 
temperature (1:500, 711-166-152, Dianova, Germany). In 
all stained models, nuclei were counter-stained using DAPI 
(1  µg/ml), while WGA-488 (1:500, ThermoFisher Sci-
entific, USA) was used to identify cell membranes. Mod-
els were incubated with both agents at room temperature 
for 10 min. A minimum of three fluorescence microscopy 
images per staining were acquired using an Axio Imager M2 
fluorescence microscope (Carl Zeiss, Germany). Confocal 
microscopy was performed using an inverted Zeiss LSM 
710 confocal laser scanning microscope running under ZEN 
black 2.3 SP1 FP3 software (version 14.0.27.201) using a 
20x/0.8 Plan-Apochromat objective (Zeiss, Oberkochen, 
Germany). 405 nm, 488 and 561 nm laser lines were used 
for the excitation of DAPI, Alexa 488 and Cy3, respectively. 
According to the combination of dyes, beam splitters and 
filters were chosen as suggested by the Smart Setup func-
tion of the ZEN software to achieve optimal separation of 
the signals.

to estimate the drug concentrations in µg/ml present in the 
sample.

US and sonopermeation

The employed fUS setup consisted of a Siglent 
SDS1202X + oscilloscope (China), for monitoring signals 
as well as triggering a Keysight 33,600 A Series Trueform 
Waveform Generator (USA). The generated signal was 
intensified by an AG 1021 power amplifier (T&C Power 
Conversion, Inc., USA), stepped up in voltage and matched 
to the impedance of the Olympus V314-SU-F1.00IN-PTF 
US transducer (Germany), which was submerged in a de-
ionized water bath preheated to 37°C. Inserts were placed 
in lumox® multiwell plates (Sarstedt, Germany) and fixed 
2.5  cm above the transducer with the bottom of the plate 
still submerged. MB were diluted in 800  µl pre-warmed 
EndoGRO™ medium at a concentration of 1 × 107 MB/ml. 
Untreated and TNF-treated BBB models were exposed to 
US with a frequency of 0.933 MHz, 10 cycles per pulse, a 
pulse repetition frequency (PRF) of 2 kHz, and a peak nega-
tive acoustic pressure of 200 kPa for 3 s. Additionally, BBB 
models were treated with US and either untargeted control 
MB or RGD-MB. For binding experiments, TNF pre-treated 
models were incubated in MB suspensions for 10  min at 
37°C before submerging the models in fresh medium for the 
sonopermeation treatment. Afterwards, models were placed 
into new wells and subjected to further resistance measure-
ments or translocation assays with Atto488-pHPMA or riba-
virin. Models were returned to culture conditions between 
data acquisitions.

Flow chamber experiments

300,000 hCMEC/D3 cells per 35 mm petri-dish were seeded 
and incubated under culture conditions for 6 days. Inflam-
mation was induced using TNF as described above [20]. A 
custom-made flow chamber setup was used to evaluate the 
binding efficacy of RGD- and RAD-targeted PBCA MB to 
TNF-stimulated cells (Fig. 3B). Cells were pre-labeled with 
Hoechst (1:500, nuclei) and WGA-488 (1:500, Thermo-
Fisher Scientific, USA, cell membranes) for 30 min. Cells 
were exposed to rhodamine B-labeled RGD-MB or RAD-
MB in EndoGRO™ medium at 1 × 107 MB/ml with a flow 
of 2 mm/s, to be comparable to in vivo physiology [52–54]. 
The time point of analysis was immediately after exposure. 
For RGD-MB + TNF, additional observation time points 
were set after 10 or 30 min of exposure to medium at a flow 
of 2  mm/s. Unbound bubbles were removed by washing 
with medium and PBS (1 min medium, 1 min PBS, 1 min 
PBS). The area of cells exposed to the flow was immedi-
ately investigated using fluorescence microscopy via an 
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and 200 kPa decreased TEER to approx. 10% of baseline 
values (Fig. 2C). The overall model integrity after sonoper-
meation treatment was confirmed using stainings for nuclei 
and cell membranes, as well as SEM imaging (Fig. 2B). We 
were unable to detect cell detachment or visible holes in 
the endothelial cell layer in randomly chosen samples after 
treatments (Fig. S2). TEER values gradually returned to 
starting values over a time window of 6 h, indicating that 
the treatment was well-tolerated, and that BBB opening was 
reversible (Fig.  2C). Cells treated only with MB without 
sonication presented with a negligible decrease in TEER. 
Only fUS without MB also decreased TEER values in our 
setup, but significantly less than the combination of MB and 
US (Fig. 2C). When evaluating Atto488-pHPMA transloca-
tion, there were no significant differences between MB-only 
treatment and US-only treatment (Fig.  2D). Conversely, 
beginning 15 min after sonopermeation, while not statisti-
cally significant, there is an increase of signal in the CNS 
compartment for the macromolecule, pointing to a greater 
translocation, which is significantly enhanced over time 
((p < 0.05); Fig. 2D).

Targeting inflammation under capillary flow 
conditions

Inflammatory sites in the body are known to express different 
molecular markers such as alpha-v-beta-3-integrin, which is 
induced in vitro by, e.g., the application of TNF. Endothe-
lial cells (hCMEC/D3) were exposed to TNF after 5 days of 
growth. The targeting behavior of RGD-MB and RAD-MB 
as a negative control to inflamed and untreated hCMEC/D3 
was evaluated at capillary flow, allowing the binding of MB 
to expressed integrins. After a washing sequence, a mean 
value of 1 MB per image taken was observed to be defined 
as unbound due to no contact to cell membranes, movement 
and/or signals outside the focus (Fig. 3A, B). Compared to 
RGD-MB at unstimulated endothelium and RAD-MB under 
both conditions, a significant increase of bound RGD-MB 
was seen on inflamed endothelial layers at a flow speed of 
2  mm/s (Mean ± SEM: 5 ± 2, 10 ± 2, 4 ± 2, 31 ± 10 bound 
MB for No TNF + RAD, No TNF + RGD, TNF + RAD 
and TNF + RGD respectively, Fig.  3C, D). Exposing the 
TNF + RGD condition to fresh, MB-free medium at 2 mm/s 
for up to 30 min demonstrated a long-term binding of MB 
(32 ± 17, 21 ± 2 bound MB upon 10 and 30 min exposure 
respectively, Fig. 3E).

Sonopermeation via targeted MB at the inflamed 
BBB

In vivo, unbound MB are cleared from systemic circulation 
relatively rapidly, typically within a timeframe of minutes. 

Statistical analysis

Data are presented as the mean ± standard deviation (unless 
specified otherwise). Statistical analysis was performed 
using GraphPad Prism 10 (GraphPad Software, San Diego, 
CA, USA). Analysis was done using ANOVA with Tukey´s 
post-hoc test. P values < 0.05 were considered statistically 
significant. Significant differences are indicated as * = 
p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

Results

BBB co-culture model generation and 
characterization

The BBB model was generated by co-culturing hCMEC/
D3 endothelial cells and hPC-PL pericytes on opposing 
sides of a porous membrane (Fig.  1A). SEM imaging of 
mature models showed a dense layer of endothelial cells 
on the lower side of the membrane with pericytes scattered 
across the upper side. The low pericyte coverage accurately 
reflects the in vivo situation where not every part of a brain 
capillary is covered by pericytes [56]. Both sides were visu-
alized within one image by cutting the membrane in half 
and turning one part around so that hPC-PL and hCMEC/D3 
were simultaneously visible (Fig. 1B). Cell identities were 
confirmed using immunostainings for the differentiation 
markers platelet endothelial cell adhesion molecule (CD31, 
endothelial cells) and alanine aminopeptidase (CD13, peri-
cytes), depicting clear separation of the cell types without 
cross-contamination (Fig.  1C) [57, 58]. TEER values of 
our BBB model were in the range of 16 ± 4 Ω⋅cm² (n = 264, 
Fig.  1D) and dropped to values of a membrane without 
cells after EDTA stimulation (Fig. S1). Immunostainings 
revealed the expression of characteristic cellular molecules 
for endothelial cells and pericytes. Endothelial hCMEC/D3 
expressed CD31, efflux pump P-glycoprotein (P-GP) and 
the transferrin receptor (TR). hPC-PL presented CD13, neu-
ral/glial antigen 2 (NG2) and alpha-smooth muscle antigen 
(alphaSMA) (Fig. 1E, F). This, in combination with suffi-
cient cell coverage and appropriate TEER values, showed 
that our BBB model was viable and suitable to proceed to 
drug delivery experiments.

Opening of the in vitro BBB with sonopermeation

Our BBB model was exposed to fUS, MB and a combina-
tion of both to evaluate the effect of sonopermeation on 
TEER and nanocarrier translocation (Fig.  2A). While the 
untreated BBB model showed stable TEER values, sonoper-
meation at 0.933  MHz, pulse repetition frequency 2  kHz 
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post treatment. The difference in timing, with TEER values 
dropping immediately after sonopermeation versus nano-
carrier translocation only happening at relatively late time 
points after sonopermeation can be explained by the slower 
diffusion of larger molecules such as our nanocarrier when 
compared to the ion transit measured by TEER. Addition-
ally, transcytosis-mediated translocation most likely plays 
a role in facilitating nanocarrier translocation at later time 
points after sonopermeation.

After confirming the efficacy of RGD-targeted MB-medi-
ated sonopermeation with the fluorophore-labeled polymeric 
nanocarrier, we employed the inflamed BBB model in com-
bination with targeted MB to assess the effect of sonoper-
meation on the delivery of the clinically approved small 

We mimicked this situation in our in vitro BBB model 
via incubation with untargeted and RGD-targeted MB for 
10 min, followed by a transfer of the transwell insert into a 
new well, ensuring the removal of unbound MB (Fig. 4A). 
When comparing TEER values at different time points after 
US application, only RGD-MB were found to be able to 
reduce TEER, to 4 ± 5% of starting values (Fig. 4B). This 
was followed by a recovery of the TEER values over time. 
For untargeted MB, no differences in TEER modulation 
versus control conditions were observed (Fig. 4B). In line 
with the TEER values, Atto488-pHPMA translocation to the 
CNS compartment of the model was significantly improved 
only after sonopermeation treatment with RGD-MB 
(Fig. 4C). Interestingly, this was only observed at 360 min 

Fig. 2  Sonopermeation in the in 
vitro BBB model. A: Illustration 
showing sonopermeation applica-
tion in the BBB co-culture model, 
followed by TEER measurements 
and Atto488-pHPMA nanocarrier 
translocation from the blood to 
the CNS compartment. Graphic 
was created with Biorender.com. 
B: Scanning electron micros-
copy images of the BBB model 
at different time points after 
exposure to MB, US application 
(fUS) and sonopermeation (SP), 
respectively. No differences were 
observed between the treatments, 
indicating that no major damage 
was done to the BBB by SP 
treatment. Scale bar is 100 µm. 
C: TEER in the BBB co-culture 
model upon sonopermeation vs. 
control conditions. *** indicates 
p<0.001. n≥12per time point. 
D: Translocation of Atto488-
pHPMA nanocarrier across 
the model BBB into the CNS 
compartment, determined by the 
relative fluorescence intensity 
(RFI). After 360 min, a signifi-
cant difference of SP treatment to 
all control groups was observed. 
* indicates p<0.05 (n=3 per time 
point).
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15  min after sonopermeation and remained higher than 
those of controls at all following time points (Fig. 5B). The 
differences in timing for pHPMA nanocarriers and ribavirin 
were expected due to size and polarity differences. While 
pHPMA is a weakly hydrophilic compound and a compara-
bly large molecule, the hydrophilic and small ribavirin can 
translocate across the BBB model much faster, provided 
that openings through sonopermeation are present.

molecule antiviral drug ribavirin. Ribavirin is incapable of 
passing the BBB under physiological conditions due to its 
hydrophilicity but could potentially be used against vari-
ous viral CNS infections [59]. As shown in Fig. 5A, TEER 
resistance upon sonopermeation significantly dropped to 
2 ± 4% of starting values, in line with the results presented 
in Fig. 4B. TEER values also again recovered to those of 
controls after less than 6 h. Ribavirin concentrations in the 
CNS compartment were already significantly enhanced 

Fig. 3  MB-binding to inflamed 
BBB under flow conditions. 
A: Illustrationdisplaying the 
interaction between RGD-MB 
and integrin-expressing endothe-
lial cells in case of an inflamed 
BBB. B: Schematic showing of 
the flow chamber MB binding 
experiments. First, endothelial 
cells were activated with TNF 
to induce inflammation. The cell 
layer was exposed to differ-
ent labelled MB formulations 
at capillary flow speeds for 10 
min. EM: endothelial medium, 
RAD: RAD-MB, RGD: RGD-
MB. Graphic was created with 
Biorender.com. C: Fluorescence 
microscopy analysis revealed 
specific binding of labeled RGD-
coated (but not RAD-coated) 
MB to inflamed brain endothelial 
cells. FOV: Field of view. Scale 
bar represents 100 µm. D: Bound 
MB were quantified per field of 
view after 10 min of exposure 
at capillary flow (Mean ± SEM 
of n=8 replicates). ** indicates 
p<0.01, *** indicates p<0.001. 
E: MB bound to inflamed endo-
thelium were exposed to capillary 
flow speeds for 0, 10, or 30 min 
(Mean ± SEM of n=8 replicates).

 

1 3



Drug Delivery and Translational Research

Fig. 5  Sonopermeation with RGD-MB increased ribavirin translo-
cation across the inflamed BBB. A: TEER values in the TNF-treated 
BBB co-culture model upon treatment with targeted MB and sonoper-
meation (SP) over time up to 360 min post application. After a strong 
initial decline in resistance, a gradual recovery to control values was 

observed. *** indicates p<0.001; n=12 per time point. B: Transloca-
tionof ribavirin across the BBB model was analyzed by determining 
drug concentration in the CNS compartment using HPLC. *** indi-
cates p<0.001, **** = p<0.0001, n=3 per time point. 

 

Fig. 4  RGD-MB induced 
sonopermeation in the inflamed 
BBB model. A: Schematic over-
view of the experimental work-
flow. Graphic was created with 
Biorender.com. B: TEER values 
in the inflamed BBB model 
incubated without(control), with 
untargeted and with RGD-
targeted MB up to 360 min post 
fUS treatment. Sonopermeation 
(SP) with RGD-MB potently 
reduced electrical resistance in 
the inflamed BBB models. Over 
time, a gradual recovery of TEER 
values was observed. No signifi-
cant difference between control 
(no MB) and untargeted MB was 
detected, indicating complete 
removal of unbound MB during 
transwell transfer. **** indicates 
p<0.0001. n=12 per time point. 
C: Translocation of Atto488-
pHPMA nanocarrier across 
the inflamed BBB co-culture 
model upon sonopermeation was 
assessed by analysis of relative 
fluorescence intensity (RFI) 
in the CNS compartment. The 
combination of US and RGD-MB 
resulted in an increase in RFI. 
**** indicates p<0.0001; n=3 
per time point. 
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endothelial cells in inflamed tissues and in response to TNF, 
at a flow speed comparable to murine and human brain cap-
illaries (Fig. 3D,E) [52, 54]. Previous studies have shown 
rapid clearance of non-targeted MB from the bloodstream 
within less than 10 min [47]. The observed stable binding of 
RGD-coated MB to inflamed BBB endothelium over 30 min 
allows specific targeting of inflamed vessels, paralleled by 
removal of unbound MB from the bloodstream, thereby 
avoiding sonopermeation effects on uninflamed blood ves-
sels within the sonicated area (Fig. 3E) [65]. This is a prom-
ising finding for further studies, although we expect faster 
clearance of bound MB in vivo, as the fluid dynamics of 
blood with possible contact of bloodborne cells and MB 
differ from our experimental settings in vitro. We emulated 
the removal of unbound MB from the bloodstream in our 
setup by switching the MB-exposed BBB models into fresh 
medium before fUS treatment, and demonstrated efficient 
BBB opening by targeted sonopermeation, which resulted 
in increased delivery of both Atto488-pHPMA nanocar-
rier and the small molecule drug ribavirin (Figs. 4 and 5). 
The effect of trans-BBB translocation was much faster for 
ribavirin than for Atto488-pHPMA. This is not surprising, 
given the significantly smaller size of ribavirin (< 1 nm) vs. 
pHPMA (10–20 nm), which contributes to much more rapid 
diffusion across the opened BBB, and also to less depen-
dence on e.g. transcytosis. Improved targeted delivery of 
the clinically used ribavirin under inflammatory conditions 
encourages further research combining sonopermeation-
induced BBB opening with anti-inflammatory drug delivery. 
Studies on the BBB involvement in CNS diseases linked to 
neuroinflammation such as tumors, encephalitis and auto-
immune diseases could provide insights into new treatment 
options by opening the BBB for drugs previously incapable 
of reaching the CNS.

Due to the simplification of a complex three-dimensional 
anatomical structure in living organisms to a simplified 
two-dimensional cell co-culture model, the results reported 
here serve as a starting point for future (US-mediated) trans-
BBB delivery research. Our BBB model provides a balance 
between resembling a human BBB while keeping required 
resources (and ethical/animal aspects) manageable [18]. 
More sophisticated in vitro models may provide insights 
into the interplay of additional cell types or stimuli [16], 
while less complex models, containing for instance only 
endothelial cells, may be more suitable for high-throughput 
studies. When considering sonopermeation, US settings 
that have been identified in vitro have to be adjusted for 
a loss of pressure due to tissue attenuation in vivo. There 
have been different approaches to limit this loss in animals 
and patients by overcoming the skull, either implanting the 
transducer intracranially or employing advanced extracra-
nial transducer setups [63, 64, 66]. In this context, one has 

Discussion

In this study, we demonstrated the successful application of 
an in vitro BBB model based on immortalized human cell 
lines to study sonopermeation-mediated delivery of a nano-
sized drug carrier and a clinically approved small molecule 
drug under different (patho)physiological conditions. Our 
results show that (1) a healthy and inflamed BBB model 
with decent TEER values can be generated; (2) sonoperme-
ation with both targeted and untargeted MB enhances deliv-
ery across the BBB; (3) both nanocarriers and free drugs can 
cross the BBB in our model.

The BBB co-culture model has been established by 
us and coworkers previously, and it is adapted here for 
sonopermeation research [28]. For this specific purpose, the 
cell orientation was changed to move the endothelial cells to 
the lower side of the membrane, enabling close interaction 
between MB and this cell layer (Fig. 1A,C). In this configu-
ration, both cell lines expressed markers typical for BBB 
cells (Fig. 1E,F) [2, 60]. The model provided reliable TEER 
values of around 16 Ω⋅cm², which is in range with published 
TEER values for hCMEC/D3 cells (i.e. 10 to 50 Ω⋅cm² [17, 
18]), indicating a functional BBB required for drug delivery 
studies (Fig. 1D). EDTA, a chelating agent which removes 
Ca2+ from tight junctions and thereby inhibits tight junc-
tion function, served as a positive control for BBB opening, 
and - when applied to the endothelial side - resulted in a 
fast drop of TEER (Fig. S1) [61]. Sonopermeation with fUS 
and PBCA MB was also able to reversibly open the in vitro 
BBB, improving the passage of Atto488-pHPMA (Fig. 2B-
D) [35]. The observed recovery time of our BBB model after 
opening is comparable to observations made in animal stud-
ies [62]. In humans, closure of the BBB in less than 1 day 
has been observed when appropriate fUS parameters were 
chosen [63, 64]. Increased delivery of Atto488-pHPMA 
was seen immediately after sonopermeation treatment but 
only became statistically significant at 6  h after sonoper-
meation. This can likely be explained by the slow diffusion 
of relatively large molecules like 10–20 nm-sized pHPMA 
polymers across opened junctions, as well as by increased 
transcytosis (i.e. a slow process) induced by the oscillating 
MB during sonopermeation [29]. To dissect possible con-
tributions of transcytosis to the observed, improved drug 
delivery, studies including transcytosis blockers or lower 
operating temperatures would be possible. Modifying such 
parameters also influences other factors like the known 
interaction between temperature and TEER and merits fur-
ther studies in the future.

By introducing TNF in our BBB model, we established a 
setup to study inflammatory reactions of the BBB in vitro. 
We confirmed stable and specific binding of RGD-coated 
MB to alpha-v-beta-3 integrins, which are upregulated on 
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if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.	 Bhalerao A, Sivandzade F, Archie SR, Chowdhury EA, Noorani 
B, Cucullo L. In vitro modeling of the neurovascular unit: 
advances in the field, Fluids and Barriers of the CNS, 17 (2020).

2.	 Brown LS, Foster CG, Courtney J-M, King NE, Howells DW, 
Sutherland BA. Pericytes and neurovascular function in the 
healthy and diseased brain. Front Cell Neurosci, 13 (2019).

3.	 Banks WA. From blood-brain barrier to blood-brain interface: 
new opportunities for CNS drug delivery. Nat Rev Drug Discov. 
2016;15:275–92.

4.	 Stefan H, Feuerstein TJ. Novel anticonvulsant drugs. Pharmacol 
Ther. 2007;113:165–83.

5.	 Gharbavi M, Amani J, Kheiri-Manjili H, Danafar H, Sharafi A. 
Niosome: A Promising Nanocarrier for Natural Drug Delivery 
through Blood-Brain Barrier, Advances in Pharmacological Sci-
ences, 2018 (2018).

6.	 Rufino-Ramos D, Albuquerque PR, Carmona V, Perfeito R, Nobre 
RJ. Pereira De Almeida, Extracellular vesicles: novel promising 
delivery systems for therapy of brain diseases. J Control Release. 
2017;262:247–58.

7.	 Shi Y, van der Meel R, Chen X, Lammers T. The EPR effect and 
beyond: strategies to improve tumor targeting and cancer nano-
medicine treatment efficacy. Theranostics. 2020;10:7921–4.

8.	 Zheng Y, Ma L, Sun Q. Clinically-relevant ABC transporter for 
Anti-cancer Drug Resistance. Front Pharmacol, 12 (2021).

9.	 de Maar JS, Rousou C, van Elburg B, Vos HJ, Lajoinie GPR, Bos 
C, Moonen CTW, Deckers R. Ultrasound-mediated drug deliv-
ery with a clinical Ultrasound System: in vitro evaluation. Front 
Pharmacol. 2021;12:768436.

10.	 Beekers I, Lattwein KR, Kouijzer JJP, Langeveld SAG, Vegter M, 
Beurskens R, Mastik F, Verduyn Lunel R, Verver E, van der Steen 
AFW, de Jong N. Kooiman, Combined Confocal Microscope and 
Brandaris 128 Ultra-high-speed Camera. Ultrasound Med Biol. 
2019;45:2575–82.

11.	 Beekers I, Mastik F, Beurskens R, Tang PY, Vegter M, Van Der 
Steen AFW, De Jong N, Verweij MD, Kooiman K. High-resolu-
tion imaging of intracellular calcium fluctuations caused by oscil-
lating Microbubbles. Ultrasound Med Biol. 2020;46:2017–29.

12.	 Beekers I, Vegter M, Lattwein KR, Mastik F, Beurskens R, Van 
Der Steen AFW, De Jong N, Verweij MD, Kooiman K. Opening 
of endothelial cell–cell contacts due to sonoporation. J Controlled 
Release. 2020;322:426–38.

13.	 Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML, Hick-
man JJ. TEER Measurement Techniques for in Vitro Barrier 
Model systems. J Lab Autom. 2015;20:107–26.

14.	 Butt AM, Jones HC, Abbott NJ. Electrical resistance across the 
blood-brain barrier in anaesthetized rats: a developmental study. J 
Physiol. 1990;429:47–62.

15.	 Berndt P, Winkler L, Cording J, Breitkreuz-Korff O, Rex A, 
Dithmer S, Rausch V, Blasig R, Richter M, Sporbert A, Wol-
burg H, Blasig IE, Haseloff RF. Tight junction proteins at the 
blood-brain barrier: far more than claudin-5. Cell Mol Life Sci. 
2019;76:1987–2002.

to keep in mind that our BBB model serves - as all in vitro 
or in vivo models; with their individual advantages and dis-
advantages– primarily a tool to promote very basic to early 
preclinical stage research on the ability of different US and 
MB combinations to help shuttle drugs and drug delivery 
systems across a model BBB, and that it enables large-scale 
screening studies and mechanistic analyses that would not 
be possible in in vivo setups.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s13346-
024-01561-6.

Acknowledgements  The authors acknowledge continuous technical 
support by Marek Weiler and Raphael Schäfer. The graphical abstract 
was created using Biorender.com.

Author contributions  C. Hark, T. Lammers and J.N. May conceived 
the study. Experimental planning, material preparation and data col-
lection were performed by C. Hark, J. Chen, J. Bloeck, E.M. Buel, 
H. Radermacher, R. Pola, M. Pechar, T. Etrych, Q. Pena, A. Rix, and 
N.I. Drude. Interpretation of the results was conducted by C. Hark, F. 
Kiessling, T. Lammers, and J.N. May. C. Hark wrote the first draft of 
the manuscript, supervised by F. Kiessling, T. Lammers and J.N. May. 
All authors read, revised and approved the final manuscript.

Funding  The authors gratefully acknowledge financial support by 
the German Research Foundation (DFG: GRK2375 Tumor-targeted 
Drug Delivery; grant number: 331065168), by the European Union 
(ERANET-EuroNanoMedIII: NSC4DIPG), the European Research 
Council (ERC Consolidator Grant Meta-Targeting; grant number: 
864121), and the Czech Science Foundation (project No. 22-12483 S). 
The Quattro S was funded by the German Research Foundation (DFG, 
German Research Foundation 495328185). This work was also sup-
ported by the Confocal Microscopy Facility, a core facility of the In-
terdisciplinary Center for Clinical Research (IZKF) Aachen within the 
Faculty of Medicine at RWTH Aachen University.
Open Access funding enabled and organized by Projekt DEAL.

Data availability  The materials used and datasets generated are avail-
able from the corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  Twan Lammers and Fabian Kiessling are found-
ers and as well as Anne Rix co-owners of SonoMAC GmbH. Fabian 
Kiessling has joint patents and is an advisor for FUJIFILM VisualSon-
ics. Natascha Drude is an external advisor and animal welfare offi-
cer at Medizinisches Kompetenzzentrum|c/o HCx Consulting GmbH, 
Wendisch Rietz, Brandenburg. The other authors have no conflicts of 
interest to delare.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s13346-024-01561-6
https://doi.org/10.1007/s13346-024-01561-6
http://Biorender.com


Drug Delivery and Translational Research

32.	 Skyba DM, Price RJ, Linka AZ, Skalak TC, Kaul S. Direct in 
vivo visualization of intravascular destruction of microbub-
bles by ultrasound and its local effects on tissue. Circulation. 
1998;98:290–3.

33.	 Sassaroli E, Hynynen K. Forced linear oscillations of microbub-
bles in blood capillaries. J Acoust Soc Am. 2004;115:3235–43.

34.	 Nagy JA, Benjamin L, Zeng H, Dvorak AM, Dvorak HF. Vascular 
permeability, vascular hyperpermeability and angiogenesis. Vol-
ume 11. Angiogenesis; 2008. pp. 109–19.

35.	 May JN, Golombek SK, Baues M, Dasgupta A, Drude N, Rix A, 
Rommel D, von Stillfried S, Appold L, Pola R, Pechar M, van 
Bloois L, Storm G, Kuehne AJC, Gremse F, Theek B, Kiessling F, 
Lammers T. Multimodal and multiscale optical imaging of nano-
medicine delivery across the blood-brain barrier upon sonoper-
meation. Theranostics. 2020;10:1948–59.

36.	 Shen Y, Guo J, Chen G, Chin CT, Chen X, Chen J, Wang F, Chen 
S, Dan G. Delivery of liposomes with different sizes to mice 
Brain after Sonication by Focused Ultrasound in the Presence of 
Microbubbles. Ultrasound Med Biol. 2016;42:1499–511.

37.	 Wang S, Hossack JA, Klibanov AL. Targeting of microbubbles: 
contrast agents for ultrasound molecular imaging. J Drug Target. 
2018;26:420–34.

38.	 Dasgupta A, Sun T, Rama E, Motta A, Zhang Y, Power C, 
Moeckel D, Fletcher S-M, Moosavifar M, Barmin R, Porte C, 
Buhl EM, Bastard C, Pallares RM, Kiessling F, McDannold N, 
Mitragotri S, Lammers T. Transferrin Receptor-Targeted Nons-
pherical Microbubbles for Blood–Brain Barrier Sonopermeation, 
Advanced Materials, n/a 2308150.

39.	 De Lorenzi F, Hansen N, Theek B, Daware R, Motta A, Breuel S, 
Nasehi R, Baumeister J, Schöneberg J, Stojanović N. Engineering 
Mesoscopic 3D tumor models with a Self-Organizing Vascular-
ized Matrix. Adv Mater, (2023) 2303196.

40.	 De Lorenzi NHF, Theek B, Daware R, Motta A, Breuel S, Nasehi 
R, Baumeister J. Jan Schöneberg, Natalija Stojanović, Saskia Von 
Stillfried, Michael Vogt, Gerhard Müller-Newen, Jochen Maurer, 
Alexandros Marios Sofias, Twan Lammers, Horst Fischer, Fabian 
Kiessling, Engineering Mesoscopic 3D tumor models with a Self-
Organizing Vascularized Matrix. Advanced Materials; 2023.

41.	 Boitsova EB, Morgun AV, Osipova ED, Pozhilenkova EA, Mar-
tinova GP, Frolova OV, Olovannikova RY, Tohidpour A, Gorina 
YV, Panina YA, Salmina AB. The inhibitory effect of LPS on 
the expression of GPR81 lactate receptor in blood-brain barrier 
model in vitro. J Neuroinflammation. 2018;15:196.

42.	 Hollmann EK, Bailey AK, Potharazu AV, Neely MD, Bowman 
AB, Lippmann ES. Accelerated differentiation of human induced 
pluripotent stem cells to blood–brain barrier endothelial cells. 
Fluids Barriers CNS. 2017;14:9.

43.	 Canfield SG, Stebbins MJ, Morales BS, Asai SW, Vatine GD, 
Svendsen CN, Palecek SP, Shusta EV. An isogenic blood–brain 
barrier model comprising brain endothelial cells, astrocytes, and 
neurons derived from human induced pluripotent stem cells. J 
Neurochem. 2017;140:874–88.

44.	 Fokong S, Siepmann M, Liu Z, Schmitz G, Kiessling F, Gätjens 
J. Advanced characterization and refinement of poly N-butyl cya-
noacrylate microbubbles for ultrasound imaging. Ultrasound Med 
Biol. 2011;37:1622–34.

45.	 Joseph S, Gronewold TMA, Schlensog MD, Olbrich C, Quandt 
E, Famulok M, Schirner M. Specific targeting of ultrasound 
contrast agent (USCA) for diagnostic application: an in vitro 
feasibility study based on SAW biosensor. Biosens Bioelectron. 
2005;20:1829–35.

46.	 Ojha T, Pathak V, Drude N, Weiler M, Rommel D, Rütten S, 
Geinitz B, van Steenbergen MJ, Storm G, Kiessling F, Lammers 
T. Shelf-Life evaluation and lyophilization of PBCA-Based poly-
meric microbubbles. Pharmaceutics. 2019;11:433.

16.	 Helms HC, Abbott NJ, Burek M, Cecchelli R, Couraud P-O, 
Deli MA, Förster C, Galla HJ, Romero IA, Shusta EV, Stebbins 
MJ, Vandenhaute E, Weksler B, Brodin B. In vitro models of the 
blood–brain barrier: an overview of commonly used brain endo-
thelial cell culture models and guidelines for their use. J Cereb 
Blood Flow Metabolism. 2016;36:862–90.

17.	 Eigenmann DE, Xue G, Kim KS, Moses AV, Hamburger M, 
Oufir M. Comparative study of four immortalized human brain 
capillary endothelial cell lines, hCMEC/D3, hBMEC, TY10, 
and BB19, and optimization of culture conditions, for an in vitro 
blood-brain barrier model for drug permeability studies. Fluids 
Barriers CNS. 2013;10:33.

18.	 Gonzales-Aloy E, Ahmed-Cox A, Tsoli M, Ziegler DS, Kavallaris 
M. From cells to organoids: the evolution of blood-brain barrier 
technology for modelling drug delivery in brain cancer. Adv Drug 
Deliv Rev. 2023;196:114777.

19.	 Pardridge WM. Drug transport across the blood-brain barrier. J 
Cereb Blood Flow Metab. 2012;32:1959–72.

20.	 de Vries HE, Blom-Roosemalen MCM, Oosten Mv, de Boer AG, 
van Berkel TJC, Breimer DD, Kuiper J. The influence of cyto-
kines on the integrity of the blood-brain barrier in vitro. J Neuro-
immunol. 1996;64:37–43.

21.	 Muldoon LL, Alvarez JI, Begley DJ, Boado RJ, Del Zoppo GJ, 
Doolittle ND, Engelhardt B, Hallenbeck JM, Lonser RR, Ohlfest 
JR, Prat A, Scarpa M, Smeyne RJ, Drewes LR, Neuwelt EA. 
Immunologic privilege in the central nervous system and the 
blood-brain barrier. J Cereb Blood Flow Metab. 2013;33:13–21.

22.	 Loh LC, Locke D, Melnychuk R, Laferté S. The RGD sequence 
in the cytomegalovirus DNA polymerase accessory protein can 
mediate cell adhesion. Virology. 2000;272:302–14.

23.	 Ruoslahti E. RGD and other recognition sequences for integrins. 
Annu Rev Cell Dev Biol. 1996;12:697–715.

24.	 Ludwig BS, Kessler H, Kossatz S, Reuning U. RGD-Binding 
integrins revisited: how recently discovered functions and Novel 
Synthetic ligands (Re-)Shape an ever-evolving field. Cancers 
(Basel), 13 (2021).

25.	 Idriss HT, Naismith JH. TNF alpha and the TNF receptor super-
family: structure-function relationship(s). Microsc Res Tech. 
2000;50:184–95.

26.	 Horton MA. The αvβ3 integrin vitronectin receptor. Int J Bio-
chem Cell Biol. 1997;29:721–5.

27.	 Senger DR, Ledbetter SR, Claffey KP, Papadopoulos-Sergiou A, 
Peruzzi CA, Detmar M. Stimulation of endothelial cell migration 
by vascular permeability factor/vascular endothelial growth factor 
through cooperative mechanisms involving the alphavbeta3 inte-
grin, osteopontin, and thrombin. Am J Pathol. 1996;149:293–305.

28.	 Singh S, Drude N, Blank L, Desai PB, Königs H, Rütten S, 
Langen K-J, Möller M, Mottaghy FM, Morgenroth A. Protease 
responsive nanogels for transcytosis across the blood– brain bar-
rier and intracellular delivery of Radiopharmaceuticals to Brain 
Tumor cells. Adv Healthc Mater. 2021;10:2100812.

29.	 Snipstad S, Sulheim E, de Lange Davies C, Moonen C, Storm G, 
Kiessling F, Schmid R, Lammers T. Sonopermeation to improve 
drug delivery to tumors: from fundamental understanding to clin-
ical translation. Expert Opin Drug Deliv. 2018;15:1249–61.

30.	 Koczera P, Appold L, Shi Y, Liu M, Dasgupta A, Pathak V, 
Ojha T, Fokong S, Wu Z, van Zandvoort M, Iranzo O, Kuehne 
AJC, Pich A, Kiessling F, Lammers T. PBCA-based polymeric 
microbubbles for molecular imaging and drug delivery. J Control 
Release. 2017;259:128–35.

31.	 Marty B, Larrat B, Van Landeghem M, Robic C, Robert P, Port 
M, Le Bihan D, Pernot M, Tanter M, Lethimonnier F, Mériaux 
S. Dynamic study of blood-brain barrier closure after its disrup-
tion using ultrasound: a quantitative analysis. J Cereb Blood Flow 
Metab. 2012;32:1948–58.

1 3



Drug Delivery and Translational Research

58.	 Crouch EE, Doetsch F. FACS isolation of endothelial cells 
and pericytes from mouse brain microregions. Nat Protoc. 
2018;13:738–51.

59.	 Remesar MC, Blejer JL, Weissenbacher MC, Nejamkis MR. Rib-
avirin effect on experimental Junin virus-induced encephalitis. J 
Med Virol. 1988;26:79–84.

60.	 Bendayan R, Ronaldson PT, Gingras D, Bendayan M. In situ 
localization of P-glycoprotein (ABCB1) in human and rat brain. J 
Histochem Cytochem. 2006;54:1159–67.

61.	 Muendoerfer M, Schaefer UF, Koenig P, Walk JS, Loos P, Balbach 
S, Eichinger T, Lehr C-M. Online monitoring of transepithelial 
electrical resistance (TEER) in an apparatus for combined dis-
solution and permeation testing. Int J Pharm. 2010;392:134–40.

62.	 Burgess A, Shah K, Hough O, Hynynen K. Focused ultrasound-
mediated drug delivery through the blood-brain barrier. Expert 
Rev Neurother. 2015;15:477–91.

63.	 Abrahao A, Meng Y, Llinas M, Huang Y, Hamani C, Mainprize 
T, Aubert I, Heyn C, Black SE, Hynynen K, Lipsman N, Zinman 
L. First-in-human trial of blood-brain barrier opening in amyo-
trophic lateral sclerosis using MR-guided focused ultrasound. Nat 
Commun. 2019;10:4373.

64.	 Mainprize T, Lipsman N, Huang Y, Meng Y, Bethune A, Ironside 
S, Heyn C, Alkins R, Trudeau M, Sahgal A, Perry J, Hynynen K. 
Blood-brain barrier opening in primary brain tumors with non-
invasive MR-Guided focused Ultrasound: a clinical safety and 
feasibility study. Sci Rep. 2019;9:321.

65.	 Pathak V, Nolte T, Rama E, Rix A, Dadfar SM, Paefgen V, Banala 
S, Buhl EM, Weiler M, Schulz V, Lammers T, Kiessling F. Molec-
ular magnetic resonance imaging of Alpha-v-Beta-3 integrin 
expression in tumors with ultrasound microbubbles. Biomateri-
als. 2021;275:120896.

66.	 Idbaih A, Canney M, Belin L, Desseaux C, Vignot A, Bouchoux 
G, Asquier N, Law-Ye B, Leclercq D, Bissery A, De Rycke Y, 
Trosch C, Capelle L, Sanson M, Hoang-Xuan K, Dehais C, 
Houillier C, Laigle-Donadey F, Mathon B, André A, Lafon C, 
Chapelon JY, Delattre JY, Carpentier A. Safety and feasibility of 
repeated and transient blood-brain barrier disruption by Pulsed 
Ultrasound in patients with recurrent glioblastoma. Clin Cancer 
Res. 2019;25:3793–801.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

47.	 Fokong S, Theek B, Wu Z, Koczera P, Appold L, Jorge S, 
Resch-Genger U, van Zandvoort M, Storm G, Kiessling F, Lam-
mers T. Image-guided, targeted and triggered drug delivery to 
tumors using polymer-based microbubbles. J Controlled Release. 
2012;163:75–81.

48.	 Ríhová B, Jelínková M, Strohalm J, Subr V, Plocová D, Hovorka 
O, Novák M, Plundrová D, Germano Y, Ulbrich K. Polymeric 
drugs based on conjugates of synthetic and natural macromol-
ecules. II. Anti-cancer activity of antibody or (Fab’)(2)-targeted 
conjugates and combined therapy with immunomodulators. J 
Control Release. 2000;64:241–61.

49.	 Theek B, Baues M, Gremse F, Pola R, Pechar M, Negwer I, 
Koynov K, Weber B, Barz M, Jahnen-Dechent W, Storm G, 
Kiessling F, Lammers T. Histidine-rich glycoprotein-induced 
vascular normalization improves EPR-mediated drug targeting to 
and into tumors. J Control Release. 2018;282:25–34.

50.	 Slavenburg S, Huntjens-Fleuren HW, Dofferhoff TS, Richter C, 
Koopmans PP, Verwey-Van Wissen CP, Drenth JP, Burger DM. 
Ribavirin plasma concentration measurements in patients with 
hepatitis C: early Ribavirin concentrations predict steady-state 
concentrations. Ther Drug Monit. 2011;33:40–4.

51.	 Homma M, Jayewardene AL, Gambertoglio J, Aweeka F. High-
performance liquid chromatographic determination of Ribavirin 
in whole blood to assess disposition in erythrocytes. Antimicrob 
Agents Chemother. 1999;43:2716–9.

52.	 Hall CN, Reynell C, Gesslein B, Hamilton NB, Mishra A, Suther-
land BA, O’Farrell FM, Buchan AM, Lauritzen M, Attwell D. 
Capillary pericytes regulate cerebral blood flow in health and dis-
ease. Nature. 2014;508:55–60.

53.	 Tsai CJ, Nagata T, Liu CY, Suganuma T, Kanda T, Miyazaki T, 
Liu K, Saitoh T, Nagase H, Lazarus M, Vogt KE, Yanagisawa M, 
Hayashi Y. Cerebral capillary blood flow upsurge during REM 
sleep is mediated by A2a receptors. Cell Rep. 2021;36:109558.

54.	 Itoh Y, Suzuki N. Control of brain capillary blood flow. J Cereb 
Blood Flow Metab. 2012;32:1167–76.

55.	 Buckley AG, Looi K, Iosifidis T, Ling K-M, Sutanto EN, Marti-
novich KM, Kicic-Starcevich E, Garratt LW, Shaw NC, Lanni-
gan FJ, Larcombe AN, Zosky G, Knight DA, Rigby PJ, Kicic A, 
Stick SM. Visualisation of multiple tight junctional complexes in 
human airway epithelial cells. Biol Procedures Online. 2018;20:3.

56.	 Armulik A, Genové G, Betsholtz C. Pericytes: Developmen-
tal, physiological, and pathological perspectives, problems, and 
promises. Dev Cell. 2011;21:193–215.

57.	 Lertkiatmongkol P, Liao D, Mei H, Hu Y, Newman PJ. Endo-
thelial functions of platelet/endothelial cell adhesion molecule-1 
(CD31). Curr Opin Hematol. 2016;23:253–9.

1 3


	﻿RGD-coated polymeric microbubbles promote ultrasound-mediated drug delivery in an inflamed endothelium-pericyte co-culture model of the blood-brain barrier
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿BBB model
	﻿Synthesis of MB
	﻿Polymeric drug carrier
	﻿TEER analysis
	﻿Drug translocation
	﻿US and sonopermeation
	﻿Flow chamber experiments
	﻿Microscopy
	﻿Statistical analysis

	﻿Results
	﻿BBB co-culture model generation and characterization
	﻿Opening of the in vitro BBB with sonopermeation
	﻿Targeting inflammation under capillary flow conditions
	﻿Sonopermeation via targeted MB at the inflamed BBB

	﻿Discussion
	﻿References


