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Novel 3D printed ALI culture devices 

Abstract 

Air-liquid interface (ALI) cultures are used to produce stratified epithelial tissues in vitro, notably for 

the production of oral mucosal equivalents. Currently, there are few purpose-built devices which aim 

to enhance the ease and reproducibility of generating such tissue. Most ALI cultures utilise stainless 

steel grids or cell culture inserts to elevate the matrix or scaffold to the surface of the culture media. 

Here, a novel buoyant epithelial culture device (BECD) was designed to both contain a fibroblast-

seeded collagen hydrogel and float in culture media, thereby automatically maintaining the ALI 

without further user intervention.  BECDs aim to mitigate several issues associated with ALI culture; 

reducing the chance of media flooding the epithelial layer from physical disturbance, reducing 

technique-sensitivity for less experienced users, and improving the reproducibility of the epithelia 

generated. H400 oral squamous cell carcinoma cells cultured in BECDs for 7, 14 and 21 days showed 

continuous increase in epithelial tissue thickness with expected localisation of epithelial 

differentiation markers: cytokeratin 5, involucrin and E-cadherin. Fused filament fabrication 3D 

printing with polypropylene used in BECD production allows for rapid turnover and design iteration, 

presenting a versatile, adaptable and useful tool for application in in vitro cell culture. 

 

Impact statement 

Developing pharmaceuticals and improving understanding of cell biology requires biomimetic 

models, ranging from two-dimensional cell cultures to in vivo animal studies. Three-dimensional 

cultures provide a cellular architecture resembling in vivo tissue, with a reduced need for expensive 

and ethically questioned animal studies. This article outlines a 3D printed device for producing 

stratified epithelia typically found in cutaneous and mucosal tissues. These devices were designed to 

improve ease of use and reproducibility, while reducing cost compared with current methods and are 

shown to produce tissue with histological structure and differentiation similar to in vivo stratified 

epithelia. 
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1. Introduction 

Stratified epithelial tissue is found in the epidermis, oral mucosa, cornea 1, urinary tract 2, oesophagus, 

and trachea 3. Stratified epithelia typically form a homeostatic barrier; with the characteristic multi-

layered structure protecting against UV radiation 4, forming a waterproof and abrasion-resistant layer 5 

and providing both passive resistance and active immune response to bacterial ingress and 

colonisation 6. Compromising the epithelium integrity may result in homeostatic imbalance and 

bacterial infection of the deeper tissues, as commonly seen in burn victims. Barrier function 

compromise also occurs during epithelial-mesenchymal transition, and is suggested as a pathogenic 

mechanism in periodontitis 7. 

Stratified epithelia are separated from underlying connective tissue by a basement membrane (BM). 

Proliferative cells adjacent to the BM form the basal layer and give rise to a spinous cell layer 8 

predominantly expressing cytokeratins 5 and 14 9.  Cells obtain an increasingly mature phenotype 

while migrating away from the basal layer, differentiating further into granular and cornified cells 

predominantly expressing cytokeratins 1 and 10 10. The terminally differentiated cornified cell layer is 

most superficially located and provides resistance to physical and chemical attack, especially from 

abrasion, requiring that this layer is replenished by continued epithelial stratification 9. Involucrin 

expression is a key marker of these terminally differentiated epithelial cells, forming a protein 

precursor for the insoluble cornified cell envelope 11,12. 

The production of stratified epithelial tissue in vitro provides a useful model for studying the function 

of normal epithelium as well as the changes that accompany a wide range of epithelial diseases. This 

allows for more representative cytotoxicity and biocompatibility testing than is provided by simple 

monolayer cultures 13, as cell differentiation, morphology and signalling are shown to more closely 

represent cells or tissue in vivo when cultured organotypically 14,15. For this reason, organotypic oral 

mucosal equivalents are considered more advanced in the study of cancers, periodontal disease, and 

high-throughput in vitro drug efficacy studies.  
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Air-liquid interface (ALI) cultures produce stratified epithelia in vitro, with a fibroblast-seeded matrix 

(or other supporting scaffold) submerged in media and keratinocyte layer exposed to air 16. While the 

exact mechanism of ALI-induced stratification is unknown, this approach is widely understood to be 

an effective method to produce stratified epithelia. A proposed mechanism is that direct exposure to 

oxygen triggers oxidative stress, increasing cellular glutathione levels, promoting cell growth and 

differentiation 17.  

Current ALI culture systems utilize Transwell inserts 18,19 or stainless steel mesh, raising the cell 

scaffold from the surface of the culture dish 16,20. ALI maintenance requires frequent adjustments of 

media volume to account for evaporation and scaffold shrinkage due to fibroblast contraction. 

Variation in ALI may cause inconsistent differentiation or stratification, and mitigation of this is 

essential to maintain scientific rigour. 

The use of a buoyant system could improve both the ease of generation and reproducibility of ALI 

culture by simultaneously retaining a fibroblast-seeded collagen hydrogel and maintaining the air-

liquid interface.  

2. Methods 

2.1 Design considerations and requirements 

The system comprises a BECD and submerging ring, both fabricated via a fused filament fabrication 

(FFF) process in polypropylene. The submerging ring is placed over the upper surface of the BECD, 

forcing the BECD under the culture media once the plate lid is applied. This allows for a period of 

submersion to enable the epithelial cells to grow to confluency, before removing the submerging ring 

and bringing the epithelium to the ALI. 

Thermoplastics selected for such device are required to be non-cytotoxic and compatible with 

extrusion, sterilisation, and culture conditions. Potential materials were screened for a lack of reported 

cytotoxicity and a melting temperature suitable for FFF extrusion between 170-250°C. Three 

materials were chosen for initial characterisation: polypropylene (PP) 21,22, poly-lactic acid (PLA) 23,24 

and polycarbonate (PC) 25,26  
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Following initial printing trials, PP (BASF, Netherlands) was chosen for BECD fabrication in 

subsequent experiments. BECD design files are openly available and can be found in the 

supplemental materials. 

2.2 Buoyant culture device design and fabrication 

ALI culture devices were developed using a computer aided design (CAD) package (Fusion 360, 

Autodesk, USA) with an internal diameter of 15mm and outer diameter of 33mm. STL files for the 

devices were exported by slicing into .gcode format (Ultimaker Cura 4.6, Ultimaker, Netherlands). 

Engineering drawings and 3D renderings of the devices were generated within the same CAD 

package (Fusion 360, Autodesk, USA). 

BECDs and submerging rings were fabricated on a bespoke FFF system with a brass 0.6mm diameter 

nozzle (E3D, United Kingdom), 0.5mm initial layer height, 0.32mm successive layer height, 40mm/s 

print speed, 240˚C extrusion temperature, and 80˚C bed in 1.75mm PP filament (UltraFuse / BASF, 

Netherlands). Three top layers and one skin layer were incorporated to reduce the risk of voids 

forming in the upper surface, which could allow media ingress. The heated borosilicate bed was 

covered with PP tape for increased part adhesion.  

BECDs and submerging rings were immersed in 70% ethanol overnight to aid in removal of any build 

surface residue and begin the decontamination process prior to sterilisation (Figure 1A-C). 25mm 

wide Kapton tape (RS Electronics, UK) was applied across the base of the BECD to prevent leakage 

during the collagen matrix gelling process (Figure 1D). The submerging rings and BECDs – with tape 

in situ – were then autoclaved (MLS-3781L, Sanyo, Japan) at 121˚C, 101kPa for 15 minutes. 

Cross section (Figure 3Ei), top-down (Eii) and isometric (Eiii) engineering drawings of the BECD are 

shown, depicting relevant dimensions and features. Corresponding views are also shown of the 

submerging ring (Fi-iii). A 3D rendering of the complete BECD with submerging ring in-situ, as 

would be used for the three day submersion period, is shown in Figure 3G. 
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Figure 1. Schematic diagrams and engineering drawings showing the BECD design and steps 

involved in the production and processing of 3D printed BECDs. 

(A) 3D printing via fused filament fabrication with polypropylene material on a heated borosilicate 

glass bed. Heated bed was coated in polypropylene (PP) tape for increased part adhesion.  

(B) Construct with polypropylene (PP) tape removed.  

(C) Immersion in 70% ethanol for removal of tape residue and initial decontamination.  

(D) Addition of Kapton polyamide tape before sterilisation by autoclave. Kapton tape provided a 

sealing film, preventing the leakage of collagen solution prior to gelling. 
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E) Engineering drawings of the BECD construct with side (i), top (ii) and isometric (iii) views. All 

units shown in millimetres.  

F) Engineering drawings of the submerging ring with side (i), top (ii) and isometric (iii) views. All 

units shown in millimetres. 

G) 3D rendering of the BECD with submerging ring in place.  

 

2.3 Cell culture  

Murine 3T3 fibroblasts (ECACC 85022108) were cultured in Dulbecco’s Modified Eagle Media 

(DMEM) (Gibco, UK) supplemented to final concentrations of 10% foetal calf serum (FCS) (Gibco, 

UK), 100 U/ml penicillin, 100 µg/ml streptomycin (both Gibco, UK) and 1 mM L-glutamine 

(ThermoFisher, UK).  

H400 oral squamous cell carcinoma cells 27 (ECACC 06092006) were cultured in 1:1 Hams 

F12:DMEM, (Gibco, UK), supplemented as above.  

Human tissues were sourced following ethical approval under NHS ethics 19/SW/0198, collected as 

waste from surgical procedures at Birmingham Dental Hospital and School of Dentistry, Birmingham, 

UK.  

2.4 Production of stratified epithelia using BECDs 

10x reconstitution buffer was prepared by addition of 1.1g NaHCO3 and 2.385g HEPES (both Sigma 

Aldrich, UK) to 50 ml dH2O. 10x DMEM and 10x reconstitution buffer were sterilised by passing 

through a 0.22µm syringe filter. 1ml 3mg/ml rat tail collagen (ThermoFisher, UK) was then added to 

100 µl 10x DMEM (Gibco, UK) and 100 µl 10x reconstitution buffer. 1M NaOH was added dropwise 

to produce a pink coloured solution, at pH 6.9, measured using a Beckman Φ40 pH meter (Beckman 

Coulter, USA). Viable 3T3 fibroblasts were counted using a haemocytometer and trypan blue dye 

exclusion. 3T3 fibroblasts were added to the solution immediately after its preparation to a final 

concentration of 5x104 cells/ml and the solution mixed well by pipetting on ice. 
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Devices were placed in 6-well plates and 1.2 ml buffered collagen solution with fibroblasts was added 

per BECD (Figure 2A). Devices were incubated at 37˚C, 5% CO2 for 90 minutes until a firm gel had 

formed, Kapton tape was aseptically removed and devices were placed into a new 6-well plate (Figure 

2B). 3ml DMEM was added to each well. The BECDs were then incubated at 37˚C, 5% CO2 for 24 

hours to allow initial growth of 3T3 fibroblasts (Figure 2C).  

Culture medium was replaced with 2ml supplemented Hams F12:DMEM. H400 cells were counted 

and diluted to a final concentration of 8x104 cells/ml, with 1 ml of suspension added to the upper gel 

surface, to a final 3ml total media volume. Submerging rings were placed on top of the BECDs 

submerging the devices once the plate lid was applied (Figure 2D), and incubated for 72 hours at 

37˚C, 5% CO2. 

The submerging rings were removed and BECDs transferred to a plate containing 3 ml of Hams 

F12:DMEM per well. Removal of the submerging rings allowed the devices to float on the culture 

media, exposing the confluent H400 cell layer to air (Figure 2E). Devices were cultured at the ALI for 

7, 14 or 21 days, with media changes every second day. Five independent biological replicates were 

produced, with two technical replicates (BECD cultured rafts) for each biological replicate and 

timepoint.  

 

Figure 2. Steps applied for the use of BECDs in establishing a fibroblast-seeded collagen gel and 

seeding keratinocytes on the surface for stratification via ALI culture.   

(A) Addition of 1.2ml fibroblast seeded collagen. (B) 90 min incubation to allow for gelling, followed 

by removal of Kapton tape. (C) Overnight incubation in supplemented DMEM. (D) Addition of H400 
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cells onto surface to final concentration of 8x104 cells/culture. 3-day submersed incubation using 3D 

printed forced submersion ring. (E) Removal of submersion ring to enable ALI culture. (F) Incubation 

at 37°C, 5% CO2 to enable epithelial stratification. Diagrams are not to scale. 

 

2.5 Histological processing  

Hydrogels were fixed overnight at room temperature in 10% neutral buffered formalin (Surgipath 

Europe Limited, UK), and dehydrated in a series of graded ethanol from 10% to 100%, 10 minutes 

each. The 100% alcohol step was repeated three times, followed by 2x 10-minute immersions in 

xylene and 24hrs immersion in 60˚C histological paraffin wax. Samples were moved through two 

changes of paraffin wax at 60˚C before embedding and sectioning (4 µm sections) using a rotary 

microtome (RM2035, Leica Instruments, Germany). Sections were floated onto glass slides, heated in 

a 60°C oven for 1 hour, dewaxed in xylene and stained with haematoxylin and eosin (H&E), 

following standard protocols 28.  

2.6 Immunofluorescence staining  

Sections prepared as described above were dewaxed and cells permeabilised by exposure to 0.25% 

Triton X-100 (Sigma Aldrich, USA) in phosphate buffered saline (PBS), 10 minutes, at room 

temperature (RT), washed with PBS and blocked with goat serum (Sigma Aldrich, UK) diluted 1:5 in 

PBS for 10 minutes at RT. Primary antibodies (anti-E-Cadherin (rabbit mAb, Ab76319, anti-

Involucrin (mouse mAb, Ab80530), anti-cytokeratin 5 (rabbit mAb, Ab52635)) were diluted 1:100 in 

PBST-BSA (10 mg/ml BSA in PBS with 0.1% Tween 20 (Sigma Aldrich, UK)) and incubated at RT 

for 1 hour. Samples were washed 3x in PBST for 5 minutes. Fluorophore-conjugated secondary 

antibodies were diluted either 1:200 (goat pAb anti-rabbit IgG, Ab150077) or 1:1000 (goat pAb anti-

mouse IgG, Ab150113) with PBST-BSA supplemented to a final concentration of 10% type AB 

human plasma. Samples were incubated with secondary antibodies for 1 hour at RT, washed three 

times in PBST for 2 minutes each and mounted in Fluoroshield mounting media containing DAPI 

(Sigma Aldrich, UK. All antibodies were supplied by Abcam (Cambridge, UK). Samples were 
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imaged using a Zeiss LSM700 confocal microscope, maintaining the same imaging settings for all 

samples. 

2.7 Image processing and analysis 

Images were processed using Fiji 29, with the simple interactive object extraction (SIOX) plugin 

utilised for segmentation of the epithelial cell layer. A SIOX preset was generated and applied to all 

images, ensuring unbiased segmentation. Approximately 5% of SIOX-segmented images presented 

some regions with false-positive selection, and segmentation was manually modified in these cases 

for these regions only. 

The SIOX image was then processed via a macro within Fiji, wherein any holes in the segmented 

epithelium were filled and the Euclidean Distance Transform (EDT) was used to compute the distance 

from each epithelial tissue pixel to the closest epithelial boundary (i.e. superficial or basal). Since the 

maximum value of the EDT occurs at the thickest location(s) in the epithelium and its position is 

equidistant to both superficial and basal tissue boundaries, the EDT value was multiplied by 2 to give 

the maximal epithelial thickness and a precalculated pixel:µm calibration factor applied to produce 

thickness measurements in micrometres. 

2.8 Statistical Analysis  

Statistical analyses were performed using GraphPad Prism 9.1.0 (GraphPad Software, San Diego, 

California USA). Biological replicates are presented as mean values with standard deviation. 

Statistical analysis of inter- and intra-replicate maximum epithelial thickness was performed using 

two-way ANOVA followed by Šídák's multiple comparisons test with significance level at P<0.05. 

For each biological replicate, two devices were cultured per time point, established with the same 

population of cells to provide technical replicates. 

Two slides were produced for each technical replicate at each time point, with one section obtained ~2 

mm and a second section obtained ~10 mm from the block face. This approach was employed to 

identify any changes in epithelial thickness across the diameter of the hydrogel. Data from both 
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sections were incorporated into the final average for each biological replicate, giving four total 

technical replicates. 

  



12 
 

3. Experiment  

3.1 Assessment of the suitability of polypropylene-based BECDs to maintain long term epithelial 

tissue culture.  

Polypropylene (PP), polylactic acid (PLA), and polycarbonate (PC) were initially trialled for 3D 

printing of BECDs. PLA exhibited deformation immediately after sterilisation and embrittlement after 

prolonged cell culture (data not shown). PC was difficult to reliably print due to substantial issues 

with bed adhesion. The melting point of PP enabled both extrusion in consumer-grade FFF systems 

and autoclave sterilisation without deformation. PP withstood long periods of incubation at 37˚C 

without obvious embrittlement, structural failure, or media absorption. Polypropylene-based BECDs 

were therefore used for epithelial cultures supported by collagen hydrogels with embedded fibroblasts 

(Figure 3).  

 

Figure 3. Images of steps in production and use of BECDs for stratified epithelial culture. Scale bars 

are 5mm where shown. 

(A) BECD with Kapton tape in-situ, prior to sterilisation by autoclave – bottom view. (B) BECD with 

Kapton tape in-situ, perspective view. (C) BECDs in culture with submerging ring in place for 3-day 

submersed incubation step (Step D in Figure 2). (D) BECD following 21 days of ALI culture. Minimal 

media ingress to BECD structure was noted, with ALI well maintained. 
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Figure 4. A-F) Representative photomicrographs of H&E-stained sections of BECD-cultured H400 

cells on a collagen-3T3 fibroblast gel for 7 (A), 14 (C) and 21 (E) days. The corresponding SIOX 

segmented image is shown for each micrograph shown on the right-hand side, isolating the layers of 

epithelium, white (B, D, E). Scale bars 100µm. 

G) Maximum epithelial thickness ‘superplot’ for H400 cells cultured at the ALI using BECDs. 

Biological replicates (triangle symbols) are colour matched to their respective technical replicates 
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(small circle symbols). Statistical analysis performed via one-way ANOVA and Tukey’s multiple 

comparisons test.  * = P<0.05, ** = P<0.01, *** = P<0.001.  

N=5, 4 technical replicates per time point, standard deviation shown. 

H) MET comparison between microtome sections from the inner region of the hydrogel (blue triangle 

symbols) and outer regions (red triangle symbols). Data include all technical replicates (N=5) from 

all biological replicates of H400 epithelia cultured using the BECD system.   Statistical analysis 

performed using two-way ANOVA and Šídák's multiple comparisons test. Ns = no significance. 

Standard deviation shown. 

 

 

BECD cultures using H400 cells and collagen-embedded 3T3 fibroblasts were established by 

immersion in media for 72h using the submerging ring (Figure 3A-C). After ring removal, the BECDs 

were allowed to float on the media surface at the ALI for 7, 14 and 21 days. The BECDs showed 

minimal media ingress and effective ALI maintenance, even after 21 days in culture (Figure 3D). 

Staining with H&E allowed for analysis and quantification of changes in epithelial thickness with 

time (Figure 4A, C, E). Importantly, both fibroblasts and epithelial cells were viable after 7, 14 and 21 

days of ALI cultures confirming the low levels of cytotoxicity of polypropylene-based BECDs in in 

vitro culture systems 22,30.  

 

Following 7 days of ALI culture, a thin stratified epithelium was visible on the upper surface of the 

collagen gel (Figure 4A-B). There was a qualitative increase in epithelial thickness from 7 to 14 days 

of ALI culture (Figure 4C-D) and a further marked increase from 14 to 21 days (Figure 4E-F), 

indicating an effective maintenance of ALI environment when using the BECDs. However, no 

keratinization was noted after 21 days of culture at the ALI. BECD-cultured H400 cells exposed to the 

ALI for 7 days showed some irregular stratification, which was noticeably reduced after 14 days 



15 
 

culture at the ALI. Fibroblasts could be observed throughout the collagen hydrogel and showed a 

visually homogenous distribution.  

SIOX segmentation and thresholding of the H&E-stained micrographs enabled extraction of the 

epithelial tissue component with minimal false-positive selection when evaluated visually (Figure 4B, 

D, F). It presented a reproducible, objective approach for isolating and segmenting the epithelial tissue 

produced by BECDs, which was subsequently used to automate the process of epithelial thickness 

measurement.  
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3.2 Assessment of the reproducibility of BECD-grown epithelial tissue thickness.  

The performance of BECDs was next characterised by quantification of epithelial thickness and 

assessment of inter- or intra-replicate variability. Five biological replicates were cultured for 7, 14 and 

21 days. Following H&E staining and segmentation using SIOX, the maximal epithelial thickness 

(MET) of each sample was analysed using an automated macro procedure, reducing bias and 

improving measurement reproducibility. 
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Figure 5.  Confocal images of control human gingival tissue (A, C, E) and epithelia cultured in 

BECDs for 21 days (B, D, F). Involucrin is present and localised to the upper layers of the epithelia 

in control (A) and BECD-cultured H400s (B). Inversely, cytokeratin 5 is localised to the bottom layers 

of both control (C) and BECD-cultured cells (D).  E-cadherin is also localised to intercellular 
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junctions in both images (E, F). AF488 (green) indicates protein of interest, with DAPI (blue) used as 

a nuclear counterstain. Scale bars: 50 µm. 

 

There was a significant increase in MET from 7 to 14 days of culture (P<0.05), with an average MET 

of 50.34 µm, increasing to 91.66 µm after 14 days (Figure 4G). After 21 days, a further significant 

increase in MET was observed (P<0.01), with the average MET of 137.04 µm. The range of MET 

values in the technical replicates was seen to increase at 14 and 21 days of ALI culture and indicated 

more variability during prolonged periods of culture, as expected.   

To identify possible variability in MET between the central (inner) region of the hydrogel and the 

outer edges, the sections were compared across the width of the BECD-cultured hydrogels (Figure 

4H). No significant difference was observed between the MET values of inner and outer hydrogel 

sections at the tested timepoints (P>0.05).  

These data indicate that the BECD system successfully produced a stratified epithelial tissue using 

H400 cells and 3T3 fibroblasts in a collagen matrix. 

3.3 Qualitative assessment of epithelial markers’ expression in BECD-cultured tissues.   

Immunofluorescence staining allowed for a qualitative comparison of the localisation of key 

differentiation markers in tissue cultured using the BECD system compared with control human 

gingival tissue. Gingiva is a highly orthokeratinized tissue with a thick and distinct cornified layer and 

well demarcated spinous and granular layers. This provided a suitable positive control for assessing 

epithelial differentiation markers, although artificial organotypic cultures, especially using cancer 

cells, were not expected to develop such high level of maturation.  

 

Involucrin, a key marker of epithelial cell differentiation, showed expression in both control tissue 

and BECD-cultured tissue by 21 days at the ALI (Figure 5). In control tissue, involucrin expression 

was localised to the upper layers of the stratified epithelia, with limited fluorescence detected in the 
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cells immediately above the basal epithelial cell layer. A similar pattern was seen in BECD-cultured 

tissue after 21 days at the ALI, with increased staining further from the basal layer. This localisation 

suggested terminal differentiation of the epithelial cells in BECD-cultured stratified epithelia was 

comparable with that observed in vivo. Cytokeratin 5 expression in control tissue was limited to cells 

immediately above the basal cell layer, decreasing as distance from the basal cell layer increased. 

Minimal expression was apparent in the uppermost cell layers. BECD-culture tissue showed a similar 

trend, with the upper-most layers of cells showing minimal cytokeratin 5 expression, whilst the cells 

adjacent to the basal layer showed highest expression. The transmembrane protein E-cadherin was 

selected as a marker of cell adhesion, with both control and BECD-cultured tissues showing staining 

for E-cadherin, localised to intraw3cellular junctions. Expression was consistent from the basal cell 

layers to the more superficial cornified layers. These data indicated that H400-derived epithelial tissue 

cultured using the BECD system showed similar differentiation patterns as the control gingival tissue.  
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4. Discussion 

This study aimed to design, and assess the utility of, a novel device to produce epithelial tissue with 

easily fabricated devices and reduced technique-sensitivity compared with existing methodologies. 

The buoyant epithelial culture device (BECD) enabled (i) the establishment of epithelial cultures 

when submerged in media using the submerging ring, (ii) a smooth and easy transition to the ALI 

environment, and (iii) long term ALI cultures to be automatically maintained by floating on the media 

surface. BECDs considerably simplified typically highly technique-sensitive ALI culture, which has 

been shown to have high levels of inter-laboratory variability 31. It is also hypothesised that ALI 

culture is likely to have problematic levels of inter-user variability due to its technique sensitivity.  

Use of the BECDs resulted in a growth of stratified epithelial tissues comparable with those obtained 

using traditional ALI methodologies including Transwell inserts 32,33 or stainless steel mesh to raise 

the culture rafts 16,34.  

 

Previous work employing ALI-cultured H400 cells on a raised collagen gel demonstrated a similar 

epithelial tissue morphology and architecture following H&E staining compared with that presented 

in this study 10. Similarly, it also showed no evidence of keratinization of H400 cells following 21 

days of ALI culture with conventional techniques on a relatively basic collagen hydrogel, suggesting 

that the scaffold used has some determination on the final level of epithelial maturation. Modification 

of this scaffold material to more closely mimic epithelial dermis may be beneficial if this maturation 

is necessary or desired. 

An epithelial layer of increasing thickness from 7 to 14, and 14 to 21 days of culture was apparent 

(Figure 4), whilst SIOX quantification provided a rapid, unbiased thresholding and segmentation 

technique to quantify the thickness of these epithelial cultures. BECDs did not appear to exert any 

cytotoxic effect on the cells, as cultures showed appropriate stratification and no marked changes in 

morphology. Additionally, the absence of a significant difference in MET between epithelia at the 

outer edge and inner sections of the hydrogels suggested that epithelial thickness was constant across 

the width of the raft. 
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The thickness of the produced epithelial tissues demonstrated good reproducibility within both 

technical and biological repeats, which could be attributed to the consistent ALI maintenance in 

BECDs. A small increase in variability between replicates was noted at 14 and 21 days of culture, 

likely due to the shrinkage of the fibroblast-collagen matrix pulling some regions of epithelia below 

the ALI. Further work may identify a more dimensionally stable hydrogel replacement, reducing 

shrinkage in long term cultures 35. Variability may also be reduced further by optimising print 

settings, leading to fewer voids through which media ingress may occur after prolonged submersion. 

The nature of FFF as a layer-by-layer additive manufacturing process means that water-tight 

components can prove challenging to fabricate. Higher resolution 3D printers and smaller diameter 

nozzles are likely to provide an improvement and reduce variability even further.  

 

Immunofluorescence staining allowed for a qualitative assessment of the expression and localisation 

of key epithelial markers.  These were all detected in the cultured epithelial tissue, indicating that the 

differentiation shown in BECD-cultured tissue was similar to that of the control tissue. Involucrin 

expression in both control tissue and BECD-cultured tissue was localised predominantly to the 

uppermost layers of the stratified epithelium, a finding consistent with previous reports 11,36. 

Involucrin is a widely used marker of terminal epithelial differentiation, playing a key role in barrier 

function in healthy epithelia 37, suggesting this function was likely to be maintained in these BECD-

cultured tissues as observed in vivo.  

Expression of cytokeratin 5 was noted in BECD-cultured epithelial tissues, with maximal expression 

in the basal cells, though this localisation was not as clearly defined in cultured samples as in control 

tissue. These data, however, indicate that localisation of cytokeratin 5 was similar to that of in vivo 

tissues.  

E-cadherin has been shown to be crucial for normal cell adhesion processes, spanning the intracellular 

space and providing a junction between adjacent cells via its transmembrane domains 38. E-cadherin 

expression was observed in BECD-cultured tissue, providing evidence that cell adhesion was 

maintained as observed in control tissues. As with cytokeratin 5 expression, E-cadherin expression in 

BECD-cultured tissue was not as clearly demarcated and localised as in control tissue. However, 
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some variation is expected when using ALI-based systems, which are relatively simple compared with 

the complex in vivo environment.  

It is notable that correctly stratified epithelia were developed despite the use of the H400 cell line, 

which was derived from an alveolar process squamous cell carcinoma. The immortal, rapidly dividing 

nature of this cell line is useful for research purposes, however the differentiation and architectural 

arrangement of these cancer cells varies from the primary healthy human tissue 27. 

 

The BECD system is easily adaptable, allowing for rapid, reliable induction of ALI in any volume of 

culture media. A buoyant, self-levelling device is likely to reduce technique sensitivity with the 

possibility of improved reproducibility compared with conventional methodologies, improving the 

suitability of the BECD system for high-throughput applications. The system is more economical than 

Transwell devices, with each BECD costing a fraction of these commercially available devices. Raw 

material cost for a complete system of a single BECD and submerging ring is in the order of $0.05 per 

device, a cost ~20x less than a similar Transwell system. Polypropylene is readily available for use in 

FFF printers, providing a suitable mix of both material properties and low cytotoxicity. The 

combination of CAD and FFF technologies allows for modification to include inserts or measurement 

probes, for example trans-epithelial electrical resistance readings for barrier function assessment. FFF 

has seen increasing use in the laboratory with a move to more ‘open’ and accessible approaches to 

science, often employed as a step in the production of in vitro devices 39,40, or for direct use in vitro, as 

described here. 

In addition, 3D bioprinting has been employed for use in developing tissue constructs and models 41,42, 

though these approaches are markedly different than producing in vitro culture devices from 

polymers.   

 

In summary, BECDs provide an economical approach to ALI culture with the potential to reduce 

variability within ALI-cultured tissues. BECDs may be used to elucidate the mechanisms of epithelial 

tissue disorders, or trial drug candidates in a more realistic system than standard monolayer culture, 

with application to periodontal disease, epithelial tissue disorders and oral cancers. The system may 
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be used for the generation of other ALI-cultured tissues by modification of the cell types used, 

including cutaneous and bronchial epithelial tissues 18. In addition to in-vitro studies, the BECD 

system may also find utility in clinical tissue engineering applications, due to the versatility and ease 

of generation of stratified epithelial tissue. The devices may be increased in scale to be used for the 

generation of oral mucosal equivalents for use in vivo, for example replacing tissue lost to trauma, 

disease, or surgical intervention. 

5. Conclusion 

The BECD system is a novel methodology for the production of stratified epithelial tissue with similar 

morphology and differentiation characteristics to in vivo tissue. Statistically significant epithelial 

stratification was noted between 7, 14 and 21 days of ALI culture. Key markers of epithelial 

differentiation and maturity were present and localised to regions of the epithelia that resembled 

control human tissue. These novel devices effectively produced epithelial tissue with reduced cost in 

comparison with current methods, in both financial input and researcher time. FFF is a suitable 

fabrication technique for these devices, employing a material with appropriate biological and material 

characteristics, whilst printing the devices at a scale suited to laboratory-based tissue culture. The 

devices have the potential for use in a wide range of in vitro studies of periodontal disease or oral 

cancer, and may also be modified to be used clinically to produce tissue equivalents for trauma 

victims.  
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