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Abstract: Since its invention in the late 1980s, the air-liquid-interface (ALI) culture system has 32 

been the standard in vitro model for studying human airway biology and pulmonary diseases. 33 

However, in a conventional ALI system, cells are cultured on a porous plastic membrane that is 34 

much stiffer than human airway tissues. Here, we develop a gel-ALI culture system by simply 35 

coating the plastic membrane with a thin layer of hydrogel with tunable stiffness matching that 36 

of healthy and fibrotic airway tissues. We determine the optimum gel thickness that does not 37 

impair the transport of nutrients and biomolecules essential to cell growth. We show that the gel-38 

ALI system allows human bronchial epithelial cells (HBECs) to proliferate and differentiate into 39 

pseudostratified epithelium. Further, we discover that HBECs migrate significantly faster on 40 

hydrogel substrates with stiffness matching that of fibrotic lung tissues, highlighting the 41 

importance of mechanical cues in human airway remodeling. The developed gel-ALI system 42 

provides a facile approach to studying the effects of mechanical cues in human airway biology 43 

and in modeling pulmonary diseases. 44 

 45 

Keywords: air-liquid-interface; substrate stiffness; human bronchial epithelia; cell 46 

differentiation; collective cell migration 47 

New and Noteworthy: In a conventional air-liquid-interface (ALI) system, cells are cultured on 48 

a plastic membrane that is much stiffer than human airway tissues. We develop a gel-ALI system 49 

by coating the plastic membrane with a thin layer of hydrogel with tunable stiffness matching 50 

that of healthy and fibrotic airway tissues. We discover that human bronchial epithelial cells 51 

migrate significantly faster on hydrogel substrates with pathological stiffness, highlighting the 52 

importance of mechanical cues in human airway remodeling. 53 
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1. Introduction 54 

Cell culture models allow for recapitulating essential biological features of human organs or 55 

tissues, and thus represent powerful tools for studying cell biology, disease modeling, and drug 56 

discovery. For instance, air-liquid interface (ALI) culture system was developed in the late 1980s 57 

to study human airway biology and to model pulmonary diseases (1). In an ALI system, human 58 

bronchial epithelial cells (HBECs) are cultured on a porous membrane, through which nutrients 59 

are transported from cell culture media at the basal side, whereas on the apical side cells are in 60 

contact with air (2). The ALI system allows airway basal cells to differentiate into ciliated cells 61 

and goblet cells, eventually forming pseudostratified columnar epithelium that recapitulates 62 

essential biological features of the human airway epithelium (3–6) (Fig. 1a). Thus, since its 63 

invention the ALI culture system represents the standard in vitro model for studying human 64 

airway defense (7, 8), airway biology (9, 10), airway remodeling (11, 12), airway infection (13, 65 

14), and muco-obstructive lung diseases (15) that include chronic obstructive pulmonary disease 66 

(COPD) (16), cystic fibrosis (17, 18), primary ciliary dyskinesia (19), and non–cystic fibrosis 67 

bronchiectasis (20).  68 

 69 

The classical ALI culture system, however, suffers from two major limitations. First, the porous 70 

membrane is made of plastics such as polyester or polyethylene terephthalate, which has a shear 71 

modulus on the order of 109 Pa, ~106 times higher than that of human airway tissues. By contrast, 72 

in the human airway, epithelial cells are supported by extracellular matrix (ECM), which not 73 

only provides structural support and mechanical stability to the airway epithelium, but also 74 

serves as a microenvironment to regulate cell behavior and function (21, 22). For example, 75 

substrates with ECM mimicking stiffness affect the morphology of alveolar epithelial cells (23), 76 
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as well as the size of focal adhesions and the actin cytoskeleton (24). Second, the stiffness of the 77 

plastic membrane is nearly fixed and cannot be changed. By contrast, the stiffness of the lung 78 

tissues varies with pulmonary injuries or diseases (25). In idiopathic pulmonary fibrosis (IPF), a 79 

progressive lung disease of unknown causes that is characterized by dysregulated lung 80 

remodeling resulting in massive ECM production, the human lung tissues are stiffened from 0.6-81 

1.5 kPa in health to 3-16 kPa in shear modulus in disease (26–29). Thus, the stiff plastic 82 

membrane intrinsically limits the applicability of the classical ALI system in studying the effects 83 

of ECM mechanical properties on airway epithelial cell behavior and function.  84 

 85 

To better recapitulate the mechanical environment of lung tissues, various materials and methods 86 

have been developed to replace or coat the plastic membrane of the classical ALI system. For 87 

example, an elastomeric polydimethylsiloxane (PDMS) membrane can be used to separate two 88 

microfluidic channels, creating an ALI system for HBEC culture. Because the elastomeric 89 

membrane can be reversely deformed under stress, the microfluidic device, or lung-on-a-chip, 90 

provides a powerful platform for mimicking the cyclic mechanical strain of the lung alveolar 91 

barrier during breathing (30). Moreover, recently the same lung-on-a-chip concept was 92 

successfully extended to culture small airway cells (31). However, because PDMS elastomers are 93 

not permeable to water and nutrients, microscale pores must be introduced to the elastomeric 94 

membrane, making the lung-on-a-chip system dependent on multi-step, sophisticated 95 

microfabrication (32). Additionally, the stiffness of typical PDMS elastomers (33) is much 96 

higher than that of healthy and fibrotic lung tissues (34). Unlike elastomers, hydrogels are porous 97 

networks that allow for good nutrient transport and are very soft, with stiffness tunable in a wide 98 

range that can precisely match that of various tissues (35, 36). As a result, the hydrogel is a 99 
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promising candidate for substituting the plastic membrane in the ALI culture system. For 100 

example, an ALI magnetic microboat culture system has recently been developed (37), in which 101 

a layer of polyacrylamide (PAAm) hydrogel is integrated into silicone rings. Because of the 102 

buoyance of the silicone rings, the system rises to the liquid surface to form an ALI yet can be 103 

magnetically sunk to submerged culture. However, the operation of the microboat ALI culture 104 

system requires careful manipulation of the magnetic field. Additionally, the reported PAAm 105 

hydrogel thickness is 750 μm, which is much larger than the typical upper limit of 200 μm for 106 

sufficient nutrient transport for cell growth (38). Consequently, there is a need for a facile and 107 

robust ALI culture system with tunable substrate stiffness matching that of healthy and diseased 108 

lung tissues. 109 

 110 

Here, we design and fabricate an in vitro culture system by coating a thin layer of PAAm 111 

hydrogel with a thickness of 100 μm onto the classical ALI culture system, as schematically 112 

illustrated in Fig. 1b. The stiffness of PAAm hydrogel can be precisely controlled to match that 113 

of healthy and fibrotic airway tissues. We determine the optimum gel thickness that does not 114 

impair the transport of nutrients and biomolecules essential to cell growth. Similar to the 115 

conventional ALI system, the gel-ALI system allows HBECs to proliferate and differentiate into 116 

pseudostratified epithelium, capturing the essential biological features in vivo. Using the gel-ALI 117 

system, we reveal that hydrogel substrates with pathologically relevant stiffness promote the 118 

migration of airway epithelial cells, highlighting the importance of the mechanical environment 119 

for the behavior of cells. The developed gel-ALI system represents the simplest possible in vitro 120 

model that enables mimicking the mechanical environment of human lung tissues, providing a 121 

Downloaded from journals.physiology.org/journal/ajplung at Univ of Virginia (128.143.001.011) on January 30, 2024.



 6

platform for studying previously less explored mechanical cues in human airway biology and 122 

pulmonary diseases. 123 

 124 

2. Materials and Methods 125 

Fabrication and characterization of gel-ALI system. To synthesize polyacrylamide (PAAm) 126 

hydrogel with a prescribed stiffness, we prepare a reaction mixture mixing acrylamide solution 127 

(AAm, MilliporeSigma, Cat. No. A4058, 40% w/v), N,N’-methylenebisacrylamide solution 128 

(BIS, MilliporeSigma, Cat. No. M1533, 2% w/v), and deionized (DI) water (Millipore), 129 

following the recipe listed in Table S1. To initiate polymerization, a final concentration of 130 

0.12% w/v ammonium persulfate (APS, MilliporeSigma, Cat. No. 248614) is added as the 131 

catalyst, and 1.2% v/v N,N,N’,N’-tetramethylethylenediamine (TEMED, MilliporeSigma, Cat. 132 

No. T9281) as an initiator is added to the mixture. For example, to synthesize a PAAm gel with a 133 

shear modulus of 1 kPa, the volume ratio of AAm: BIS: Water: TEMED: APS is 134 

100:100:776:12:12; for a 16 kPa hydrogel, the ratio is 200:200:526:12:12 (Table S1).  135 

 136 

There are multiple commercial insert types made of various materials such as polycarbonate, 137 

poly (ethylene terephthalate) (PET) and polytetrafluoroethylene (PTFE), which have a slight 138 

difference in stiffness but are all plastics with shear modulus on the order of GPa. There exists a 139 

study showing that compared to PET insert, HBECs grown on the relatively soft PTFE 140 

membrane (39) form a thicker and more stratified cell layer (40). Yet, all these inserts allow the 141 

formation of well-differentiated, pseudostratified human airway epithelium. In this study, we use 142 

Transwell® insert (Corning, Cat. No. 3401) made of polycarbonate, which has a shear modulus 143 

of 0.7 GPa (41). To coat a Transwell® insert with a PAAm hydrogel layer of 100 μm thickness, 144 
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we quickly apply 30 μL of the reaction mixture to the center of the Transwell® insert. In parallel, 145 

we prepare a circular coverslip of 11 mm in diameter by punching three layers of Scotch® tape 146 

and use the coverslip to spread the reaction mixture. Because the coverslip is hydrophobic and 147 

has a diameter slightly smaller than that of the Transwell® insert which is 12 mm, this process 148 

flattens the gel surface, and importantly, prevents the reaction mixture from oxygen, which is 149 

known to impair free radical polymerization. After 30 min, the coverslip is removed by a syringe 150 

with a curved needle tip, leaving a thin layer of hydrogel with the prescribed thickness. 151 

Afterward, the gel is rinsed using sterilized DI water. We seal 12-well plates containing gel-152 

coated Transwell® inserts by parafilm and store them at 4 ºC for future usage.  153 

 154 

To quantify the gel thickness, we add 50 μg/mL fluorescein isothiocyanate (FITC)-labeled 155 

dextran with a molecular weight of 70 kDa (Invitrogen, Cat. No. D1823) to the reaction mixture. 156 

The gel thickness is quantified by measuring the thickness of the fluorescent region.  157 

 158 

Rheological characterization of polyacrylamide hydrogel. We prepare a gel disk for 159 

rheological measurements. To do so, we add 800 μL reaction mixture to a well in a 12-well 160 

culture plate and cover the solution using a circular glass coverslip of 21 mm in diameter. After 161 

30 min, the coverslip is removed, leaving a gel layer of ~2 mm in thickness. Form the gel layer, 162 

we cut a disk of 8 mm in diameter, load it to a stress-controlled rheometer (Anton Paar, MCR 163 

302) with a plate-plate geometry of 8 mm in diameter, and cover the gel peripheral with mineral 164 

oil to avoid evaporation. We quantify the dynamic mechanical properties using oscillatory shear 165 

measurements at a fixed strain of 0.5 % but various frequency of 0.1 rad/sec to 100 rad/sec. 166 

Within the frequency range explored, the shear storage modulus is nearly independent of the 167 
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shear frequency. Therefore, we take the shear storage modulus at the lowest shear frequency, 0.1 168 

rad/sec, as the equilibrium shear modulus G of the gel.   169 

 170 

Measurement of transport properties gel-ALI system. We label the gel by premixing the 171 

reaction mixture with 70 kDa FITC-labeled dextran at a concentration of 50 μg/mL. The gel-ALI 172 

system is fabricated following the same protocol described above. We add DI water to the apical 173 

chamber of the Transwell® insert and monitor the fluorescence intensity using a fluorescence 174 

confocal microscope (Leica, SP8). The fluorescence intensity is quantified and normalized to the 175 

value at the initial time point.  176 

 177 

Cell culture. We coat all ALI systems with type IV collagen for HBEC culture. For the 178 

conventional ALI system without gel, we coat the Transwell® insert following a previously 179 

established protocol (2). To coat the gel-ALI system, we activate the gel surface by 180 

sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino) (sulfo-SANPAH, Thermo Scientific, Cat. 181 

No. 22589), which allows covalent conjugation of type IV collagen to the gel surface (42). 182 

Specifically, to each gel-coated Transwell® insert we add 100 μL of 2 mg/mL sulfo-SANPAH 183 

(MilliporeSigma, Cat. No. D2650) solution in DI water, expose the solution to UV light (37 mW, 184 

365 nm) for 5 min to activate the gel surface, and then rinse the gel using DI water. For each well 185 

with activated gel surface, we add 150 μL of 0.005 mg/mL type IV collagen (MilliporeSigma, 186 

Cat. No. C7521) solution in DI water and store the gel-ALI system at 4 ºC overnight to ensure 187 

adequate collagen coating. Then, the gel is sterilized by UV light for 15 min and ready for cell 188 

culture.  189 

 190 
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Primary HBECs (P0) are obtained from Marsico Lung Institute Tissue Procurement and Cell 191 

Culture Core at the University of North Carolina at Chapel Hill (UNC) under a protocol number 192 

03-1396 approved by the UNC Biomedical Institutional Review Board. Cells from five normal 193 

donors are used: 49/Female/Caucasian/Nonsmoker (NS); 17/Male/Caucasian/NS; 194 

30/Female/Hispanic/NS; 27/Female/Caucasian/NS; 22/Female/Caucasian/NS. The primary cells 195 

are passaged using in a 100 mm tissue culture-treated culture dish (Corning 430167) using 196 

expansion medium (PneumaCult™-Ex Plus Medium, STEMCELL Technologies, Cat. No. 197 

05040). When cells reach >90% confluence, we passage the cells using accutase (Innovative Cell 198 

Technologies AT104, Cat. No. NC9839010). For all experiments, we use passage 2 (P2) cells, 199 

beyond which the HBECs may lose their stemness (2). We seed HEBCs at the density of 4.2×104 200 

cells/insert and add expansion medium to both the basal and apical chambers. After 5-7 days, 201 

HBECs reach over 90% confluence. We transition the cultures to ALI by removing the apical 202 

medium and replacing the expansion medium with ALI culture media (PneumaCult™-ALI 203 

Medium, STEMCELL Technologies, Cat. No. 05001). After 2 weeks of ALI culture, mucus 204 

starts to accumulate and is washed three times per week. To wash off mucus, to each insert we 205 

add 500 μL of Dulbecco’s phosphate-buffered saline (DPBS, Gibco 14-200-075), incubate the 206 

cell culture for 15 min, and aspirate the DPBS in the apical chamber. The washing process is 207 

repeated three times.  208 

 209 

Immunofluorescence microscopy. We use immunofluorescence staining to label the cells in a 210 

well-differentiated HBEC culture. To prepare for the staining, for each Transwell® we wash the 211 

culture three times using DPBS; for each washing, 500 μL of DPBS is added to the apical 212 

chamber and the culture is incubated at 37 ℃ for 20 min.  After washing, we add 1 mL of 4% 213 
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w/v paraformaldehyde (Thermo Scientific, Cat. No. AA47392-9M) to the apical side of the 214 

Transwell® and incubate the culture at room temperature (RT) for 15 min to fix the cells. Then, 215 

we add 1 mL of 0.2% v/v Triton X-100 solution (Thermo Scientific, Cat. No. AAA16046AP) 216 

and incubate the culture at RT for 30 min to permeabilize the fixed cells. We add 1 mL of 3% 217 

(v/v) donkey serum (Abcam, Cat. No. AB7475) in DPBS solution and incubate the culture at RT 218 

for 1 hour; this process blocks non-specific binding of antibodies to cells.  219 

 220 

For the above prepared cell culture, we use mouse anti-mucin 5AC (MUC5AC) antibody 221 

(ThermoFisher, Cat. No. MA5-12178) to label mucin granules in goblet cells and rabbit anti-222 

acetylated tubulin (AcTUB) antibody (Invitrogen, Cat. No. MA5-33079) to label tubulin in the 223 

cilia of ciliated cells. Specifically, 200 μL of primary antibody solution containing 10 μg/mL 224 

anti-MUC5AC antibody and 40 μg/mL of anti-AcTUB antibody is added to each well. The 225 

culture is maintained at 4 ℃ overnight to ensure the binding of the primary antibody to antigens. 226 

Afterward, we rinse the cell culture with DPBS three times and add to each well 200 μL of 227 

secondary antibody solution, which contains 10 μg/mL donkey anti-rabbit secondary antibody 228 

conjugated with Alexa Fluor 647 (Abcam, Cat. No. ab150075) and 10 μg/mL donkey anti-mouse 229 

secondary antibody conjugated with Alexa Fluor 488 (Abcam, Cat. No. ab150105). We incubate 230 

the culture at RT for 1 hour to allow the secondary antibodies to bind to the primary antibodies, 231 

and rinse the culture with DPBS three times afterward. After staining using secondary antibody, 232 

to each well we add 200 μL of 1 μg/mL 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen, Cat. 233 

No. D3571) solution in DI water, incubate the culture at RT for 5 min, and then wash the culture 234 

with DPBS three times. This process is to stain the cell nuclei.  235 

 236 
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To prepare the culture for imaging, we excise the Transwell® insert membrane, mount it on a 237 

glass cover slide, add about 1 mL FluorSave oil (MilliporeSigma, Cat. No. 345789) to 238 

completely cover the membrane, place a coverslip, and seal the edges of the coverslip using wax. 239 

We use multi-channel fluorescence confocal microscopy (Leica SP8) to image the cell culture. 240 

During imaging, we use sequential scan between frames to avoid the overlap of fluorescence 241 

from different channels. For each code of cell culture, we randomly select five regions of interest 242 

(ROIs) from five wells with one ROI from each well. We use five codes of cells from different 243 

normal donors to ensure sufficiently powered statistics. For each culture, we use a 10× dry 244 

objective to image a ROI with the dimension of 1162.5×1162.5 μm2; this allows us to image 245 

about 4000 cells/culture and a total number of ~105 cells for each condition to avoid biased 246 

measurement of the cell population. To image the cilia of ciliated cells for the control sample, we 247 

use a 63× oil objective (numerical aperture 1.4) to obtain a high-resolution image of individual 248 

cilia (inset, Fig. 4a). The fraction of each cell type is calculated by dividing the area of the 249 

fluorescence of each cell type on the apical side by the total area of the image.  250 

 251 

To prepare the culture for cross-section imaging (Fig. S2), following differentiation at ALI Day 252 

28, we wash HBECs three times with PBS, warm the culture to 37°C, and fix the culture in 10% 253 

(v/v) neutral buffered formalin (VWR, 10015-196) for 24 hours. The culture is embedded into 254 

paraffin wax before 3 μm sections are cut. We use xylene (ThermoFisher, 396931000) to 255 

thoroughly deparaffinize sections, after which the xylene is removed using 100% ethanol. Then, 256 

we hydrate the sections through a graded series of ethanol (95%, 80%, and 70%) before washing 257 

twice in water. For antigen retrieval, we place slides in 500 ml of Antigen Retrieval Buffer (Bio-258 
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Rad, HIS003B) and microwave the sections for 15 minutes. The immunostaining of acetylated-259 

tubulin for ciliated cell, MUC5AC for goblet cells, and DAPI staining of cell nuclei is identical 260 

to the methods described above. 261 

 262 

Transepithelial electric resistance (TEER) measurement. We measure TEER using an 263 

EVOM2 epithelial voltohmmeter (World Precision Instruments, Sarasota, FL). Before each 264 

measurement, we sterilize the electrodes with 70% ethanol, rinse them using sterilized DI water, 265 

and dry them. For each culture, we add 100 μL of DPBS to the apical side of the Transwell® to 266 

form an electrical circuit with the liquid in the basal chamber. We first measure the electric 267 

resistance of a blank Transwell® with or without gel coating. To measure the electric resistance 268 

across the HBEC culture, we gently place the electrodes into the medium on both the apical and 269 

basal sides of the cell culture without disrupting the cell surface. To obtain TEER for HBECs, 270 

the measured resistance is subtracted by the value of a blank Transwell® with or without gel and 271 

multiplied by the area of Transwell®. The measurements are performed on ALI days 1, 2, 3, 4, 5, 272 

6, 7, 14, 21, and 28 to quantify the dependence of TEER values on culture time.  273 

 274 

Quantification of HBEC migration and cell density. To monitor the migration of HBECs, we 275 

use a confocal microscope equipped with a 10x dry objective to acquire phase contrast images. 276 

The phase contrast mode allows for detecting the differences in the refractive index of cell body 277 

and junction, enabling label-free imaging of HBECs at their natural state. Moreover, the confocal 278 

microscope is equipped with an environmental chamber with temperature, CO2, and humidity 279 

control to allow for long time imaging. For each condition, we image HBECs at 1 frame/min for 280 

60 min on ALI days 7, 14, and 21. We use particle imaging velocimetry (PIV) to quantify the 281 
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velocity fields associated with collective cell migration (43). Interrogation windows of 64×64 282 

pixels with 50% overlap are used; this window size allows for a spatial resolution of ∼16 pixels 283 

(9 μm).  284 

 285 

To measure cell density, for a randomly selected ROI, we count the number of cells manually.  286 

For cells on the four borders of the ROI, only cells on the upper and left borders are included. 287 

The cell density is calculated as the total number of cells divided by the area of ROI. For all the 288 

measurements, we use cells from 4-6 normal donors to ensure sufficiently powered statistics.  289 

 290 

Measurement of the cell shape index. The cell shape index is defined as 𝑆 = 𝑃/√𝐴, where 𝑃 is 291 

the cell perimeter and 𝐴 is the cell area. The cell contour is manually outlined based on the phase 292 

contrast images. We use ImageJ to trace the cell contour to measure the cell perimeter and area 293 

to calculate the cell shape index. For each condition, we randomly choose 100 cells from 5 wells 294 

representing 5 normal donors to ensure sufficiently powered statistics.  295 

 296 

Statistical analysis. Statistical analysis is performed using the one-way analysis of variance 297 

(ANOVA) method, which is followed by Tukey's Honest Significant Difference (HSD) test to 298 

determine the significance of differences between pairs of group means. Curves in Fig 2b are 299 

statistically compared at all timepoints (0, 2, 4, …, 60 minutes) using Student’s t-test.  300 

 301 
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3. Results  302 

3.1 Design and fabrication of the gel-ALI system 303 

We design the gel-ALI system by coating the classic ALI system with a thin layer of PAAm 304 

hydrogel. This approach represents perhaps the simplest yet unexplored method for mimicking 305 

tissue stiffness. We choose PAAm as the hydrogel coating because it has been extensively used 306 

as a substrate for studying cell mechanics (44). Moreover, it can be easily synthesized using a 307 

one-step free radical polymerization. In a typical synthesis, we fix the volume ratio between the 308 

acrylamide (AAm) monomer (40% w/v) solution and the crosslinking agent N,N’-309 

methylenebisacrylamide (BIS) (2% w/v) solution at 1:1. The mixture is dissolved in DI water at 310 

a prescribed concentration. In the presence of the catalyst tetramethylethylenediamine (TEMED) 311 

and the initiator ammonium persulfate (APS), the precursor monomers polymerize to form a 312 

network, as illustrated in Fig. 1c. By varying the concentration of the AAm/BIS mixture, the 313 

stiffness of the PAAm gel can be tuned in a wide range from ~80 Pa to ~21 kPa, covering the 314 

stiffness of healthy (~1 kPa) and the upper limit of IPF (~16 kPa) lung tissues, as shown in Fig. 315 

1d.  316 

 317 

To fabricate the gel-ALI culture system, we apply a prescribed volume of the reaction mixture to 318 

the apical side of a Transwell® insert. The solution is covered by a customized coverslip that fits 319 

the insert. Moreover, the surface of the coverslip is hydrophobic; this avoids wetting-induced 320 

spreading of the precursor hydrogel solution, such that the thickness of the hydrogel can be 321 

precisely controlled. After the solution is cured for about 30 min, we gently remove the coverslip 322 

(Fig. 1e). To quantify the gel thickness, we premix the reaction mixture with fluorescein 323 

isothiocyanate (FITC)-labeled dextran and use confocal microscopy to measure the thickness of 324 
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the fluorescence region (Materials and Methods). This in situ polymerization process ensures 325 

seamless contact and strong adhesion between the soft hydrogel and the stiff plastic membrane; 326 

this is essential to prevent the delamination of the hydrogel and the leakage of cells during long-327 

term cell culture.  328 

 329 

3.2 Determine the gel thickness for efficient nutrient transport 330 

In a gel-ALI culture, nutrients must transport through the hydrogel from the basal to the apical 331 

side to maintain cell growth. Thus, it is critical to determine the conditions for efficient mass 332 

transport through the gel. The transport is largely determined by diffusion, a process dependent 333 

on both the mesh size and the thickness of the hydrogel. The mesh size 𝜉 of a hydrogel is largely 334 

determined by the gel shear modulus 𝐺, 𝜉 ≈ ሺ𝑘஻𝑇/𝐺ሻଵ/ଷ, in which 𝑘஻  is Boltzmann constant 335 

and 𝑇 is the absolute temperature (35, 45). Because the stiffness is determined by the target lung 336 

tissues, 𝜉 is pre-determined: for the gel mimicking healthy lung tissue with 𝐺 ≈ 1𝑘𝑃𝑎, 𝜉௛ ≈16 337 

nm; by contrast, for the gel mimicking IPF disease with 𝐺 ≈ 16 𝑘𝑃𝑎, 𝜉ௗ ≈ 6 nm. Therefore, we 338 

seek to determine the gel thickness allowing for efficient nutrient transport.  339 

 340 

We measure the time it takes for protein mimics to transport through a hydrogel layer of various 341 

thickness from 100 μm to 1000 μm. We use 70 kDa dextran as the probe molecule, which is a 342 

branched polymer with a hydrodynamic diameter of 6.4 nm (8); this value is comparable to the 343 

size of albumin, the largest protein in culture media (46). Because dextran molecules are prone to 344 

concentrate onto the surface of the plastic membrane due to unspecific interactions, we measure 345 

the fluorescence intensity of regions >25 µm above the membrane to avoid the effects of 346 

concentrated dextran on measurements, as illustrated in Fig. 2a.  347 

Downloaded from journals.physiology.org/journal/ajplung at Univ of Virginia (128.143.001.011) on January 30, 2024.



 16

 348 

To describe the transport properties of the gel, we introduce the half-decay time 𝜏, at which the 349 

fluorescence intensity of the gel decreases to 50% of the initial value. For 1 kPa gel, as the 350 

thickness increases from 100 µm to 250 µm, 𝜏 increases by nearly three times from 10 to 30 min, 351 

as shown by purple and green curves in Fig. 2b. Further increasing the gel thickness to 500 µm 352 

dramatically prolongs the value 𝜏 to nearly 60 min (black dashed line, Fig. 2b); this time is much 353 

longer than the typical nutrient supply rate required for optimal cell culture (47). As the gel 354 

thickness becomes 1000 µm, the intensity decreases to 75% of its initial value after one hour (red 355 

dotted line, Fig. 2b). These results confirm the understanding that thinner gels permit more 356 

efficient mass transport. Moreover, even for the 16 kPa gel, 100 µm thickness allows for 357 

relatively efficient mass transport with τ≈20 min, as evidenced by the fluorescence intensity 358 

profiles across the gel layer at different time scales (thick red dashed line in Fig. 2c). The 359 

determined optimum gel thickness, ~100 µm, for efficient mass transport is much smaller than 360 

750 µm, the thickness used for the same PAAm hydrogel in a recently developed magnetic 361 

microboat ALI culture (37). Yet, our results are consistent with the existing understanding that in 362 

native tissues mammalian cells are typically located within 100-200 µm of blood vessels (48) 363 

and that in engineered tissues only cells up to a distance of 200 µm away from the media have 364 

access to sufficient nutrients (38).  365 

 366 

To complement the studies on transport properties of gels based on the diffusion of protein 367 

mimics, we quantify the effects of gel coating on the electrical resistance of the porous plastic 368 

membrane. The electrical resistance reflects the ionic conductivity across the gel coated 369 

membrane; therefore, it provides an indirect assessment of the transport properties of the gel. We 370 
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start with determining the electrical resistance of the semipermeable membrane without gel 371 

coating, which has a value of 159±10 Ω cm2 that is consistent with literature data (5). When the 372 

gel is relatively thin of 100 μm, the increase in electric resistance is very small, ~5% regardless 373 

of gel stiffness (Fig. S1). Collectively, our results show that 100 µm gel coating is thin enough 374 

for efficient nutrient transport.  375 

 376 

3.3 Gel-ALI system allows HBECs to differentiate into pseudostratified epithelium  377 

Despite the efficient transport of protein mimics, the ultimate test of the gel-ALI system is to 378 

examine whether HBECs can grow and differentiate into pseudostratified bronchial epithelium. 379 

To this end, we activate the surface of the hydrogel using sulfosuccinimidyl 6-(4’-azido-2’-380 

nitrophenylamino)hexanoate (sulfo-SANPAH), such that the hydrogel surface can be conjugated 381 

with type IV collagen, a standard ECM protein for culturing primary HBECs (Fig. 1e) (2). 382 

Similar to the classical ALI culture, primary HBECs are plated and cultured by adding medium 383 

to both the apical and basal sides for about one week to reach >90% confluence. Afterward, 384 

HBECs are transitioned to ALI by removing the apical medium and maintaining medium on the 385 

basal side only. The cells are cultured for 4 weeks after which HBECs are expected to fully 386 

differentiate to pseudostratified epithelium (2).  387 

 388 
We perform immunostaining to identify the population of cells cultured on substrates of various 389 

stiffness (Materials and Methods). As expected, for the control group without gel coating, 390 

HBECs fully differentiate into pseudostratified epithelium consisting of ciliated cells and mucus-391 

secreting goblet cells, as shown by the fluorescence images for each cell type in Fig. 3a and 392 

cross-section of the ALI culture in Fig. S2. Quantitatively, for the control group the fraction of 393 

ciliated cells is (29±17)%, whereas the fraction of goblet cells is (13±8)%. These values are 394 
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consistent with literature data that for in vitro HBEC culture the fractions of ciliated and goblet 395 

cells, respectively, are about 30% and 10-15% (49, 50).  396 

 397 

Similarly, HBECs differentiate into pseudostratified epithelium on gels of 1 kPa (Fig. 3b) and 16 398 

kPa (Fig. 3c). Interestingly, regardless of gel coating, the fraction of ciliated cells is in the range 399 

of 30-40% (Fig. 3d). Moreover, the fraction of goblet cells is around 20% and there is no 400 

significant difference among substrates of various stiffnesses (Fig. 3e). The stained ciliated and 401 

goblet cells together account for about 50% of the whole cell population; the rest unstained ones 402 

are other cell types such as basal cells and club cells (51, 52).  403 

 404 

In parallel, we quantify the transepithelial electrical resistance (TEER) of HBEC cultures, a well-405 

established method used to monitor HBECs during their various stages of growth and 406 

differentiation (53). We subtract the contribution from the gel coated semipermeable membrane 407 

to obtain the TEER values for HBECs. Up to ALI Day 7 the HBEC TEER value increases nearly 408 

linearly from ~200 to 350 Ω cm2, reflecting the proliferation of HBECs (Fig. 3f). After ALI Day 409 

7, the TEER value slightly decreases and becomes stable beyond ALI Day 21, reflecting the 410 

complete differentiation of HBECs. Moreover, the plateau TEER value 329±33 Ω cm2 is 411 

consistent with previously reported ones (5) for well differentiated HBECs with tight cell 412 

junctions (Fig. 3f). Taken together, our results show that gel-ALI allows HBECs to differentiate 413 

into pseudostratified epithelium.  414 

 415 
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3.4 Pathological substrate stiffness promotes cell migration 416 

We exploit the gel-ALI system to study the migration of HBECs, a process critical to human 417 

airway remodeling (54). Three groups are explored: (i) control with the conventional plastic 418 

substrate, (ii) hydrogel with stiffness of 1 kPa matching that of healthy lung tissues, and (iii) 419 

hydrogel with stiffness of 16 kPa matching that of fibrotic lung tissues. For each group, we use 420 

cells from five normal donors to ensure sufficiently powered statistics. The difference in 421 

refractive indices between the cell junction and the cell body allows us to use phase-contrast 422 

microscopy to measure the migration of cells (Materials and Methods). And we measure cell 423 

migration on different ALI days up to 3 weeks, a typical period for basal cell differentiation, as 424 

shown by representative images in Fig. 4a and Movies S1-S3. Using particle image velocimetry 425 

(PIV) (43), we compute the velocity map of cells, as shown by the heat map in Fig. 4b and 426 

Movies S1-S3. 427 

 428 

The effects of gel stiffness on cell migration become more pronounced as the number of ALI 429 

days increases. For example, on ALI day 7, there is no significant difference in cell migration 430 

speed regardless of substrate stiffness, as shown by the histograms on the left of Fig. 4c. 431 

However, on ALI day 14, despite no significant difference between control and 1 kPa gel in cell 432 

migration speed (~0.30 μm/min), the speed for HBECs on 16 kPa gel increases by nearly 4 times 433 

to 1.14 μm/min. Moreover, a similar trend is observed on ALI day 21, although HBECs on 1 kPa 434 

gel migrate slightly faster than the control, as shown by the histograms on the right of Fig. 4c. 435 

Yet, across 21 days, for the control and 1 kPa gel, there is no significant difference in cell 436 

migration speed as the number of ALI days increases, as respectively shown by the gray and 437 
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green bars in Fig. 4c. By contrast, for the 16 kPa gel, cells exhibit a markedly high migration 438 

speed starting ALI day 14, as shown by the red bars in Fig. 4c. 439 

 440 

Because the migration of cells in a confluent monolayer is known to be slower at a higher cell 441 

density (55, 56), we quantify the cell density under various substrate stiffness. For each cell 442 

culture, we count the number of cells per unit area and perform the same measurements for cells 443 

from five normal donors to ensure sufficiently powered statistics. We find no significant 444 

difference in cell density over the 21-day period, as shown in Fig. 4d. Moreover, the average cell 445 

density is ሺ3.2 ± 0.2ሻ × 10ହ/𝑐𝑚ଶ , consistent with the previously reported value (49). These 446 

results preclude that the observed difference in cell migration speed is attributed to cell density.  447 

 448 

To rationalize the difference in cell migration speed, we exploit a recently developed theoretical 449 

framework that correlates the migration of a confluent epithelial monolayer with cell shape (57, 450 

58). The theory predicts that the cell shape index, 𝑆 = 𝑃/√𝐴, where 𝑃 is the cell perimeter and 𝐴 451 

is the cell area, can be an indicator for cell migration. Below a threshold value 𝑆଴ = 3.81, cells 452 

are more round-like and are jammed, stationary; by contrast, for 𝑆 > 𝑆଴, cells are more elongated 453 

and are unjammed, migratory. Consistent with this understanding, on the same ALI day there is 454 

no significant difference in 𝑆 between cells cultured on the control and the 1 kPa gel on ALI day 455 

7 and day 14; by contrast, for the pathologically relevant hydrogel of 16 kPa the value of S is 456 

significantly higher at 4.2 (Fig. 4e) on ALI day 14. Moreover, on ALI day 21 when the HBECs 457 

on the 1 kPa gel are nearly stationary, the cell shape index becomes 3.82, comparable to the 458 

threshold value 𝑆଴, while the cell shape index of HBECs on 16 kPa is still significantly higher at 459 

4.1 (Fig. 4e). These results indicate that hydrogel substrate of pathological stiffness promotes the 460 
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migration of HBECs at the air-liquid interface, highlighting the potential of the gel-ALI system 461 

for studying the effects of mechanical cues on fibrotic lung diseases.   462 

4. Discussion and Conclusion 463 

We have developed a gel-ALI culture system by coating a thin layer of polyacrylamide hydrogel 464 

onto the porous plastic membrane of the Transwell® insert of the classic ALI culture system. The 465 

hydrogel stiffness can be tuned in a wide range to precisely match that of the healthy and fibrotic 466 

lung tissues. The higher gel stiffness (16 kPa) explored in our gel-ALI system represents the 467 

upper limit of IPF lung tissues. To allow efficient nutrient transport, the hydrogel must be 468 

relatively thin at ~100 μm, significantly lower than the 750 μm gel thickness in a recently 469 

reported magnetic hydrogel boat-based ALI system (37). We show that the gel-ALI system 470 

allows primary HBECs to fully differentiate into pseudostratified epithelium, capturing essential 471 

biological features of human airway tissues in vivo.  472 

 473 

Using the gel-ALI system, we study the effects of substrate stiffness on the migration of HBECs, 474 

a process critical to human airway remodeling. Moreover, we discover that hydrogel substrates 475 

of pathologically relevant stiffness promote the migration of HBECs at air-liquid interface; this 476 

represents a previously unrecognized phenomenon but can be rationalized in the context of a 477 

theoretical framework that associates jamming/unjamming transition of a confluent epithelial 478 

layer to the cell shape index. Moreover, our findings are consistent with existing in vivo results 479 

that airway epithelium undergoes fast migration in inflammatory airway diseases (59).  480 

 481 

We note that our results show negligible difference in both the differentiation and migration of 482 

between HBECs on the extremely stiff substrate (~109 Pa) and those on the hydrogel with 483 
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stiffness 1 kPa comparable to the healthy lung tissue. This behavior contrasts to that have been 484 

established for stem cell differentiation, in which stiffer substrates induces preferential 485 

osteogenesis over adipogenesis of mesenchymal stem cells (60). Additionally, recent studies 486 

reveal that cells often migrate faster on stiffer substrate unless beyond physiologically relevant 487 

stiffness (61). A possible explanation to our discovered conundrum is that the stiffness of the 488 

plastic membrane dramatically exceeds both the physiological stiffness of normal lungs and 489 

pathological stiffness of fibrotic lung tissues, so that HBECs cannot tell the difference between 490 

the plastic membrane and the hydrogel substrate with healthy lung tissue stiffness. Yet, the 491 

HBECs are able to distinguish the difference between hydrogels with physiologically and 492 

pathologically relevant stiffness. However, the exact mechanism for airway basal stem cell 493 

differentiation on hydrogel substrates with tissue-mimicking stiffness has yet to be elucidated, 494 

and our gel-ALI system may provide an approach to do so. 495 

 496 

In the context of cell migration, our measurements are restricted to apical cells. However, 497 

typically at relatively long time >3 weeks, ALI cultures develop multiple layers in which a 498 

differentiated apical layer is on top of basal cells (62) (Fig. S2). Moreover, a recent study reveals 499 

that during an unjamming transition induced by mechanical compression or irradiation, 500 

compared to apical cells, basal cells exhibit a more elongated and enlarged morphology (62). 501 

Thus, an open question is whether the migration of apical cells is independent of basal cells. 502 

Answering this question requires simultaneously distinguishing and measuring the migration of 503 

apical and basal cells in a well differentiated live HBEC culture, which represents a technical 504 

challenge. However, one can partially address this question by measuring the migration of basal 505 

cells while they are maintained in the submerged culture before differentiation begins. We find 506 
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that there is no significant difference in the migration speed and cell shape index of basal cells 507 

over 7 days (Fig. S3, Movies S4-6). Beyond this period, the cells become confluent and need to 508 

transition to ALI culture. In addition to the observed negligible difference in apical cell 509 

migration, regardless of substrate stiffness on ALI Day 7 when it can be assumed to be a single 510 

layer of basal cells, our results suggest that basal cell migration is likely not affected by the 511 

hydrogel substrate. The enhanced migration speed of apical cells, starting from ALI Day 14, is 512 

likely not driven by underlying basal cells, and the unjamming of apical cells on the 513 

pathologically relevant stiff substrate takes time to occur. 514 

 515 

Compared to the recently developed microfluidics-based (63) or magnetic hydrogel boat-based 516 

(37) ALI systems that rely on sophisticated microfabrication that often is not accessible to 517 

biological laboratories, our gel-ALI system is built on the classic, commercially available ALI 518 

system that has been widely used in biological laboratories. In addition, the polyacrylamide 519 

hydrogel chemistry is well established, and the fabrication process is facile and does not require 520 

any sophisticated instrument. Yet, polyacrylamide hydrogel is pure elastic so that the stiffness 521 

does not change over time; by contrast, the human lung tissue is a viscoelastic material with 522 

time-dependent mechanical properties (64). Integrating another polymer network such as 523 

alginate into the polyacrylamide hydrogel can result in a double-network hydrogel (65–67); this 524 

would enable controlling not only hydrogel stiffness but also relaxation time to mimic the 525 

dynamic nature of biological tissues, which are being increasingly recognized to be critical to 526 

fundamental cellular processes (64). Finally, the gel-ALI system is not restricted to culturing 527 

HBECs; instead, it should be general and applicable to small airway cells, which are more 528 

relevant to fibrotic lung diseases (28, 68, 69). In addition, the gel-ALI platform may be applied 529 
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to culturing intestinal epithelial cells (70) to study the effects of fibrosis on intestinal epithelial 530 

cells in the context of inflammatory bowel diseases (71, 72). Thus, we believe that the developed 531 

gel-ALI system represents perhaps the simplest yet versatile platform for studying the roles of 532 

pathologically relevant mechanical cues in human airway biology and diseases.  533 
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Figure Legends 798 

 799 

Figure 1. Design and fabrication of the gel-ALI culture system. (a) In a conventional ALI 800 

system, HBECs are cultured on a stiff, porous plastic membrane with a fixed stiffness on the 801 

order of 109 Pa. (b) In a gel-ALI system, HBECs are cultured on a layer of porous hydrogel with 802 

tunable stiffness matching that of lung tissues. (c) PAAm hydrogel is formed by copolymerizing 803 

AAm monomers and crosslinking agent BIS in the presence of initiator APS and catalyst 804 

TEMED. (d) Dependence of the shear modulus of the hydrogel on the concentration of 805 

AAm/BIS mixture measured at 20 ºC at a fixed strain of 0.5% and oscillatory shear frequency of 806 

1 rad/sec. Light blue region: shear modulus of healthy lung tissues within the range of ~0.6 – 1.5 807 

kPa; light red region: shear modulus of IPF lung tissues within the range of ~3 – 16 kPa. The 808 

stiffness of IPF lung tissues often exhibits a large extent of heterogeneity with shear modulus 809 

ranging from 3 to 16 kPa (26–29). (e) Flowchart for the fabrication of PAAm hydrogel-coated 810 

ALI culture system. 811 
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Figure 2. Transport properties of the gel-ALI system. (a) A schematic of the experimental 813 

setup (left) for measuring the diffusion of FITC-dextran molecules out of the gel. Dextran is 814 

premixed with the precursor gel solution during fabrication. z, the distance away from the 815 

reference point, which is chosen to be 25 μm above the porous membrane to avoid its effects on 816 

fluorescence intensity. Representative fluorescence images for 1 kPa gel of 100 μm in thickness 817 

at 0 min (middle) and 60 min (right). (b) Dependence of the average fluorescence intensity of the 818 

gel layer of various thicknesses on waiting time: 1000 μm (red solid line), 500 μm (black dashed 819 

line), 250 μm (green dash-dotted line), and 100 μm (purple dotted line). The measurements are 820 

performed for the region at distance >25 μm above the porous membrane. The shadowed zone 821 

represents with the width of standard deviation; n=3. The curves are statistically compared at all 822 

timepoints (0, 2, 4, …, 60 minutes), and difference between curves is statistically significant at 823 

all timepoints except time 0. (c) Fluorescence intensity profiles of the gel layer at various waiting 824 

times for gels of 1 kPa (red) and 16 kPa (blue). 825 
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Figure 3. The gel-ALI system allows for HBECs differentiating into pseudostratified 827 

epithelium. (a-c) Immunofluorescence staining of cells after ALI culture for 4 weeks: (a) 828 

conventional ALI culture without gel coating, (b) ALI culture on 1 kPa gel, and (c) ALI culture 829 

on 16 kPa gel. Green: MUC5AC/goblet cells; red: AcTUB/ciliated cells; blue: DAPI/nuclei. 830 

Inset in (a): Zoom-in view of cilia. The fraction of (d) ciliated cells and (e) goblet cells on 831 

substrates of various stiffnesses. (f) Transepithelial electrical resistance (TEER) of HBEC 832 

cultures at different ALI days. n.s., not significant. Values are mean ± SD, n = 5 different donors. 833 

One-way ANOVA is used for statistical analysis.  834 
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Figure 4. A stiffer substrate promotes migration of HBECs. (a) Example phase-contrast 836 

images of HBECs cultured on substrates of different stiffness on ALI day 21. (b) Speed maps for 837 

the migration of HBECs on substrates of different stiffness on ALI day 21. (c) Average cell 838 

migration speed, (d) density, and (e) cell shape index S of HBECs under different substrate 839 

stiffness on ALI days 7, 14, and 21. n.s.: not significant; * p < 0.05, ** p < 0.01, *** p < 0.001, 840 

**** p < 0.0001, ***** p < 0.00001. For (c), values are mean ± SD, n = 4-6 donors; for (d), n = 841 

5 donors; for (e), n =100 cells. One-way ANOVA is used for statistical analysis. In (d), the red 842 

data point is from one of the five donor samples and is considered as an outlier. (f) Substrates 843 

with pathological stiffness promote migration of cells by fluidizing jammed epithelia. Scale bar, 844 

50 μm,  845 
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