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ABSTRACT  

 
Three dimensional (3D) tissue models are invaluable tools that can closely reflect the in vivo 

physiological environment. However, they are usually difficult to develop, have a low 

throughput and are often costly; limiting their utility to most laboratories. The recent 

availability of inexpensive additive manufacturing printers and open source 3D design software 

offers us the possibility to easily create affordable 3D cell culture platforms. To demonstrate 

this, we established a simple, inexpensive and robust method for producing arrays of free-

floating epithelial micro-tissues. Using a combination of 3D Computer Aided Design and 3D 

printing, hydrogel micro-moulding and collagen cell encapsulation we engineered 

microenvironments that consistently direct the growth of micro-tissue arrays. We described the 

adaptability of this technique by testing several immortalized epithelial cell lines and by 

generating branching morphology and micron to millimetre scaled micro-tissues. We 

established by fluorescence and electron microscopy that micro-tissues are polarized, have cell 

type specific differentiated phenotypes and regain native in vivo tissue qualities. Finally, using 

Salmonella typhimurium we show micro-tissues display a more physiologically relevant 

infection response compared to other epithelial models. In summary, we have developed a 

robust and adaptable technique for producing arrays of epithelial micro-tissues. This in vitro 

model has the potential to be a valuable tool for studying epithelial cell and tissue 

function/architecture in a physiologically relevant context. 
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1. INTRODUCTION 

Cell biology is moving towards the 3rd dimension. Three dimensional (3D) cell culture better 

simulates in vivo conditions by providing cells with additional environmental factors; 

physiologically relevant substrates and a 3D tissue architecture 1. It is now acknowledged that 

3D cell cultures produce data that can be more predictive of the biology in vivo 2. Functional 

epithelial micro-tissues are in particularly high demand for preclinical drug screening 3, 

oncology studies 4, basic research 5 and host-pathogen interactions 6. However, problems 

associated with increasing sample throughput are preventing the widespread implementation 

of those 3D approaches in cell Biology 7,8. 

Multicellular spheroids and microcarrier systems currently have the highest throughput 

9,10, but may be of limited physiological relevance. Scaffold based systems possess 

morphological and functional characteristics that are closer to in vivo tissue 11,12. However, due 

to a number of technical difficulties scaffold techniques have much lower sample throughput 

compared to microcarrier and spheroid systems. Usually, the generation of samples is 

inconsistent and most protocols are difficult to scale up, expensive and labour intensive 8,9. 

Using microfabrication to control the encapsulation of cells in hydrogel scaffolds 

addresses many of these issues. Experimental timescales are short, the use of biomaterials is 

cost-effective and it can enable precise control over tissue size and shape in a scalable manner 

13. Laminar flow extruders, PDMS/glass chips and 3D bio-printers are commonly used for 

microfabricating environments to direct hydrogel cell encapsulation. 

Multiphase laminar flow triple/double orifice cylindrical extruder systems generate 

elongated fibres containing embedded cells 14–17. Different cell populations can be selectively 

encapsulated in either the core or the outer wall of the fibres 14,15.  

Polydimethylsiloxane (PDMS) chips fabricated with micro-channels 18, complex 3D 

topography 19 or 2D arrays of nozzles 20 can also be used to direct precise hydrogel cell 

encapsulation. These PDMS substrates are created using techniques such as photolithography 

18, laser engraving 19, Computer Numerical Control (CNC) milling 19 and deep reactive ion-

etching 20. One particularly novel glass chip system has phaseguides to separate channels of 

hydrogel 21, and uses a high resolution photo plotter to create the mask. 

Finally, advanced 3D bio-printers can generate complex tissues by extruding hydrogel 

encapsulated cells in a highly controlled manner 22.  
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All the above technologies enable efficient and precise hydrogel encapsulation of cells. 

However, they require specialist or custom made equipment, they involve complicated, time 

consuming protocols and are often not cost effective. 

In this study we propose a simple inexpensive technique for consistently generating 

arrays of free-floating epithelial micro-tissues utilizing microfabrication and hydrogel cell 

encapsulation. Using Computer Aided Design (CAD) and a standard 3D printer, we built 

customized cell culture devices for moulding multiple hydrogel tissue culture scaffolds. We 

adapted an established technique to micro-mould linear channels in parallel through these 

scaffolds 23. The channels are then used to direct cell encapsulation. We quantitatively 

determined that the generation and development of micro-tissue arrays is consistent; and that 

micro-tissue growth is stable for up to 6 weeks. The systems versatility was demonstrated by 

testing multiple epithelial cell types (A549, MDCK-1 and Caco-2) and producing micro-tissues 

of different sizes and “branching” morphologies. 

Using confocal microscopy, Light Sheet Fluorescence Microscopy (LSFM) 

Transmission Electron Microscopy (TEM) and histology, we characterized the epithelial 

micro-tissues extensively. Cells were polarized outward towards the media environment and 

had distinct apical/basolateral zones and asymmetrically localized sub-cellular structures. 

Micro-tissues also had a differentiated phenotype that was cell type dependent. Finally, using 

Salmonella typhimurium we conducted a comparative infection assay with 2D filter grown 

monolayers, and found that micro-tissues displayed lower levels of bacterial adhesion and 

invasion. 

Our simple and adaptable approach increases sample throughput of 3D scaffold 

cultures. This well characterized in vitro model can be used to investigate epithelial cell 

function and architecture (infection, polarization), providing a physiologically meaningful 

context in the laboratory. 
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2. Materials and methods 

2.1. 2D cell culture  

All cell lines were grown at 37 °C and 5% CO2 in a humidified atmosphere. Cells were sub-

cultured after they reached 80-90% confluence using standard trypsinization protocols. For all 

experiments Madin Darby Canine Kidney-1 (MDCK-1) cells were maintained using Eagle’s 

minimum Essential Medium (MEM) (Sigma-Aldrich®) containing 10% v/v Foetal Bovine 

Serum (FBS), Caco-2 cells were maintained using MEM containing 20% v/v FBS and A549 

cells were maintained using F-12K media (Gibco®) containing 10% v/v FBS. Media was 

supplemented with 100 UI/ml penicillin and 100 mg/ml streptomycin (Sigma-Aldrich®) unless 

otherwise specified and 1% (v/v) L-glutamine (Gibco®). 

  

2.2. Design and fabrication of hydrogel moulding device  

The hydrogel moulding devices were designed using a freeware version of Google SketchUp 

(http://www.sketchup.com/download). Models were exported as an STL file using the 

SketchUp STL extension (STL file available in Electronic Supplementary Information). The 

files were imported into Cura 3D printer open source software 

(https://ultimaker.com/en/products/cura-software) and prepared for printing, after which they 

were converted to G-code files. From the G-code files the devices were printed using the 

Ultimaker 2 with PolyLactic Acid (PLA) as the build material. Once the print was completed 

a needle (gauge dependent on experiment) was used to manually bore holes through the guides 

designed into the device.  

  

2.3. Preparation of hydrogel moulding device for cell culture  

All plastic devices used for moulding the hydrogel scaffolds were cleaned and sterilized by a 

combination of sonication and several incubation/washing steps with 70% Industrial 

Methylated Spirits (IMS). Before use the device was washed ≥3 times in Phosphate Buffered 

Saline (PBS). Appropriate gauge sterile needles were inserted through the openings created in 

the device. Using sterilized Parafilm one side of the device was sealed. Each moulding 

compartment was filled with a solution of 1.5% w/v type VII agarose (Sigma-Aldrich®) in 

deionized filtered H2O containing 10% w/v pen/strep (10,000 units penicillin and 10 mg 
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streptomycin per ml). Once the agarose was polymerized the needles were extracted, leaving a 

linear channel through each of the hydrogel blocks.  

 

2.4. 3D cell culture  

Cells were trypsinized at 80-90% confluence. Complete media with 10% FBS was added after 

obtaining a homogenous cell suspension to deactivate the trypsin. The cell suspension was 

centrifuged at 450 x g for 5 mins at 37 °C, the supernatant was removed and cells were re-

suspended in neutral type I collagen solution (Sigma-Aldrich® C4243 - see manufacturer’s 

instructions for details). ~ 5.0-7.0 x 104 cells/1 µl of collagen was used for seeding as indicated. 

Collagen concentration was optimized for efficient micro-tissue formation dependent on cell 

type, 2mg/ml (unless otherwise specified) for MDCK-1, 1.25 mg/ml for A549 and 1.5 mg/ml 

for Caco-2 cells. The homogenized collagen/cell solution was then loaded into a 1 ml syringe 

using an appropriate gauge Luer-lok connected needle. The needle was inserted through the 

openings of the moulding chamber and the solution was injected into the linear channels 

created in the agarose blocks. The Parafilm was removed, and the entire apparatus was placed 

into a cell culture dish. Media was then added and the apparatus was placed in an incubator at 

37 °C and 5% CO2. The micro-tissues were left to culture inside the agarose channels for up to 

6 weeks, with a media change twice a week. In order to remove the micro-tissues the agarose 

blocks were pushed out of the moulding chamber using a sterile metal spatula into a cell culture 

dish containing media. The samples could then be removed from the agarose channel by 

pipetting, and transferred using the pipette to an Eppendorf tube for fixation (sample 

characterization) or a tissue culture well for infection assays. 

 

2.5. Branching micro-tissues 

Sets of needles with the same gauge were modified by cutting out half cylinder sections from 

the needle shaft using a precision drill equipped with a diamond saw attachment. The sections 

were cut half way through the needle shaft and were approximately the length of the needle 

diameter. Once complete the two needles can be interlocked to form a cross (orthogonal 

branching geometry). These needle sets were used to mould two channels linked by a + junction 

through an agarose scaffold. Once moulded the needles can be disconnected and extracted 

without damaging the channels. The channels are then seeded and cultured as per the non-

branching protocol above. 
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2.6. Morphological measurements  

Datasets of micro-tissues were created at 5 time points during their development: 1 hour, 24 

hours, 3 days, 5 days and 7 days post seeding. Images were acquired using a Leica M165FC 

stereomicroscope equipped with a Leica DFC490 CCD camera. The 8bit images were 

thresholded and an ellipse was auto-fitted to each micro-tissue to find the length of the major 

axis. All image processing was done using FIJI (http://fiji.sc). 

 

2.7. TEM  

Samples were first fixed in 2.5% glutaraldehyde in cell line specific media without serum (pre-

heated to 37 °C) for 1 hour at room temperature. Samples were post fixed in 1% osmium 

tetroxide in Sørensen’s phosphate buffer for 1 hour at room temperature. Subsequently, the 

specimens were dehydrated in a graded ethanol series (30%, 50%, 70%, 90% and 100%). 

Samples were transferred from 100% ethanol to acetone, and then to a 1:1 acetone/epoxy resin 

for 1 hour. To complete the resin infiltration samples were placed in 100% resin at 37 °C for 2 

hours. Finally samples were embedded in resin and incubated at 60 °C for 24 hours until 

polymerization was complete. Ultrathin (80 nm) sections were obtained from regions of 

interest using a Leica EM UC6 ultramicrotome. These sections were collected on 200 mesh 

thin bar copper grids, stained with uranyl acetate (20 min) and lead citrate (5 min) and 

examined by TEM using a Tecnai G2 12 BioTWIN (FEI) with an accelerating voltage of 120 

kV.  

  

2.8. Tissue sections  

Samples were first fixed in 2.5% glutaraldehyde in cell line specific media without serum (pre-

heated to 37 °C) for 1 hour at room temperature. Specimens were dehydrated in a graded 

ethanol series (30%, 50%, 70%, 90% and 100%). Samples were transferred from 100% ethanol 

to acetone, and then to a 1:1 acetone/epoxy resin for 1 hour. To complete the resin infiltration 

samples were placed in 100% resin at 37 °C for 2 hours. Finally samples were embedded in 

resin and incubated at 60 °C for 24 hours until polymerization was complete. 1 mm thick cross 

and longitudinal sections were taken from samples using a Leica EM UC6 ultramicrotome. The 

samples were stained with toluidine blue and mounted using Mowiol®. A Leica DMI6000 B 
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inverted microscope equipped with a Leica DFC340 FX camera was used to acquire an 

overlapping grid of images that covered each tissue section using a 40X/1.25 objective. These 

grids were then stitched together to create the final high resolution images of the tissue sections 

using the pairwise stitching plug in for FIJI 24. 

  

2.9. Fluorescence microscopy sample preparation  

Samples were washed 3 times using 0.25% Tween 1X PBS between each step of processing. 

First, samples were fixed in 3% formaldehyde 1X PBS solution for 25 mins at room 

temperature. Samples were then quenched using a 30 mins incubation with 50 mM Tris 1X 

PBS solution. Samples were permeabilized using 0.1% Triton X-100 1X PBS solution for 20 

mins. Samples were stained using 3 µg/ml Hoechst 33342 (InvitrogenTM) and 100 nM 

rhodamine phalloidin (Cytoskeleton, Inc.) in 1X PBS for 30 mins. Immunohistochemistry 

samples were blocked using a 3% FBS 0.25% tween 1X PBS buffer for 60 mins. They were 

then incubated with primary antibody diluted in the blocking buffer at 4 °C over night using a 

sample rocker. The following antibodies and dilutions were used: anti-GM130 (BD 

Biosciences) 1:400, anti-ZO1 (Zymed) 1:200, anti-NHE3 (StressMarq) 1:200, anti-α/β tubulin 

(Cell Signaling) 1:200, anti-E-cad (BD Transduction Laboratories) 1:150 and anti-COPII 

(Bethyl Laboratories Inc.) 1:50. This was followed by incubation with the secondary antibody 

under the same conditions. The following secondary antibodies and dilutions were used: Alexa 

Fluor® 488 1:400, Alexa Fluor® 568 1:400 and Alexa Fluor® 647 1:200. 

 

2.10. LSFM  

For LSFM imaging a Lightsheet Z.1 was used with 10x/0.5 and 20x/1.0 detection optics 

combined with Zen software. The sample was embedded in a cylinder of a 0.5% - 2% (w/v) 

type VII low melting agarose gel held by a glass capillary. The sample is inserted from above 

into the PBS-filled chamber and the capillary can be translated along three axes and rotated 

around its centre. Processing of LSFM data was done using FIJI. 

 

2.11. Confocal microscopy  

An Olympus Fluoview FV1000 and Fv10-ASW 4.1 software was used for all imaging 

excluding the infection assay. Infection imaging was performed using a Zeiss LSM 700 with 

Zen software. Filter membranes were excised from inserts and slide mounted using Mowiol®. 
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Micro-tissues were mounted using ibidi µ-slide 8 well imaging slides in 1X-PBS. Processing 

of confocal data was done using FIJI. 

 

2.12. Salmonella typhimurium infection assay  

Costar® 12mm Transwell® 0.4µm pore polyester membrane inserts were prepared as per 

manufactures instructions and seeded with 2.5 x 104 MDCK-1 cells per well. The Transwell® 

cells were cultured for one week, monolayers were confluent on the day of the experiment. 

MDCK-1 micro-tissues were prepared using 21 gauge needles and a 5 x 104 cells per µl 2 

mg/ml suspension of collagen solution. Micro-tissues were cultured for four weeks prior to 

infection. 1 hour before the experiments monolayers and micro-tissues had a media change 

using 3% FBS, 1% (v/v) L-glutamine MEM without antibiotics. Micro-tissues were removed 

from their agarose channels and placed in ibidi µ-slide 8 well imaging slides. Prior to this a 3D 

printed PLA block was inserted into each well in order to reduce the volume and maximize the 

tissue surface area in contact with bacterial cells (supplementary Figure 1). Salmonella 

typhimurium (ATCC 14028) frozen stock was inoculated in LB broth the day before the 

experiment and allowed to grow overnight. 3 hours before infection, the overnight Salmonella 

culture was used to inoculate DMEM with 3% FBS and 1 % (v/v) L-glutamine solution 1:20 

vol/vol. After 3 hours growth, salmonella was used for infections at a final OD of 0.3 (600 

nm). The bacterial cells were labelled with 5(6)-TAMRA (Invitrogen™) using a previously 

established protocol 25. Infections were initiated and allowed to progress for up to three hours 

in an incubator at 37 °C 5% CO2. Filter grown monolayers and micro-tissues were incubated 

with the same total number of bacteria per sample (107 cells). This corresponds to 15 bacteria 

per cell for the filter setting and 217 bacteria per surface cell for the micro-tissue. Infection was 

terminated by adding 37% formaldehyde directly to the culture vessels for a final 3.7% 

concentration. Samples were allowed to fix for 30 mins in the incubator and then for 1 hour at 

room temperature, followed by several washes with 1X PBS. Samples were fixed at 90 and 

180 mins post S. typhimurium infection, control samples without S. typhimurium were fixed at 

the start and end of the infection period following the same protocol (n=1 for all treatments). 

For quantitative analysis a Leica DMI6000 B inverted microscope equipped with a Leica 

DFC340 FX camera was used to acquire 25 field of views covering each sample using a Cy3 

filter and 40X/1.25 objective. Manual counts of bacteria were conducted for each field of view 

and the average number of adherent bacteria per 1 x 105 µm2 of sample is given (±1 standard 

deviation). 
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3. Results and discussion 

3.1. Device design and generation of free-floating epithelial micro-tissues 

Using 3D CAD and 3D printing; we constructed customized cell culture devices for moulding 

multiple hydrogel tissue culture scaffolds (Figure 1(a)). 3D printing DIY lab hardware is an 

emerging approach, and has already been used to produce medical implements 26 and cell 

culture inserts 27. The build material, PLA, is a plastic polymer that is fully biocompatible and 

remains mechanically stable in a long term culture environment 28.  The 3D model shown in 

Figure 1(a) has 12 moulding chambers [10 x 5 x 4.5 mm] each of which has top and bottom 

connecting compartments [5 x 2.5 x 4.5 mm], together forming a single channel unit. The 

number of chambers and dimensions of the device can be easily modified using the open source 

CAD software (supplementary Figure 2).  

 
Figure 1. Set-up for micro-tissue generation. (a) The 3D model from Google SketchUp, with the internal 

dimensions of a moulding chamber and connecting compartment labelled, a single channel unit is 
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highlighted in red. Scale: 5 mm. (b) An individual moulding chamber, scale: 2 mm. (c) A 21 G needle 

is inserted, agarose is loaded into the chamber and allowed to polymerize. (d) The extracted needle 

leaves a linear channel. (e) Collagen/MDCK-1 cell mixture one hour after seeding, the collagen/cell 

construct is starting to recede from the agarose at of the sides of the channel. 

  

Previous studies have demonstrated that using hypodermic needles it is possible to mould 

microscale channels through hydrogels 29. We adapted this technique to micro-mould linear 

channels for cell encapsulation using our cell culture device, a collagen/cell solution is then 

injected into each channel (Figures 1(b)-(e)). The function of the two compartments either side 

of the moulding chamber is to collect excess collagen/cell solution during the injection process 

and provide an aqueous environment to prevent air bubbles from entering the channel. 

The principle reason for choosing agarose to direct collagen cell encapsulation is it’s 

biologically inertness. The formation of the micro-tissue relies on the principle that cells will 

aggregate if the adhesive forces between cells and the collagen are stronger than adhesion to 

the inert agarose. This concept is similar to the liquid over-lay technique for spheroid formation 

30. Hydrogels like agarose also possess good biocompatibility, are easy to process and readily 

allow for the diffusion of nutrients and cell products 31.  As diffusion is possible no specialized 

design features are needed for changing media, such as micro-posts for sample retention 32. 

Finally, agarose has excellent optical qualities due to the low polymer concentration required 

to form a stable gel, this allows for direct observation of the micro-tissues (Figure 2). 

One hour post seeding separate clusters of cells can still be distinguished inside the 

channel (Figure 2(a)). As time progresses the micro-tissue compacts and changes morphology 

(Figures 2(a)-(c)). After 1 week no significant changes are seen (Figures 2(c) and (d)). The 

development of micro-tissues was recorded over a week using 5 time points to quantify the 

reduction in major axis length (Figure 2(e)). After 24 hours the length of micro-tissues reduced 

by 31.5% [±4.87%], the largest change in size between time points recorded. The micro-tissues 

then steadily decreased in length over the sampling period until they were 52.8% [±4.1%] of 

their original length 1 week post seeding (Figure 2(e)). The micro-tissues stabilize after 1 week 

and the rate of compaction decreases significantly (Figure 2(d)). After 1 week in culture the 

average final length of micro-tissues was 4.94 mm [±0.56 mm]. The micro-tissues are stable 

in culture for at least 6 weeks, this is advantageous as long term culture is known to produce 

more differentiated samples 11. The data demonstrates that micro-tissue generation is 

consistent, and changes in micro-tissue size can be modelled with reasonable accuracy. This is 

important, as size and morphology should be homogenous when generating arrays of samples 

for screening and other applications 7. 
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Figure 2. Tracking micro-tissue development. (a)-(d) Time series following a single micro-tissue over 

two weeks. (a) 1 hour. (b) 3 days. (c) 1 week. (d) 2 weeks. Scale (a)-(d): 500 µm. (e) Graph tracking 

changes in micro-tissue length over 1 week, the length of micro-tissues reduces by 47.2% ±4.1% over 

the sampling period. For this set of experiments channels were moulded using 21 G needles and seeded 

with a 5 x 104 MDCK-1 cells per µl of 2.5 mg/ml type I collagen solution (Data is pooled from two 

independent experiments, n=10 and 8 respectively, error bars = ±1 standard deviation). 

 

The system was designed to produce free-floating arrays of micro-tissues, which have a number 

of advantages: 1) Free floating micro-tissues are easy to access and manipulate. To generate 

certain 3D epithelial cell cultures cells must be embedded inside an Extracellular Matrix 

(ECM) scaffold (organoids, epithelial cysts) 5,11. These cultures cannot be accessed directly 

without mechanically disrupting the surrounding matrix (which also alters the architectural and 

morphological characteristics of the cultures). 2) Free-floating epithelial micro-tissues are ideal 

for microscopic analysis. They can be manipulated and imaged from all directions, allowing 

for multiview acquisition. Additionally, there is no thick heterogeneous scaffold that must be 

imaged through, resulting in less optical aberrations and light scattering. 3) Free-floating 

collagen gels increase levels of epithelial cell differentiation compared to fixed gels as the cells 

are able to contract and remodel the matrix 33. 

Patterned PDMS substrates 18–20,34, co-axial multiphase laminar flow cylindrical 

extruder systems 14–17, phaseguides 21 and 3D bio-printing 22 have all been used to direct 

hydrogel cell encapsulation using channels. However, the cost and technical complexity of 

these systems prevents non specialized laboratories from using them on a regular basis. 

Additionally, the multiphase laminar flow extruder systems are generally not suitable for 

producing homogenous arrays of samples and choice of biomaterials is limited. Our set-up has 

a low entry cost level, and its open source nature should enable laboratories to easily adapt the 

system to their specific needs. A basic 3D printer that can print at a standard sufficient for most 

non-industrial needs can be purchased for a few hundred euro (http://printrbot.com). Both PLA 

and agarose are cost effective materials, and the use of collagen in the protocol is highly 

efficient (≈300 µl to seed twelve 21G channels). With open source software the user can easily 
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modify the CAD files and has control over the number of moulding chambers, the length of 

the micro-tissues and the dimensions of the hydrogel scaffolds. 

 

3.2. Branching epithelial micro-tissues and scalability 

In order to demonstrate the versatility of the technique we generated different sized and 

branching micro-tissues (Figure 3). By using different gauge needles it is possible to control 

the width of the hydrogel channel and thus the diameter of the micro-tissues generated (Figures 

3(c) and (d) and supplementary Figure 3).  

 

Figure 3. Micro-tissue generation protocol is versatile. (a) Diagram illustrating needle modification and assembly 

for branching micro-tissue generation. (b) A “branching” micro-tissue, tissue formation is directed by agarose 

channels linked by a + junction, the confocal image shows one side of the tissue junction.  (c) Confocal image 

acquired from the centre of a micro-tissue generated using a 21G needle [0.8192 mm]. (d) Confocal image 

acquired from the centre of a micro-tissue generated using a 27G needle [0.4128 mm]. Note the difference in 

micro-tissue diameter between (c) and (d). Labels: Phalloidin (Red, Actin) and Hoechst (Blue, Nucleus). Scales: 

100 µm. 
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This allows us to generate epithelial micro-tissues with scalable sizes which can be tailored to 

the needs of an experiment (e.g. smaller micro-tissues to allow for faster in toto imaging, larger 

micro-tissues for producing increased volumes of epithelial excretions). By adjusting the 

procedure we moulded hydrogel channels that contain a junction. A set of needles was 

modified allowing them to be connected and detached easily (Figure 3(a)). These needles are 

inserted orthogonally into an adapted moulding chamber and connected (Figure 3(a)). Once 

the agarose has polymerized the needles are detached and extracted avoiding damage to the 

channels. The resulting hydrogel junction directs the growth of micro-tissues with a branching 

morphology (Figure 3(b)). 

It has been demonstrated that tissue architecture can modify the physiological 

functionality of cells 19. Tissue geometry can also alter the spatial distribution of mechanical 

stress, disproportionately affecting cells depending on their position within the tissue 35. Our 

branching micro-tissues could be used to study the behaviour and organization of cells in 

complex geometries that occur in vivo. Other techniques to produce branching tissues via 

encapsulation utilize a combination of topographic cell capture substrates and bulk hydrogel 

encapsulation (InVERT) 19, and a modified stereolithographic apparatus 36. These techniques 

have impressive spatial resolution and can produce morphologically advanced tissues, however 

they also require specialist equipment and labour intensive protocols.  

 

3.4. Epithelial micro-tissue characterization 

These micro-tissues were intended as an in vitro model system to study epithelial cell and tissue 

biology in a physiologically relevant context. Therefore it was important to characterize the 

micro-tissues extensively and to determine if their characteristics correspond to well 

differentiated tissue. We used LSFM, TEM, histology and confocal microscopy to 

comprehensively investigate the phenotype and tissue organization of the micro-tissues. 

 

3.5. Epithelial micro-tissue organization  

An LSFM Z-stack covering the entire volume of a section of a micro-tissue indicated a tubular 

tissue morphology (Figure 4 and supplementary Movie 1), which is directed by the 

cylindrically shaped hydrogel channel. We confirmed that by two weeks post seeding the cells 

formed a confluent monolayer around the periphery of the micro-tissue (Figure 4). The central 

section of the tissue has a lower cell density and lacks any clear cellular organization (Figures 
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4(b) and (d)). Overall the data suggests that the cells form a continuous and tightly associated 

barrier between the media environment and the internal core of the tissue (Figure 4 and 

supplementary Movie 1). This formation of an effective barrier is essential for correct epithelial 

function 5. The cells most likely migrate through the collagen matrix outward towards the 

nutrient rich media environment; which is followed by adherence to their neighbouring cells 

and establishment of an epithelial monolayer. 

 
  

Figure 4. Micro-tissue tissue organization: Representative images from an LSFM dataset [Objective: 

20x] of a 2 week old MDCK-1 epithelial micro-tissue. Cells form a confluent monolayer around the 

periphery of the tissue, the internal section of the tissue has a lower cell density. (a) Longitudinal optical 

section of micro-tissue surface. (b) Longitudinal optical section from the centre of the micro-tissue. (c) 

Optical transverse section from the terminal end of the micro-tissue. (d) Optical cross section from 

centre of the micro-tissue dataset. Labels: Phalloidin (Green, Actin) and Hoechst (Red, Nucleus). Scales: 

25 µm. 
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3.6. Epithelial micro-tissue phenotype is cell line dependent   

In order to demonstrate that our technique is applicable to various tissue types we tested three 

immortalized cell lines, each from a different epithelial organ; A549 (lung), MDCK-1 (kidney) 

and Caco-2 (colon). Cell lines were chosen over primary cultures for their consistency, ease of 

use and affordability. Additionally, we assessed the capacity of this culture system to promote 

cell type dependent differentiation. We used a combination of histology and TEM to examine 

the internal/external tissue, cell and subcellular morphology of micro-tissues (Figures 5 and 6). 

The cells were polarized outward towards the media and had clear apical and basolateral 

membrane surfaces for all micro-tissues (Figure 5). All tissues had an interior network of 

loosely arranged collagen, but cells appeared not to directly interact with the ECM at their basal 

membranes (supplementary Figure 4). 

Epithelial micro-tissues had distinct phenotypes that were cell type dependent. MDCK-

1 epithelial micro-tissues have a tightly associated simple cuboidal epithelium, which is typical 

of the distal tubule, their tissue of origin. The tissue has a dense core of necrotic cells (Figure 

5). Necrotic cores are known to develop in cell spheroids due to limited diffusion of oxygen 

and nutrients 37. This usually occurs following a gradient with layers of cells becoming less 

active from the periphery of the spheroid inwards, until reaching the hypoxic necrotic core 38. 

In our MDCK micro-tissues, there is a single monolayer of viable cells directly followed by 

necrotic tissue (Figure 5). It’s possible that when the internal cells are prevented from forming 

a polarized phenotype with three distinct cell surfaces they become apoptotic, which commonly 

occurs in vivo 5. MDCK-1 micro-tissue cells had distinct ultrastructural characteristics; a dense 

network of well-developed mitochondria localized to the perinuclear region, short sparse 

luminal microvilli, large domed apical surfaces and extensive basolateral membrane 

interdigitations (Figures 6(a) and (b)). These features are all characteristic of in vivo distal 

convoluted tubule cells 39,40. MDCK-1 cells express antigens specific to the convoluted section 

of the canine distal tubule, which confirm that they were isolated from this particular tissue 41. 

This structural data (in conjunction with the physiologically correct localization of the NHE3 

sodium co-transporter to the apical membrane, see Figure 7(b)) would indicate that MDCK-1 

micro-tissues partially regain their in vivo functionality. Other 3D polarized MDCK-1 systems 

lack most of these morphological features 42–44, suggesting that our technique produces more 

physiologically relevant tissues. 
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Figure 5. Micro-tissue histology sections display cell type dependent morphology at a tissue/cellular 

level. All samples were fixed after 4-6 weeks in culture. (a1) MDCK-1 cross section. (a2) MDCK-1 

longitudinal section, a simple cuboidal epithelium. (a3) MDCK-1 TEM, cells have a distinctly large 

apical membrane. (b1) Caco-2 cross section. (b2) Caco-2 longitudinal section, the epithelium is 

stratified. (b3) Caco-2 TEM, highlighted cell has a tall columnar phenotype, while others Caco-2 cells 

are cuboidal (See Figure 6(b1)). (c1) A549 cross section. (c2) A549 longitudinal section, tissue 

resembles a pseudostratified ciliated columnar epithelium. (c3) A549 TEM, cells are columnar and have 

an extensive network of apical secretory vesicles. Tissue section scales: 100 µm, TEM scales: 5 µm. 
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The Caco-2 epithelial micro-tissues are stratified and over 100 µm thick at some sections of 

the tissue. The core of the Caco-2 tissue contained much less cell debris compared to the 

MDCK-1 micro-tissues (Figure 5). The epithelium contains a heterogeneous mix of cell 

morphologies; some are columnar and thin while others have a compact cuboidal shape 

(Figures 5 and 6(b1)). There was evidence of extensive mucous production throughout the 

tissue. Indicating the entire tissue is healthy and metabolically active. Some granules were >20 

µm in size, and others had a very distinctive morphology (Figures 5 and 6(b1) and (b3)).  

Increased levels of mucous production has been previously reported in 3D Caco-2 cultures 3.  

The exterior cell layer of the Caco-2 micro-tissues had several enterocyte 

characteristics, such as an exceptionally well developed brush border with a thick 

glycocalyx layer and microvilli almost 2,000 nm in length (Figure 6(b2)). Polarized Caco-2 

cells are known to resemble enterocytes, but they usually grow as a simple monolayer. 3D cell 

cultures incorporating polarized Caco-2 monolayers are used to test intestinal paracellular drug 

absorption 45 and as disease models 46. However, as the Caco-2 micro-tissues are stratified their 

use as a model of the intestine may be limited. Caco-2 cells were originally isolated from a 

colorectal carcinoma, this tissue has an important secretory function and at some sections is 

stratified (rectal canal). This unusual combination of characteristics from different tissue types 

is not unexpected considering the Caco-2 cell line was isolated from an adenocarcinoma. 

A549 micro-tissues resemble a pseudostratified ciliated columnar epithelium, a tissue 

type found in the upper respiratory tract (Figure 5). These tissues are the most viable, with very 

little evidence of necrotic cells or cell debris. The cells have a wider columnar morphology 

when compared to Caco-2 cells (Figure 5). A549 micro-tissue cells contained a large volume 

of secretory vesicles, consisting of mucus granules and well developed lamellar bodies (Figure 

6). Increased secretion of MUC1 and MUC5A mucoglycoprotein has been reported in 3D A549 

cultures 47, and A549 cells are known to produce lamellar bodies 48. A549’s were originally 

isolated from a  basal alveolar adenocarcinoma and are widely used as a model of type II 

alveolar cells 48, a small cuboidal cell responsible for producing pulmonary surfactant through 

the secretion of lamellar granules  49. The production of surfactant and a cuboidal shape has 

previously been described in A549 3D culture 50. However, A549 micro-tissue cells were 

columnar and had well developed cilia (Figure 5). After reviewing the literature we found that 

morphologically the cells more closely resemble primary human airway epithelia cells cultured 

using the air liquid interface technique 51. These cells, isolated from the trachea and bronchi, 

also have a pseudostratified ciliated epithelial phenotype. 
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By testing different epithelial cell types using our system we have proved that it is 

adaptable. We also demonstrated that this tissue culture technique can produce cell type 

specific differentiation. Importantly, micro-tissues acquire characteristics of their original in 

vivo tissue or those of primary cell types isolated from related tissues. 

 

 
Figure 6. Micro-tissues display cell type dependent morphology at a subcellular level. All samples were fixed 

after 4-6 weeks in culture. (a1) MDCK-1 Cell with primary cilium highlighted, extensive vesicle traffic on apical 

side of the nucleus and dense network of mitochondria at basal end. (a2) Arrows highlight membrane 

interdigitations between two adjacent MDCK-1 cells, note the relatively undeveloped microvilli. (a3) Full 

junctional complex of MDCK-1 cell, consisting of Zona Occludens (ZO), Zona Adherens (ZA) and Desmosome 

(D). (b1) Caco-2 cells containing multiple large mucus granules (>1 µm in diameter) indicated by arrows, these 

cells have a cuboidal morphology unlike the columnar cell highlighted in Figure 5. (b2) Highly developed brush 

border of a Caco-2 cell, glycocalyx can be seen on the tips of microvilli and between them; actin web below the 

border is easily visible. (b3) Distinct stage of secretory granule maturation in Caco-2 cell. (c1) Population of 

secretory organelles in A549 cell, consisting of Loose Lamellar Bodies (LLB), Dense Lamellar Bodies (DLB) 

and Mucus Secretory Vesicles (MSV). Several desmosomes (D) are seen along the plasma membrane of the two 

adjacent cells. White arrow indicates fusion event between two lamellar bodies. (c2) Vesicles fusing with the 

apical membrane of an A549 cell, vesicle marked with * has a partial “crown” covering its membrane. Note the 

well-developed microvilli. (c3) High magnification of A549 Mucus Secretory Vesicle (MSV) and Lamellar Body 

(LB). 
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3.7. MDCK-1 micro-tissues as a model for polarization 

MDCK-1 filter grown monolayers are the standard model for research on epithelial polarity 52–

54. We investigated if MDCK-1 micro-tissues could be used as an alternative in vitro system 

for studying polarization. Using confocal microscopy we examined the MDCK-1 micro-tissue 

polarized phenotype in greater detail. In conjunction with the TEM data we determined that 

micro-tissues had an extensively polarized cytoarchitecture, with distinct apical/basolateral 

domains and asymmetrically distributed sub-cellular structures and proteins (Figures 6 and 7).  

 
Figure 7. MDCK-1 micro-tissue cells have distinct apical/basolateral zones and asymmetrically localized 

subcellular structures. All samples were fixed after 4 weeks in culture. Each image is a Y-Z projection through 

1.65 µm of an immunostained MDCK-1 micro-tissue. The top of the image is apical and bottom is basal for all 

images. (a) Phalloidin (Red, Actin), anti-GM130 (Green, Golgi apparatus) and Hoechst (Blue, Nucleus). (b) Anti-

GM130 (Green, Golgi apparatus), Hoechst (cyan, nucleus) and anti-NHE3 (Pink, Sodium–hydrogen exchanger 

3). (c) Anti-E-cad (Red; E-cadherin), anti-α/β tubulin (Green, Microtubules) and Hoechst (Blue; Nucleus). (d) 

Anti-COPII (Red, COPII), anti-GM130 (Green, Golgi apparatus), anti-COP II and anti-GM130 co-localization 

(Yellow, COPII and Golgi) and Hoechst (Blue, Nucleus). Z-stacks were acquired using a confocal microscope 

and a 60x objective, an increment of 0.2 µm was used between slices. Scales: 5 µm. 
 

Micro-tissues displayed the following subcellular markers typical of polarized epithelial cells: 

1) Bundles of actin were observed at the apical surface of the cells (Figure 7(a)), which are 

required to support the microvilli enriched apical membrane 5. 2) The Golgi apparatus was 

condensed and positioned between the apical membrane and nucleus, which was located in the 

basal region of the cell (Figures 7(a)-(c)) 54. 3) Functionally localized NHE3 (sodium–

hydrogen exchanger) membrane protein (Figure 7(b)). NHE3 is involved in maintaining the 

balance of salt present in the kidney nephron and localizes to the apical membrane in vivo 55. 

4) Strong E-cadherin signal along the lateral membrane (Figure 7(c)). E-cadherin is a key 

protein in establishing the epithelial phenotype and creating tightly adhering monolayers 56. 5). 

A dense tubulin network was present in the apical portion of the cell above the nucleus (Figure 
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7(c)), this network is required to support the polarized cell shape 56. 6) COPII co-localized to 

the Golgi apparatus and around the perinuclear region (where the ER is usually found in 

polarized epithelial cells 56) (Figure 7(d)). COPII is a membrane coat responsible for the 

polarized anterograde trafficking of proteins from the Endoplasmic Reticulum (ER) to the 

Golgi apparatus 57. The polarized movement of proteins facilitated by COPII between 

organelles is critical for the maintenance of the epithelial phenotype 57. 7) A primary cilium 

located apically in the centre of the cell directly above the nucleus (Figure 6(a1)). The cilium 

is a key regulator of polarity, and is responsible for initiating signalling pathways that can 

control tissue wide polarity 56. 8) Full junctional complex’s (Figure 6(a3)), essential for 

epithelial tissue integrity by helping to establish the separate membranes of the cell and 

preventing intramembrane diffusion of proteins 58 (junctional complexes were present in all 

tissues, supplementary Figure 4). This asymmetrical organization of the intracellular contents 

suggests that our moulded epithelial micro-tissues are polarized and functional. 

MDCK-1 epithelial micro-tissues display all of the typical markers of polarized cells, 

such as those grown on filter membranes 52. The data presented in this paper suggests they may 

also be a more physiologically relevant in vitro model (Figure 5 and 6). Additionally, micro-

tissues do not have to be processed before imaging (cutting the filter and slide mounting), 

which is a major restriction when using permeable membranes and limits their use for live cell 

fluorescence imaging 53,59. Micro-tissues are free-floating and can be imaged directly using a 

standard tissue culture imaging chamber. For these reasons, we consider our MDCK-1 micro-

tissues an improvement on filter systems for microscopic analysis of epithelial polarization. 

 

 

3.8. Salmonella typhimurium Infection assay  

 

There is an urgency to better comprehend host-pathogen interactions in vivo due to increasing 

numbers of bacterial antibiotic resistant strains worldwide 60. The 2D monolayer is a standard 

model for infection and is routinely used for the evaluation of bacterial pathogenicity 61. 

Unfortunately, 2D monolayer systems do not recapitulate in vivo host-pathogen interaction 

accurately 62. Alternatively, filter membrane systems can be used, and elicit more 

physiologically relevant behaviour from host and microbe cells compared to monolayers 63. 

However, it is now recognized that well differentiated 3D culture systems mimic the in vivo 

response to infection most accurately 6,11,62. The 3D cultures in this study, in contrast to 2D 

cultures, can for example secret mucus more efficiently, which acts as the natural protective 

barrier of epithelial cells in vivo. A recent publication also highlighted the plasticity of bacterial 
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proteomes to their microenvironment 64. Due to their fast replication rate (around 20-30 

minutes) and their capacity to adapt to their environment, it is likely that the virulence factors 

found during 3D epithelial infection and interaction would differ significantly to the ones 

needed when interacting with a 2D cell monolayer. 

We conducted bacterial infections on MDCK-1 micro-tissues and filter grown 2D 

MDCK-1 monolayers using Salmonella typhimurium, an established cell line and model 

pathogen for studying mammalian epithelial infection 61,63. Filter grown monolayers and micro-

tissues were incubated with the same total number of bacteria per sample (107 cells) for up to 

180 mins at 37 °C 5% CO2. We conducted bacterial counts using transmission microscopy to 

quantitatively determine the level of infection for each in vitro model system. We also 

qualitatively evaluated infection by imaging samples using confocal microscopy (Figures 8 and 

9). 

 

Figure 8. Confocal images of 180 mins post infection MDCK-1 filter membrane monolayer. (a) 1321 x 1321µm 

confocal tile scan using a 60x/1.4 objective, labelling: TAMRA Salmonella (Red), and Hoechst (Blue). Multiple 

bacterial cells can be seen adhering to the monolayer. Scale: 100 µm. (b) MIP of 18 µm Z-stack (60x) acquired at 

area highlighted in (a) and associated orthogonal views (XZ and YZ). The position of the orthogonal slices is 

indicated by the white lines, labelling: Phalloidin (green). The group of cells in the bottom right of the image have 

multiple infections; orthogonal views indicate that the bacteria have invaded host cells. Scale: 20 µm. 

The filter grown monolayer had 33.85 adherent bacteria per 1 x 105 µm2 [±20.05] 180 mins 

post infection. Adherent bacteria can be seen distributed across the sampled region of the 

monolayer (Figure 8). Where a group of bacterial cells was concentrated invasion of the 

monolayer can be seen (Figure 8 (b)). There is also an alteration to the organization of the actin 

cytoskeleton at this site of infection not seen in the control (Figure 8(b) and supplementary 
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Figure 5).  This has been previously observed, and is associated with Salmonella endocytosis 

65. 

For epithelial micro-tissue infections the volume of the wells was reduced by 74% using 

a 3D printed PLA block (PLA is biocompatible and non-toxic to bacterial cells 66) 

(Supplementary Figure 1). This was done to increase the probability of contact between 

pathogens and host cells. Epithelial micro-tissues had 0.625 adherent bacteria per 1 x 105 µm2 

[±1.25] 180 mins post infection, 54 fold less than the filter grown monolayer (confocal data 

from the 90 mins time point also indicated that greater numbers of bacterial cells adhered to 

the filter membrane monolayer compared to the micro-tissue (Supplementary Figure 6)).  

 

 

Figure 9. Representative confocal images from 180 mins post infection epithelial micro-tissue (for 

complete confocal data sets of micro-tissues see supplementary Figure 6). (a) 1219 x 203 µm 

longitudinal confocal tile scan using a 60x/1.4 objective, labelling: Phalloidin (green), TAMRA 

Salmonella (red) and Hoechst (blue). Only one infection is visible, located inside the white box. Scale: 

100 µm. (b) MIP of 18 µm Z-stack (60x) acquired at area highlighted in (a) and associated orthogonal 

views (XZ and YZ). The position of the orthogonal slices is indicated by the white lines. The Z-stack 

reveals that there are actually two infections. However, the orthogonal views show that bacteria are 
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adhered to the cell surface and have not invaded the cell or affected cellular integrity/ morphology (data 

not shown for second cell). Scale: 20 µm. 

 

Confocal Z-stacks revealed that bacterial cells were adhering to the surface of the micro-tissue 

and had not breached the epithelial outer membrane (Figure 9(b)). Overall, no Salmonella were 

found internalized in the micro-tissues. The infected micro-tissue showed no significant 

changes in morphology and didn’t display signs of epithelial barrier disruption compared to 

the control (Figure 9 and Supplementary Figure 7). 

Lower invasion of 3D cell cultures compared to monolayers by Salmonella 

typhimurium has been reported previously 67,68. It has been proposed that the lower levels of 

invasion are due to the in vivo like differentiation of 3D cell cultures. It’s thought that factors 

other than intracellular invasion such as the secretion of bacterial effector proteins might play 

a more significant role during in vivo infection 68. This suggests that our tissue model is a more 

physiologically relevant testbed for infection studies. 

There are two commonly used systems to produce free-floating 3D cell cultures that 

can mimic the in vivo infection response and are suitable for imaging. These are 3D cell 

aggregates produced with the rotating wall vessel 6,47, and intestinal organoids generated from 

adult stem cells 11,69. These techniques have key disadvantages compared to our micro-tissue 

array platform. 3D aggregates lack the tissue complexity of scaffold models and samples are 

produced in a highly heterogeneous manner 6. Intestinal stem cells must be embedded in 

Matrigel® in order to proliferate, limiting access to the organoid during growth 11. The 

organoid lumen is also internalized, therefore bacterial cells must be microinjected inside the 

tissue to gain access to the apical membrane 11. As they are polarized outward the apical 

membrane of our epithelial micro-tissues is available for application of bacteria or other 

reagents. 

 

4. Conclusion  

 
We have developed a simple and robust technique for consistently generating arrays of free-

floating epithelial micro-tissues. This technique utilizes open source software, affordable 3D 

printing technology and commonly available lab consumables. We demonstrated that it is 

adaptable and scalable by generating micro-tissues of different morphologies, size and cell 

type. We have shown by quantitative measurements that the growth and development of the 

tissues can be modelled and that they can be produced consistently. Using various microscopic 
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techniques the micro-tissues were characterised extensively. Micro-tissues had cell type 

specific differentiated phenotypes and regained some of their native in vivo tissue qualities. We 

determined that MDCK-1 micro-tissues have a well polarized cytoarchitecture, with distinct 

apical/basolateral domains and asymmetrically distributed sub-cellular structures. Finally, we 

conducted an infection assay using S. typhimurium and found that micro-tissues were resistant 

to infection compared to filter grown monolayers. We believe we have demonstrated that our 

micro-tissues are an effective in vitro model for studying epithelial processes such as infection 

and polarization in a physiologically relevant context. 
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