Beyond the Barriers: Impedance-based
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Why an in vitro lung model?

Chronic pulmonary diseases are a high burden on the healthcare system and on the quality of life (Qol)
of its patients. As the third leading cause of death, chronic respiratory diseases have a tremendous
mortality rate [1]. Moreover, with a prevalence of 300 million people worldwide, pulmonary diseases are
not only mortal but also highly prevalent [2]. The QoL of these 300 million patients is also significantly
decreased and deteriorates with the progression of the disease [3]. While this emphasizes the burden of
pulmonary diseases, adequate treatment is lacking. Current therapies focus only on reducing the
symptoms and management of the disease, rather than curing [4], [5]. This is due to the difficulty of
finding appropriate lung mimics to test pulmonary treatments [6].

While in many biomedical fields, animal models are expectable models for therapeutic compound testing,
in vivo models do have drawbacks, especially in the field of pulmonary diseases. First of all, the practice
of animal testing is a subject of ethical debate. Additionally, animal testing has demonstrated inadequate
predictability when translating results to clinical trials [7]. This discrepancy is particularly evident in the
field of lung pathophysiology, where substantial differences exist between animal lungs and those in
humans. For example, while human pathogens exhibit a preference for infecting human cells, they do not
replicate in animal model, nor do they cause any harm [8].

The method of delivery stands as a crucial determinant of treatment effectiveness. Without a suitable
means of delivering substances to the lungs or other targeted areas in the body, the real-world
applications of these treatments are constrained [9]. Hence, a key focus in biotechnology, toxicology,
pharmaceuticals, and medical research is the exploration of alternatives to animal models. Significant
advancements have been achieved in both academia and industry, with notable developments such as
organ-on-a-chip, organoids, and 3D bioprinted organ-like structures.



Strategies like the utilization of transwells have been implemented to establish larger scale 3D lung
models. These models are typically maintained under static culture conditions. This implies that the
dynamic nature of the human lungs/body and the progression of diseases are not accurately mimicked.
Additionally, it becomes challenging to interrogate real-time cellular responses within these systems [10].

In summary, there is an urgent unmet need for a representable in vitro lung model.

Differences between healthy and diseased lungs

To find therapeutic targets and test therapeutic agents in vitro, disease understanding and key differences
of a healthy and a diseased lung are essential. First of all, the lung serves as the barrier to prevent
infectious, cytotoxic and other harmful compounds entering the bloodstream. Creating a strong and
discriminating barrier is of vital importance for a healthy lung [11]. Furthermore, the respiratory mucosa
consists of a pool of differentiated cells. Each cell type plays a distinct role in the complex physiology and
defense mechanisms of the pulmonary system. The five main cell types are: ciliated cells, goblet cells,
basal cells, club cells, and neuroendocrine cells. Ciliated cells, the most abundant cell type in a healthy
lung, facilitate the mucociliary escalator, a key defense mechanism in the lungs. Goblet cells produce
mucus to trap particles, while cilia of the ciliated cells move the material towards the pharynx for
expulsion. Basal cells serve as stem cells, supporting the maintenance of ciliated and goblet cells. Club
cells have been attributed several protective roles, including participating in airway repair after injury,
secreting anti-inflammatory and immunomodulatory proteins, and aiding in detoxification processes.
Neuroendocrine cells, also called Kulchitsky cells, can secrete various factors, including catecholamines
and polypeptide hormones [12], [13]. However, when the lung is affected by either acute or chronic
diseases such as chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), acute respiratory
distress syndrome (ARDS), etc., the characteristic features of a healthy lung are compromised or lost.

The barrier function of a diseased lung is impaired, and the measurable resistance of this barrier is
significantly reduced [14]-[16]. Furthermore, at cellular level, lung injury has major consequences. An
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Figure 1. Difference in healthy and diseased lung epithelium. A healthy lung consists of fully differentiated cells, mainly composed
of ciliated cells, with strong tight junctions, inducing an intact barrier. In a diseased lung, goblet cells are overtaking the ciliated
cell population and epithelial-mesenchymal transition (EMT) leads to loss of ciliated cells and strong tight junctions, leading to an
impaired barrier.



important process during wound healing and tissue repair is Epithelial-mesenchymal transition (EMT)
[17]. EMT is defined as a process in which epithelial cells gradually acquire a mesenchymal (fibroblast-like)
cell phenotype [18]. A diseased lung is characterized by loss of ciliated cells, increase of the goblet cell
population and excessive EMT, leading to low cell complexity and differentiation [17], [18]. The key
differences between a healthy and diseased lung are depicted in Figure 1.

In summary, to fabricate a healthy and diseased lung in vitro, key characteristics such as barrier function
and cell differentiation should be highlighted.

Measuring is knowing

In order to manufacture a representative lung model in vitro the key characteristics above —healthy lung
model with intact barrier and differentiated cells, a diseased model with an impaired barrier and mostly
mesenchymal cells- should be met. Quality control (QC) is therefore as important as the model itself. The
QC should (1) be able to measure the barrier function of the lung model without disrupting the barrier
itself (2) be able to continuously monitor the barrier function (3) be able to distinguish non-differentiated
cells and fully differentiated cells (measure cell capacitance).

To measure the barrier function of a cell layer, different techniques have been developed, such as freeze-
fracture electron microscopy possibly combined with immunostaining for tight junction proteins,
paracellular tracing of labeled compounds and transepithelial/transendothelial electrical resistance
(TEER) measurement, possibly combined with frequency-dependent impedance spectroscopy [19].

Freeze-fracture electron microscopy

Freeze-fracture electron microscopy combined with immunostaining for tight junction proteins is an
excellent barrier function technique. Here, the barrier is snap-frozen, broken apart and imaged using an
electron microscope, which provides a wealth of structural information [20]. The addition of
immunostaining for tight junction proteins adds specific information of the type and location of tight
junctions. Together, this gives a well-defined image of the barrier function [21]. However, due to the
freezing, this technique is an end-point measurement with destructive characteristics, making it unfit for
continuous QC.

Paracellular tracing

Another technique is the paracellular tracing of a labeled compound. This compound is subjected to
several requirements. The ideal drug for use should be metabolically inactive, non-toxic within the
prescribed doses, free from binding to other molecules like proteins in plasma or tissues. It should be
available in various molecular sizes, visible across a spectrum from the naked eye to the electron
microscopic level, and reliably quantifiable. Even though many markers have been manufactured, no
marker fulfills all criteria, making this technique also unfit [22].



Electrical impedance spectroscopy

TEER is a highly sensitive and reliable measurement of the electrical resistance across a cellular monolayer
which confirms the integrity of a cell layer. Moreover, TEER is non-destructive and enables the user to
monitor living cells throughout various stages of growth and differentiation. However, mono frequency
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Figure 2. Current flows at different frequencies. At low frequencies, the primary pathway for current flow is paracellular, indicating
the TEER of the cell layer. At high frequencies, the primary pathway is through the cells, indicating the cell capacitance.

TEER is not able to measure electrical capacitance of the cell layer [19]. Frequency-dependent impedance
spectroscopy can measure both TEER and electrical capacitance. At lower frequencies, the primary
pathway for current flow is paracellular, moving through extracellular matrix proteins and between
adjacent cells via tight junctions, as well as through the electrolyte (medium), see Figure 2. Thereby giving
insight into the TEER of the cell layer. When high frequencies are applied, the capacitive component of
the measured impedance becomes particularly sensitive to adhered cells, see Figure 2. At these
frequencies, the current travels through the insulating cell monolayer, primarily moving through cell
membranes [23]. This highlights the capacitance; cell growth and cell differentiation.

In summary, frequency-dependent impedance spectroscopy enables non-destructive continuous
measurement of barrier integrity and cellular development.

A healthy in vitro lung model

As discussed before, there is an urgent need for in vitro lung models. The characteristics of a healthy lung
are an intact cellular barrier with differentiated cells. In our attempt to produce such an in vitro healthy
lung model, a co-culture was made using primary human bronchial epithelial cell line (NHBE) and primary
human lung fibroblasts (NHLF). 1 x 10* NHBE were seeded on the apical side and 1 x 10* NHLF on basal
side of a 0.4 um transwell inserts (Corning) coated with Collagen type | (Sigma-Aldrich, Australia). NHBE
cells were maintained in Bronchial epithelial growth medium (BEGM) medium (Lonza, USA) and NHLF cells
were maintained in fibroblast growth medium-2 (FGM-2) medium (Lonza, USA). All the cultures were
maintained in medium for seven days, then switched to an air-liquid interface (ALl) condition using
PneumaCult™-ALl medium (STEMCELL Technolo-gies™, Australia) for a total of 24 days. This co-culture



was chosen because fibroblasts have the capability to enhance epithelial cell function by stimulating
proliferation and differentiation, regulating mucin secretion, and initiating a proper spatial distribution.

To examine the electrical resistance and capacitance of cell layers, impedance measurement was
performed every two days using our high-throughput automated monitoring system (Locsense,
Netherland). Both the apical and basolateral compartments were filled with fresh media (250 pL of
medium for apical compartment and 750 pL of medium for basolateral compartment). The impedance of
cell layers was measured in a broad range of frequencies (from 10 to 100,000 Hz).

Impedance spectroscopy results revealed an increased TEER when the cell layer formed a barrier, as can
be seen in Figure 3, Clearly visible is the significant increase of TEER of “Cells on Day 3” compared to TEER
“Without cells”. The TEER further steadily increases until day 8. After switching to ALI conditions, the TEER
slightly decreases until day 15, possibly due to cell differentiation. The cell capacitance is visualized
between day 13 to 24 in the right graphs of Figure 3. These results show a time dependent increase of cell
capacitance from day 13 to day 24. Suggesting that this set-up promotes growth and differentiation of the
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Figure 3. Impedance measurement of healthy NHBE-NHLF models, performed every 2—3 days for 24 days. The left panels indicated
the TEER value from Day 3 to Day 15 and the right panels indicated cell capacitance from Day 13 to Day 24.

In summary, we developed a model that was subjected to an extensive QC of continuous barrier
function and cell differentiation measurements and can be utilized to test safety, efficacy, and
superiority of new therapeutics as well as to test toxicity and injury induced by inhaled pollution or
pathogens.
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