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Introduction

In vitro microfluidic experimentation holds great potential to reveal many insights into
the microphysiological phenomena occurring in conditions such as acute respiratory
distress syndrome (ARDS) and ventilator-induced lung injury (VILI). However, studies
in microfluidic channels with dimensions physiologically relevant to the terminal
bronchioles of the human lung currently face several challenges, especially due to
difficulties in establishing appropriate cell culture conditions, including media flow
rates, within a given culture environment. The presented protocol describes an
image-based approach to evaluate the structure of NCI-H441 human lung epithelial
cells cultured in an oxygen-impermeable microfluidic channel with dimensions
physiologically relevant to the terminal bronchioles of the human lung. Using
phalloidin-based filamentous-actin staining, the cytoskeletal structures of the cells
are revealed by confocal laser scanning microscopy, allowing for the visualization
of individual as well as layered cells. Subsequent quantification determines whether
the cell culture conditions being employed are producing uniform monolayers suitable
for further experimentation. The protocol describes cell culture and layer evaluation
methods in microfluidic channels and traditional fixed-well environments. This includes
channel construction, cell culture and requisite conditions, fixation, permeabilization

and staining, confocal microscopic imaging, image processing, and data analysis.

Acute respiratory distress syndrome (ARDS) is an acute
condition arising from insult to and propagation of injury
in the lung parenchyma, resulting in pulmonary edema
of the alveoli, inadequate gas exchange, and subsequent

1

hypoxemia'. This initiates a cycle of pro-inflammatory

cytokine release, neutrophil recruitment, toxic mediator
release, and tissue damage, which itself incurs a further
inflammatory responsez. Additionally, pulmonary surfactant,
which stabilizes the airways and prevents damage caused

by repetitive recruitment/derecruitment (R/D), may be
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inactivated or otherwise rendered dysfunctional by the
chemical processes occurring during ARDS, resulting in
further stress and injury to the surrounding parenchymas. If
sufficient damage is sustained, mechanical ventilation may
be necessary to ensure adequate systemic oxygenation4.
However, mechanical ventilation imposes its own challenges
and traumas, including the possibility of ventilator-induced
lung injury (VILI), characterized as injury to the lung
parenchyma caused by the mechanical stresses imposed
during overinflation (volutrauma) and/or the R/D of the air-
liquid interface in the fluid-occluded airway (atelectrauma)5.
The pressure gradient experienced by epithelial cells
exposed to an air-liquid interface (as in a fluid-occluded
result in

bronchiole) in the atelectrauma model can

a permeability-originated obstructive response (POOR),

leading to a POOR-get-POORer virtuous cycle of injury6'7'8.

In vitro experimentation can provide micro-scale insights into
these phenomena, but current studies in microfluidic channel
environments with physiologically relevant dimensions face
several challengesg. For one, optimizing cell culture
conditions poses a significant barrier to entry for cell
culture research in microfluidic environments, as there
exists a narrow intersection within which media flow
parameters, culture duration, and other culture conditions
permit optimal cell layer formation. This includes the diffusion
limitations imposed by the oxygen-impermeable nature of
the microfluidic culture channel enclosure. This necessitates
careful consideration of media flow parameters, as low flow
rates can deprive cells of oxygen, especially those farthest
from the inlet; on the other hand, high flow rates can
push cells out of the culture channel or result in improper
or uneven layer development. Diffusion limitations may be
addressed by using oxygen-permeable materials such as

polydimethylsiloxane (PDMS) in an air-liquid interface (ALI)

culture apparatus; however, many conventional microfluidic
culture channels, such as those of the electric cell-
substrate impedance sensing (ECIS) system, are inherently
oxygen-impermeable, given the nature of the manufactured
enclosure'. This protocol aims to provide a technique for
analyzing cell layers cultured in an oxygen-impermeable

enclosure.

When comparing the viability of culture conditions,
observations of specific layer characteristics, such as the
presence of a monolayer, surface topology, confluency,
and layer-thickness uniformity, are necessary to determine
whether the cell layer produced by a particular set of culture
conditions meets the desired specifications and are indeed
relevant to the experimental design. A limited evaluation
may be performed by methods such as ECIS, which
utilizes measurements of electric potential (voltage) created
by resistance to high-frequency alternating current (AC)
(impedance) imposed by electrically-insulating membranes
of cells cultured on gold electrodes within the flow array.
By modulating the frequency of AC applied to cells, specific
frequency-dependent cellular properties of the cells and cell
layers such as surface adherence strength, tight-junction
formation, and cell proliferation or confluency may be
targeted and examined'!. However, these indirect forms of
measurements are somewhat difficult to interpret at the onset
of an experiment, and may not quantify all relevant aspects of
the cell layer. Simply observing the cell layer under a phase-
contrast microscope may reveal the nature of certain qualities
such as confluency; however, many relevant characteristics
such as the presence of a monolayer and layer-thickness
uniformity require a three-dimensional (3D) evaluation that
is not possible with brightfield, phase-contrast, or fluorescent

microscopic imaging12.
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The objective of this study was to develop a filamentous-actin
staining technique to allow for imaging-based verification of
a monolayer and the evaluation of cell layer uniformity using
confocal laser scanning microscopy (CLSM). Filamentous-
actin (F-actin) was deemed an appropriate target for the
fluorophore conjugate, due in part to the way that F-
actin tightly follows the cell membrane, allowing for a
visual approximation of the entire cell volume'3. Another
important benefit of targeting F-actin is the manner in
which staining of F-actin visually elucidates cytoskeletal
disruptions or alterations imposed by the stresses and strains
experienced by the cells. Crosslinking fixation with methanol-
free formaldehyde was used to preserve the morphology of
the cells and the cell layer, as dehydrating fixatives such as
methanol tend to flatten cells, grossly distorting the cell layer

and altering its properties14'15.

To determine the ability of the layer evaluation technique to
mitigate these challenges, cells were cultured in traditional
eight-well culture chambers as well as in microfluidic channels
to evaluate the differences, if any, in the cell layers that
were produced. For fixed culture wells, eight-well chambered
coverglass units were used. For microfluidic culture, flow
arrays (channel length 50 mm, width 5 mm, depth 0.6
mm) were optimized to culture immortalized human lung
epithelial (NCI-H441) cells in an environment with dimensions
physiologically relevant to the terminal bronchioles present in
the respiratory zone of the human Iung16. While this protocol
was developed with the culture environment of ECIS flow
arrays in mind, it may apply to any oxygen-impermeable
dynamic-culture environment for which evaluation of cultured

cell layer characteristics or culture conditions is necessary.

Protocol

The NCI-H441 human epithelial lung cell line was used for the

present study (see Table of Materials).

1. Cell culture in the microfluidic channel

1. Fabricate the microfluidic channel and perform the pre-

treatment following the steps below.

1. Obtain a single-channel flow array (see Table of
Materials) and separate the upper portion from the

polycarbonate base plate.

2. Obtain a #1.5 rectangular coverglass (thickness
0.17 mm) with dimensions of 60 mm x 22 mm. Clean
surfaces of the coverglass in an ultrasonic bath and
treat one side with a 0.1 mg/mL solution of Poly-D-
Lysine at room temperature for 5 min before drying

at 60 °C for 30 min.

3. Affix a 0.13 mm thick double-sided adhesive (see
Table of Materials), laser-cut to accommodate the
dimensions of the flow array top and the flow channel

(50 mm length, 5 mm width), to the flow array top,

taking care to precisely align the channel cut-outs” .

4. Affix a 0.1 mm thick mylar spacer (see Table

of Materials), laser-cut to accommodate the
dimensions of the flow array top and the flow
channel, to the adhesive strip, taking care to

precisely align the channel cut-outs.

5. Repeat steps 1.1.3 and 1.1.4 until desired channel
height is achieved (for example, for a channel height
of 0.6 mm, use two spacers and three adhesive

strips).
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Affix a rectangular coverglass to the bottom-most
adhesive strip with the Poly-D-Lysine-treated side
facing the adhesive. After assembly is complete, as
indicated in Figure 1, apply firm and equal pressure
to the top and bottom of construction and hold for 1
min.

NOTE: Construction of the channel enclosure,
including coverglass, adhesives, spacers, and flow

array top, is now complete.

Rinse the channel with de-ionized water using a

syringe, simultaneously checking for leaks.

Sterilize channel enclosure in an ultraviolet (UV)

sterilizer for 30 min18.

Using sterile technique, treat the channel with 2.0
pg/mL human fibronectin (see Table of Materials)

in phosphate buffered saline (PBS) and incubate for

at least 30 min at 37 °C1°.

2. Perform cell culture in the microfluidic channel following

the steps below.

1.

In a sterile laminar flow hood, use a micropipette
to transfer an even suspension of NCI-H441 cells
in RPMI 1640 medium with 10% fetal bovine
serum (FBS) (see Table of Materials) to seed two

microfluidic channels, each with cells at a surface

density of 150,000 cells/cm?.

1. For 50 mm x 5 mm x 0.6 mm channels, use

0.25 mL of a 2.5 x 108 cells/mL suspension to
fill each channel, as well as a portion of the
ports. Verify that cells have been distributed
evenly within the channels using a brightfield

microscope.

Culture the two channels for 24 h and 48

h respectively at 37 °C with 5% CO2 using

a programmable syringe pump (see Table of
Materials), drawing spent media out from the
channel and fresh media into the channel from a
sterile media reservoir attached to channel inlet
comprised of a cut-open 20 mL syringe covered with

paraffin film.

1. After a 10 min waiting period following cell
seeding, introduce and pump fresh media from
the reservoir through the channel at a variable
flow rate beginning at 0.2 yL/min and ramping

up to 10 yL/min for 4 h, maintaining at that rate

thereafter2C.

NOTE: This variable flow rate provides culture
conditions that allow cells to (1) gravitationally
settle to the culture surface, (2) adhere to
the culture surface, and (3) form a confluent

monolayer.

Perform cell fixation inside the microfluidic channels

using formaldehyde solution.

CAUTION: Formaldehyde is toxic and must be handled

in an appropriate chemical fume hoo

1.

d21.

In a chemical fume hood, prepare formaldehyde
solutions by using 4% formaldehyde in PBS
(methanol-free) (see Table of Materials) to create
two 4 mL portions, diluting the first to a concentration
of 1% formaldehyde and the second to 2%
formaldehyde using Dulbecco's phosphate buffered
saline (DPBS; with Ca2* and Mg?*) as the diluent.
Transfer formaldehyde solutions to separate 5 mL
syringes and label accordingly. Draw up 20 mL of

DPBS into a separate 20 mL syringe.
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Remove microfluidic channels from the culture
apparatus and place them into the chemical fume

hood.
Assemble the fixation and staining apparatus.

1. Attach a 10 cm segment of transfer tubing to
the side port of a three-way stopcock via a male
Luer lock to hose barb adapter (see Table of
Materials), then connect the stopcock to the

inlet port of the flow array.

2. Next, attach another 10 cm segment of transfer
tubing to the outlet port of the flow array using

the same type of hose barb adapter.

3. Finally, secure the free ends of both transfer
tubes in a chemical and biohazard-appropriate
waste container, such as a labeled empty 50 mL

conical centrifuge tube.

Turn the stopcock to block off the flow array inlet port
and flush the waste line with DPBS. Then, turn the
stopcock to block off the waste line and slowly wash
cells with 2 mL of DPBS. Repeat the flushing step
using the new solution every time. A new solution
(or concentration of solution) is introduced to the

channel.

Slowly push 2 mL of 1% fixative solution through the

channel and then allow to sit for 5 min22.

Slowly push 2 mL of 2% fixative solution through the

channel and then allow to sit for 15 min.

Wash cells by slowly introducing 2 mL of fresh DPBS
to the channel in three separate instances (5 min

each).

Complete steps 1.3.3-1.3.7 for both microfluidic

channels in parallel.

4. Stain, permeabilize, and add mounting media to the cells

in the microfluidic channel.

1.

Prepare 0.1% saponin solution by adding 1 mg of
saponin (see Table of Materials) per mL of DPBS to

produce 4 mL of solution and gently vortex to mix23.

Draw up 8 mL of DPBS into a 20 mL syringe.

Add an F-actin-staining phalloidin reagent and a
nucleus-staining Hoechst reagent (see Table of
Materials) to the 0.1% saponin solution, at two
drops (0.1 mL) of each reagent per mL of saponin
solution. Keep prepared staining/permeabilizing

solution away from light by covering with aluminum
foil?4.

Flush the line with a small amount of staining/
permeabilizing solution (as described in step 1.3.4),
then introduce 2 mL of the solution to the microfluidic
channel and cover the channel with aluminum foil

before allowing it to sit at room temperature for 30

min.

Flush out the staining/permeabilizing solution twice

with 2 mL of DPBS for 5 mins per flush.

For better image quality, add a suitable mounting
media (with an index of refraction closely matching
the microscope objective oil and cover glass, see

Table of Materials) into the channel.

1. Using a micropipette, introduce a minimal
amount of a soft-set antifade mountant to each
port of the microfluidic channel, ensuring that
the bottom surface is completely covered and

no bubbles are trapped within the desired

imaging area2®. Seal the ends of the channel
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and verify cell layer integrity by observing under

a brightfield microscope.

Complete steps 1.4.3-1.4.5 for both microfluidic
channels in parallel.

NOTE: Image cells as soon as possible after staining
for maximum image quality. If photobleaching
occurs or long-term storage is desired, other
mounting media with antifade or sample-preserving
properties may be used. Note that hard-curing
mounting media will distort the 3D structure of the

cells and, by extension, the cell layer; for this reason,

soft-setting mounting media is preferable®®.

5. Image cells in the microfluidic channel following the steps

below.

1.

Adjust the confocal microscope (see Table of
Materials) settings, including laser power, gain,
offset, and scan parameters such as scan speed,

scan area, scan format, resolution, and pinhole

diameter?’ .

Test imaging location by taking reference scans as
well as Z-stacks until desired image parameters and
conditions have been met. Dial-in parameters at
sequentially higher-magnification objectives until the
40x oil-immersion objective has been reached and

optimized28 .

Using the flow array base plate as a reference,
construct Z-stacks at five locations, at the would-

be location of the first electrode on the inlet

side, halfway between the center and the previous
location, the center, halfway between the center and
the location of the last electrode (on the outlet side),

and at the last electrode, as indicated in Figure 2.

6. Perform image processing and data analysis.

1.

Export XZ and YZ cross-sections using the
confocal microscope software package (see Table

of Materials).

Using an image-processing software (see Table
of Materials) with edge-detection capabilities
(thresholding value 15.0), measure the total image
area in pixels by using the Magic Wand tool outside
of the image, then the area excluding the total cross-
sectional area of the cell layer in pixels by using the

Magic Wand tool in the portion of the image exterior

to the cell Iayer29.

Using data-processing software (see Table of
Materials), subtract the exterior area pixel value
from the total area pixel value to find the cross-

sectional area pixel value.

Convert cross-sectional area pixel values to um?
values by multiplying pixel values by the square of
the um/pixel value, as indicated in the microscope
software for the particular image (0.31 pym/pixel for
Z-stacks taken in 1024p resolution with no zoom on

a 40x oil-immersion lens).

Calculate means and standard deviations of data

and graph results.
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ﬁf[icroﬂuidic Channel Channel Dimensions: 50 x 5 x 0.6 mh

From Media Reservoir

Flow Array Top
—

Spacers

#1.5 Rectangular

Coverglass )

Figure 1: Exploded-view schematic of the microfluidic channel construction. The top element is the top portion of
the flow array, thin grey elements are adhesive strips, thin blue elements are mylar spacers, and the bottom element is the

rectangular coverglass. Please click here to view a larger version of this figure.

Microfluidic Channel
Image Locations

t ottt

Inlet Center Outlet

Figure 2: Five imaging locations along the consistently layer-producing region of the microfluidic culture channel.
Imaging locations are as follows: inlet-side, near where the first electrode would be on the intact flow array; halfway between
inlet-side location and the center of the channel; center of the channel; halfway between the center and the outlet-side
location, and outlet-side, near where the last electrode would be on the intact flow array. Please click here to view a larger

version of this figure.

2. Cell culture in the eight-well chambered 1. Obtain a sterile eight-well chambered coverglass

coverglass manufactured with a #1.5 coverglass and cell
adherence-increasing surface treatment (Figure 3,

1. Perform pre-treatment of the eight-well chambered see Table of Materials).

coverglass.
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2. Using sterile technique, treat the surface of culture

wells with 2.0 pg/mL human fibronectin in PBS and

incubate for at least 30 min at 37 °C'°.

2. Perform cell culture in the chambered coverglass

following the steps below.

1. In a sterile laminar flow hood, transfer 0.5 mL
portions of solutions of NCI-H441 cells evenly
suspended in RPMI 1640 medium with 10% FBS
at volumetric densities of 81,000, 162,000, and
324,000 cells/mL to seed the culture wells at

surface densities of 45,000, 90,000, and 180,000

cells/cm?, respectively. Verify that cells have been
evenly distributed within the wells using a brightfield

microscope.

2. Culture cells for 24 h, 48 h, and 96 h at 37 °C with

5% CO2, replacing media daily.

3. Perform formaldehyde fixation in the eight-well
chambered coverglass.

CAUTION: Formaldehyde is toxic and must be handled

in an appropriate chemical fume hood?!.

1. In a chemical fume hood, prepare formaldehyde
solutions by making two portions of 4%
formaldehyde in PBS (methanol-free), diluting the
first to a concentration of 1% formaldehyde and

the other to 2% formaldehyde using Dulbecco's
phosphate buffered saline (DPBS; with Ca2* and
Mg2*) as the diluent.

2. Remove the eight-well culture chambered

coverglass from the incubator and place it into the

chemical fume hood.

Gently wash cells with 0.5 mL of DPBS using a
micropipette by slowly introducing liquid along the

upper portion of the corner of each well.

Remove existing liquid in each well by slowly
extracting it from the corner of the wells using a
micropipette. Using the liquid-introduction method
(step 2.3.3), introduce 0.5 mL of 1% fixative solution

into each well and allow it to sit for 5 min22.

Remove existing liquid in each well using the liquid-
extraction method mentioned in step 2.3.4. Using the
liquid-introduction method mentioned in step 2.3.3,
introduce 0.5 mL of 2% fixative solution into each

well and allow it to sit for 15 min.

Using the liquid introduction and extraction methods
(steps 2.3.3 and 2.3.4), wash cells by introducing
and removing 0.5 mL of fresh DPBS in each well in

three separate instances for 5 min each.

Perform staining, permeabilization, and mounting media

addition in the eight-well chambered coverglass.

1.

Prepare 0.1% saponin solution by adding 1 mg of

saponin per mL of DPBS and gently vortex to mix23.

To the 0.1% saponin solution, add two drops (0.1
mL) each of an F-actin-staining phalloidin reagent
and a nucleus-staining Hoechst reagent per mL of
saponin solution. Keep the prepared solution away

from light by covering with aluminum foil24.

Introduce 0.2 mL of staining/permeabilizing solution
to each well and cover the chambered coverglass
with aluminum foil before allowing it to sit at room

temperature for 30 min.

Flush out staining/permeabilizing solution twice with

0.5 mL of DPBS.
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For better image quality, add a suitable mounting
media (with an index of refraction closely matching
the microscope objective oil and cover glass) into the

wells.

1. Using a micropipette, introduce a minimal
amount of a soft-set antifade mountant to
each well, ensuring that the bottom surface is

completely covered and no bubbles are trapped

within the desired imaging area2®. Verify cell
layer integrity by observing under a brightfield
microscope.

NOTE: Image cells as soon as possible
after staining for maximum image quality. If
photobleaching occurs or long-term storage is
desired, other mounting media with antifade
or sample-preserving properties may be used.
Note that hard-curing mounting media will

distort the 3D structure of the cells and,

by extension, the cell layer, so soft-setting

mounting media is preferable26.

5. Performimaging in the eight-well chambered coverglass.

1.

Adjust the confocal microscope settings, including
laser power, gain, offset, and scan parameters such

as scan speed, scan area, scan format, resolution,

and pinhole diameter?’ .

Test imaging location by taking reference scans as

well as Z-stacks until desired image parameters and

conditions have been met. Dial-in parameters at
sequentially higher-magnification objectives until the
40x oil-immersion objective has been reached and

optimized28 .

Construct Z-stacks of three random locations in each

seeding density/culture duration match-up.

6. Perform image processing and data analysis.

1.

Export XZ and YZ cross sections using the confocal

microscope software package.

Using an image-processing software with edge-
detection capabilities (thresholding value 15.0),
measure the total image area in pixels by using the
Magic Wand tool outside of the image, then the
area excluding the total cross-sectional area of the

cell layer in pixels by using the Magic Wand tool in

the portion of the image exterior to the cell Iayer29.

Using a data-processing software, subtract the
exterior area pixel value from the total area pixel

value to find the cross-sectional area pixel value.

Convert cross-sectional area pixel values to pm2
values by multiplying pixel values by the square of
the pym/pixel value as indicated in the microscope
software for the particular image (0.31 uym/pixel for
Z-stacks taken in 1024p resolution with no zoom on

a 40x oil-immersion lens).

Calculate means and standard deviations and graph

results.
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Figure 3: Diagram of the eight-well chambered coverglass used for the fixed-well culture, staining, and imaging

experiment comparing the effects of initial cell seeding density and culture duration on the formation of cell layers.

Please click here to view a larger version of this figure.

Representative Results

The presented method allows for the visualization of epithelial
cell layers cultured in microfluidic culture channels and
uses a demonstration in traditional fixed-well cell culture
environments as validation. Images acquired will exist on
a spectrum of quality, signal intensity, and cellular target
specificity. Successful images will demonstrate high contrast,
allowing for image analysis and quantification of data for
subsequent statistical evaluation. Unsuccessful images will
be dim, fuzzy, blurry, or otherwise unusable for subjective
or quantitative evaluation. Some images may be suitable
for subjective layer characteristic determination while still
being of insufficient quality for quantitative analysis. Thus, the
degree and care to which the protocol is followed will directly
impact the suitability of a given image to serve as a data

source for statistical analysis.

Figure 4 represents the successful use of the technique
in the context of a microfluidic dynamic-culture environment
and shows image acquisition at the inlet and outlet of two
microfluidic devices. Figure 4A,B provides examples of

layers cultured for 24 h, and Figure 4C,D presents examples

of layers cultured for 48 h. Figure 5 illustrates the associated
data collected from the microfluidic channel experiment,
incorporating three samples from each of the five microfluidic
channel imaging locations indicated in Figure 2 from each

culture duration. Error bars signify standard deviations.

Figure 6 depicts a 2D image of the XY plane in the
center of the microfluidic channel, and Figure 7 depicts
a 3D view of the same location with depth color-coding.
Figure 8 represents successful image acquisition within a
density-duration experiment analyzing the effects of initial
cell seeding density and culture duration on NCI-H441
cell layer formation in the eight-well chambered coverglass
environment. Figure 8A-C indicates culture durations of 24 h,
48 h, and 96 h, respectively. Figure 8X-Z indicates initial cell
seeding densities of 180,000, 90,000, and 45,000 cells/cm?,
respectively. Figure 9 presents quantitative data collected
from the eight-well chambered coverglass experiment,
including samples from three locations in each density-
duration match-up. Error bars represent standard deviations
and p-value tests were performed to determine statistically

significant differences between apparently close values.
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These two representative experiments within the dynamic  contextualize experimental findings by visually confirming the
microfluidic and static eight-well environments are distinct  presence or absence of physiologically relevant monolayers.

use-case examples that demonstrate how the technique may

Figure 4: NCI-H441 cell layers cultured in the microfluidic channel for 24 and 48 h, imaged at the inlet-side and
outlet-side locations as depicted in Figure 2. (A) 24 h, inlet-side. (B) 24 h, outlet-side. (C) 48 h, inlet-side. (D) 48 h, outlet-
side. Blue represents the nuclei staining and green represents the staining of filamentous-actin. Please click here to view a

larger version of this figure.

Effects of Culture Duration on Cross-Sectional Area

in Microfluidic Channel
12000

10000

8000
m24h
6000 m48h
4000
2000
0

Inlet Inlet-Center Center Center-Outlet Qutlet

Cross-Sectional Area (um?)

Image Sample Location

Figure 5: Graphical representation of the data collected during the 24-48 h microfluidic channel imaging experiment.
This includes six cross-sectional area samples from each of five locations along the relevant length of the microfluidic
channel (as depicted in Figure 2). Error bars represent standard deviations. Please click here to view a larger version of this

figure.
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Figure 6: 2D image taken in the XY plane in a central location within the microfluidic channel. Blue represents the

nuclei staining and green represents the staining of filamentous-actin. Please click here to view a larger version of this figure.
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Figure 7: 3D model of the same microfluidic channel location as Figure 6. The color-coding depicts depth data. Please

click here to view a larger version of this figure.

Figure 8: NCI-H441 cell layers cultured in the eight-well chambered coverglass. For 24 h (A), 48 h (B), and 96 h (C) at
initial seeding densities of 180,000 (X), 90,000 (Y), and 45,000 (Z) cells/cm?. Blue represents the nuclei staining and green

represents the staining of filamentous-actin. Please click here to view a larger version of this figure.
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Effects of Cell Seeding Density and Culture
Duration on Cross-Sectional Area in 8-Well
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Figure 9: Graphical representation of the data collected during the density-duration eight-well culture experiment.

This includes six cross-sectional area samples from each density-duration match-up. Error bars represent standard

deviations. Please click here to view a larger version of this figure.

Discussion

The presented protocol describes the culture, crosslinking
fixation, staining, permeabilization, and confocal microscopic
visualization of NCI-H441 human lung epithelial cells in the
dynamic environment of a single-channel microfluidic flow
array, as well as in the static environment of a traditional
eight-well chambered coverglass. With any microfluidic cell
culture protocol, the flow conditions of the cell culture media
are of paramount importance, as the high-rate flow has the
potential to wash away the cells or interfere with the normal
assembly of the cell monolayer. Meanwhile, low-rate flow has
the potential to "starve" or "suffocate" (insufficient nutrient
and oxygen availability, respectively) the cell layer due to the
diffusion limitations imposed by the impermeable nature of
the microfluidic channel as well as the flow characteristics30.
By beginning with a 10 min waiting period (during which cells
remain suspended in the same media that originally filled
the channel), then advancing to a flow rate of 0.2 pyL/min,

before finally ramping up to 10 yL/min over the course of 4

h, these competing needs are balanced to promote both cell

adherence and survival.

Another critical step in the protocol is the proper preparation
of the microfluidic channel, including construction and pre-
treatment. Care must be taken to ensure that the coverglass is
mounted properly to the chamber construct to avoid leakage
and potential contamination. Proper attachment of the
coverglass is also necessary to ensure that the channel height
is consistent and accurately reproduced between successive
trials using different constructed units. Minor variability may
be introduced by the tolerance in thickness of the adhesive
strips used as well as the relative compressibility. Minimizing
any variability will help with the consistency of experimental
results. Proper pre-treatment of the constructed channel is
important to ensure that the cells are allowed to adhere to and
initiate proliferation on the glass surface. Ultrasonic cleaning
of the glass improves Poly-D-Lysine adherence, promoting
adherence to fibronectin. Adding fibronectin, a glycoprotein

naturally synthesized and secreted by human epithelial cells,
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further promotes the adherence of the NCI-H441 cells to
the coverglass surface, allowing for normal cell monolayer

development31 .

Further, one of the most important aspects of this protocol is
the imaging location. Despite carefully controlled preparation,
due to the columnar volume available in the regions of the
two channel openings, more cells will be present on the
coverglass surface in the area directly underneath as well as
adjacent to these openings, even when adhering to proper
cell culture techniques. For this reason, regions near the
openings should not be considered as part of the "normal”
cultured cell layer, as there will be significant multilayering/
cell-stacking occurring there. Instead, the central region of
the microfluidic channel is an appropriate area to image, as
this location is undisturbed by the error imposed by channel
height variation near the openings. The electrode locations
on the flow array can be used to guide imaging locations, and
as a rule of thumb, all scans intended to capture layers truly
representative of the microfluidic channel conditions should
be taken at analogous locations within the bounds of the
two farthest-apart electrodes on the flow array. Additionally,
in the protocol described, the 40x magnification objective is
specified for use; however, this may be modified to suit the
user's needs. 40x magnification was chosen as the optimal
magnification because of its ability to offer high-resolution,
high-magnification imaging while still retaining a sufficient

number of cells to serve as a statistically valid sample.

One modification that can be made to the microfluidic channel
includes altering the channel height, which can be achieved
by varying the number of spacers and adhesives used to
construct the microfluidic channel. Alteration of the channel
height will likely necessitate adjusting the flow parameters to

ensure that the shear stress does not remove cells during the

feeding. As such, any variation in channel height will impact
the ideal initial rate, rate of ramp-up, and final rate of media
flow. The described protocol in this article may serve as a
means by which suitable flow rates may be experimentally
derived, in conjunction with indirect methods such as ECIS.
Additionally, flow rates may be modified to suit the needs of
different cell lines, which may require adaptation to establish
optimal conditions. Another modification that may be made,
with some additions to the steps in this protocaol, is to expand
the use-case of the described technique beyond the relative
comparison of the cross-sectional area of cell layers. With
appropriate calibration using microspheres or microbeads
of known dimensions, accurate volumetric, topologic, and
absolute cross-sectional area measurements may be taken.
Calibration using a reference object is necessary in this
instance due to the confocal microscope's limited Z-resolution
and the potential for over- or under-sampling in the Z-
dimension due to the manual control over Z-stack step size

that confocal scanning systems offer32,

One limitation of this protocol is the lack of true volumetric
measurement due to the lack of vertical calibration steps. The
calibration mentioned above and the verification technique
utilizing fluorescent microbeads of known dimensions may be
used for true-to-life scaling. Additionally, the present protocol
involves the use of pre-prepared, ready-to-use stains.
Immunofluorescent staining using primary and secondary
antibodies often requires a multi-day protocol that is more
involved than the one this article discusses. However, it is
likely possible to utilize immunofluorescent staining in this
manner, though some experimentation may be necessary to
optimize the workflow. Given the additional steps involved in
immunofluorescent staining protocols, care must be taken to
avoid shearing of the cultured cell layer during the numerous

wash steps, as this may alter the properties of the cell layer
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ultimately evaluated and therefore invalidate any conclusions
that would follow. Further developments of this technique may
include automation of the image and data analyses, including
region-of-interest (ROI) detection and quantification for the
cross-sectional area determination. Additionally, expanding
this technique to include different intra- and extra-cellular
target structures (perhaps staining for targets such as tight-
junction proteins) may broaden the use-case of this method

to 3D co-localization within microfluidic cell culture devices.

To produce the most physiologically representative cell
layers, lung epithelial cells must be cultured in microfluidic
channels with an air-liquid interface (ALI) at the
culture surface, which is typically accomplished using
polydimethylsiloxane (PDMS), a flexible material made
permeable by the introduction of um-scale pores. ALI culture
conditions allow for the formation of cell layers that most
closely resemble the physiological features of the in vivo lung
epithelium33 . While technically possible, using ECIS in an ALI
culture environment with a PDMS culture surface in a dynamic
microfluidic environment is impractical and inaccessible for
most researchers, as there are no commercially available
apparatuses for such a complex cell culture assembly34. One
reason for this difficulty may be the paradoxical need for a
permeable culture surface that is still capable of acting as a
solid electrode for the purpose of ECIS measurements. As
such, there currently exists the need for a method to visually
verify the characteristics and physiologic relevance of cell

layers cultured in oxygen-impermeable culture environments

such as those present in ECIS flow arrays.

This method expands on the traditional method of ensuring
proper confluency using two-dimensional microscopy by
allowing for 3D visualization, which greatly broadens the

number of cell layer characteristics that can be observed,

quantified, and analyzed. Additionally, this permits a
subjective determination of the presence of a monolayer,
layer uniformity, and other properties deemed relevant for
experimental purposes. This protocol is important because it
serves as a means for the visual verification and evaluation
of cell layers being produced in many oxygen-impermeable
environments, such as in ECIS experiments evaluating
barrier function properties of epithelial cells exposed to
atelectrauma. This also serves as a method that can be
used in future work to determine whether a set of dynamic

microfluidic culture conditions produces cell layers that are

relevant and appropriate for further experimentation.
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