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MoaenupoBaHue B3auMoAeUCTBUSA a3po30JIbHbIX | Cheter
YacTUL, C KNeTKaMM NIEro4HOro anutenms Ha 6ase
nnatgopMbl «NErKoe Ha Yune»

N.J1. Kanes', M.B. Bepxonatumn?, M.E. Taitnaxos', 0.10. AHToHoBa'

" VIHCTUTYT TEOPETMYECKOI 1 SKCMIepUMEHTasTbHOM Broduanku Poccuitckoit akagemun Hayk, MywmHo, Poceus;
2 TynibCKUI rocynapcTBeHHbIA yHuBepcuTet, Tyna, Poceus

AHHOTALIUA

06ocHoBaHMe. OLeHKa MHraNALMOHHOM TOKCMYHOCTM CTECTBEHHbIX M UCKYCCTBEHHBIX a3po30ei, a Takke IhHEKTMBHOCTH
a3p030JIbHbIX IEKAPCTBEHHbBIX CPEACTB ABNSAETCSA BaXKHOM NpaKTUYecKoi 3aaadeil. OfHaKo BO MHOTWX in vitro uccnefoBaHNsX
B HacToslLee BpeMsl TECTUPYEMOE BELLECTBO PacTBOPSAIOT B XKMUAKOCTH, NOSHOCTBIO MOKPbIBAOLLEN KIETKU JIErOYHOM TKaHM.
[N MHransALMoHHOM Tepanum 3Ta MeTOAMKA ABNSAETCS 3HAUUTENbHO OTAMYAOLLMMCS 0T GU3MONOTUYECKOO CLEEHApUEM B3a-
MMOJENCTBIUS a3p030J1A C NIErOYHBIM SMUTENUEM.

LUenb. Co3pnanve nnatdopMbl AN W3y4eHWUs B3aMMOLENCTBUS BAbIXAEMbIX a3p030JibHbIX YacTUL, C JIETOYHBIM SMUTENEM
Ha BHYTPEHHel NOBEPXHOCTH NIEr0YHBIX anbBEON HA rPaHuLie pasfiena XKMAKOCTb—BO3AyX, CNOCObHON UMUTUPOBATL CLEHapUK
MepUoANYECKOr0 M3MEHEHWUS YPOBHS KUAKOCTU NpU AbIXaHUU.

MeTogpl. B KauecTBe MofenbHOI KyNbTypbl KIETOK JIEFOYHOT0 3MUTENINS UCTOMb30BaHa KymbTypa KIETOK afieHOKapLMHOMbI
yenoseka A549. AHanM3MpoBanM MOKa3aTenn COXPaHEHUs! KM3HECMOCOOHOCTM KIIETOK MeTOAOM (yopecLeHTHOA MUKpO-
CKOMMU NpW Pa3MyHbIX NapaMeTpax 3KCMO3WULMM Ha rPaHuULEe pasfena XWAKOCTb—BO3MyX, a TAKXKE NpU 0CaXAEHUM a3po-
30/1bHbIX YaCTUL, Pa3INYHON NPUPOSBI.

PesynbTatbl. CKOHCTPYMPOBaHa W UCMbITaHa YCTAHOBKA, MUTUPYIOLLAS BHYTPEHHIOK NMOBEPXHOCTb JIErOYHBIX abBEOJT, KOTO-
pas MpeAcTaBiseT coBOM CNOW KNETOK Ha rpaHuLe MUAKOCTb—BO3AYX. KNeTku KynbTMBMPYIOTCA Ha MOPUCTON MOJMMEPHON
MeMbpaHe, HaxOAsLLeACa Ha MOBEPXHOCTW pe3epByapa C KynbTypanbHoli cpefoi. CTeneHb 06BOJHEHHOCTM KIIETOK KOHTPO-
NIMpYeTCS C NOMOLLbI M3MEHEHUS! AaBNEHUSA XKUAKOCTM Nof, MeMBPaHOM U PerucTpupyeTcs C NOMOLLbK ONTUYECKOro AaTyu-
Ka, KOTOpbIi U3MepSIET CTENEHb PaccemBaHMs 1a3epHOro Jlyya, OTPAXKEHHOTO OT MOBEPXHOCTM KIeTOYHOrO cosi. MembpaHa
C K/IETOYHBIM CII0eM pasMelLieHa B Kamepe, N03BoNsAIOLLel C034aBaTb HaNpaBIeHHOe 3NeKTPUYECKOe nosie, NeprneHanKynsp-
HOe MOTOKY a3po30J1si, NPOXOASALLEr0 Haf, KNETOYHBIM CI0eM (CNoi COeiMHEH C 0AHUM W3 3NeKTPoAoB). Hannumne aneKTpu-
YeCKOro noJis NO3BOJIAET MHOTOKPATHO YCKOPATH MPOLIECC JOCTaBKM a3p030JibHbIX YaCTULL, UMEIOLLMX NIEKTPUYECKMI 3apsaf,
Ha NOBEpPXHOCTb KieToK. OnpeaeneHbl napaMeTpbl CTaTUYECKOW 3KCMO3ULMM MOJENBHOTO MOHOCTON KIETOK Ha rPaHuLe HuUa-
KOCTb—BO3AYX, MO3BOJIAOLLME COXPAHMUTb BLICOKYH CTEMEHb BbIKMBAEMOCTU KIETOK. [IpoaeMoHCTpUpoBaHa 3@deKTUBHOCTL
LMKITMYECKOTO PEXMMA U3MEHEHUS 0OBOAHEHHOCTU KNETOK, UMUTUPYIOLLETO AbIXaTesbHbIA LMK [ COXPAHEHUS U3HE-
CrocobHOCTW KNETOK B TedeHue AnuTenbHoro BpeMenu (60 MuH). MpoaeMoHcTpupoBaHa 3 eKTMBHOCTb HaHOa3PO30SbHOM
(opMbl NPOTMBOPaAKOBOr0 Npenapara AOoKCopybuLMHa NPy 0CaXAEHNM Ha MOBEPXHOCTb OMYXONEBbIX KNETOK afieHOKapLMHO-
Mbl YesI0BEeKa, HaXoL4ALWMXCS Ha rpaHuue pasgena dhas wuaKocTb—Bo3ayX. MofenbHbIN a3po30/b HETOKCUYHOMO BeLLecTBa
(rMioKo3bl) He MPOSBNSET TOKCUYECKOTO LEMCTBUSA B aHANOMMYHbIX YCIOBUSIX.

3aksnioueHue. peanaraemMas Mogenb «NETKOe-Ha-unne» NpeacTaBaseT coboil KOMMIEKCHY0 NAaTGopMy ANs U3yYeHWUS UH-
ransUMOHHOM TOKCUYHOCTM eCTECTBEHHBIX M MCKYCCTBEHHbIX a3p030Jieid, a TakxKe npoBepku 6esonacHocTn 1 addeKTUBHOCTH
a3p030/1bHOM (POPMBI JIEKAPCTBEHHBIX MPenapaToB in Situ.

KnioueBble cioBa: NErkoe-Ha-uune; in vitro MoAeb NErOYHOr0 3NUTENMS; a3po30/bHas GopMa NeKapCTB; TOKCUMKONOMUA
a3po3oseil.
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Modeling the Interaction of Aerosol Particles
With Lung Epithelial Cells Using the Lung-0n-A-Chip
Platform

lgor L. Kanev', Mikhail V. Verkholashin?, Max E. Taylakov', Olga Y. Antonova'

! Institute of Theoretical and Experimental Biophysics of the Russian Academy of Sciences, Pushchino, Russia;
2 Tula State University, Tula, Russia

ABSTRACT

BACKGROUND: The assessment of inhalation toxicity of natural and artificial aerosols and the efficacy of aerosolized drugs is
an important practical task. However, in numerous in vitro studies, the test substance is dissolved in a liquid that completely
covers the lung tissue cells. For inhalation therapy, this method substantially differs from the physiological scenario of aerosol
interaction with the pulmonary epithelium.

AIM: The aim is to develop a platform to study the interaction of inhaled aerosol particles with the pulmonary epithelium on
the internal surface of the lung alveoli at the liquid—air interface capable of simulating scenarios of periodic variation of liquid
levels during breathing.

METHODS: The A549 human adenocarcinoma cell line was used as a model culture of pulmonary epithelial cells. Cell viability
was analyzed using fluorescent microscopy under various exposure conditions at the liquid—air interface and during the
deposition of different aerosol particles.

RESULTS: A device has been designed, built, and tested to simulate the internal surface of pulmonary alveoli. It consists of a cell
layer located at the air-liquid interface. The cells are cultured on a porous polymer membrane on the surface of a reservoir with
culture medium. The hydration level of the cells is controlled by altering the liquid pressure beneath the membrane and recorded
by an optical sensor that measures the scattering of laser beam reflected from the surface of the cell layer. The membrane with
the cell layer is placed in a chamber allowing to create a directed electric field normal to the aerosol flow passing over the cell
layer, which is connected to one electrode. The electric field significantly accelerates the delivery of aerosol particles with an
electric charge onto the cell surface. We determined the parameters of static exposure of the model cell monolayer at the air-
liquid interface, allowing to maintain high cell viability. The study showed that cyclic variation of cell hydration simulating
the respiratory cycle is effective to maintain cell viability for an extended period (60 min). The study showed that doxorubicin
nanoaerosol is effective when deposited on the surface of human adenocarcinoma tumor cells located at the liquid—air phase
boundary. A model aerosol of a non-toxic substance (glucose) does not have toxic effects under similar conditions.
CONCLUSION: The proposed lung-on-a-chip model is a comprehensive platform to study the inhalation toxicity of natural and
artificial aerosols and test the safety and efficacy of aerosolized drugs in situ.

Keywords: lung-on-a-chip; in vitro lung epithelium model; aerosolized drugs; aerosol toxicology.
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INTRODUCTION

The assessment of inhalation toxicity of natural and artificial
aerosols and the efficacy of aerosolized drugs is an important
practical task. In addition, inhaled administration offers a
promising alternative method of systemic drug delivery,
especially for drugs with poor oral bioavailability, such as
peptides and proteins, and compounds sensitive to first-pass
metabolism in the liver and intestines [1]. The core value of
understanding risk factors and mechanisms of action is data
on the effect of aerosol substances in humans. However,
studies involving human subjects are typically expensive,
time-consuming, and require special permissions, especially
in cases where the studied substances are presumed to be
toxic [2]. Thus, in vivo studies of the biological effects of
aerosols primarily involve animals. Nevertheless, in addition
to scientific and ethical concerns, in vivo experiments often
allow to observe only the mediated effects of the complex
interactions of aerosols on the organism. Recently developed
organ-on-a-chip systems has become a reliable alternative
to animal testing. These micro-engineered cell systems
provide environment that simulates the natural surroundings
of cells in vivo [3]. Lately, a variety of approaches to in vitro
testing of inhalation toxicity have been developed [4]. No so
long ago, drugs were tested in vitro using lung tissue cells
that were fully immersed in the culture medium [5]. There are
also microfluidic lung-on-chip systems based on stem cells
used in lung tissue models [6]. For inhalation therapy, this
scenario substantially differs from physiological conditions as
aerosolized drugs are deposited onto the air-facing bronchial
and alveolar epithelium of the lungs. Although there are
several available cellular models of the upper respiratory tract,
modeling the distal alveolar region has several constraints
that complicate the standardization of reliable in vitro alveolar
models. New versions of platforms used to test aerosols
on cells at the liquid—air interface include the ALICE-CLOUD
aerosol delivery system. In this technology, cells used in lung
epithelium models (A549 adenocarcinoma cell line) are placed
on Transwell plastic inserts and cultured for 24 h at the air-
liquid interface. Then, an aerosol cloud generated by a nebulizer
is deposited onto the cells. The authors demonstrated that the
therapeutic activity of the aerosolized drug (Bortezomib) upon
deposition on the cell surface was comparable to the efficacy of
the drug solution, but with faster absorption kinetics. However,
this model does not allow to cyclically alter the liquid level
above the cells, and if it had, it would simulate the breathing
cycle. The Cloud a AX12 platform with an ultrathin porous AX12
membrane is a system capable of simulating the breathing
cycle by membrane deformation. This system provides key
physiological conditions for cultivating lung epithelial cells,
including the air-liquid interface and three-dimensional cyclic
stretch. Another comparable model is based on a stretchable
and biodegradable membrane made of collagen and elastin
deposited on a gold mesh, which simulates a network of tiny
alveoli with sizes close to those found in vivo [7].
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AIM

The study aims to develop a platform simulating the
internal surface of pulmonary alveoli consisting of a layer
of cells located at the liquid—air interface. This platform is
designed to replicate the breathing cycle and enhance the
delivery of charged aerosol particles to the cell surface by
applying a directed electric field.

MATERIALS AND METHODS

Cell Cultures

A549 cell line was obtained from the vertebrate cell
culture collection at the Institute of Cytology, Russian
Academy of Sciences.

Reagents

Doxorubicin, glucose, 96% ethanol, bisbenzimid,
propidium iodide, and calcein (Sigma-Aldrich, USA); DMEM/
F12 culture medium (PanEco, Russia) with 10% fetal bovine
serum (Biosera, France); Molykote High Vacuum Grease
(Dow Corning, USA).

Experimental Setup for Depositing Charged
Aerosol Onto the Cell Layer

The setup diagram is shown in Fig. 1 (a, exploded view; b,
longitudinal section of the chamber). The cell layer (1) is pre-
cultured on a porous track membrane made of polyethylene
terephthalate with a pore size of 0.4 pm (Reatrak-Filter LLC,
Obninsk, Russia) (2). Beneath the porous membrane, there is a
reservoir with the culture medium (3) connected via a pipe (4)
and a flexible tube to a pressure control system (not shown in
the diagram) allowing for controlled and cyclic variations of
the pressure applied to the liquid beneath the membrane. The
pressure control system consists of a 50 ml plastic container
connected to the reservoir (3). The container is mounted on a
special holder connected to a movable stage (a stepper motor
[Parts Hub Store, China] is connected to the stage via a worm
gear). The motor is controlled by an open-source Arduino
UNO microcontroller board. Pressure is controlled by creating
a height difference between the liquid levels in the movable
container and the chamber. The aerosol delivery system over
the cell layer includes a quadrangular chamber with the lower
wall made of a metal plate (5) and the upper wall made of
glass with a conductive coating (6). All plastic components of
the chamber are made from dielectric material (AnyCubic Basic
Clear polymer resin for 3D printing, China) using an Anycubic
photopolymer 3D printer (China). An opening with an area
of 1 cm? is made in the lower wall of the chamber, where
the porous membrane with cells is placed. At opposite ends
of the chamber, there are pipes for aerosol (7). The aerosol
flow in the chamber was maintained at a rate of 2 L/min for
all experiments. The conductive walls of the chamber were
connected to opposite poles of a high-voltage power supply.
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Puc. 1. CxeMa yCTaHOBKM ANS OCAKAEHWS a3p030/1s Ha KNETOuHBIN cnoii: @ — Bup, B pasbope, b — npofonbHoe ceveHne kamepbl. Onucanme 0603Ha-
UEHHbIX 3/1EMEHTOB [1aHO B OCHOBHOM TEKCTe.
Fig. 1. Diagram of a chamber used for the deposition of aerosol onto cells. The components are described in the text.
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The reservoir with the culture medium was connected to
the metallic part of the lower wall of the chamber using a
detachable contact. The electric field was generated in the
chamber using a high-voltage power supply VIDN-30 (OST,
Russia). It generated a voltage of 10 kV with the negative pole
of the power supply connected to the membrane with the cells.

Optical Sensor to Monitor Cell Hydration Level

An optical system to monitor cell hydration was installed
on the upper wall of the chamber. The optical system consists
of a laser module with a wavelength of 650 nm (TXL-04,
China) (8) and a photodiode (FDK-155, Russia) (9) aligned
opposite one another using a layer of insulating material and
directed at equal angles (60°) towards the membrane surface.
Positions of the laser module and photodiode are adjusted so
that the laser beam reflected from the membrane surface
is pointed to the photodiode’s aperture and the photodiode
output voltage is recorded by a microcontroller. Hydration
of the cellular layer influences the roughness of the surface
of the reflective interface; cells protruding from the liquid
alter the surface topography and modulate the degree of
laser scattering. When the cells are fully immersed in the
liquid, the beam reflects from the smooth liquid surface with
the least light scattering, resulting in the highest photodiode
output voltage. Conversely, as the liquid level decreases,
increased surface unevenness enhances light scattering and
leads to a decreased sensor output voltage.

Experiments With the Cell Layer Exposed to Air

The cells were cultured on the surface of a polyethylene
terephthalate track membrane with a pore size of 0.4 pm.
Prior to cell application, the membrane was treated with
low-pressure air plasma for 5 s to enhance wettability and
improve adhesion properties. Then, suspension of cell culture
at a density of 10° cells/cm? + 1.6% in DMEM/F12 culture
medium with 10% fetal bovine serum was applied using an
automatic pipette and a special stencil with an area of 1 cm?.
After deposition, the membrane with cells was placed in a CO,
incubator for two days at a temperature of 37.1 °C to form
a monolayer adhered to the membrane surface. Resulting
cell layer samples were placed on the liquid surface in the
chamber reservoir filled with culture medium (the cell layer
was oriented toward the air-facing side of the membrane).
The membrane was then secured using a clamping plate, and
the required negative pressure was generated beneath the
membrane by adjusting the liquid level in the vessel with the
medium, which was flexibly connected to the reservoir in the
chamber. Finally, the upper and lower parts of the chamber
were connected and optical sensor readings were recorded.

Analysis of Cell Viability

After 2 days of cultivation at 37 °C in an atmosphere
containing 5% CO,, cells were stained with 2 uM calcein
AM, 1 pM propidium iodide, and 1 pM bisbenzimide for
15 min at 37 °C. Cell viability was assessed by analyzing
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microphotographs made using a fluorescent microscope
(Axiovert 200M, Zeiss, Germany). The cells were counted
using the open-source software ImageJ (NIH ImageJ). At least
five fields of view were analyzed for the purposes of image
assessment. The cell survival parameter was calculated as the
ratio of the number of viable cells in the sample and the number
of viable cells in the control sample expressed as a percentage.
All experiments were conducted in triplicate (n = 3). Data are
presented as mean + standard deviation. A two-sample ¢ test
was used to determine statistically significant differences.
A p value of < 0.05 was considered significant for all statistical
assessments. Statistical analysis was conducted using Origin
2022 software (OriginLab Corporation, USA).

Preparation and Characterization of Charged
Nanoaerosols

Charged nanoaerosols with positively charged aerosol
particles were generated using a charged nanoaerosol
generator by electro-spraying followed by gas-phase
electron neutralization [8, 9]. A solution of solid material
forming the aerosol was atomized from a capillary connected
to the positive side of the high-voltage power supply.
A capillary connected to a negative side of the power supply
was filled with 96% ethanol. The current on the positive and
negative capillaries was measured at 100 nA and 40 nA,
respectively. The aerosol generation rate was 2 L/min. The
size distribution of aerosol particles was measured using an
aerosol spectrometer (DAS-2702, AeronanoTech, Russia).
The mass concentration of aerosols was determined using
a dust meter (KANOMAX 3521, Japan).

Measurement of the Amount of Substance
Deposited on the Membrane

To determine the number of nanoparticles deposited
per unit area of the membrane, a porous membrane was
replaced with foil of equivalent area. The culture medium has
high electrical conductivity due to salts dissolved in it. We
hypothesize that the magnitude of the electric field acting on
charged aerosol particles near the surface of a wet grounded
membrane with cells is comparable to that observed when
the membrane is replaced with a grounded foil. Aerosol was
deposited in a chamber at a voltage of 10 kV for 30 min. Then,
the deposited aerosol particles were washed off the surface
of the foil using 10 pL phosphate buffer. The concentration
of doxorubicin in the resulting solution was determined using
a spectrophotometer (Cary 100 Scan, USA).

RESULTS

Evaluation of Exposure Parameters for Cells
in the Aerosol Deposition Chamber That do not
Result in Cell Death

A549 lung carcinoma cells were cultured on the
membrane for 48 h to create a monolayer. Subsequently,
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Puc. 2. 3aBucuMoCTb MU3HeCnocobHoCTH KneTok AS49 oT BeIMUMHBI OT-
pyLLaTeNbHOTO ABEHUSA, MPUIOKEHHOTO K JKUAKOCTU MOZ MeMBpaHoil
npu 10-MUHYTHO 3KCMO3ULMM B KaMepe A/ 0CaXKLEeHUs aapo3oris.

Fig. 2. Relationship of A549 cell viability and the negative pressure ap-
plied to the liquid beneath the membrane during 10-minute exposure in the
aerosol deposition chamber.

sterile air was pumped through the chamber above the cell
layer at a rate of 2 L/min with various exposure times and
different negative pressure applied to the liquid beneath the
membrane. Following exposure, the membrane with the cells
was fully immersed in the culture medium. Cell viability was
assessed 24 h later.

The relationship of cell viability and negative pressure
applied to the liquid beneath the membrane during
a 10-minute exposure in the aerosol deposition chamber is
shown in Fig. 2. Exposure of the cells at negative pressure
ranging from 0 to 3 cmH,0 did not result in the death of
a significant proportion of cells (~90% viable cells). The
relationship of cell viability and exposure time at a negative
pressure of 2 cmH,0 applied to the liquid beneath the

—e— clean membrane

—o— monolayer of A549 cells

Exposure, min

Puc. 3. 3aBucuMocTb xu3HecnocobHocTM kneTok AS49 oT BpeMeHu 3Kcno-
31LMM B KaMepe Mpy 3HaYeHUW OTPULLaTESNbHOIO AaBEeHUSs], NIPUIOKEHHOTO
K JMOKOCTW nof, MeMbpaHoi, paBHOM 2 cM Bog. CT.

Fig. 3. Relationship of A549 cell viability and exposure time in the cham-
ber at a negative pressure of 2 cmH,0 applied to the liquid beneath the
membrane.

membrane is shown in Fig. 3. Increasing the exposure time
to 30 min resulted in a gradual decrease in the proportion
of surviving cells to approximately 70%.

Verification of Optical Sensor Efficiency

Fig. 4 shows standard relationship of sensor readings
and the negative pressure applied to the liquid beneath the
membrane. The pressure is generated by creating a height
differential between the liquid in the reservoir beneath
the membrane and that in the connected movable vessel.
Therefore, the pressure on the graph is expressed in
cmH,0. As the pressure decreases, the cells protrude more
from the liquid surface, resulting in less reflected laser
beam detected by the photodiode. At a negative pressure

Puc. 4. 3aBMCMMOCTb NOKa3aHWM faTuu-
Ka YPOBHS XUOKOCTW OT MPUIOKEHHOTO
K MOKOCTU noj MembpaHoi oTpuua-
TenbHoro aaenenus. Clean membrane —
MeMbpaHa 6e3 KnetoK, Monolayer of
A549 cells — mMeMbpaHa ¢ MoHocnoem
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K/EeTOK Ha BepXHen NoBepXHOCTH.

Fig. 4. Relationship of liquid level sensor
readings and the negative pressure ap-
plied to the liquid beneath the membrane.
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of 2 cmH,0 and below, it can be observed that the cells
visually protrude above the liquid layer on the membrane
surface. For a clean membrane surface, light scattering
and pressure variation actually do not correlate. All further
experiments were conducted at a negative pressure of
2 cmH,0 applied to the liquid beneath the membrane,
unless otherwise specified.

Assessment of Cytotoxicity of Electro-Sprayed
Water and Ethanol Products and Non-toxic
Nanoaerosol (Glucose) Deposited on A549 Cell
Monolayers

We conducted control experiments by depositing glucose
nanoaerosol on the cell monolayer for 10 min and exposing
it to the products of electro-spraying from the generator
using pure water and ethanol for the same duration.
A 10 mg/mL aqueous solution of glucose was aerosolized
in the generator to produce the glucose aerosol. The particle
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size distribution of the resulting nanoaerosol is shown
in Fig. 5, a. The mass concentration of the aerosol was
0.58 + 0.04 pg/L with an average aerosol particle diameter
of 55 nm and a particle concentration of (79 + 3) x 10%/cm?.
As the current in the positive capillary of the generator
was 2.5 times higher than that in the negative capillary,
the generated aerosol contained a significant proportion of
positively charged aerosol particles.

After exposure, the membrane with cells was fully
immersed in the culture medium. Cell viability was
assessed 24 h later. The cell viability analysis for the control
experiments are shown in Fig. 6.

Analysis of the Cytostatic Effect
of Nanoaerosolized Doxorubicin Hydrochloride
on A549 Cell Culture

Nanoaerosolized doxorubicin hydrochloride was
generated by electropsraying doxorubicin solution at
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Fig. 5. Size distribution of aerosol nanoparticles generated by solution spraying in the generator.
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Fig. 6. A549 cell viability after depositing glucose nanoaerosol and water
electrospray products for 10 min.

a concentration of 3 mg/mL in 30% aqueous ethanol. The
particle size distribution of the resulting nanoaerosol is
shown in Fig. 5, b. The mass concentration of the aerosol
was 0.45 + 0.03 pg/L with an average particle diameter of
90 nm and particle concentration of (197 + 27) x 10%/cm’.
Following the deposition of the aerosol, the membranes
with the cells were incubated in the culture medium for 72 h.
Then, we assessed cell viability. Representative images of
aerosol-exposed and control cell monolayers are shown in
Fig. 7. The cell survival was calculated as the ratio of the
number of viable cells in the sample and the number of
viable cells in the control sample expressed as a percentage.
The relationship of cell survival and the duration of aerosol
deposition is shown in Fig. 8. A characteristic inverse
relationship of the proportion of surviving cells and the
duration of aerosol deposition is observed. The LD50 for

doxorubicin aerosol particles is reached with an exposure
duration of 2 min.

The aerosol deposition effect was also evaluated at
a higher cell hydration (the negative pressure applied to
the liquid beneath the membrane was changed from 2 to
0.5 cmH,0) without any voltage applied to the chamber.
Both modifications of the aerosol deposition conditions
resulted in a significant increase in cell survival (see
Fig. 8).

Quantity Assessment of Deposited Aerosol
Particles per Unit Area of the Membrane Over
Time

Measurements show that 0.10 mg of doxorubicin settles
on 1 cm? of membrane per minute, corresponding to the
deposition of 1.0E + 12 particles with a diameter of 90 nm.
In addition, we estimated the weight and quantity of aerosol
particles deposited per cell assuming that the average
diameter of A549 cells is 13 um [10]. It was estimated that
1.3E + 06 nanoparticles of doxorubicin settle on each cell
per minute, which is equal to a total of 0.13 ng of deposited
particles.

Assessment of Cell Viability During Cyclic
Variations of Cell Layer Hydration in the System

We conducted experiments to test the pressure control
system during the simulation of breathing and cyclic exposure
for 60 min. The range of negative pressure applied to the
liquid beneath the membrane varied from 0.3 to 2 cmH,0.
Laser sensor operation in cyclic mode used to monitor cell
hydration is shown in Fig. 9. Peak light scattering by the cell
layer coincided temporally with the points of application of the
highest negative pressure and vice versa. For comparison,
another experiment was conducted with static exposure of
the cells to air for the same duration at a negative pressure
of -2 cmH,0. After exposure, the membrane with the cells

Puc. 7. PenpeseHTaTuBHble M306paXeHNsi MOHOCNON KNETOK AS49, OKpaLLeHHbIX KalbLIEMHOM (KVBbIe KETKH, 3eNEHbIN), Nponuans HoAnaoM (MEpTBbIe
KINETKW, KpacHbiii) 1 61cOeH3MMUAOM (A4pa, CUHWIA), Yepes 72 Y KyNbTUBMPOBaHUSA NOCIIE 0CaXAEHNUA HaH0a3pOo30sisl AOKCOPYBULIMHA: @ — KOHTPOJILHOIO
0bpasua be3 ocaxaeHus aspo3ons; b — B TeyeHue 2 MUH; ¢ — B TeyeHue 5 MuH. bap 50 MKM.

Fig. 7. Representative images of A549 cell monolayer, stained with calcein (living cells, green), propidium iodide (dead cells, red), and bisbenzimide
(nuclei, blue), after 72 h of cultivation following the deposition of doxorubicin nanoaerosol. Scale bar: 50 pm.
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of doxorubicin nanoaerosol deposition
time. A, doxorubicin aerosol deposition
for 5 min with increased cell hydration
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Fig. 9. Relationship of liquid level sensor readings and the pressure applied to the liquid beneath the membrane in cyclic mode.

was fully immersed in the culture medium. Cell viability
was assessed 24 h later. The pressure variation modes and

around 60%.

the viability analysis of A549 cells are shown in Fig. 10 (g,

breathing simulation; b, cyclic exposure; ¢, static exposure; d,
cell viability). It was demonstrated that cyclic variation modes
with periodic increases in the hydration level of the cell layer
allow to maintain cell viability at over 80% for 60 min. In
contrast, after exposure of the same duration under static

DOl https://doi.org/10.17816/gc643300

DISCUSSION

In this study, tests were conducted on an experimental
lung-on-a-chip platform that simulates the internal surface
of pulmonary alveoli. This platform consists of a cell layer

conditions, cell viability was significantly lower, averaging
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Fig. 10. Testing the chamber operation modes with periodic pressure variations.

located at the air-liquid interface and can simulate the
respiratory cycle. To control the cellular immersion in the
liquid, the cell layer is cultured on a porous membrane fixed
on the surface of a reservoir with the culture medium. The
placement of cells on a porous membrane to model distal
regions of the lungs has been previously described in the
literature [7, 11]. The main difference of the proposed design
from the existing alternatives is the method of altering the
liquid level above the cells, which involves the pressurization
of the culture medium through the pores of a stretch-
resistant membrane based on the pressure applied to the
liquid beneath the membrane. The membrane is securely
fixed on the reservoir surface to prevent deformation. The
fixed membrane allows to use an optical sensor, the second
important difference of the proposed design from existing
models. The setup software allows to control the pressure
applied to the liquid beneath the membrane via a personal
computer by recording and retrieving real-time readings of
the laser sensor measuring hydration level and to implement
cyclic pressure variation with specified frequency and
amplitude. The connection of conductive walls in the chamber
to a high-voltage power supply facilitates the creation of
a directed electric field normal to the aerosol flow passing
over the cell layer, which is connected to one electrode.
The electric field can substantially improve the delivery
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rate of charged aerosol particles to the cell surface. The
charge can be imparted on aerosol particles by interaction
with charged air ions generated by a commercial source or
electro-spraying in a generator that produces charged nano-
aerosol [9, 12]. The diagram of the main components of the
experimental setup is shown in Fig. 11.

A549 human adenocarcinoma alveolar basal epithelial
cell line was used as a model culture to simulate pulmonary
epithelium. This cell line is widely used as a model for
pulmonary epithelial cells in drug metabolism studies [13]
and in lung-on-a-chip models [14]. The cells were cultured
on a plasma-activated porous membrane surface for 48 h to
create a monolayer. Exposure of the cells on the membrane
surface in an aerosol deposition chamber—with sterile air
pumped into it at a rate of 2 L/min and negative pressure
ranging from 0 to -3 cmH,0 applied to it for 10 min—
did not result in significant cell death as over 90% of the
cells were still viable 24 h post-experiment. Laser sensor
measurements showed that light scattering was distinctly
observed at a pressure of =2 cmH,0 due to protrusion of the
cellular monolayer membranes from the liquid. A possible
physiological analogy to the application of negative pressure
to the liquid beneath a membrane with cells to control cell
hydration is the intrapleural pressure in human lungs, which
is essential for keeping the lungs expanded. This pressure
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Fig. 11. Diagram of the setup used to study the effects of aerosol deposition on a cell layer in a lung-on-a-chip model.

is always negative relative to alveolar pressure and has
an average value of -5 cmH,0 in humans [15], a value that
closely approximates the pressure range used in our model.

For the static operation of the system, exposure time
of 10 min and the highest applied negative pressure of
2 cmH,0 were selected. In addition, we tested operation
modes with periodic increases of the cell layer hydration.
Two patterns of periodic pressure variation were chosen;
the first one involving continuous pressure modulation
to simulate the expansion and contraction of pulmonary
alveoli during respiration (see Fig. 10, a). Laser sensor
readings showed that the periodic pressure changes were
actually associated with hydration fluctuations in the cells.
The second pattern is the cyclic exposure, where cells are
mainly exposed to air but periodically immersed in culture
medium (see Fig. 10, b). This approach aims to maximize
the deposition of aerosol particles onto the cell surfaces.
It was demonstrated that in both operation modes, periodic
immersion of the cells in liquid significantly extended the
duration of exposure of the cell layer at the liquid-air
interface (from 10 min to 1 h) while maintaining the cell
viability level above 80%. This system integrated in the
experimental setup allows to substantially increase the
potential duration of aerosol deposition and facilitates the
study of interaction patterns between the model epithelium
and aerosol in a simulated breathing scenario.

It was shown that the aerosolized products of water and
ethanol from the generator and a non-toxic glucose aerosol
did not have cytotoxic effects upon deposition. This data is
consistent with previous studies by the authors, who have
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demonstrated that there is minimal formation of reactive
oxygen species in the standard operation conditions of the
generator [16]. This also indicates that the particles, when
deposited in an electric field, do not have sufficient kinetic
energy to disrupt the cell membrane upon contact with its
surface.

The specific activity of the aerosolized antitumor
cytostatic drug doxorubicin hydrochloride was evaluated
in relation to A549 lung carcinoma cell culture. The LD50
for doxorubicin aerosol particles is reached with exposure
duration of 2 min. When the dosage is delivered for 10 min,
nearly complete cell death is observed (see Fig. 8). Based on
the estimated number of deposited particles, approximately
10" doxorubicin particles with an average diameter of 90 nm
with a total weight of about 2 ng settle on each cell within
10 min. Direct comparison of the aerosol dosage with the
LD50 for the liquid phase is challenging. However, as shown
in Fig. 7, @, increased cell hydration corresponding to changes
in the pressure applied to the liquid beneath the membrane
results in more than a threefold increase in cell survival at
the same deposition time. This is likely caused by the fact
that some aerosol particles dissolve in the liquid instead
of contacting the cell membrane. According to literature,
direct contact of aerosol particles with cells can improve the
absorption rate of certain drugs by up to 12 times compared
to solutions in water [14]. Thus, the study demonstrated that
the nanoaerosolized drug preserves its specific activity upon
interaction with cells. The model aerosol made of a non-toxic
substance (glucose) does not have toxic effects under similar
conditions.
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According to Fig. 5, b, aerosolized doxorubicin has an
average particle size of 90 nm. When inhaled, particles
of this size can penetrate deep into the lungs and reach
the alveoli [17]. The deposition of nanoparticles in the
body is expected to occur mainly in the acinar region of
the lungs via a diffusion mechanism [18]. The difference
in deposition rates between doxorubicin particles in the
chamber under the influence of an electric field and the
deposition of aerosol with equivalent particle diameters in
the lungs can be estimated using the Mathematical Particle-
Phase Deposition (MPPD) model, which predicts aerosol
deposition efficiency in the lungs of mice based on particle
diameter [19, 20]. For particles with a diameter of 90 nm,
the MPPD model predicts a deposition efficiency of 39% in
the lungs of mice. The surface area of the lungs in mice is
approximately 600 cm? [21] and the volume of air inhaled per
minute is about 32 mL. Therefore, based on the volumetric
concentration of nanoparticles in the doxorubicin aerosol,
i.e. (197 £ 27) x 10%cm?, and the deposition efficiency,
approximately 3600 aerosol particles will settle on 1 cm? of
lung surface per minute when inhaling an uncharged aerosol
with a diameter of particles of 90 nm. In contrast, in the
setup chamber, the deposition rate on the same area would
be 10'2 particles/min. Thus, the charge on aerosol particles
allows to use electric field to increase the deposition rate by
approximately 8 orders of magnitude. This enables the use
of a small area cell layer sample for the rapid deposition
of numerous of aerosol particles to significantly accelerate
the acquisition of data on the interaction of aerosol particles
with cells, cytotoxicity, drug efficacy, and other related
parameters. It should be noted that charged aerosol particles
will also deposit more effectively in the lungs compared to
neutral particles, even with no external electric field, due to
the electrostatic interactions between the particle and the
induced mirror charge that occurs when a charged particle
approaches a conductive surface in the airways [22].

CONCLUSION

In this study, we conducted tests using an experimental
lung-on-a-chip platform that simulates the interaction between
inhaled aerosol particles and the pulmonary epithelium on
the internal surface of the pulmonary alveoli. The model
pulmonary epithelial cell culture is cultivated on a porous
polymer membrane located on the surface of a reservoir with
the culture medium. The membrane with the cells is placed in
a chamber through which the aerosol under investigation is
pumped. For the first time, a method for assessing the degree
of scattering of a laser beam reflected from the surface of the
cell layer was used to evaluate the extent of cell immersion in
the liquid. The setup allows to control the pressure applied to
the liquid beneath the membrane, record laser sensor readings
for hydration in real time, and implement a periodic pressure
variation with specified frequency and amplitude to simulate the
breathing cycle of pulmonary alveoli while maintaining a high
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cell viability for at least one hour. The study showed that the
nanoaerosolized drug (doxorubicin hydrochloride) preserves
its specific activity upon interaction with adenocarcinoma lung
cells. The model aerosol of a non-toxic substance (glucose) did
not have toxic effects under similar conditions. It was shown
that the presence of a charge on aerosol particles allows to use
electric field in the chamber to increase the deposition rate by
approximately 8 orders of magnitude compared to the diffusion
deposition of neutral particles of similar size. This enables the
use of a small area cell layer sample for the rapid deposition
of numerous of aerosol particles to significantly accelerate the
acquisition of data on the interaction of aerosol particles with
cells, cytotoxicity, and the efficacy of the deposited substance.
As a result, the developed setup is a comprehensive platform
to study the inhalation toxicity of natural and artificial aerosols
and assess the safety and efficacy of aerosolized forms of
drugs in situ.

A0NOSIHATENIbHAS UHOOPMALIUA

Bknap astopos. 1.J1. KaHeB — pa3paboTka KoHLenumu, KypupoBaHue
AaHHbIX, GOPMarbHbIA aHanus, nonyyeHne GUHaHCMPOBaHWSA, NpoBefe-
HWe uccneaoBaHus, paspaboTka MeTo0N0rNM, afAMUHUCTPATUBHOE PyKO-
BO/ICTBO MCCre0BaTeNbCKMM NPOEKTOM, NpefocTaBNeHne pecypcoB, Ha-
Y4HOE PYKOBO/CTBO, Ba/MAaLMs pe3yNbTaTos, BU3yann3aums, HanucaHue
UepHOBWKA PYKOMUCH, HanMcaHue pyKomucu — peLieH3MpoBaHue U pe-
AaktupoBaHue; M.B. BepxonawmH — KypupoBaHue AaHHbIX, hopManb-
Hblii aHann3, MpOBeAeHMe MCCrefi0BaHNUA, paspaboTKa MporpaMMHOro
obecneyeHus, Banupaums pesynbtatos; M.E. Tainakos — KypupoBaHue
AaHHbIX, GOpMarbHbIi aHanus, NpoBefeHNe UCCNef0BaHMS, HanucaHue
UepHOBWKA PYKOMUCH, HanMCaHWe PyKomMcM — peLieH3MpoBaHue U pe-
Aaktuposatue; 0.10. AHToHOBa — pa3paboTKa KoHLenuuu, KypupoBaHue
AaHHbIX, hopManbHbIi aHanu3, NpoBeAeHne McceoBaHms, papaboTka
MEeTOZ0/0MMM, Hay4Hoe PYKOBOACTBO, HammcaHue YepHOBMKA PYKOMUCH,
HanucaHwe pyKonucu — peLieH3upoBakue 1 pefakTupoBaHie. Bee aBTo-
pbl 0A06punKM pyKonuch (Bepcuio AN MybnKaLmm), a Take cornacuinch
HeCTW 0TBETCTBEHHOCTb 3a BCE acMeKTbl PaboTbl, rapaHTUpys HafexaLlee
PpaccMOTPeHKe 1 peLLeHne BOMpPOCOB, CBA3aHHbIX C TOYHOCTbIO 1 J0bpoco-
BECTHOCTbIO Jl0bo eé yacTu.

BnaropapHocTu. ABTOpbI BbIPaXaloT CBOK NPU3HATENILHOCTL Hay4YHOMY
COTPYAHUKY MHCTUTYTa TEOPETUYECKON 1 SKCNEPUMEHTabHON Broduanku
Poccwiickoii akapemmnn Hayk KodetkoBoit Onibre pbeBHe 3a KOHCYbTaLMu
B paboTe C KIeTOYHbIMM KyNbTypaMi 1 MIOA0TBOPHbIE AUCKYCCUM.
JTnyeckas akcnepTusa. Henpumennmo.

WUcTounukn uHaHcupoBaHus. ViccnefoBaHve NpoBefeHo C UCMOMb30-
BaHMEM [ieHeXHbIX CpeACcTB rpaHTa Poccuiickoro HaydHoro donaa N° 23-
25-00478.

PackpbiTue MHTepecoB. ABTOPbI 3asBAAKT 06 OTCYTCTBUM OTHOLLEHWN,
AesATesIbHOCTU W MHTePecoB 3a NoCNefiH1e TPU FoAa, CBA3aHHbIX C TPETbU-
MM LMK (KOMMEPYECKUMU 1 HEKOMMEPYECKUMM), MHTEPEChI KOTOPbIX
MOryT BbITb 3aTPOHYTbI COAEPXKaHUEM CTaTby.

OpuruHanbHocTb. [lpy co3paHnm HacToALLen paboThl aBTOPbI He MCMOoSb-
30Ba/IM paHee 0nybMKOBaHHbIe CBELEHNA (TEKCT, UINICTPALIMK, iaHHbIe).
HocTtyn K paHHbIM. Bce fjaHHbIe, NONyyeHHbIe B HACTOALLIEM UCCTef0Ba-
HUM, JOCTYNHBI B CTaTbe.

leHepaTMBHbIW UCKYCCTBEHHDbIW MHTENNEKT. [Tpy CO3AaHMN HacTosLL el
CTaTbi TEXHONOMMM eHepaTUBHOTO WCKYCCTBEHHOrO MHTEMNeKTa He wuc-
nosib30Bany.

PaccMoTpeHue u peueHsupoBaHue. Hacrosias pabota noaaHa B xyp-
Han B MHWLMATMBHOM MOPSAKE M paccMOTpeHa no obbl4HOl npoueaype.
B peuieH3vpoBaHNM y4acTBOBaNM [Ba BHELUHUX PELIeH3eHTa, OAVH UNeH
PefaKLMOHHOM KOJTNErnn 1 Hay4HbIii PefiaKTop U3faHus.
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