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Abstract: As the range of applications of organs-on-chips is broadening, the evaluation of
aerosol-based therapies using a lung-on-a-chip model has become an attractive approach. Inhalation
therapies are not only minimally invasive but also provide optimal pharmacokinetic conditions for
drug absorption. As drug development evolves, it is likely that better screening through use of
organs-on-chips can significantly save time and cost. In this work, bio-aerosols of various compounds
including insulin were generated using a jet nebulizer. The aerosol flows were driven through
microfluidic bilayer devices establishing an air–liquid interface to mimic the blood–air barrier in
human small airways. The aerosol flow in the microfluidic devices has been characterized and
adjusted to closely match physiological values. The permeability of several compounds, including
paracellular and transcellular biomarkers, across epithelial/endothelial cell barriers was measured.
Concentration–time plots were established in microfluidic devices with and without cells; the curves
were then utilized to extract standard pharmacokinetic parameters such as the area under the curve,
maximum concentration, and time to maximum concentration. The cell barrier significantly affected
the measured pharmacokinetic parameters, as compound absorption through the barrier decreases
with its increasing molecular size. Aerosolizing insulin can lead to the formation of fibrils, prior to
its entry to the microfluidic device, with a substantially larger apparent molecular size effectively
blocking its paracellular transport. The results demonstrate the advantage of using lung-on-a-chip
for drug discovery with applications such as development of novel inhaled therapies.
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1. Introduction

The development of new compounds to treat diseases, especially cancers, has been a stumbling
block in healthcare [1]. In drug discovery and development, pharmacokinetics and pharmacodynamics
play an important role contributing to treatment success. Whereas pharmacodynamics is the study
of biochemical and physiological effects of a drug on an organism, pharmacokinetics is the study
of what an organism does to a drug; both together influence dosing, benefit, and adverse effects [2].
The processes involved in pharmacokinetic analysis—when a drug is taken—include absorption,
distribution, metabolism, and excretion (ADME). Historically, new compound research has proven
to be highly cost-ineffective, as only 11% of new compounds that enter Phase 1 of clinical trials
eventually win approval by the FDA [3]. Indeed, over the last 15 years, the total cost to develop a
single new drug has more than doubled [4,5]. However, pharmaceutical research has begun to adopt a
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smarter, more streamlined methodology to allow for more efficient drug development. This trend is
noted as a decrease in the number of new compounds entering early stages of clinical trials, but an
increase in the relative percentage of compounds progressing throughout clinical trials [6]. This more
streamlined drug discovery strategy includes better compound prioritization at the onset of the drug
development process and is aided by the application of more accurate models for drug screening such
as organs-on-chips [7]. These plastic microchips provide unique microenvironments for cell co-cultures
allowing combinations of multiple cell types to recapitulate the critical functions of human organs [8].
By realizing improved testing grounds for new compounds, less effective compounds can be discarded
before launching costly pre-clinical and clinical trials involved in drug development. Indeed, recent
estimates claim that using organ-on-a-chip systems to enhance compound selection efficiency may
reduce the R&D costs for a new compound by 10–30% [9].

As organ-on-a-chip devices gain more appreciation, the evaluation of aerosol-based therapies
utilizing lung-on-a-chip has attracted considerable attention. Indeed, aerosol-based treatments have
recently become more widely used to accomplish a variety of tasks. Inhalation therapies have expanded
from bronchodilators or antibiotics to more advanced treatments such as systemic gene therapies,
needle free vaccinations, and insulin therapy for diabetic patients [10–12]. This surge in applications of
inhalation therapies is driven by several factors. Inhaled therapies provide optimal pharmacokinetic
conditions for a site of drug absorption such as a high surface area, low metabolic and enzymatic
activity, and thin air–blood barrier [13,14]. Furthermore, inhalation therapies are minimally invasive
and are a preferred method for patients compared to other treatment options [15]. Inhaled insulin
is particularly very attractive since it can significantly improve the quality of life of diabetic patients
subject to daily injections by providing a non-invasive method for its administration. The formulation
of insulin in aerosol form, while extremely exciting, has shown to have serious challenges, such as
its structure and toxicity, as seen with the commercial release and eventual termination of Pfizer’s
inhalable insulin marketed as Exubera [16]. The potential to test different formulations of aerosol
therapies, like insulin, is one of the major benefits of using lung-on-a-chip platforms.

So far, lung-on-a-chip devices have been used in numerous studies to gather new insights into the
respiratory system. Several works have focused on modeling different regions of the human respiratory
system applying different chip configurations [17–20]. We previously investigated the spatiotemporal
molecular concentration distribution and characterized the permeability of epithelial/endothelial
cell co-cultures in microfluidic bilayer devices [21,22]. However, to date, compound absorption
characteristics were not analyzed using a true aerosol stream flowing over the modeled epithelium.
Aerosol flow in microchannels, like in lung-on-a-chip devices, has been analyzed theoretically
and simulated numerically, but has been experimentally tested using only liquid suspensions of
particles rather than true aerosols [20]. In other studies, the epical side of epithelial cell cultures
grown in Transwells was exposed to aerosol treatments to assess their absorption across the cellular
monolayers; however, liquid flow along the basal side of the cells, simulating blood flow, was not
incorporated [23,24]. This flow has extensively been shown to influence monolayer absorption
characteristics [25–27]. The epithelia in lung-on-a-chip systems had been exposed to compounds
suspended in an air stream in recent studies, but the work was dedicated to investigating the biological
response of the epithelial cells rather than the pharmacokinetic analysis [28,29]. Indeed, the need
for absorption studies of compounds transported via an air stream in a lung-on-a-chip has become
recognized [30]. In this work, the properties of aerosol flows in microchannels are first documented,
and the absorption of aerosolized compounds across epithelial/endothelial cell barriers in microfluidic
bilayer devices—mimicking the blood–air barrier—is experimentally characterized.
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2. Materials and Methods

2.1. Experimental Setups

Experiments were conducted under fluid static condition in Transwell inserts and under dynamic
flow condition in microfluidic devices.

2.1.1. Transwell Inserts

Commercially-available 12-well Transwells (Corning, Corning, NY, USA), with polyester
membranes, were utilized to assess static compound permeability in the absence of flow-induced
shear stress. The area of each Transwell membrane was 1.12 cm2 with 0.4 µm diameter pores and
0.5% porosity. Epithelial cells were seeded in the Transwell top apical compartment at a density
of 2 × 106 cells/mL. Once the cell monolayer had reached confluency, the 500 µL culture media in
the top compartment was replaced with a solution of endothelial cell media mixed with various
fluorescently-labeled compounds at a pre-determined initial concentration. The bottom basolateral
compartment was filled with 1500 µL fresh endothelial cell culture media, and the Transwell was
placed in an incubator for 2 h. Then, liquid samples of 100 µL from both compartments were aliquoted
into a 96-well plate. Fluorescent intensities of the collected samples were measured, using a BioTek
Synergy 2 Plate Reader (BioTek, Winooski, VT, USA), and converted to molecular concentrations as
reported elsewhere [21].

2.1.2. Microfluidic Bilayer Devices

Microfluidic devices, comprised of two stacked microchannels and separated by a porous
membrane, were fabricated following soft lithography techniques as previously reported [22]. Briefly,
polydimethylsiloxane (PDMS) pre-polymer was poured over an aluminum cast mold and allowed to
cure overnight. The cured PDMS substrates with grooves, each about 35 mm long and cross-section
area of 500 × 1000 µm, were peeled off the aluminum mold. Semi-permeable polyester membranes,
about 20 µm thick and pore diameter of 0.8, 3.0, and 8.0 µm (with porosity of 1%, 10%, and 2.5%,
respectively), were treated with a 5% solution of (3-Aminopropyl)triethoxysilane (APTES) to allow for
organosilane bonding with the PDMS substrates [31]. Each device was assembled by bonding two
microchannels on top of each other, with a treated membrane sandwiched between the overlapping
segment about 20 mm in length. The fabrication process was completed with the attachment of tubing
adapters over punched holes to serve as inlet/outlet connectors to the external fluid handling system.
A photograph of a fabricated and packaged microfluidic bilayer device is shown in Figure 1a.

Micromachines 2020, 11, x 3 of 18 

 

Experiments were conducted under fluid static condition in Transwell inserts and under 
dynamic flow condition in microfluidic devices. 

2.1.1. Transwell Inserts 

Commercially-available 12-well Transwells (Corning, Corning, NY, USA), with polyester 
membranes, were utilized to assess static compound permeability in the absence of flow-induced 
shear stress. The area of each Transwell membrane was 1.12 cm2 with 0.4 µm diameter pores and 
0.5% porosity. Epithelial cells were seeded in the Transwell top apical compartment at a density of 2 
× 106 cells/mL. Once the cell monolayer had reached confluency, the 500 µL culture media in the top 
compartment was replaced with a solution of endothelial cell media mixed with various 
fluorescently-labeled compounds at a pre-determined initial concentration. The bottom basolateral 
compartment was filled with 1500 µL fresh endothelial cell culture media, and the Transwell was 
placed in an incubator for 2 h. Then, liquid samples of 100 µL from both compartments were 
aliquoted into a 96-well plate. Fluorescent intensities of the collected samples were measured, using 
a BioTek Synergy 2 Plate Reader (BioTek, Winooski, VT, USA), and converted to molecular 
concentrations as reported elsewhere [21]. 

2.1.2. Microfluidic Bilayer Devices 

Microfluidic devices, comprised of two stacked microchannels and separated by a porous 
membrane, were fabricated following soft lithography techniques as previously reported [22]. Briefly, 
polydimethylsiloxane (PDMS) pre-polymer was poured over an aluminum cast mold and allowed to 
cure overnight. The cured PDMS substrates with grooves, each about 35 mm long and cross-section 
area of 500 × 1000 µm, were peeled off the aluminum mold. Semi-permeable polyester membranes, 
about 20 µm thick and pore diameter of 0.8, 3.0, and 8.0 µm (with porosity of 1%, 10%, and 2.5%, 
respectively), were treated with a 5% solution of (3-Aminopropyl)triethoxysilane (APTES) to allow 
for organosilane bonding with the PDMS substrates [31]. Each device was assembled by bonding two 
microchannels on top of each other, with a treated membrane sandwiched between the overlapping 
segment about 20 mm in length. The fabrication process was completed with the attachment of tubing 
adapters over punched holes to serve as inlet/outlet connectors to the external fluid handling system. 
A photograph of a fabricated and packaged microfluidic bilayer device is shown in Figure 1a. 

 

(a) (b) 

Figure 1. (a) A photograph of a fabricated and packaged microfluidic bilayer device with green dye 
in the top and orange dye in the bottom microchannel. (b) A schematic representation of the jet 
nebulizer setup; the aerosol system is connected to a microdevice’s top channel while the bottom 
channel is connected to a syringe pump to drive media across the device. 

2.1.3. Aerosol Apparatus 

A jet nebulizer (Teleflex, Wayne, PA, USA) was utilized to form liquid droplets and transport 
them suspended in an air stream, as sketched in Figure 1b [32,33]. Pressurized air driven through a 

Figure 1. (a) A photograph of a fabricated and packaged microfluidic bilayer device with green dye in
the top and orange dye in the bottom microchannel. (b) A schematic representation of the jet nebulizer
setup; the aerosol system is connected to a microdevice’s top channel while the bottom channel is
connected to a syringe pump to drive media across the device.



Micromachines 2020, 11, 536 4 of 18

2.1.3. Aerosol Apparatus

A jet nebulizer (Teleflex, Wayne, PA, USA) was utilized to form liquid droplets and transport them
suspended in an air stream, as sketched in Figure 1b [32,33]. Pressurized air driven through a reservoir
containing an aqueous fluorescent compound solution emerges as aerosol flow of air stream with
liquid droplets. The bulk fluorescent solution was mixed with a common food additive, propylene
glycol (<5% v/v), to facilitate stable droplet formation [34]. The aerosol flow, passing through a larger
aerosol reservoir, is divided into a major and a minor stream. The minor stream is directed toward the
epithelial (top) microchannel, while the endothelial (bottom) microchannel is connected to a syringe
pump delivering steady media flow with zero compound concentration; thereby an air–liquid interface
is established across the device porous membrane separating the two microchannels. Tracer compound
molecules are transported from the aerosol droplets in the epithelial microchannel into the media flow
in the endothelial microchannel due to concentration gradients. Samples of the outlet flow from the
endothelial microchannel are collected every 2.5 min in a 384-well plate to measure their fluorescent
light intensity using a BioTek Plate Reader.

2.2. Cell Lines and Tracer Compounds

2.2.1. Epithelial and Endothelial Cell Cultures

Epithelial and endothelial cell lines were utilized in order to model the blood–air barrier.
A549 pulmonary epithelial cells (ATCC, Manassas, VA, USA) were used to represent the pulmonary
epithelium. The A549 cells were cultured using RPMI media with 10% FBS and 1% penicillin
streptomycin. Human umbilical vein endothelial cells (HUVEC, ATCC) were used to represent
the pulmonary endothelium. The HUVEC cells were cultured using F12K media with 10% fetal
bovine serum (FBS), 1% penicillin streptomycin, 150 µg/mL endothelial cell growth supplement
(ECGS), and 10 µg/mL heparin. Either epithelial or endothelial cells were seeded in a corresponding
microchannel at a density of 2 × 106 cells/mL and, to promote cell adhesion, the microchannels
were coated with 200 µg/mL collagen. Once the epithelial and endothelial cell monolayers reached
confluency, both cell cultures were maintained in endothelial media flows to allow direct comparison
between results obtained in microfluidic devices and Transwells. A brightfield image of the two
separate epithelial and endothelial cell cultures within a microfluidic bilayer device is shown in
Figure 2.
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2.2.2. Fluorescent Tracer Molecules

Fluorescently tagged molecules were selected for pharmacokinetic analysis of similar therapeutic
compounds. The initial concentration of each molecule was adjusted based on its intensity vs.
concentration calibration curve to allow for reliable signal intensity measurement while avoiding the
saturation limit. Fluorescein (33 kDa, 26µM) was used as a low-cost agent to enable droplet visualization
and, subsequently, aerosol characterization. Low molecular weight dextran (LMW Dextran, 4 kDa,
60 µM) was used to model smaller compound transport. A slightly larger anionic dextran (C-Dextran,
10 kDa, 3 µM) was used to assess medium sized compound transport as well as any ionic charge effects.
High molecular weight dextran (HMW Dextran, 70 kDa, 1 µM) was used to simulate the absorption of
larger therapeutic compounds. Lastly, insulin (5.8 kDa, 3 µM) was used to investigate its potential
application as an inhaled therapeutic compound.

2.2.3. Cell Cytotoxicity Evaluation

In general, higher compound concentration is desired since the emitted light intensity increases
with molecular concentration enhancing the signal-to-noise ratio and, thereby, improving the reliability
of the measured concentration. However, some compounds could be toxic agents to cell cultures;
as the signal intensity increases with increasing compound concentration, cells could be adversely
affected resulting in cell death [35]. Hence, cellular cytotoxicity was evaluated using a trypan blue cell
viability assay [36]. Epithelial and endothelial cells were seeded and cultured in 96-well plates for
48 h. The cell cultures were exposed to the selected compounds at various concentrations for 1 h and
then washed using PBS. Next, the wells were immersed in 0.2% Trypan Blue for 10 min, after which
the cells were fixed using 4% paraformaldehyde and rinsed with PBS. Using a brightfield microscope,
dead cells were counted using uptake of trypan blue as a marker for nonviable cells.

The exposure of both A549 and HUVEC cell lines to fluorescent tracers such as FITC-Dextrans of
various sizes did not trigger cellular apoptosis within the tested concentration range of 10−3–101 µM.
On the other hand, while FITC-Insulin at higher concentration did not have adverse effect on HUVEC
endothelial cells, the A549 epithelial cell viability dropped to 88% under exposure to insulin at
concentration of 10 µM. This is consistent with previously reported observations that some cell types
start to exhibit signs of cell death following 30 min exposure to insulin at concentrations greater than
1 µM [37,38]. Insulin may cause cell death due to its dynamic nature in solutions. Insulin is produced
and stored in the body as a hexamer (a unit of six insulin molecules), while the active form is the
monomer. The hexamer is an inactive form with long-term stability, which serves as a way to keep
the highly reactive insulin protected, yet readily available [39]. Improperly folded insulin; however,
can prove destructive to cells. Insulin folded incorrectly can create larger protein structures known as
amyloids that are lethal to cells [40]. The formation of these amyloids is highly dependent on the cell
membrane characteristics and the interacting proteins expressed there [38]. This could be the reason
why the epithelial cell line did experience significant cell death while the endothelial cell line did not.

2.3. Aerosol Flow Characterization

Proper scaling for organ-on-a-chip applications is a widely contested issue; it is typically done
either following allometric scaling or using a specific kinetic constant such as consumption by specific
cell types to scale other parameters [41,42]. The controlled variables in this work, summarized in Table 1,
such as the aerosol inlet pressure of 0.1 psig, were adjusted in an effort to closely match reported clinical
or physiological values for drug absorption at the alveolar sac level as done in similar studies [28].
Further detailed characteristics of the aerosol flow are available in the Supplemental Information.
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Table 1. Aerosol parameters.

Parameter Current Experiments Reported Values

Blood flow rate, Q [µL/h] 400 200–485 [43]

Aerosol exposure time, texp [min] 10 5–30 [23,44]

Droplet size, d [µm] 1–15 0.5–10 [45,46]

Aerosol pressure, P [psig] 0.1 0.07 [47]

Residence time, tres [s] 0.5 0.2–3 [48]

Liquid shear stress, [dynes/cm2] 0.03 14 [49]

Air shear stress, [dynes/cm2] 2.3 2 [50]

3. Results and Discussion

3.1. Permeability Evaluation without Air–Liquid Interface (ALI)

Aerosolizing solutions of various biomolecules requires subjecting the solutions to significant
agitation which may or may not result in deterioration. Therefore, mass transport of the tested
biomolecules has initially been characterized in Transwells and microfluidic devices without the
generation of bio-aerosols, see supplementary material.

3.1.1. Permeability Measurements in Transwells

Investigation of molecular transport across Transwell membranes is useful in establishing baseline
permeability characteristics with no shear stress. The initial molecular concentration at the top
chamber was selected to be C0 = 60, 3, 1, and 3 µM for 4-dextran, C-dextran, 70-dextran, and insulin,
respectively, with zero initial concentration at the bottom chamber. The molecular concentration at
the Transwell bottom chamber CT was then measured after 2 h. Molecular diffusion from the top to
the bottom chamber allowing the calculation of the permeability as follows: Pat = (CT/C0)(V/A)(1/t);
where A = 1.12 cm2 is the culture area, V = 1500 µL is the bottom chamber volume, and t = 2 h is the
diffusion time. The estimated permeability values for insulin and dextran molecules in Transwells,
Pat, are summarized in Figure 3 with and without cell monolayers. Under pure diffusion, no cells,
the permeability decreases with increasing molecular size due to decreasing diffusivity. The insulin
molecular size of 5.8 kDa is intermediate between the 4-dextran and the C-dextran size of 4 and
10 kDa, respectively. Accordingly, the insulin permeability of 15.8 × 10−6 cm/s is smaller than the
4-dextran and larger than the C-dextran permeability of 18.2 × 10−6 and 12.2 × 10−6 cm/s, respectively,
while the permeability of the largest 70-dextran is the smallest at 5.6 × 10−6 cm/s. The presence of a
confluent layer of A549 epithelial cells on the membrane, in the Transwell apical chamber, provides
additional resistance to molecular diffusion through the membrane. Consequently, the permeability of
each molecule type with cells is smaller than, less than half, its permeability with no cells. Dextran
is typically not transported via a transcellular but via a paracellular route, which depends on the
molecular size. Indeed, the transport of the largest 70-dextran is almost completely blocked by the
epithelial cell layer, with permeability of about 1.4 × 10−6 cm/s, while the permeability of the smallest
4-dexran is the highest at about 7.0 × 10−6 cm/s. The decreasing permeability trend with increasing
molecular size holds for the intermediate-size anionic C-dextran, 3.7 × 10−6 cm/s. This suggests that
the ionic charge effect on the transport of C-dextran across the A549 cell layer is negligible, and its
permeability is primarily determined by the molecular size. Interestingly, the permeability of insulin,
5.0 × 10−6 cm/s, follows the same trend as well. Unlike dextran molecules, insulin is known to be a
very dynamic molecule under various circumstances [51]. Insulin at high concentration can form a
hexameric crystal greatly increasing its apparent molecular size [52]. Furthermore, it has been shown
that compounds insulin can form a hexamer even at low concentration (10 µM) in the presence of zinc
and phenol [39]. The A549 culture media used in the experiment contains low concentrations of zinc
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and phenol compounds, which might give rise to the formation of insulin hexamers resulting in a
significant reduction in its permeability. Since the insulin permeability was found to be larger than
the C-dextran permeability, it seems that the low concentration of insulin (3 µM) combined with the
small trace amounts of zinc and phenol in the culture media were not sufficient to form hexamers.
Additionally, insulin has an isoelectric point at pH 5.3 suggesting it would be slightly anionic when
dissolved in pH 7 culture media [53]. Similar to the C-dextran, the charge of insulin has no appreciable
effect on its transport across the A549 cell layer. Hence, it is likely that under the current conditions
(i.e., low concentration with no shear stress) paracellular transport of monomers is the predominant
mass transfer mode of insulin across the A549 epithelial cell layer. This can serve as a reference for
comparison with insulin transport in microfluidic bilayer devices under flow-induced shear stress.Micromachines 2020, 11, x 7 of 18 
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Figure 3. Permeability of 4-dextran, C-dextran, 70-dextran, and insulin in Transwells with and without
A549 cell monolayers. Significance determined with student’s T-test with unequal variance (n = 3);
* p < 0.05, ** p < 0.01.

3.1.2. Permeability Measurements in Microfluidic Devices

Permeability measurements were conducted in microfluidic bilayer devices, using the 8.0 µm
pore-size membrane, with and without a 549 epithelial and HUVEC endothelial cell co-culture with
no air–liquid interface. The culture media was driven through each microchannel at a flow rate of
Q = 20 µL/h resulting in flow-induced shear stress of approximately 1.2 × 10−6 dyne/cm2. Similar to
the Transwell experiments, the molecular concentration at the inlet of the epithelial microchannel
was C0 = 60, 1, and 3 µM for 4-dextran, 70-dextran, and insulin, respectively, with zero concentration
at the inlet of the endothelial microchannel. Under steady-state conditions, following the decay of
the transient response, the molecular concentration at the outlet of the endothelial microchannel
C∞ was measured allowing the calculation of the permeability as follows: Pam = (C∞/C0)(Q/A),
where A = 0.2 cm2 is the barrier interface area. The estimated permeability values for insulin and
dextran molecules in the microfluidic devices, Pam, are summarized in Figure 4 with and without
epithelial/endothelial barriers. The trends are qualitatively consistent with those observed in Transwells
namely: (i) The permeability decreases with increasing molecular size and (ii) the presence of the
epithelial/endothelial barriers decreases the permeability of all molecules. The applied shear stress due
to the flowing media; therefore, has no significant effect on the characteristics of molecular transport
across the membrane with and without cell barriers in microfluidic devices. In particular, paracellular
transport of insulin monomers seems to remain as the prime molecular transfer mode.
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Figure 4. Permeability of 4-dextran, 70-dextran, and insulin in microfluidic bilayer devices with and
without an epithelial/endothelial barriers. Significance determined with student’s T-test with unequal
variance (n = 3); * p < 0.05.

3.2. Pharmacokinetic (PK) Analysis in Microfluidic Bilayer Devices with ALI

Pharmacokinetics is defined as the study of the time course of drug absorption, distribution,
metabolism, and excretion. One of the most essential tools to evaluate adsorption for pharmacokinetic
analysis is the time evolution of the concentration of a given compound in the blood stream known
as the concentration–time plot. This plot is captured by continuously monitoring blood serum
concentrations of a drug as a function of time using a variety of methods such as mass spectrometer or
fluorescent intensity). From this plot, schematically illustrated in Figure 5, key parameters describing
the behavior of the drug can be extracted including area under the concentration–time curve (AUC),
maximal concentration (Cmax), time for maximal concentration (Tmax), as well as half-life (t1/2),
elimination rate constant (Ke), and total body clearance (CL). Microfluidic bilayer devices present
a very attractive in vitro alternative for obtaining such concentration–time plots and, subsequently,
the desired pharmacokinetic parameters.
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3.2.1. Construction of Concentration–Time Plots

Bio-aerosols were generated as described in Section 2.1 from molecular solutions at concentrations
of C0 = 60, 1, and 3 µM for 4-dextran, 70-dextran, and insulin, respectively. The bio-aerosol, a physical
mixture of air and liquid droplets, was streamed along the epithelial microchannel with and without
a confluent A549 cell layer for Ta = 10 min. The driving gage pressure at the device inlet was
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adjusted to be 0.1 psig resulting in a flow rate of Q = 30 mL/min with an estimated shear stress of
2.3 dynes/cm2 to mimic the air flow in small airways [50,54]. The air flow was kept steady at the
same rate before and after the aerosol introduction into the epithelial microchannel. The molecular
concentration in the aerosol droplets is assumed to be equal to the concentration of the stock solution
placed in the aerosol canister, C0, as has been reported in similar aerosol characterization studies [55].
In parallel to the aerosol flow, culture media was driven through the endothelial microchannel with
and without a confluent HUVEC cell layer. A syringe pump was used to set the media flow rate
at Q = 400 µL/h, with an estimated shear stress of 0.03 dyne/cm2 mimicking the blood stream and
thereby establishing the air–liquid interface. As aerosol droplets accumulated on either the membrane
or the A549 cell layer in the epithelial microchannel, molecules diffused from the settled droplets
to the flowing media in the endothelial microchannel due to concentration gradient. The temporal
molecular concentration at the outlet of the endothelial microchannel CB(t) was sampled at time
intervals of 2.5 min allowing collection of a minimum sample volume of 15 µL needed for reliable
fluorescent intensity measurement. The concentration–time plots obtained for different molecules are
compared in Figure 6 with and without epithelial/endothelial barriers. The initial concentration of the
stock solutions used for different molecules varied greatly to enable proper conversion of fluorescent
intensity measurements to molecular concentration values using calibration curves. Therefore, in order
to facilitate direct comparison between the tested molecules, the relative concentration CB/C0 was
utilized for the construction of the concentration–time plots.
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In devices without cells, Figure 6a, the normalized curves for the three dextran molecules of
varying sizes are all very similar exhibiting the typical absorption and elimination phases. The insulin
curve; however, is substantially lower indicating very limited molecular transport across the membrane.
In devices with epithelial/endothelial barriers, Figure 6b, the normalized curves for the smaller dextran
molecules are about the same as those with no cells suggesting that the effect of the cell barrier on
the molecular transport is negligible. The largest dextran curve with cells is significantly lower than
that with no cells highlighting the barrier resistance effect on the molecular transport across the
epithelial/endothelial interface. More significantly, the insulin curve is practically flat with a late trace
of minute absorption and elimination phases indicating that practically no insulin transport took place
under the prescribed experimental conditions.

3.2.2. Extraction of Pharmacokinetic Parameters

Three pharmacokinetic parameters were extracted from the concentration–time plots and
normalized to render them non-dimensional as follows: (i) The area under the curve, AUC/C0Ta,
(ii) the maximum concentration, Cmax/C0, and (iii) the time to reach maximum concentration, Tmax/Ta;
where the area the area under the curve is the integral of the concentration–time plot,

AUC =

∫
∞

0
CBdt. (1)

The normalized PK parameters for the three dextran and insulin compounds, with and without
cell barriers, are listed in Table 2 and graphed in Figure 7.

Table 2. Pharmacokinetic values for microdevices.

AUC/C0Ta Cmax/C0 Tmax/Ta

No Cells

LMW Dex 0.10 ± 0.05 0.10 ± 0.05 1.2 ± 0.1
C-Dex 0.11 ± 0.05 0.09 ± 0.05 1.5 ± 0.3

HMW Dex 0.14 ± 0.05 0.12 ± 0.02 1.3 ± 0.2
Insulin 0.02 ± 0.005 0.02 ± 0.01 1.9 ± 0.4

A549/HUVEC Bilayer

LMW Dex 0.15 ± 0.05 0.15 ± 0.05 1.3 ± 0.2
C-Dex 0.13 ± 0.05 0.12 ± 0.05 1.3 ± 0.1

HMW Dex 0.05 ± 0.02 * 0.04 ± 0.01 *** 1.4 ± 0.2
Insulin 0.007 ± 0.004 0.02 ± 0.01 2.8 ± 0.3 *

* p < 0.05, *** p < 0.001 for bilayer devices compared to no cell devices for the same molecule.

The normalized area under the curve for all three dextran compounds with no cells is about
the same within experimental error, 0.12 ± 0.05, but much larger than that for insulin, 0.02 ± 0.005.
With cell barriers, the normalized area for the two smaller dextran compounds is slightly higher than
without cells but still within experimental error, 0.14 ± 0.05. In contrast, the area for the largest dextran
is much smaller, 0.05 ± 0.02, while the area for insulin is vanishingly small, 0.007 ± 0.005. Since the
area under the curve is proportional to the total amount of the absorbed compound, the presence of
the epithelial/endothelial barriers had essentially no effect on the mass transport of the two smaller
dextran compounds. The cell barrier had a significant effect on the paracellular transport, which is
a size-dependent mechanism, of the large dextran reducing its absorbed amount to less than half
the amount with no cells. It is striking that the detected amount of absorbed insulin is within the
background noise level suggesting that even the trace amount absorbed with no cells is blocked by the
cell barrier. While AUC represents the extent of absorption, Cmax represents the rate of absorption.
A direct correlation can be observed between the extracted values for the normalized maximum
concentration and normalized area under the curve, with and with no cells, for all dextran and insulin
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compounds. This corroborates the cell barrier effects on the molecular transport delineated from the
area under the curve results.
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Interestingly, although the cell barrier reduced the area under the curve and maximum
concentration of the large dextran to less than half of the values with no cells, there is very little
difference between the small and intermediate dextran compounds. With the formation of the air–liquid
interface, there is no continuous bulk flow of the molecular solution in the epithelial microchannel with
a steady concentration gradient resulting in a constant molecular flux across the membrane. The only
source of molecules detected in the endothelial microchannel are the droplets that accumulate on
the membrane surface or cell layer in the epithelial microchannel. Hence, the amount of compound
absorption depends on the droplet concentration and the number of droplets landing on the membrane
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surface or the epithelial cell layer rather than the molecular diffusivity. The area under the curve
and the maximum concentration are normalized by the droplet concentration, and it is reasonable
to assume that the aerosol droplet characteristics in terms of size and number are about the same
in all experiments. Therefore, it seems that the relatively high shear stress mitigates, to a certain
extent, the diffusivity effect due to molecular size, resulting in similar absorption amounts of small
and intermediate dextran compounds. However, even under high shear stress, paracellular of large
compounds such as 70-dextran is significantly reduced.

The time to maximum concentration, Tmax, is slightly longer than the aerosol flow time of
Ta = 10 min varying very little, in the range of Tmax/Ta = 1.2–1.5, for the three dextran compounds with
and without cell barriers. However, the normalized time to maximum concentration is much longer for
the insulin, about 1.9 without cell barriers and 2.8 with cell barriers. This clearly indicates that insulin
transport across the air–liquid interface is not a simple molecular diffusion from the settled droplets
to the flowing media similar to the transport of the dextran compounds. Based on the permeability
measurements in Transwells and microfluidic devices, with and without cell barriers, it was anticipated
that insulin concentration–time curve would be similar to that obtained for the small Dextran since their
molecular size is about the same. However, the extracted insulin PK parameters are very different from
the PK values for all three dextran compounds, with and without cell barriers; both the normalized
area under the curve and maximum concentration are significantly lower while the time to maximum
concentration is significantly longer. This suggests that another mechanism is strongly hindering the
transport of only insulin but not the transport of the dextran compounds with or without cell barriers.

3.2.3. Insulin Dynamic Characterization

The substantially different concentration–time curve for insulin, in comparison with the curves
for all dextran compounds, indicates that the dynamic nature of insulin plays an important role only
under the air–liquid interface operation, which requires aerosol generation. The permeability results in
microfluidic bilayer devices essentially preclude the formation of insulin hexamer subunits, thereby
increasing its molecular size, even in the presence of zinc and phenol in the culture media under low
flow-induced shear stress. Aerosolized insulin has been reported to undergo fibrillation resulting in
much longer and larger chains of insulin, and problems related to insulin instability due to its agitation
have been observed [56]. Insulin fibrillation has frequently been associated with the presence of an
air–liquid interface [57–59]. In order to generate an aerosol, using a jet nebulizer, a high-pressure air
stream is forced through a liquid solution to form a mixture of tiny liquid droplets suspended in air.
Thus, the high stresses involved in the aerosol generation process could lead to insulin fibrillation.
Visual inspection of the upper jet nebulizer platform provides an indirect evidence for insulin fibril
formation. The photographs of the nebulizer platform, shown in Figure 8, were taken following 5 min
of the solution agitation. A pellet, indicating solution turbidity, is visible only for insulin but not for
the dextran compounds and, furthermore, the insulin pellet disappears within half an hour.
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The transparency of a solution represents its turbidity level, which can be quantified by measuring
the light intensity of the solution with suspended fluorescently-labeled molecules [60], and the level of
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insulin fibril formation was reported to increase with its measured turbidity [61]. Therefore, to further
support the visual inspection results, time-dependent fluorescent intensity measurements of insulin
and LMW dextran solutions, Ia(t), following 5 min agitation in a jet nebulizer, are normalized by
the measured intensities of un-agitated solutions, Iu, in Figure 9. The intensity of the agitated and
un-agitated dextran is approximately the same (Ia/Iu � 1), indicating constant transparency with and
without agitation, which is consistent with the lack of a dextran pellet on the nebulizer platform.
In contrast, the relative intensity level of the agitated insulin increases with time from an initial value
of about 0.7 to a steady-state value of 1 within 20 min. The initially lower intensity of the agitated
insulin with its low transparency, which is correlated with the pellet formation on the nebulizer
platform, can be due to insulin fibril formation. In such a case, both the pellet visual inspection and
turbidity measurement suggest that insulin fibrils dissociate within half an hour time scale back to
their normal monomer structure. While the kinetics of insulin fibril dissociation depends on a variety
of factors such as concentration or duration of agitation, it has indeed been shown that the dissociation
process can occur fairly quickly (<1 h) under conditions similar to those encountered in the present
experiments [62,63].
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The possibility of insulin fibril formation due to its agitation during the aerosol generation
process in a jet nebulizer was established. Since it is not clear whether fibril formation could affect the
insulin concentration–time curve, the effect of fibril formation on insulin diffusivity was evaluated.
The permeability of insulin un-agitated and agitated for 5 min in a jet nebulizer was measured in
Transwells without cells only, for simplicity. The permeability values, calculated based on concentration
measurements in the Transwell bottom compartments after 20 min diffusion time, are shown in Figure 10.
The permeability of the agitated insulin solution is clearly lower than the permeability of the un-agitated
solution suggesting that the diffusivity of the agitated insulin is lower due to its larger molecular size,
which is consistent with fibril formation. Hence, this may be the cause for the substantially different PK
parameters extracted for insulin in comparison with those extracted for all dextran compounds. It is;
therefore, critical to maintain the stability of compounds during aerosol generation process in order to
obtain reliable concentration–time plots using microfluidic bilayer devices with an air–liquid interface.
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Figure 10. Bottom compartment relative concentration of insulin after 20 min incubation. Agitated
insulin was agitated with an air–liquid interface for 5 min and then added to the upper Transwell
compartment. * p < 0.05 compared with non-agitated insulin.

4. Conclusions

Pharmacokinetics and pharmacodynamics play an important role in the successful introduction
of new therapeutic modalities. In comparison to current in vitro cell cultures and animal models,
microfluidic bilayer devices provide superior platforms to investigate compound absorption across the
human blood–air barrier, which is the first process involved in pharmacokinetic analysis. A549 epithelial
and HUVEC endothelial cell barriers were established in microfluidic bilayer devices with an air–liquid
interface to mimic human small airways. The transient aerosol flow in the microchannel was found to
have a time scale on the order of 30 min with a median droplet diameter around 1.9µm and about 20–25%
of the droplets land in the device overlap region enabling compound absorption. The permeability of
four compounds in Transwells and microfluidic devices was measured. The permeability of insulin
and dextran compounds without cells in Transwells and microfluidic bilayer devices with no ALI is
dominated by diffusivity, decreasing with increasing molecular size. In the presence of confluent cell
layers, with negligible transcellular transport, the permeability decreases further due to decreasing
paracellular transport with increasing molecular size. Consequently, the permeability of the HMW
dextran, with the largest molecular size, is practically zero.

The application of microfluidic bilayer devices was extended to perform pharmacokinetic
analysis of epithelial/endothelial barriers with an air–liquid interface, requiring aerosol generation,
to mimic small human airways. Concentration–time curves for insulin and dextran compounds
were established for the extraction of standard pharmacokinetic parameters: Area under the curve,
maximum concentration, and time to maximum concentration. The cell barrier significantly affected the
pharmacokinetic parameters of only the HMW dextran, as its paracellular transport was negligible due
to the large molecular size. It seems that aerosolizing insulin in a jet nebulizer leads to the formation of
fibrils with a substantially larger apparent molecular size. This was indirectly supported by the visual
appearance of a pallet on the nebulizer platform, measured high turbidity (low transparency), as well
as low diffusivity of agitated insulin; all consistent with fibril formation. Consequently, the absorbed
amount of agitated insulin was too small to construct a reliable concentration–time plot. Hence,
it is paramount to include stabilizing agents, such as zinc, in aerosolized compound formulations to
maximize absorption across cellular barriers. In summary, the microfluidic bilayer devices incorporating
different human cell types with signaling offer a distinct advantage for pharmacokinetic studies over
standard 2-D cell culture or animal models.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/5/536/s1,
Figure S1: ImageJ generated binary images (obj: ×20) of droplets from: (a) the major aerosol outlet, and (b) in
the microchannel. Figure S2: Diameter distribution profiles comparing the Jet major outlet and Jet microdevice.
Vertical dashed lines represent the median diameter for each distribution and lognormal PDF’s fit to the data
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8 µm (n = 3).
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