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Abstract: This study explores the potential of cold atmospheric plasma (CAP) to facilitate the delivery
of large-molecule drugs to the brain. The blood–brain barrier (BBB) restricts the passage of most drugs,
hindering treatment for neurological disorders. CAP generates reactive oxygen and nitrogen species
(RONS) that may disrupt the BBB’s tight junctions, potentially increasing drug permeability. An
in vitro BBB model and an immortalized cell line (bEND.3) were used in this experiment. Fluorescein
isothiocyanate dextran (FD-4), a model drug, was added to the cells to determine drug permeability.
Custom microplasma was used to produce reactive oxygen species (ROS). Trans-endothelial electrical
resistance (TEER) measurements assessed the integrity of the BBB after the CAP treatment. A decrease
in TEER was observed in the CAP-treated group compared to the controls, suggesting increased
permeability. Additionally, fluorescence intensity measurements from the basal side of the trans-well
plate indicated higher drug passage in the CAP-treated group. Moreover, the higher presence of ROS
in the plasma-treated cells confirmed the potential of CAP in drug delivery. These findings suggest
that CAP may be a promising approach for enhancing brain drug delivery.
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1. Introduction

The blood–brain barrier (BBB) is a critical defense mechanism in the brain that restricts
the entry of most drugs [1,2]. It consists of endothelial cells, pericytes, and astrocytes,
with the endothelial cells forming a continuous layer that is connected by tight junctions,
adherent junctions, and gap junctions [3]. Among these, tight junctions play a crucial role
in maintaining the barrier’s resistance and regulating the passage of substances [4–6]. The
primary function of the BBB is to maintain the brain’s internal environment by controlling
what can enter or exit, thereby protecting it from harmful agents [7].

Researchers have explored various methods like focused ultrasound, nanoparticles,
peptites based drug delivery, and so on, to overcome this hurdle. Focused ultrasound (FUS),
a non-invasive technique using high-frequency sound waves, disrupts tight junctions in the
BBB [8–10]. However, FUS therapy can overheat the scalp and skull, causing discomfort,
tissue damage, and reduced treatment effectiveness. This overheating may also contribute
to calvaria marrow injuries. Excessive FUS or microbubbles can induce apoptosis and brain
hemorrhage [11,12].

Nanoparticles, microscopic drug carriers, are designed to target BBB receptors, al-
though may cause unintended side effects and off-target delivery [13–15]. These tiny
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particles must be carefully engineered to avoid inducing toxic or immune responses. Once
administered, nanoparticles must remain stable in the bloodstream while navigating the
complex biological environment of the body. Their tendency to accumulate in organs such
as the liver and spleen can lead to long-term toxicity [16,17]. Peptide sequences mimicking
natural BBB ligands offer promising drug delivery in the brain but lack controllability and
scalability [18–20]. Peptides are quickly broken down by enzymes in the body, limiting
their availability at target sites, and often struggle to cross cell membranes, especially in
the brain. Furthermore, peptides can trigger immune responses, leading to side effects and
reduced drug effectiveness [21,22].

These approaches, though innovative, highlight the need for a more refined strategy
for BBB disruption. Ideally, the drug delivery method should be non-invasive to mini-
mize brain tissue damage, targeted for specific (central nervous system) CNS delivery,
controllable for precise disruption duration, and safe to avoid cell death.

Recently, cold atmospheric plasma (CAP) has gained significant attention in the field
of medical science. Microplasma has a wide range of applications in biology, including
surface modification and sterilization of skin, surface modification of inorganic materials,
and water and harmful gas treatment [23–26]. It has various applications, including wound
treatment, drug delivery [27,28], and even cancer therapy [29]. CAP generates reactive
oxygen and nitrogen species (RONS) like superoxide radicals, proximities anions, and nitric
oxide (NO) radicals [30]. The RONS, especially NO, disrupt the cell membrane and tight
junctions of the BBB, as well as other intercellular junctions like adherents junctions [31].

In our research, we utilized CAP to generate RONS, which facilitate the passage of
drugs across the BBB, thereby improving drug delivery to the brain and enhancing the
effectiveness of medical treatments of brain disease.

2. Materials and Methods
2.1. Materials

A BBB kit (RBT-24H) and immortalized brain endothelial cells (bEnd.3[BEND3]
(ATCC®CRL-2299™) were purchased from PharmaCoCell Company Ltd., Nagasaki, Japan
and American Type Culture Collection, Manassas, VA, USA, respectively. Dulbecco’s Modi-
fied Eagle Medium (DMEM) and phosphate buffered saline (PBS) were purchased from
Shimadzu Diagnostics Corporation (Tokyo, Japan). L-glutamine, penicillin–streptomycin,
0.25 w/v% Trypsin-1 mM EDTA.4Na solution (with phenol red), NaHCO3, and insulin
(human recombinant) were purchased from FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan). Fetal bovine serum (FBS) of Australian origin (triple 0.1 µm sterile fil-
tered) was acquired from Serana Europe GmbH (Pessin, Germany). A trans-well plate
with hanging insert or the upper compartment of trans-well plate (pore size 4 µm, HD,
and PET membrane) was purchased from Corning(Falcon). A millicell ERS-2 volt–ohm
meter was purchased from Merck Millipore, Darmstadt, Germany. Dojindo’s ROS As-
say Kit-Highly Sensitive DCFH-DA was purchased from DOJINDO LABORATORIES
(https://www.dojindo.co.jp, accessed on 1 July 2024), Japan. Fluorescein isothiocyanate
dextran (FD-4) was purchased from (TdB Labs, Upsala, Sweden). Microplate reader (Spec-
tra Fluor Plus, Tecan, Männedorf, Switzerland). Keyence Florescence Microscope All-in-one
BZ-x800 was purchased from Keyence Corporation, Osaka, Japan. A cell counter (Countess)
was purchased from ThermoFisher Scientific, Waltham, MA, USA), and an Attune NxT
Flow Cytometer was purchased from ThermoFisher Scientific, USA).

2.2. Cell Culture: BBB Kit and bEND.3

A commercially available in vitro BBB model (BBB kit, RBT-24H) was used in this
study. This kit comprises co-cultured primary Wistar rat brain microvascular endothelial
cells (BMECs), astrocytes, and pericytes on trans-well membranes. The BBB kit was cultured
on 24-well trans-well plates using DMEM medium at 37 ◦C with 5% CO2. The medium
was changed every two days to maintain optimal cell viability.

https://www.dojindo.co.jp
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Immortalized brain endothelial cells (bEnd.3[BEND3] (ATCC®CRL-2299™) were also
used in this study. These cells were cultured in a growth medium consisting of DMEM
supplemented with 10% FBS, 1% penicillin/streptomycin, 1% 200 mM L-glutamine, 1.6 g/L
NaHCO3, and 4 µg/mL insulin. The cells were grown in standard T75 culture flasks under
controlled environmental conditions. These conditions included a humidified atmosphere
with 5% carbon dioxide (CO2), 90% humidity, and a constant temperature of 37 ◦C. To
ensure optimal growth, the culture medium was replaced every two days. For experiments
requiring a confluent cell monolayer, the bEnd.3 cells were seeded onto the membrane of
the upper compartment of the trans-well plates at a density of 2 × 106 cells per well. The
culture medium for these cells was then replaced twice a week to maintain viability.

Trans-endothelial electrical resistance (TEER) measurements were performed daily
to monitor the growth and integrity of the BBB model. TEER reflects the electrical re-
sistance across the endothelial cell layer, with higher values indicating a stronger and
tighter barrier [32–34]. An EVOM voltohmmeter (Millicell ERS-2) (Sarasota, FL, USA) was
used for the TEER measurements. Electrodes were placed on the upper and basolateral
(bottom) compartments of the trans-well plate. TEER values were calculated using the
following formula:

TEER (Ω·cm2) = (Total R − Blank R) × Growth area of the cells on the upper compart-
ment of trans-well plate [35].

where the following meanings apply:
Total R: measured resistance of the cell culture on the upper compartment;
Blank R: resistance of the medium in the trans-well plate (control);
Growth area of the cells: 0.33 cm2 for 24-trans-well plate and 4.67 cm2 for 6-trans-

well plate.
A TEER value of ≥150 Ω·cm2 was considered for confluent and functional cells with

tight intercellular junctions for both the BBB and bEND.3 cell culture monolayer, respectively.

2.3. Plasma Set-Up: Plasma Jet and DBD Plasma

Two types of plasma-generating methods were utilized in this study: a plasma jet for
the BBB cells, and Dielectric Barrier Discharge (DBD) plasma for the bEND.3 cells.

The BBB cell model was a ready-made culture in a 24-trans-well plate, and due to
the small growth area in the upper compartment of the 24-well plate, the plasma jet was
suitable to accommodate the plasma discharge.

The plasma discharge was generated from a function generator (model AFG3102,
Tektronix). This discharge was amplified using a high-voltage amplifier (model 5/80, Trek).
A high-voltage probe (model P6105A, Tektronix) connected to an oscilloscope (model TDS
2014B, Tektronix) was used to measure the discharge voltage. A Pearson current monitor,
also connected to the oscilloscope, was used to measure the discharge current. The plasma
jet [36] was designed using argon gas with a purity of 99.99%. A flow meter (Yamato)
controlled the flow rate at 3 L per min (Figures 1 and 2a).
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Figure 2. (a) Plasma jet was set at 10 kHz discharge voltage of 2.2 kV and 3 kV, and (b) DBD plasma
was set at 5 kHz discharge voltage of 2 kV, 3 kV, and 4 kV, respectively.

For the DBD plasma generation, the microplasma electrode was generated according
to Sadiq et. al. [37], formed by winding the ground electrode around the high-voltage
(HV) electrode, with consistent spacing of 0.4 mm between each turn. A 2 mm distance
was maintained between the surface of the microplasma electrode and bEND.3 cell culture
during plasma discharge (Figures 1 and 2b).

2.4. Plasma Conditions and Treatment

Once the TEER reached 150 Ω·cm2, indicating a confluence for both the BBB and
bEND.3 cell culture, 3 µg/mL FD-4 with a molecular weight of 4.4 kDa was added to the
upper compartment of the trans-well plate.

After the TEER confirmation and FD-4 addition, plasma irradiation was applied
using a custom-built plasma jet with argon (Ar) gas flowing at a rate of 3 L/min The
discharge voltage and frequency of the plasma jet for the BBB model were set to 2.2 kV0-p,
3 kV0-p, and 10 kHz, respectively. The plasma irradiation treatment was continued for
2 min, and a distance of 20 mm was maintained between the plasma discharge and the cell
culture monolayer.

For the bEND.3 cell culture, spiral microplasma was applied with 5 kHz frequency
using a sine wave, with 2 kVp-p, 3 kVp-p, and 4 kVp-p, respectively. The distance between
the plasma discharge and the cell culture was 2 mm and the irradiation was continued for
2 min. In the DBD plasma generation, no gas flow was provided. Plasma was generated
only based on atmospheric air.

2.5. Fluorescence Intensity Measurement

Following the plasma irradiation, the culture plate of both the BBB cells and bEND.3
cells were incubated for 1 h at 37 ◦C with 5% CO2. Then, fluorescence intensity was mea-
sured using a microplate reader from the basolateral part of the trans-well plates. The
drug’s excitation maximum is 493 nm, and its emission maximum is 518 nm. The experi-
ments were conducted independently at three different times. During each experiment, the
samples were tested in triplicate to confirm the reproducibility of the results.

2.6. TEER Measurement

After plasma treatment and 1 h incubation at 37 ◦C with 5% CO2, the TEER was
measured again, as mentioned in Section 2.2. Triplicate experiments for each sample were
conducted to ensure reproducibility.
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2.7. ROS Measurement

The reactive oxygen species (ROS) was measured using the ROS Assay Kit-Highly
Sensitive DCFH-DA. When DCFH-DA is taken into the cell, it is deacetylated by esterase
and transformed into DCFH. When the DCFH is promptly oxidized by ROS, it changes to a
fluorescent DCF. The measured wavelength was as follows: excitation 480 nm/emission
530 nm. The kit contains Highly Sensitive DCFH-DA Dye and Loading Buffer (10×). The
Highly Sensitive DCFH-DA Dye was diluted (1:1000) in reconstituted Loading Buffer
solution to prepare the working solution. The 10× Loading Buffer (1:10) was diluted with
double-deionized water.

The bEND.3 cells were cultured in a Petri dish and incubated at 37 ◦C with 5% CO2.
Upon confluency, the culture was washed with PBS (twice) and the medium was changed.
Then, the dye was added to the culture plate and plasma irradiation was performed with
the DBD microplasma. After 10 min of incubation, the culture plate was washed twice
with PBS and the images were taken using a Keyence Florescence Microscope All-in-one
BZ-x800. For the quantitative value of the florescence intensity of the ROS, the image
of whole plate was taken in the microscope and then converted to a quantitative value
using imageJ software (imageJ 1.54g version). Triplicate experiments for each sample were
conducted to ensure reproducibility.

2.8. Cell Viability Measurement

This experiment utilizes a dye exclusion assay with trypan blue to assess the cell
viability of bEND.3 cells. The principle relies on the integrity of the cell membrane. Healthy
cells with intact membranes repel trypan blue, a negatively charged dye. Conversely,
compromised membranes in dead or unhealthy cells allow trypan blue to enter and stain
the cytoplasm blue.

The control and plasma-treated cell groups were stained with trypan blue for subse-
quent cell counting. This staining differentiates between live and dead cell numbers.

The confluent cells on the Petri dish were washed twice with PBS and the medium
was changed. The cells were irradiated with the DBD microplasma and incubated for two
different durations: 1 h and 24 h.

Following each treatment with plasma and incubation period, the cells were washed
twice with PBS (phosphate-buffered saline) to remove any dead cells or debris that might
be present. Trypsin, a protease enzyme, was then added to detach the cells from the culture
surface. After a brief incubation, culture medium containing FBS was added to neutralize
the trypsin’s effect and achieve a single-cell suspension.

An aliquot of 10 µL of the cell suspension was mixed with trypan blue in a 1:1 ratio. A
diluted sample was then loaded onto a hemocytometer and counted using an automated
cell counter. As trypan blue is toxic to cells that are incubated for more than 10 min [38],
the experiment was carried out immediately after adding the trypan blue. This counter
differentiates between live cells (unstained) and dead cells (stained blue).

For more confirmation, cell viability was also measured with propidium iodide using
an Attune NxT Flow Cytometer (Thermo Fisher Scientific). Propidium iodide (PI) is a fluo-
rescent dye that binds to DNA but cannot enter cells with intact plasma membranes. This
property allows PI to distinguish between dead cells, where the membrane is compromised,
and live cells with intact membranes. PI is excited by wavelengths of 400–600 nm and emits
between 600–700 nm, making it suitable for use with standard flow cytometry equipment
to quantify cell death [39,40].

After 1 h and 24 h of plasma treatment, the cells were trypsinized, transferred to a
centrifuge tube, and washed with PBS. Next, 100 µL of 1× binding buffer and 5 µL of
propidium iodide were added and gently mixed by pipetting. The samples were then
incubated at room temperature for 15 min. Following incubation, an additional 400 µL of
1× binding buffer was added to each tube. Non-irradiated cells stained with propidium
iodide and unstained cells were used as controls. Triplicate experiments for each sample
were conducted to ensure reproducibility.
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2.9. Statistical Analysis

Group data are reported as mean ± SD, and comparisons between two groups were
made using Student’s unpaired two-tailed t-test. A p value of <0.05 was considered
statistically significant, with analyses performed in Microsoft Excel.

3. Results
3.1. TEER Measurement

Following plasma irradiation, the cells were incubated for an additional 60 min to
allow for interaction between the CAP-generated RONS and the BBB’s tight junctions. This
incubation period allows sufficient time for the reactive species generated by the plasma,
such as RONS, to interact with the components of the intercellular tight junction.

TEER measurements were performed again to evaluate the integrity of the tight
junctions. In the BBB cell culture, a decrease (p < 0.05) in TEER was observed in the plasma-
treated cells compared to the non-treated cells (controls). In both the 2.2 kV0-p and 3 kV0-p
plasma discharge, the cells were equally affected, and this resulted in decreased TEER
compared to the non-treated cells (Figure 3a).
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In the bEND.3 cell culture, the results showed a small decrease (p < 0.05) in TEER
from approximately 160 Ω·cm2 to around 130 Ω·cm2 upon microplasma irradiation with
4 kV, compared to the cells without plasma treatment (Figure 3b). This suggests that
the plasma treatment successfully generated RONS that disrupted the intercellular tight
junctions, leading to increased permeability [41,42]. Lower TEER values correspond to a
more permeable BBB model and bEND.3 cells.

3.2. Florescence Intensity

Following plasma irradiation, the cells were incubated for an additional 1 h. Fluores-
cence intensity was measured again from the basolateral side. The fluorescence intensity
measurements revealed an increase (p < 0.05) in the plasma-treated cells compared to the
control group for the BBB and bEND.3 cell culture (Figure 4a,b). A calibration curve was
made for only the monolayer of the bEND.3 cell culture to determine the concentration of
drug passed to the bottom of the plate. The drug concentration was higher (p < 0.05) in the
plasma-treated samples compared to the controls in the bEND.3 cells (Figure 4b).
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Figure 4. Fluorescence intensity of FD-4 passed through (a) BBB cell, and (b) Fluorescence intensity
and drug concentration of FD-4 passed through bEND.3 cells after plasma irradiations.

This suggests that plasma irradiation disrupts the tight junction barrier, potentially
allowing the drug to permeate more readily from the upper compartment of the trans-well
plate (apical) to the lower compartment of the trans-well plate (basolateral). This enhanced
fluorescence intensity signifies an accumulation of the drug at the basal surface of the plate,
indicating its successful passage through the plasma-treated BBB model.

3.3. ROS Measurement

To confirm the role of oxidative damage in tight junction proteins, the total cellular
ROS level was measured in the bEND.3 cells. As shown in Figure 5, an increase in the
fluorescent signal of a ROS indicator (DCF) was observed in the cells after the plasma
treatment. This indicates a substantial influx of ROS into the cells during the plasma
treatment. The greater the exposure of the plasma, the more ROS accumulated within the
cells. Following a 10 min incubation after the plasma treatment, the fluorescence levels
become highest (p < 0.05) at 4 kV plasma discharge and lowest in non-treated cells. The
higher the fluorescence level inside the cells, the higher the ROS production from the
plasma discharge. The higher production of ROS might interact with tight junction proteins
and therefore causes damage to those proteins (Figure 5A,B) [41–44].
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Figure 5. ROS measurement using DCFH-DA kit. (A) (a) Non-treated cells showed little or no
florescence, (b) 2 kV produced slightly increased florescence, (c) 3 kV produced more florescence
than that of 2 kV, and (d) 4 kV produced the highest fluorescence. Images were taken using Keyence
Florescence Microscope All-in-one BZ-x800, scale bar 50 µm. (B) Quantitative value of fluorescence.
Intensity was calculated using imageJ software.

3.4. Cell Viability

In this study, the effect of wire microplasma on the viability of bEND.3 cells was
investigated. Cell viability after irradiating the cells with the microplasma and incubating
them for 1 h and 24 h was evaluated. Following the plasma irradiation, the cells were
immediately incubated in a standard cell culture incubator with 5% CO2.

A hemocytometer, a glass coverslip, and an automated cell counter (Countess) were
used to assess the effects of plasma discharge on cell survival at both short (1 h) and long
(24 h) incubation times.

Although non-treated cells have the highest cell viability, the results showed a de-
creased viability in the plasma-irradiated samples at voltages of 2 kV and 3 kV, with the
lowest viability at 4 kV of plasma discharge at 1 h incubation. However, at 24 h incubation,
the cell viability at 4 kV was increased being as similar to the cell viability at 2 kV and 3 kV,
and that of non-treated cells (Figure 6a,b).
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Flow cytometry analysis using propidium iodide revealed that after 1 h of plasma
treatment, more than 95%, 90%, and 85% of the cells were alive at 2 kV, 3 kV, and 4 kV
plasma discharge, respectively. After 24 h of plasma treatment, more than 98% of the cells
were alive in all the treatments except for the 4 kV plasma treatment, where more than 92%
of the cells remained alive (Figure 7A,B).
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4. Discussion

This study investigated the effects of microplasma irradiation on an in vitro BBB model
using a BBB kit and bEND.3 cells. The results provide compelling evidence for the potential
of microplasma as a non-invasive method to transiently increase BBB permeability for
targeted drug delivery.

The TEER measurements and fluorescence intensity analysis provided strong evi-
dence for a microplasma-induced disruption of the tight junction barrier. The observed
decrease in TEER values signifies a more permeable BBB model and bEND.3 culture [35].
This suggests that the RONS generated by the plasma likely interacted with crucial tight
junction proteins, compromising their function and integrity [41,42]. This aligns with
the increased fluorescence intensity observed in the lower compartment of the trans-well
plate after the plasma treatment. The more fluorescence intensity in the basolateral part
of the trans-well plate corresponds to the amount of the drug passed through the BBB or
bEND.3 cell culture monolayer. The successful passage of the fluorescent drug across the
BBB model and bEND.3 cells indicates a disruption in the barrier, allowing for increased
permeability [45–47].

The increase in ROS levels after plasma treatment provides strong support for the
proposed mechanism. Higher ROS production is a likely consequence of the plasma dis-
charge [48]. These highly reactive molecules can directly damage tight junction proteins or
their corresponding genes [49,50]. This oxidative stress could disrupt the protein structure
and function, leading to increased permeability. For example, reactive species NO causes
disruption in tight junction proteins [51,52].

Cell viability studies revealed a decrease in viability at higher voltages (4 kV) after
short incubation times (1 h). This suggests potential cytotoxicity associated with the
treatment at these parameters. However, the cell viability recovered at longer incubation
times (24 h), suggesting the cells were able to repair some of the damage or adapt to the
altered environment [53]. This highlights the importance of finding a balance between
maximizing permeability and minimizing cell death.

Exploring the optimization of plasma parameters such as voltage and exposure time
was important. By carefully optimizing these parameters, we may be able to achieve the
desired level of BBB permeability with minimal impact on cell viability.

5. Conclusions

This study conducted a drug permeability analysis of BBB cells and brain endothelial
cells following microplasma treatment. The study also measured ROS inside the cells to
evaluate the interaction of ROS with the components of tight junctions. The cell viability
was also measured, as the ROS has the ability to disrupt cellular metabolic activity.

In this study, reduced TEER and increased fluorescence intensity were observed at
2.2 kV and 3 kV of plasma discharge compared to non-treated cells in the BBB model.

Similarly, in bEND.3, reduced TEER and increased drug permeability were also ob-
served at 2 kV, 3 kV, and 4 kV of plasma discharge compared to non-treated cells. The
higher production of ROS at 3 kV and 4 kV causes oxidative damage to tight junctions and
increases the permeability of the bEND.3 cell monolayer.

In this study, cell viability was reduced at 4 kV compared to the other plasma-treated
cells. Cell death may also be responsible for increasing the permeability or leakiness of a cell
monolayer. In this regard, the 3 kV plasma discharge is better suited to drug permeability
in this study, as it causes minimal cell death. However, the study confirms successful drug
delivery while minimizing cell death.

Future studies could explore the specific tight junction proteins targeted by RONS.
Experiments like immunofluorescence staining could identify which proteins are most
affected by the plasma treatment. Studying the expression levels of genes encoding tight
junction proteins after plasma exposure could reveal if ROS are triggering changes in
protein production. Moreover, in vivo studies could also be conducted for drug delivery
in animal blood vessels by the intravenous injection of plasma-activated components like
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a plasma-activated drug medium or plasma-activated water. This is an indirect plasma
treatment technique.

This study demonstrates the potential of microplasma technology to transiently in-
crease BBB permeability for targeted drug delivery. By optimizing the treatment pa-
rameters, addressing the cytotoxicity concerns, and validating the findings in vivo, mi-
croplasma could emerge as a valuable tool for delivering therapeutic agents to the central
nervous system.
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