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Abstract 

Porous multi-well plate inserts are widely used in biomedical research to study transport processes 

or culture cells/tissues at the air-liquid interface. These inserts are made of rigid materials and are 

used under static culture conditions, which are unrepresentative of biological microenvironments. 

Here, we present FleXert, a soft, actuatable cell culture insert that interfaces with six-well plates. 

It is made of polydimethylsiloxane (PDMS) and comprises a porous PDMS membrane as 
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cell/tissue support. FleXerts can be pneumatically actuated using a standard syringe pump, 

imparting tensile strains of up to 30 %. A wide range of actuation patterns can be achieved by 

varying air pressure and pumping rate. Facile surface functionalization of FleXert’s porous PDMS 

membrane with fibronectin enables adhesion of human dermal fibroblasts, and strains developing 

on FleXert’s membrane are successfully transduced to the cell layer. 3D tissue models, such as 

fibroblast-laden collagen gels, can also be anchored to PDMS following polydopamine coating. 

Furthermore, collagen coated FleXert membranes support the establishment of a human skin 

model, demonstrating the material’s excellent biocompatibility required for tissue engineering. In 

contrast to existing technologies, FleXerts do not require costly fabrication equipment or custom-

built culture chambers, making them a versatile and low-cost solution for tissue engineering and 

biological barrier penetration studies under physiological strain. This paper is an extensive toolkit 

for multi-disciplinary mechanobiology studies, including detailed instructions for a wide variety 

of methods such as device fabrication, theoretical modelling, cell culture, and image analysis 

techniques. 

 

Keywords: mechanical stimulation, soft actuator, tissue engineering, in vitro model, biointerface 

 

Introduction 

In vitro models of human tissues play a vital role in biomedical research, such as drug discovery 

and safety testing, disease modelling and fundamental biology studies. Most of these in vitro 

models are established on tissue culture plastic, such as polystyrene-based multi-well plates. 

Permeable plastic inserts are placed inside the plates’ wells to create a partition, on which different 

cell types are grown to investigate transport processes across biological barriers, such as the gut,1 
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brain2 or placenta3. These classic setups are unsatisfactory because rigid plastic surfaces are not 

representative of native biological systems, which largely comprise viscoelastic materials and 

experience a variety of mechanical stresses, such as shear, compression and stretch. Several efforts 

have been made towards more realistic in vitro models. These often include testing platforms based 

on microfluidics to reproduce fluid flow-induced shear stresses and circulation of compounds. 

Studies suggest that the applied fluid flow is important for the physiological regulation of 

engineered tissues4, 5 and the pharmacokinetic behaviour of small molecules.6 Microfluidic 

platforms capable of delivering both flow-induced shear and uniaxial stretch have also been 

reported. These include a “breathing” lung-on-a-chip7 and a gut-on-a-chip model experiencing 

peristalsis-like motions.8 These polydimethylsiloxane (PDMS)-based devices are actuated 

pneumatically by evacuating air filled chambers on either side of a porous PDMS membrane, 

resulting in the stretching of the membrane and the cell layer growing on it. Studies using these 

devices reveal that cyclic mechanical strain increases toxicity and uptake of silica nanoparticles in 

the engineered lung epithelia,7 and that peristalsis-like motions leads to improved maturation of 

intestinal villi and epithelia compared to static culture.8 This platform represents an important step 

towards more realistic in vitro models. However, the small size of microfluidic devices limits 

experimenters to studying mainly cell monolayers. More complex 3D tissue models cannot be 

incorporated. To achieve this, a variety of larger scale devices have been developed that deliver 

tensile and compressive strains on the tissue level in vitro. They either utilise a vacuum to stretch 

a flexible membrane (e.g. Flexcell®), or linear actuators to compress the fluid column above the 

tissue or stretch a flexible membrane (e.g CellScale MCTX).9 However, these configurations do 

not permit the monitoring of transport processes in vitro because the actuator is either placed 

directly underneath the tissue or the culture chamber cannot be separated into an apical and basal 
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compartment. Common setups to measure transport processes on the tissue level include Franz 

diffusion cells, which are predominantly used in combination with skin explants,10 and multi-well 

insert membranes, which are used with engineered tissues.11, 12 These insert membranes are placed 

inside multi-well plates and have a porous plastic membrane on which cells and tissues can be 

cultured. This results in a two-chamber system, where compounds can be placed in the apical 

chamber and their transport measured by sampling from the basal chamber. The main drawback 

of this well-established system is that application of dynamic mechanical stimuli, such as cyclic 

stretch or compression, is not possible due to the rigidity of the materials. Here, we present FleXert, 

a soft, PDMS-based tissue culture insert, which fits into commercially available six well plates 

and which can be pneumatically actuated using a syringe pump. We describe the low-cost 

fabrication and customization process and report on the system’s capabilities, such as strain 

characteristics, actuation patterns and strain transfer to human dermal fibroblasts. Detailed 

instructions for these characterization methods are included, making this paper an extensive toolkit 

for multi-disciplinary mechanobiology studies. 

 

Method 1: FleXert fabrication and adaption of 6 well culture plates 

1.1. Overview:  The design principle is to fabricate two separate PDMS pieces by mold casting 

(top piece with porous membrane for cell culture and air tube inlet, bottom piece to seal air 

channel) and plasma bond them together (Figure 1a). The geometry of the pieces can be 

customized by varying the dimensions of the molds (Figure 1b). To interface FleXert’s air tubes 

with 6 well culture plates, holes are drilled into the plate lids (Figure 2d). Sterility of the lids is 

restored by UV sterilization. 

1.2. Materials 
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Clear acrylic sheets, 400 x 500 mm; variety of thicknesses 3 mm (RS Pro, 824-654), 4 mm (RS 

Pro, 824-519) and 5 mm (RS Pro, 824-676) 

Hex socket cap screw, M3, 25 mm (e.g. RS Pro, 293-325) 

Wing nuts, M3 (e.g. RS Pro, 293-101) 

Hex nuts, M3 (e.g. RS Pro 198-318) 

Polydimethylsiloxane, PDMS (Sylgard 184, Dow) 

Disposable plastic cups (any brand) 

Dessicator chamber (e.g. BRAND, BR65805) 

Vacuum pump (e.g. Vacuubrand, MZ 2C NT) 

Silicone tubing, 3 mm outer diameter, 1 mm inner diameter (T Versilic 1x 3, 50 m, Saint Gobain, 

760070) 

Biopsy punch, 3 mm (UniCore, Whatman, WB100039) 

Barbed tubing connectors, t- shaped, 1/16” (Cole Parmer, 06365-77) 

Barbed tubing connectors, straight, 1/16” (Cole Parmer, 06365-11) 

Silicone glue (Silpoxy, Smooth-On Inc.) 

Superglue (any brand) 

Rubber O rings, 3 mm inner diameter (any brand) 

6 well culture plates (Corning, CLS3506) 

 

1.3. Equipment 

Laser cutter (e.g., LaserCut 5.3, Smoke&Mirrors) 

Stereolithography printer (e.g., Form 2, FormLabs, using Clear Resin V2 as printer material) 

Weighing scales (e.g., PL-E, Mettler Toledo) 
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Degassing chamber (e.g., a vacuum pump attached to a dessicator) 

Heating oven (e.g., ED115, Binder) 

Plasma cleaner (e.g., Femto A, Diener) 

Hand drill and drill head, 3.5 mm (e.g., DCD Keyless 12V Cordless Drill Driver, DeWalt) 

 

1.4. Software: 

Computer aided design (CAD) package (e.g., Autodesk Inventor, free student version available) 

 

1.5. Procedure 

1. Use a CAD package, such as Autodesk Inventor, to draw designs for acrylic and 

stereolithography printed mold parts. FleXert diameter, air channel dimensions and wall 

thicknesses can be tuned in this step. Refer to Figure 1b for all FleXert dimensions used in this 

paper. For the stereolithography printed parts, design cylinders with and without pillar arrays. 

Cylinders with pillar arrays pattern pores into the FleXert membrane, cylinders without pillars 

pattern a central opening for the bottom PDMS piece (Figure 1b). Here, the pillars of the pillar 

array were 0.3 mm in diameter and 0.5 mm in height. They were spaced 1.5 mm apart. 

2. Cut acrylic sheets on a laser cutter and 3D print cylinders on a stereolithography printer. For 3D 

printed parts, follow post-processing steps suggested by the manufacturer. 

3. Use super glue to affix acrylic rings that pattern the FleXert air channel and 3D cylinders. 
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Figure 1: FleXert design principle and mold fabrication. (a) Schematic of the two PDMS pieces 

(cyan) fabricated separately and assembled through plasma bonding. The top piece contains the 

porous membrane as a cell/tissue support, and a hole is punched into the cured piece to insert the 
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silicone tubing. The bottom piece has a central opening instead of the membrane. Both pieces have 

a circular groove that forms an enclosed air channel when they are bonded together. (b) mold 

design to fabricate 4 top or bottom pieces at a time. The mold is composed of a bottom part, onto 

which acrylic rings are glued to pattern the grooves that make up the air channel. The two middle 

parts of the mold form the outside of the FleXert pieces. 3D printed cylinders are glued onto the 

top part of the mold to either pattern the porous PDMS membrane (cylinders with a pillar array) 

or a central opening (smooth cylinders). Fabricate one set of these mold parts to make top pieces 

and another set to make the bottom pieces. The height of the PDMS pieces is governed by the 

amount of PDMS pre-polymer placed inside the mold cavities. It needs to be determined 

experimentally by weighing and kept consistent when fabricating different batches. 

 

4. Prepare PDMS: use weighing scales to weigh out PDMS pre-polymer (10 weight parts) and 

curing agent (1 weight part) into a disposable plastic cup (note: this ratio can be altered to achieve 

stiffer or softer PDMS materials13). Degas the PDMS to remove air bubbles. Here, this is achieved 

by placing the plastic cup inside a desiccator chamber attached to a vacuum pump. 

5. Assemble mold pieces according to Figure 2a. For the top PDMS pieces, place some PDMS 

pre-polymer on the pillar arrays of the top mold part. Use hex screws, nuts and wing nuts to bolt 

the mold parts together 

6. Place the assembled mold on a weighing scale and pour a defined weight into each of the four 

mold cavities (here, 3.9 g was poured into each cavity; this may need to be adjusted if different 

dimensions are desired). Cure at 40° C for 20 h. 

7. Release cured PDMS from mold and punch a hole with a 3mm biopsy punch into the top PDMS 

piece. 
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8. Expose the top and bottom PDMS pieces to an oxygen plasma for 90 seconds. Arrange the 

pieces so that the oxygen plasma treats the sides that will be bonded together (Figure 2a). 

9. Press the pieces together by sandwiching them in between two acrylic pieces and bolting them 

together. The two middle parts of the mold used to make the PDMS pieces can be added to help 

to align the pieces during plasma bonding (Figure 2a). Keep at 40° C overnight. 

10. Feed silicone tubing through hole of the assembled FleXert. Apply silicone glue around the 

area where the tubing enters the FleXert to seal the area. Let the silicone glue cure completely 

(check manufacturer’s instructions, usually achieved within 24 h at room temperature). (Figure 

2b) 

10. Adapt 6 well plates to accommodate the tubing: drill a hole in the polystyrene lid of a 6 well 

culture plate using a handheld drill. Affix rubber O-rings around the hole on the inside and outside 

of the lid using super glue. This process will breach sterility of the lid. If it is to be used for cell 

culture, wipe it with 70% ethanol and sterilize under UV light for 30 minutes to restore sterility. 

11. To operate multiple FleXerts with a single syringe pump, connect FleXerts’ tubing with t-

connectors. To connect the final FleXert, use a t- or straight connector (Figure 2d). 
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Figure 2: FleXert fabrication. (a) Fabrication process (PDMS in cyan color). (b) Photograph of 

assembled FleXert cannulated with silicone tubing, fixed with silicone glue. (c) Cross-section 

through FleXert revealing successful plasma bonding of the two pieces and the air channel 

enclosed within. (d) Multiple FleXerts connected in series inside a modified 6-well plate. The 

tubing is fed through holes drilled in the plate lid; rubber O-rings are glued around the holes to 

ensure a tight seal and maintenance of sterile conditions inside the plate after UV sterilization of 

the modified lid. The connected FleXerts can be actuated with a single syringe pump. 
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1.6. Troubleshooting and further information: 

1. The size and distribution of the stereolithography printed pillar arrays (and consequently the 

pore diameter) depends on the capabilities of the stereolithography printer. Use the highest printer 

resolution to achieve the smallest possible features. The optimal pillar aspect ratio (i.e. pillar 

diameter and height) and pillar spacing may has to be determined experimentally to achieve 

satisfactory results. For this, print pillar arrays of different aspect ratios (1:1, 1:1.5, 1:2, etc) and 

spacings (0.3, 0.5, 0.8 mm, etc), and examine them with a stereo microscopy to check their 

integrity. Ensure that they can pattern pores into PDMS by placing the arrays on uncured PDMS 

and exerting pressure on them during the curing process (e.g. by placing a weight on them or 

sandwiching them in between two acrylic pieces and bolting them together as described in 

Procedure 1.5, step 9). Visually inspect the cured PDMS to ensure pores are present, as well as the 

3D printed pillars to ascertain whether they stayed intact. The features are large enough to verify 

this by naked eye, but a stereo microscope can also be used. 

2. The cured PDMS pieces should release relatively easily from acrylic molds and 3D printed pillar 

arrays without any further mold functionalization. Avoid using mold release sprays because they 

will impair subsequent plasma bonding of PDMS pieces. Use metal spatulas to carefully prize the 

mold pieces apart. 

3. Check that the resin used for the stereolithography printed parts of the mold releases well from 

cured PDMS. Depending on the resin, this may be achieved by post-processing of the material, 

e.g. curing the parts in a 50-60° oven for 1-2 hours before use with PDMS. If necessary, trial 

different printer materials to identify the most appropriate material. Note that the first time the 

molds are used, PDMS release can be unsatisfactory. Subsequent use is usually successful. 
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4. The height of the top and bottom PDMS pieces that comprise the FleXert is dictated by the 

amount of uncured PDMS poured into each mold. Therefore, it is highly recommended to weigh 

out the same amount of PDMS into each mold cavity, so the pieces have the same height every 

time they are fabricated. 

5. PDMS curing time and temperature can affect the material properties, such as the materials 

elastic modulus 13, 14. Therefore, it is recommended to be consistent with these parameters. For 

reference, Table 1 shows a selection of literature values for the elastic modulus of PDMS prepared 

under different conditions  

Table 1 Elastic moduli of PDMS prepared by different methods 

 Mixing ratio (pre-polymer : curing agent) 

Curing temperature Curing time 10:1 10:1.5 10:2 

25 °C 48 h 1.3 MPa14  2.1 MPa15 

65 °C 4h 1.5 MPa16 2.9 MPa17  

 12h 2 MPa16   

85 °C 1h 1.5 MPa13  1.6 MPa18 

 2h 1.7 MPa13   

100 °C 30 min 0.9 MPa19 1.3 MPa19 1.7 MPa19 

150 °C 18 min 1 MPa19 1.3 MPa19 1.7 MPa19 

 90 min 2.3 MPa13   

 

1.7. Expected results: 

FleXerts are assembled by plasma bonding of two pieces of cured PDMS (Figure 2b). Both pieces 

are approximately 5 mm in height, which is governed by the amount of PDMS used to fabricate 

the pieces. The top piece comprises a porous membrane of approximately 0.5 mm thickness 

(governed by height of the 3D printed pillar array) and pores of 370 ± 14 m diameter (governed 

by the diameter of the 3D printed pillars). Here, the membrane diameter is 11 mm, supplying a 

cell/tissue growth area of approximately 95 mm2. Before plasma bonding a 3 mm diameter hole is 

created in the top piece using a biopsy punch. After plasma bonding, silicone tubing is fed through 
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the hole and fixed with silicone glue (Figure 2b). The assembled device is soft enough to be cut 

with a scalpel blade, and the resulting cross-section reveals successful plasma bonding and the 

formation of a sealed air chamber surrounding the central membrane (Figure 2c). The fabricated 

FleXerts fit inside the wells of a standard six-well tissue culture plate (well diameter 34.8 mm, 

depth 18 mm), and multiple FleXerts can be actuated with a single syringe pump by connecting 

the silicone tubes of individual inserts (Figure 2d). To accommodate the device tubing, holes are 

drilled in the plate’s lid and rubber O-rings glued around the holes. Silicone tubes are fed through 

the holes and connected using t- and straight connectors. The O-rings on the plate lid ensure a tight 

seal. 

1.8. Summary and context within the research field 

Studies of cells growing on actuatable substrates have advanced our understanding of 

mechanobiology,20 and delivering mechanical stimuli to engineered tissues has emerged as an 

important step in the biofabrication pipeline.21 Several actuatable cell and tissue culture substrates 

have been reported in the literature7, 22-26, some of which are commercially available (see Table 2 

for a comparison of technologies). Actuation mechanisms include vacuum pressure (Flexcell®), 

linear actuators driven by stepper motors (STREX Cell, ElectroForce, CellScale mechanoculture 

devices), and voltage-driven dielectric elastomers.25, 27 All these devices- commercially available 

or built in-house- require costly specialized equipment and custom-built culture chambers. In 

contrast, the conceptual advance in this work is the discovery of a facile fabrication method for 

actuatable cell culture substrates that can be operated within low-cost, commercially available cell 

culture dishes. Inspired by plate insert technology (e.g. ThinCert®, Transwell®), an insert geometry 

is fabricated with PDMS. Contrary to the rigid materials used in conventional inserts 

(polycarbonate, polyester), PDMS is a soft elastomeric material that is widely accepted for cell 
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culture applications.28 With regards to the actuation mechanism, pneumatically driven actuators 

are lightweight, strong and safe29 and don’t result in bulky setups (such as power transmissions 

required for motor driven actuators). Therefore, FleXerts are designed to be pneumatically 

actuatable plate inserts. The FleXert cell culture area, air channel volume, wall thicknesses, etc., 

can be easily tuned by fabricating molds with different dimensions. While the material costs for 

FleXerts are low (e.g. PDMS elastomer costs ~ $200 USD/kg, acrylic sheets for mold fabrication 

~$130 USD/m2, silicone tubing ~$2 USD/m), the equipment needed for fabrication can be costly 

(e.g. laser cutter, stereolithography printer). However, most of that equipment is available routinely 

in research organizations or can be outsourced to companies processing fabrication requests. In 

terms of fabrication time, once the molds have been fabricated (which takes 1-2 days, depending 

on 3D printer speed), FleXerts can be produced within 3 days. Day 1: PDMS casting and curing 

over night. Day 2: plasma bonding and curing over night. Day3: attach tubing. The number of 

FleXerts produced in these 3 days depends on mold design. Here, 4 devices are fabricated at any 

one time, but the mold design can be altered to fabricate more devices on the same mold. 

Alternatively, several molds can be used in parallel to increase throughput. 
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Table 2: Comparison of FleXert with other mechanical stimulation devices 

Company/Author Actuator Culture chamber 
Maximum 

Strain/Force 

Microscopy 

possible? 

Transport 

studies possible? 

3D culture 

possible? 
Cost 

Flexcell FX6000 Pneumatic 
Bespoke 6-well 

plate 
30% Yes No Yes $$$ 

ElectroForce Motor 
Up to 4 individual 

chambers 
200 N No No Yes $$$ 

CellScale MCT6 Motor 

Bespoke steel 

chamber, max 6 

samples 

100% No No Yes $$$ 

Ion Optix C-

stretch 
Motor 

Up to 6 individual 

chambers 
20% No No No $$$ 

STREX STB1400 Motor 
Up to 8 individual 

chambers 
20% No No Yes $$$ 

Poulin et al.25 DEA Single chamber 40% Yes No No $ 

Gaio et al.30 Pneumatic Single chamber 6% Yes No No $$ 

Huh et al.7 Pneumatic 
Single fluidic 

chamber 
15% Yes Yes No $$ 

James et al.22 Motor 
Single fluidic 

chamber 
15% Yes No Yes $ 

Kreutzer et al.31 Pneumatic Single chamber 8% Yes No No $ 

Iwadate et al.32 SMA 
Single elastomeric 

sheet 
30% Yes No No $ 

Simmons et al.33 Pneumatic 
Bespoke 25-well 

plate 
6% Yes No No $ 

This work Pneumatic 

Inserts compatible 

with 6-well 

culture plates 

30% Yes Yes Yes $ 

Abbreviations: DEA dielectric elastomer; SMA shape memory alloy; $ <1,000 USD; $$ <10,000 USD; $$$ >10,000 USD 
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Method 2: Characterizing FleXert stretch actuation 

2.1. Overview: A syringe pump is used to move air in and out of FleXert’s air channel. Removal 

of air reduces the air pressure in the channel, leading to a contraction of the flexible PDMS walls 

and, consequently, expansion (i.e. stretch) of FleXert’s porous membrane. The strain that develops 

as a result of this expansion can be modelled using finite element analysis packages (Method 2a) 

and verified experimentally by recording videos of the expanding membrane and analyzing them 

using a digital image correlation approach (Method 2b). Here, three FleXerts are connected in 

series and strain data are generated to investigate variations across connected devices. This is 

important because operating multiple FleXerts with a single syringe pump, rather than using a 

separate pump for each FleXert, results in a cheaper and more compact setup for subsequent cell 

culture experiments. Lastly, a method to explore different actuation dynamics (e.g. amplitude and 

speed variation) is presented (Method 2c). 

 

Method 2a: Finite element analysis (FEA) of FleXert membranes under stretch 

2a.1. Overview: Simulations of FleXert deformation in response to changes of pressure in the air 

channel can be generated using CAD model packages such as Autodesk Inventor. Here, a CAD 

model of the FleXert fabricated according to Method 1 is created, and material parameters, 

constraints and loads are defined within the “Stress Analysis” tool of Autodesk Inventor. Results 

of the tool’s finite element analysis (FEA) are used to predict strain patterns arising on the porous 

FleXert membrane upon a reduction of pressure in the air channel below atmospheric pressure (i.e. 

FleXert membrane stretch). 

2a.2. Software: 

Autodesk Inventor 
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Data plotting software (e.g. MATLAB) 

2a.3. Procedure: 

1. Draw a CAD model of the FleXert in Autodesk Inventor. 

2. Under “View” select a “Half section” view along the XY plane to reveal a cross-section of the 

drawing. 

3. Use the inbuilt “Stress analysis” tool to conduct a FEA. First, add material parameters under the 

“Material” section. Create a “New Material” in the “Material browser” and name it “PDMS”. 

Leave the default values in the “Identity” and “Appearance” tabs in the Materials Editor. In the 

“Physical” tab, leave the default values for “Information” and “Behavior” (Isotropic), but change 

the values in the “Mechanical” and “Strength” section. Here, literature values were used as material 

parameters (see Table 3). 

Table 3: Material parameters used for modelling of FleXert actuation in Autodesk Inventor 

Parameter Value Reference 

Young’s Modulus 190 psi Johnston et al.14 

Poisson ratio 0.499 Dogru et al. 34 

Shear Modulus 64 psi Johnston et al.14 

Density 0.038 pound/inch3 Hong et al.13 

Tensile Strength 744 psi Johnston et al.14 

 

4. In the “Constraints” section, apply fixed constraints to the top and bottom faces of the FleXert 

drawing (Figure 3a).  

5. In the “Loads” section, apply a pressure load of 9.4 psi (0.65 bar) to the sides of the air channel. 

6. In the mesh section, leave the default values (Figure 3a). 

7. Click the “Simulate” button to run the analysis. Results (stress, displacement, and strain) can be 

viewed in the “Results” section. (Note: To view results for the whole device end the half section 

view) 
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8. Use the “Probe” button to return local stress, displacement, or strain value on the model, i.e. on 

a specific point on the FleXert membrane. Right click on the probe label to view the probe 

coordinates. Make a note of the value and the coordinates. To examine the stress, displacement or 

strain values along the x or y direction on the model, change the probe coordinates accordingly 

and note the values for the respective coordinates. Plot them using Excel or MATLAB. 

9. The easiest way to capture images of the simulation is to take high resolution screen shots. 

2a.4. Troubleshooting and additional information: 

1. Make sure to use correct dimensions when drawing the CAD model of the FleXert (wall 

thickness, membrane thickness, pore size, etc). 

2. Other FEA tools are available, such as Abaqus (free student version available) and Simscale 

(free web-based interface). Abaqus and Autodesk Inventor have a wide user base and there are 

many freely available online resources on how to use these tools. Please refer to the Autodesk 

Inventor manual and other online content (Instructables and YouTube videos) for in depth 

instructions on how to draw CAD models and conduct FEA. 

2a.5 Expected results: 

The Autodesk Inventor “Stress analysis” tool allows various views of the simulated model, such 

as a cross-section of the FleXert at rest and under actuation (Figure 3b). In this view, FEA shows 

that reducing the pressure in the air channel below atmospheric pressure leads to contraction of 

FleXerts soft PDMS walls and radial expansion of the central membrane. A birds-eye view of the 

central membrane allows examination of strain patterns that develop on the porous FleXert 

membrane under stretch (Figure 3c). FEA predicts that reducing the internal pressure in the air 

channel to 0.65 bar below atmospheric pressure results in principal strains of up to 27% in the 

vicinity of the membrane pores, and strains of approximately 16% on the surface of the membrane. 
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The view can also be changed to show the underside of the membrane, revealing the same strain 

patterns and magnitudes as on the top. Strain values can also be probed at specific coordinates and 

examined along the x or y direction. Plotting the strain values between two pores on the membrane 

(in the x direction) show that strain is highest within approximately 120 m around the pore 

(Figure 3d). 

 

Figure 3: Finite element analysis of FleXert membrane under stretch, conducted with the 

Autodesk Inventor “Stress Analysis” tool. (a) Cross-sectional view of the FleXert CAD model in 

the “Stress Analysis” tool. Fixed constraints are placed at the top and bottom face of the device, 

and pressure loads are applied to the sides of the air channel to simulate reduction of air pressure 

below atmospheric pressure. (b) Simulation of FleXert at rest (left) and when pressure in the air 

channel is reduced to 0.65 bar below atmospheric pressure (right). The soft PDMS walls 

surrounding the air channel contract and membrane expands radially. The color scale shows first 
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principal strain. (c) An alternative view of the simulation shown in a, focusing on the strain patterns 

developing on the FleXert membrane under stretch (induced by a reduction in air pressure to 0.65 

bar below atmospheric pressure). The color scale shows the first principal strain. (d) Close-up of 

the strain map in b, showing strain magnitudes around and in between two pores. Plotting the strain 

values along the path indicated by the dashed arrow shows that strains are highest within 

approximately 120 m around the pore. 

 

Method 2b: Experimental characterization of FleXerts under stretch 

2b.1. Overview: To verify simulation results experimentally and investigate variability between 

multiple FleXerts operated by a single syringe pump, the deformation of the device membrane is 

recorded with a microscope. Pressure in the air channel is recorded simultaneously, so that pressure 

values can be correlated with strain values. Strain values are calculated from the microscope 

images using a digital image correlation approach. For three FleXerts connected in series, three 

videos and three sets of pressure data are collected (one for each device). 

2b.2. Materials: 

Disposable syringe, 20 mL (Terumo, GS577) 

Luer lock tubing connector for syringe, 1/16” (Cole Parmer, 45508-00) 

Pressure sensor (Honeywell, HSC030PDAA5) 

Light emitting diode (e.g. Knightbright, L-57EGW) 

Breadboard (e.g. RS Pro, 102-9147) 

Jumper wires (e.g. Sunhayato Breadboard Jumper Wire Kit, SKS-350) 

2b.3. Equipment: 

Digital microscope (e.g. Hirox, KH-7700) 
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Syringe pump (Aladdin AL-1000, World Precision Instruments) 

Data acquisition device (National Instruments, NI-USB6211) 

Laptop or desktop computer 

2b.4. Software: 

MATLAB (MathWorks) (license needed) 

Image J (U. S. National Institutes of Health, Bethesda, Maryland, USA) (free of charge) 

2b.5. Procedure: 

1. Fabricate three FleXerts and connect them in series as described in Method 1. Attach the tubing 

of one of the Flexerts to the syringe pump and a pressure sensor using a t-connector (Figure 4a and 

4b) 

2. Build a setup to simultaneously record pressure in the FleXert air channel and videos of the 

individual FleXert membranes as they expand during actuation: To record pressure, place a 

pressure sensor in a breadboard and connect its output pin to the analogue input port of a data 

acquisition device (DAQ) (port AI0). Use the same DAQ to control operation of the syringe pump 

and of a light emitting diode (LED) by connecting the DAQ’s analogue outputs to the syringe 

pump (port AO0) and to the LED (port AO1) (Figure 4a). To control the DAQ, use MATLAB 

which will record input signals (from the pressure sensors) and send output signals (to switch on 

the LED and the syringe pump). 

4. Place the LED and one of the FleXerts under a digital microscope capable of capturing video 

(Figure 4c). Set the syringe pump to withdraw air at 15 mL min-1 for 90 sec using an empty 20 mL 

syringe. Measure the inner diameter of the syringe and enter this value into the syringe pump (here: 

21 mm). (Note: flow rate and running time can be varied to achieve different actuation dynamics, 

see Method 2c)  
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5. Program the DAQ to switch the LED on 5 seconds before the syringe pump is started. This acts 

as a visible marker in the recorded video that can be used to link captured video and pressure 

sensor data in subsequent image analysis of the expanding membrane (Figure 4d).  

6. Start recording a video of the FleXert membrane using a digital microscope. Simultaneously, 

run the script to operate the LED, syringe pump and pressure sensor. In this example, the video 

recorded the lighting up of the LED and 5 sec later the start of FleXert’s membrane expansion 

(with the start of the syringe pump). Stop recording video when the syringe pump finishes its 90 

second run. 

7. Release pressure from the systems, e.g by removing the tube from the syringe. Repeat this 

experiment for each FleXert. Here, three video files (capturing expansion of the three connected 

FleXerts) and three MATLAB data files (containing corresponding voltage signals from the 

pressure sensor) were collected. 



 

 23 

 

Figure 4: Setup to measure strain of FleXert membranes as a function of pressure in the air 

channel. (a) schematic of setup. Three FleXerts are connected in series with silicone tubing and 

operated by a single syringe pump. The syringe pump is operated by a computer (PC) through a 

data acquisition device (DAQ). A pressure sensor is placed in between the syringe pump and the 

FleXerts and pressure changes are recorded with the DAQ. A camera microscope is used to record 

videos of the central membrane of each FleXert during actuation. A LED is placed within the 

camera’s field of view and switching it ON serves as a marker to correlate video data with pressure 

measurements. (b) Photograph of FleXerts connected in series to the syringe pump and the pressure 

sensor. (c) LED placement. (d) Representative microscope image of the FleXert membrane. The 

LED is visible in the top right of the image.  
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8. To plot strain as a function of pressure, convert the voltage signal from the pressure sensor to 

pressure values using the formula supplied by the manufacturer. 

9. Calculate corresponding strain values from the videos using a digital image correlation (DIC) 

approach. Here, MATLAB is used to achieve this by analyzing the displacement and expansion of 

each pore individually. An array of square shaped sub-images centered on the circle arc are taken 

from the image of the membrane at rest (Figure 5a). Then the new position of each sub-image 

square is determined in a larger square (search window in Figure 5b) specified on the image frames 

of the actuated membrane. (Note: The search window includes only a portion of the circle with the 

associated sector to reduce the probability of pattern recognition error.) 

10. Draw arrows to find the displacement of 20 sub-images squares around a pore (Figure 5c). The 

average relative positions of the arrows’ end with respect to their beginnings determines the 

expansion of each pore (pore) (Figure 5d). In other words, the increase in pore diameter divided 

by the initial diameter gives the circumferential strain around each individual pore.  

11. The interpore strain (interpore) is calculated between all pairs of adjacent circles by dividing the 

relative position of pore centers in actuated and relaxed states (Figure 5d). Pore centers are 

estimated by the average of midpoints of the 20 pore diameters used for analyzing the relocation 

of pores. 

12. Calculate membrane based on the average relative position of furthest pores in the membrane to 

reflect the global strain of the membrane (Figure 5d). 
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Figure 5: Digital image correlation (DIC) analysis to measure strain on pneumatically actuated 

insert membranes. (a) Typical sub-image windows out of 20 analysed windows around the pores 

of the relaxed membrane. (b) The associated search windows to find the most correlated part on 

the actuated membrane. (c) Relocation arrows computed by DIC determined the expansion of the 

pore. (d) Schematic of the central membrane. Black outlines were drawn around the pores under 

investigation, light green circles marked the center of the pores and the midpoints between the 

adjacent pores. Red arrows show the dimensions along which relative displacements were 

measured for calculating strain around pores (pore), between pores (interpore) and the whole 

membrane diameter (membrane).  

 

13. These calculated strain values can be synchronized with the recorded pressure data by 

correlating with the associated time points. The number of the pressure data, recorded with 1kHz 

sampling rate, was reduced to match the video framerates (here, approximately 6 frames per 

second), to correlate with the strain values calculated for each frame. 

14. Strain maps are created with the MATLAB Pcolor function, which is a pseudocolor rendering 

method to display matrix data as an array of colored cells in the x-y plane.  

2b.6. Troubleshooting and additional information:  

1. Ensure tight seals between tubing, connectors, and pressure sensor to avoid air leaks. The 

combination of tubing and connectors sizes specified here yields good results. 

2. Digital Image Correlation and post processing analysis undertaken by MATLAB can also be 

formulated through open-source programming software such as Python. 

2b.7. Expected results: 
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Depressurizing the devices to -0.65 bar causes the FleXert membrane and its pores to expand and 

move radially outwards (Figure 6a). Digital Image Correlation (DIC) is used to quantify the strain 

applied to the membrane. Calculated values for pore and interpore can be used to plot a strain map 

over the whole membrane (Figure 6b). A strain map for interpore alone can also be plotted to 

visualize variations across the membrane (excluding the high strains around the pore 

circumference) (Figure 6c). Using data collected from the pressure sensor, pore, interpore, and 

membrane can be plotted as a function of pressure in the air channel of each of the three FleXerts 

connected in series (Figures 6d, 6e and 6f). The average expansion in pore diameter (pore) at -0.65 

bar is between 19% and 26% for the three different FleXerts. The strains on the membrane 

(membrane) and between pores (interpore) are both between approximately 8% and 11%. These 

experimental values are in good agreement with the FEA created in Method 2a (Figure 3c).  
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Figure 6: Strain developing around the pores and the membrane when FleXerts are actuated. (a) 

Composite image showing an overlay of the relaxed (purple) and actuated (green) FleXert 

membrane at the actuation pressure of -0.65 bar. The row of pores closest to the outer edge of 

membrane have not been included in the data analysis. (b) Strain map at a pressure of -0.65 bar; 

circle colors represent the relative expansion of the pores (pore). Membrane colors represent 

average strain between all adjacent pores (interpore). (c) Limited color strain map to highlight strain 

variations in interpore on the membrane. (d-f) Development of strain as a function of pressure in the 

inserts’ air channels. Average strain determined by measuring expansion of the pores (pore), 

expansion between pores (interpore), and expansion of the whole membrane (membrane), respectively. 

The error bars represent the standard deviation between (d) 10 evenly spaced diameters for each 

pore, (e) 76 midpoints of all adjacent pores, (f) 8 furthest pore pairs. 

 

Method 2c: Explore different pneumatic actuation dynamics 

2c.1. Overview: A facile and low-cost method to actuate FleXerts is to use a syringe pump 

operating an empty syringe. By withdrawing or dispensing air from the empty syringe, pressure in 

the air channel is varied. This leads to actuation of the FleXert membrane (stretch or compression). 

Here, the focus is on examining stretch of the FleXert membrane caused by withdrawal of air from 

the air channel. This method lays out how the capabilities and limitations of pneumatic stretch 

actuation with a low-cost programmable syringe pump (Aladdin AL-1000) can be explored by 

monitoring the pressure in three connected FleXerts. 

2c.2. Materials: 

Disposable syringe, 20 mL (Terumo, GS577) 

Luer lock tubing connector for syringe, 1/16” (Cole Parmer, 45508-00) 
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Pressure sensor (Honeywell, HSC030PDAA5) 

Breadboard (e.g. RS Pro, 102-9147) 

Jumper wires (e.g. Sunhayato Breadboard Jumper Wire Kit, SKS-350) 

2c.3. Equipment: 

Syringe pump (Aladdin AL-1000, World Precision Instruments) 

Microcontroller (here, Arduino Uno) 

Laptop or desktop computer 

2c.4. Software: 

MATLAB (MathWorks) (license needed) 

2c.5. Procedure:  

1. Fabricate three FleXerts and connect them in series as described in Method 1. Attach the tubing 

of one of the Flexerts to the syringe pump and a pressure sensor using a t-connector as described 

in Method 2b (Figure 7a, see also Figure 4b) 

2. To record the pressure, place a pressure sensor in a breadboard and connect its output pin to the 

analogue input port of a microcontroller, such as an Arduino Uno (port A0). Connect the Arduino 

to a computer and use MATLAB to record the voltage signal from the pressure sensor through the 

Arduino (Figure 7a).  

3. Program the syringe pump to withdraws/dispense air into the FleXerts at different rates and 

volumes. See caption of Figures 7b, 7c and 7d for parameters used in this example. Record data 

from the pressure sensor while the syringe pump executes the program. 

4. Convert the voltage signal from the pressure sensor to pressure values using the formula supplied 

by the manufacturer. 

5. Plot pressure as a function of time using MATLAB (or similar software). 
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2c.6. Troubleshooting and additional information: 

A given air volume withdrawn by the syringe pump will result in different pressures depending on 

how many FleXerts are connected in series. Experiment with different numbers of FleXerts and 

air volumes to determine what pressures that are achieved with the displacement of different 

volumes. 

2c.7. Expected results: 

Despite the setup’s simplicity, a wide range of actuation regimes can be realized. Symmetric 

membrane loading is achieved by sequentially pumping a fixed air volume out of and into the 

insert at the same rate. The pressure amplitude (and thus the strain) can easily be tuned by adjusting 

the air volume that is moved through the syringe (Figure 7b). The actuation speed can be controlled 

by adjusting the rate at which air is cycled in the devices (Figure 7c). This speed is limited by the 

properties of the syringe pump’s stepper motor. According to the manufacturer’s instructions, the 

highest possible pump rate for a 20 mL syringe (21 mm inner diameter) is 18.6 mL min-1, the 

slowest is 0.25 L min-1. Asymmetric loading is achieved by pumping a fixed air volume out of 

and into the insert, but at different rates (Figure 7d). Thus, the membrane can be stretched out 

rapidly and relaxed back slowly, and vice versa.  
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Figure 7: Control over FleXert actuation patterns achieved with a syringe pump and a disposable 

syringe (inner diameter 21 mm). (a) Setup to record pressure in three connected FleXerts while a 

syringe pump withdraws/dispenses air. Voltage signals from the pressure sensor are recorded with 

a computer (PC) through a microcontroller (Arduino). (b) The amplitude is varied by withdrawing 

and dispensing different volumes of air. Here, volumes of 3.75 mL, 7.5 mL and 15 mL are cycled 

at a pump rate of 15 mL min-1. (c) The actuation speed is varied by altering the pumping rate of 

the syringe pump. Here, an air volume of 7.5 mL is cycled at 15, 7.5, and 3.75 mL min-1. (d) 

Asymmetric loading is achieved by withdrawing 7.5 mL of air at 15 mL min-1 and dispensing it at 

2 mL min-1. After three cycles and a 30 s interval, the asymmetric loading is reversed (withdraw 

7.5 mL at 2 mL min-1, dispense at 15 mL min-1). 

 

2.2. Summary and context within the research field 

In keeping with the aim of developing a low-cost system, readily available inexpensive equipment, 

such as a programmable syringe pump, is employed to drive pneumatic actuation through a length 

of silicone tubing attached to the FleXert. This results in biaxial stretching of the porous FleXert 

membrane, achieving similar strain magnitudes compared to other actuatable cell culture 

substrates based on silicone elastomer membranes (up to 30%).8, 25, 35 Typically, tensile strains 

between 2 and 15 % are applied to cells and tissues in culture,7, 26, 36, 37 which compares to 

physiological strains developing in many soft tissues.38, 39 

By connecting the silicone tubes of multiple inserts, they can be actuated with a single syringe 

pump. Some variation in strain at a given pressure can be observed between three connected 

FleXerts (Figure 6d-f). This may be a result of differences in the inserts’ geometries introduced 

during the fabrication process. For example, moulds are a combination of laser cut acrylic sheets 
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and 3D-printed components (to create the pores in the membrane), and their fabrication and 

assembly may be a source of variation. This could be reduced by fabricating the moulds entirely 

by 3D printing once the desired dimensions have been determined. Furthermore, measured strain 

variation may also result from inaccuracies in image analysis caused by optical artefacts on the 

membrane (e.g. reflections) or variable contrasts in the video frames. However, the degree of 

variability observed here is comparable to previously reported inter-device variabilities of other 

cell stretch technologies.33  

Method 2b allows the experimenter to correlate a given pressure in the device with strain values 

expected to develop on the FleXert membrane. This enables control of strain delivery and 

monitoring of device performance during operation without the need for image-based analyses, 

because data from the pressure sensor are used as “proxy” for expected strain patterns. Pressure 

sensor read-out can easily be monitored and controlled, as described in Method 2c. However, if 

long-term operation (i.e. thousand actuation cycles) is intended, we recommend to verify strain 

patterns at the end of defined ageing period using the DIC method, because the mechanical 

properties of PDMS may alter during this time. This would mean that pressures generated in the 

devices lead to altered strain patterns. 

Most mechanically active cell culture substrates comprise a solid, silicone-based support 

membrane. In contrast, FleXerts have a porous elastomer membrane to enable transport studies 

and tissue culture at the liquid-air interface, analogous to conventional rigid multi-well plate 

inserts. The presence of pores results in inhomogeneous strains developing on the membrane under 

stretch, with higher strains around pores compared to solid membrane regions (Figure 6b). 

Although many mechanically active culture platforms aim at producing near uniform strain 

fields,40 patterning of soft silicone membranes with holes or rigid inclusions is an established route 
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to generate inhomogeneous strain fields.41, 42 Creating actuatable tissue culture platforms that 

produce inhomogeneous strain fields is important because they are more representative of the 

physiological mechanical landscape, in which strains vary in magnitude and direction.43 Regional 

variation in strain is likely to lead to regional variability in the properties of resulting tissue 

constructs. These can be investigated with tools such as lightsheet microscopy to visualise tissue 

structure over larger areas, or with digital image correlation setups to measure regional differences 

in mechanical properties.  

Different actuation modes, such as amplitude variation and asymmetric loading, can be achieved 

by varying the pumping rate and volume of the syringe pump (Figure 7b-d). Therefore, a variety 

of actuation patterns is achieved with a relatively simple setup. The ability to vary actuation 

regimes is important because cultured cells adapt to constant mechanical stimuli. For example, 

increasing cyclic stretch amplitudes incrementally from 5 to 15% improves ultimate tensile 

strength and collagen density in fibrin-based tissue culture of interstitial cells and dermal 

fibroblasts compared to culture under a constant strain amplitude.36 

Although FleXerts can impart a variety of strain patterns, they are currently limited to slow 

actuation speeds (~ 0.01 Hz) due to the specifications of the syringe pump. These actuation speeds 

may be useful to recreate slow, cyclic movements, such as gut peristalsis.44 Performance can be 

improved by using a higher capacity or higher specification pump. For example, commercially 

available vacuum pressure actuated devices can be used at speeds between 0.1 and 0.5 Hz 7, 8, 45, 

46. For higher speeds, other actuation systems are more appropriate, such as motorized linear 

actuators (frequencies up to 5 Hz)26 or voltage driven dielectric elastomers (several 100 Hz)25. In 

addition, open-source instructions to assemble a low-cost pneumatic actuation system (< $100) 

can be found on https://github.com/Programmable-Air. The mini-vacuum pumps used in this 

https://github.com/Programmable-Air
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system can move 2 litres of air per minute, which can result in FleXerts actuation speeds of up to 

~1 Hz. 

Method 3: Cell culture and tissue engineering on porous PDMS membranes 

3.1. Overview: The porous FleXert membranes are fabricated from PDMS, which is widely 

known for its biocompatibility. However, to facilitate cell attachment further modification may be 

required. Furthermore, using stereolithography printed pillars to pattern FleXert membrane pores 

results in relatively large pore sizes (here ~ 300 m) due to limits in 3D printer resolution. 

Mammalian cells are approximately 10 m in size, thus, the porous membrane needs to be 

modified to enable a cell monolayer to grow over the large pores. In this section, procedures to 

solve these challenges are described, and engineering of a 3D skin model is presented as an 

application example. The section is divided into three parts: fibronectin coating of FleXerts 

(Method 3a), collagen gel coating of FleXerts (Method 3b), and 3D skin model engineering 

(Method 3c). 

 

Method 3a: Fibronectin coating of FleXerts 

3a.1. Overview: Unmodified PDMS is a hydrophobic material, which is not conducive to cell 

attachment. Here, fibronectin coating of FleXert’s porous PDMS membrane is described. 

Fibronectin coating is a well-documented surface functionalization strategy to facilitate cell 

adhesion.47 

3a.2. Materials: 

PDMS (Sylgard 184, Dow Corning) 

Molds from Method 1 

Polystyrene petri dish (e.g. Simga Aldrich, P5731) 
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Adult human fibroblasts (Gibco, C0135C, LOT # 1903939) 

Cell culture medium (D10): Dulbecco’s Modified Eagles Medium, high glucose (Sigma Aldrich, 

D6490), supplemented with 10 % (v/v) fetal bovine serum (FBS, Sigma Aldrich, F4135) and 1 % 

(v/v) penicillin streptomycin solution (Sigma Aldrich, P4333). 

Dulbecco’s phosphate buffered saline (PBS) (Sigma Aldrich, D6490) 

Polystyrene culture flasks, 175 cm2 (e.g. Corning, CLS431306) 

0.25 % trypsin-EDTA (Sigma Aldrich, T4049) 

Hemacytometer (Sigma Aldrich, Z359629) 

50 mM carbonate buffer (pH 9.4) 

Syringe filters, 0.2 m (Minisart, Sartorius, 10730792) 

Diposable syringes (Terumo, GS577) 

Human plasma fibronectin (Sigma Aldrich, F0895) 

Metal tweezers, autoclaved 

24 well plates (e.g. Corning, CLS3526) 

50 mL centrifuge tubes (e.g. Corning, CLS430828) 

4 % paraformaldehyde solution (Thermo Fisher, 15670799) 

Focal adhesion staining kit (Merck, FAK100) 

Fluorescein labelled goat-anti-mouse secondary antibody (Sigma Aldrich, F2012) 

Triton X-100 (Sigma Aldrich, T8787) 

Bovine serum albumin (Sigma Aldrich, A2153) 

DPX mounting medium (Sigma Aldrich, 06522) 

No. 0 cover glass, 22 x 22 mm (Agar Scientific, AGL46S22-0) 

3a.3. Equipment: 
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Oven (e.g. Binder) 

Cell culture incubator, 5% CO2 humidified atmosphere 

UV Ozone cleaner (e.g. Jelight) 

Biosafety cabinet 

Inverted epifluorescence microscope (e.g. Leica DMI6000) with camera (e.g. Photometrics Prime 

95B sCMOS camera) 

3a.4. Procedure: 

1. Use 175 cm2 polystyrene culture flasks to culture adult human dermal fibroblasts (HDF) at 37 °C 

in 5 % CO2 humidified atmosphere in high glucose Dulbecco’s Modified Eagles Medium (DMEM) 

supplemented with 10 % (v/v) fetal bovine serum and 1 % (v/v) penicillin streptomycin solution. 

This medium will be referred to as D10. Change medium every 2 to 3 days until cells reach 

confluency. 

2. Use the molds and procedure described in Method 1 to fabricate porous PDMS membranes. 

(Note: There is no need to fill the mold cavities with PDMS, it suffices to cover the pillar array 

with PDMS as shown in Figure 2a, assemble the mold, and cure overnight) 

3. Peel PDMS membranes off the pillar array and place them in a petri dish. Sterilize in a UV 

ozone plasma for 40 min. 

4. Move sterilized PDMS membrane to a biosafety cabinet and use sterile tweezers to place them 

in wells of a 24 well plate. 

5. Prepare a sterile 5 g mL-1 human fibronectin solution in sterile filtered carbonate buffer (pH 

9.4). Add 0.5 mL of the fibronectin solution or just carbonate buffer (as a control) to each PDMS 

membrane. 

10. Place them in a cell culture incubator overnight (~ 16 h).  
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11. Remove the fibronectin solutions and return to the incubator to dry for ~ 1h prior to cell 

seeding. 

12. Detach confluent HDF form the culture flask by incubating them with 5 mL 0.25 % trypsin-

EDTA at 37° C for 5 min. 

13. Deactivate trypsin by adding 10 mL D10 medium and place the suspended cells in a 50 mL 

centrifuge tube. 

14. Sediment the cells by centrifuging for 5 min at 400 x g 

15. Discard supernatant and resuspend the cell pellet in 4 mL D10 medium. Count cells using a 

hemocytometer. 

16. Seed 3 x 105 HDF in 0.5 mL of D10 onto each PDMS membrane in the 24 well plate and 

incubate for 24 h. 

17. Remove medium supernatants and fix the cells on PDMS using 0.5 mL of a 4 % 

paraformaldehyde solution for 20 min at room temperature. 

18. Remove the solution and wash the cell layers on PDMS discs 3 times with 0.5 mL PBS. 

19. Move the PDMS to the wells of a fresh 24 well plate to carry out focal adhesion staining as 

instructed by the manufacturer (refer to manual of Merck FAK100 for details). Here, the primary 

antibody was used at 1 in 250 and incubated for 1 h at room temperature. The secondary antibody 

was used at 1:25 and added concurrently with the phalloidin stain at 1:500. Incubation was for 1 h 

at room temperature. DAPI stain was used at 1:800. 

20. After staining, a drop of DPX mounting medium was added to a size 0 cover glass and placed 

on top of the cell layer on the PDMS. Visualize the cell layer in an inverted epifluorescence 

microscope with the cover slip facing down (towards the objective). 

3a.5. Troubleshooting and additional info: 
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Always image through the cover glass, otherwise the focal adhesion staining may not be clearly 

visible (or just visible as a haze). Thus, if an upright microscope setup is used, make sure to orient 

the sample so it is imaged through the cover glass rather than through the PDMS.  

3a.6. Expected results: 

Fibronectin coating is essential for cell adhesion to the PDMS substrate (Figure 8a and 8b). 

Antibody staining for vinculin reveals clusters of this protein in the cells, indicating the presence 

of focal adhesions in HDF growing on the fibronectin coated PDMS membrane (Figure 8c).  

 

Figure 8: Human dermal fibroblast (HDF) after 24 h incubation on (a) uncoated PDMS and (b) 

PDMS coated with human fibronectin. (c) Focal adhesion staining of HDF growing on fibronectin-

coated PDMS. Blue: cell nuclei. Red: F-actin. Green: vinculin 

 

Method 3b: collagen gel coating of FleXerts 

3b.1. Overview: A layer of collagen gel is used to fill the relatively large pores of the FleXert 

membrane and enable a confluent cell monolayer to grow. Prior to collagen addition, the FleXert 

membranes are treated with polydopamine (PD). The catechol groups in polydopamine 

spontaneously oxidize to quinones in air. When the collagen is added, the quinones react with the 
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amines and thiols present in the gel. Therefore, PD coating enables covalent bonding of collagen 

to the FleXert membranes. 

3b.2. Materials: 

Dopamine hydrochloride (Sigma, H8502) 

10 mM Tris buffer (pH 8.5) 

Bovine skin collagen, 0.3% (Sigma Aldrich, C4243) 

1M NaOH 

PBS (Sigma Aldrich, D6490) 

Metal tweezers (autoclaved) 

Crushed ice 

pH indicator strips (e.g. Whatman, WHA10360005) 

3b.3. Equipment: 

Cell culture incubator, 5% CO2 humidified atmosphere 

UV Ozone cleaner (e.g. Jelight) 

Biosafety cabinet 

Inverted epifluorescence microscope (e.g. Leica DMI6000) with camera (e.g. Photometrics Prime 

95B sCMOS camera) 

3b.4. Procedure: 

1. Prepare and sterilize porous PDMS discs as described in Method 3a (procedure steps 2-4). Move 

to a biosafety cabinet and use sterile tweezers to place the PDMS samples into wells of a 24 well 

plate. 

2. Add 0.5 mL of a sterile 0.01 % (w/v) solution of dopamine hydrochloride in 10 mM Tris buffer 

(pH 8.5). Incubate at room temperature overnight (~ 16 h). 
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3. Remove the supernatant and wash once with phosphate buffered saline. 

4. Prepare a 0.2 % neutralized bovine skin collagen solution: for 1 mL, mix 0.66 mL of the 0.3% 

collagen stock solution with 0.33 mL of PBS. Add 12 L of 1 M NaOH. Vortex and keep on ice 

for 5 min. Verify that the pH of the solution is in the neutral range (pH ~ 7) by placing a drop of 

the solution on a pH indicator strip. (Note: a PBS solution containing a pH indicator, such as phenol 

red, can also be used to verify that the pH is in the neutral range). 

5. Add 70 L/cm2 of the neutralized collagen solution to the polydopamine coated PDMS. Let the 

collagen gel set in the incubator at 37 °C for 1.5 h. 

6. Process and count cells as described in Method 3a (procedure steps 12 to 15) Seed 3 x 105 HDF 

per PDMS sample in 0.5 mL D10 onto each sample. Culture for 24 h. 

7. Remove D10 medium and add 0.5 ml of 4% paraformaldehyde for 20 min at room temperature. 

8. Carry out phalloidin and DAPI staining as described in Method 3a (procedure steps 18-20).  

3b.5. Troubleshooting and additional info: 

1. Add collagen as soon as possible after PD removal and PBS wash. The collagen coats the surface 

more uniformly when it is still slightly wet from the PBS wash. 

2. PD functionalization is essential prior to collagen coating, otherwise the cell traction forces will 

delaminate collagen from the PDMS surface. 

3b.6. Expected results: 

HDF growing on porous FleXert membranes coated with fibronectin are unable to span the 

relatively large pores and no confluent cell layer could be established (Figure 9a). Coating the 

membrane with a combination of PD and collagen provides a support for the cells to form a 

confluent layer (Figure 9b). Prior to collagen coating, the porous PDMS membranes are treated 

with PD to ensure covalent bonding of the collagen gel to the PDMS surface. Without 
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polydopamine coating, collagen gels delaminate from PDMS surfaces in the presence of HDF 

(Figure S1). 

 

Figure 9: Functionalizing the porous FleXert membrane to enable cell monolayer growth. (a) HDF 

seeded on fibronectin coated FleXert membrane (105 cells per membrane). The membrane’s pores 

are too large for the cell layer to span them. (b) Membrane coated with polydopamine and 0.2% 

collagen. Cells can grow over the membrane pores because the hydrogel acts as a support. Blue: 

cell nuclei. Red: F-actin. 

 

Method 3c: 3D skin model engineering on porous FleXert membranes 

3c.1. Overview: Having established a protocol to grow cell monolayers on porous FleXert 

membrane (Method 3b), the suitability of the system for 3D tissue engineering was explored. 

Human skin tissue engineering was chosen as a proof-of-principle model because skin experiences 

many dynamic mechanical stimuli in vivo and therefore could benefit from being cultured under 

mechanical strain using FleXerts. A detailed methods paper on the fabrication of the skin model 

used has been published elsewhere.48 Please refer to this paper to for a comprehensive materials 

list and procedure. Here, we outline the principle of the method and how to adapt it for use with 
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porous FleXert substrates. In this example, dermal fibroblasts and keratinocytes were isolated from 

donated skin samples from plastic surgery procedures after obtaining informed consent from 

patients (study approved by the Institutional Commission of Ethics of the University of 

Heidelberg, 103/2001). 

3c.2. Materials: 

ThinCert plate inserts, PET membrane, 0.4 m pore (Greiner Bio One, 665640)  

Deep well 12 well plates (Greiner Bio One, 665110) 

DMEM F12 medium (Fisher Scientific, 11594426) 

Transforming growth factor b-1 (TGFb-1; Invitrogen Gibco, PHG9214) 

Epidermal growth factor (EGF; Invitrogen Gibco, PHG0315) 

Basic fibroblast growth factor (bFGF; Invitrogen Gibco, PHG0026) 

Human recombinant insulin (Sigma Aldrich, 91077C) 

2-phospho-L-ascorbic acid trisodium salt (Sigma Aldrich, 49752)  

Hydrocortisone (Sigma Aldrich, H0888) 

Cholera toxin (Sigma Aldrich, C8052)  

Cryomolds (e.g. 15 x 15 x 5 mm, Agar Scientific AGG4582) 

Tissue Tek O.C.T. (Sakura Finetek Europe B.V.) 

Liquid nitrogen 

Benchtop liquid nitrogen container (e.g. ThermoFisher Scientific, 2123) 

Safety goggles 

Metal tweezers, 20 cm long (e.g. ThermoFisher Scientific, 12750916) 

Foam float (e.g. Floating Foam Tube Rack, ThermoFisher Scientific 11714736) 

Superfrost Plus slides (ThermoFisher Scientific, 10149870) 
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Mayer’s Haematoxilin (e.g. Sigma Aldrich, 51275) 

0.5% eosin (e.g. Merck Millipore, 109844) 

Primary antibody against Keratin 10 from guinea pig (e.g. Progen, GP-K10) 

Secondary antibody donkey-anti-guinea pig Cy3 (e.g. Merck Millipore, AP193C) 

Primary antibody against vimentin, mouse monoclonal (e.g. Progen, 61013) 

Secondary antibody donkey-anti-mouse Alexa 488 (e.g. ThermoFisher Scientific A21202) 

3c.3. Procedure: 

1. Autoclave porous FleXert membranes and coat with polydopamine and collagen as described 

in Method 3b. 

2. Place the collagen coated FleXert membranes in 0.4 m pore Thincert plate inserts within a 

deep well 12 well plate. 

3. Prepare dermal culture medium according to previously published protocols,48 which consists 

of a 1:1 mixture of D10 medium with DMEM F12,  supplemented with the following recombinant 

human proteins: 1 ng/mL transforming growth factor b-1, 2.5 ng/mL epidermal growth factor, 5 

ng/mL basic fibroblast growth factor, and 5 g/mL insulin. 

4. Add 200 g/mL 2-phosphol-ascorbic acid freshly to the medium before use (e.g. during initial 

cell setup and then with every medium change) 

5. Place 5 mL of the dermal culture medium into the deep well of the 12 well plate. Then seed 5 x 

105 primary human dermal fibroblasts (here, passage 9) in 1 mL dermal culture medium onto the 

porous, collagen coated FleXert membrane on days 1, 3 and 5 (total cell number 1.5 x 106).  

6. Culture the three layers of fibroblast for four weeks. Change medium on Monday, Wednesday 

and Friday throughout the four-week culture period. 
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7. 48 h before seeding the keratinocytes, place the dermal construct in co-culture media (see 

previously published protocols48). It consists of D10 media supplemented with DMEM F12 

medium, 0.4 g/mL hydrocortisone, 0.1 nM cholera toxin and 200g/mL 2-phospho-l-ascorbic 

acid-trisodium salt (add ascorbic acid to the medium just before use) 

8. Remove all medium from the plate. Place 5 mL of co-culture medium in the deep well of the 12 

well plate and seed 2.5 x 105 primary human epidermal keratinocytes (here, passage 3) in 1 mL of 

co-culture medium on top of the dermal equivalents. Keep submerged in co-culture media for 24 

h. 

9. Remove the 1 mL co-culture medium from the dermal constructs and keratinocytes, leaving 5 

mL of medium in the deep well of the plate underneath. Culture at the air-medium interface for 

four weeks. Change the co-culture medium in the deep well every Monday, Wednesday, and 

Friday. Keep the top of the cultures dry (i.e. do not add medium to them). 

10. To harvest the skin models, cut the insert out with a scalpel. Cut the construct in half, place 

them in cryo-molds and cover with Tissue Tek O.C.T. Place a foam float atop ~ 0.5 l of liquid 

nitrogen inside a benchtop liquid nitrogen container. Place the cryo-mold on the float to freeze the 

samples in the liquid nitrogen vapor phase for 5 min. (Note: half of the constructs can also be fixed 

in 4% paraformaldehyde and embedded in paraffin wax if cryo-sectioning is not desired or not 

possible). 

11. Using a cryostat microtome, cut 20 m thick sections and place them on Superfrost Plus slides. 

12. Stain sections as desired. Here, one set was stained with Mayer’s Haematoxilin and 0.5% eosin. 

Another set was immuno-stained with a primary antibody against keratin 10 and a vimentin (both 

1:200 in 3 % BSA solution). The secondary antibodies were donkey-anti-guinea pig Cy3 and 
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donkey-anti-mouse Alexa 488 (both 1:300 in 3% BSA). Please refer to the manufacturer’s 

instructions of the purchased dyes and antibodies for further details. 

 

3c.4. Expected results:  

Histological sections of the resulting skin equivalents reveal that the dermal fibroblasts grow 

through the pores of the PDMS and encapsulate it (Figure 10a). A close-up of the epidermis shows 

stratification, which is indicative of its maturation (Figure 10b). Antibody staining of the sections 

reveals that the fibroblasts in the dermal compartment express vimentin. Keratin 10 is detected in 

suprabasal keratinocytes in the epidermal compartment of the skin equivalent (Figure 10c). 

 

Figure 10: Skin tissue engineering on porous, collagen coated FleXert membranes. (a) 

Haematoxylin and eosin-stained sections. The dermal part of the engineered skin has grown 

through the pores and encapsulates the PDMS. The epidermis appears dark pink. (b) Close-up of 

the haematoxylin and eosin-stained epidermis showing its stratification. (c) Antibody staining for 

dermal and epidermal protein markers. Red: keratin 10. Green: vimentin. Blue: cell nuclei 

 

3.2. Summary and context within the research field: 

The cell culture studies presented here confirm that HDF can grow on FleXert’s PDMS membrane 

after fibronectin coating, which is a well-documented surface functionalization strategy to 

facilitate cell adhesion.47 Other PDMS functionalization chemistries for cell stretch applications 
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have been reported, which can also be implemented with the FleXert system presented here. These 

include silanization of PDMS with 3-aminopropyltriethoxysilane (APTES) followed by covalent 

crosslinking of extracellular matrix proteins, such as collagen, using glutaraldehyde.49 Layer-by-

layer assembly of polyelectrolytes on PDMS is an alternative functionalization strategy, which has 

shown to promote cell adhesion and which is compatible with FleXert fabrication.50 The presence 

of focal adhesions in HDF growing on the fibronectin-coated PDMS substrates is verified using 

antibody staining for vinculin (Figure 8). Focal adhesions are large protein clusters on the cell 

membrane through which cells sense mechanical cues from their surroundings, and vinculin is one 

of the proteins present in focal adhesions.51 Therefore, it can reasonably be assumed that HDF 

growing on the FleXert membrane are able to sense strains that develop during actuation. Other 

actuatable “organ-on-chip” platforms made of PDMS also incorporate microporous membranes, 

albeit with smaller pore diameters (~10 m).30, 35 Fabrication of microporous PDMS membranes 

is advantageous to enable cells to span the membrane’s pores and form a confluent monolayer. 

However, fabrication and handling of these membranes is challenging and requires specialized 

equipment (e.g. photolithography). Here, to keep fabrication methods as simple and widely 

available as possible, 3D printed mold components are fabricated using a standard 

stereolithography printer (see Method 1). Due to limitations in printer resolution, the smallest pore 

diameters achieved here are around ~ 350 m. This is much larger than the average cell size (~ 10 

m). To avoid cell falling through the pores, FleXert membranes can be coated with a combination 

of polydopamine and a collagen gel. The polydopamine coating serves to covalently bond the 

collagen gel to the PDMS substrate via Michael’s addition,52 and the collagen layer acts as a 

support for the cells without blocking compound transport across the membrane due to the 

hydrogel’s permeability. Using this approach, a cell layer can be established (Figure 9), as well as 



 

 46 

a 3D skin model (Figure 10). Interestingly, fibroblasts grow through the pores and colonize the 

underside of the FleXert membrane after 5 days in culture (see Supplementary Information, Figure 

S2). In the skin tissue engineering experiment shown here, this leads to the dermal part of the skin 

model encasing the FleXert membrane. This can be a desirable feature because it tightly anchors 

the tissue to the actuator, guaranteeing efficient force transduction upon actuation. FEA analysis 

conducted in Method 2a shows that strain patterns on the underside of the porous FleXert 

membrane are the same as on the top, indicating that cells/tissues experience the same strains on 

either side of the membrane. Antibody staining confirms the presence of keratin 10 in epidermal 

layers and vimentin in the dermal part of the model, features that have been previously reported as 

indicative of the successful establishment of a human skin model.48, 53 This model is established 

over an eight-week maturation period, indicating long lasting biocompatibility of PDMS. Here, 

skin tissue engineering is chosen as a proof-of-principle model to verify the suitability of our 

substrate for 3D tissue engineering. However, it is also a highly relevant model to establish on an 

actuatable substrate because skin experiences many dynamic mechanical stimuli in vivo. Indeed, 

exposing engineered skin to cyclic stretch alters its structural properties (e.g. increased epidermal 

thickness)24, 37, and experiments with ex vivo pig skin indicate that nanoparticles penetrate deeper 

into the dermis when the skin is flexed compared to when it is static.54 Going forward, FleXerts 

can be used to recreate the skin’s dynamic mechanical environment, potentially increasing the 

predictive power of in vitro studies (e.g. compound penetration) and improving the structural 

properties of engineered skin. It is highly likely that other tissue models can be established on the 

FleXerts. Those that are established by suspending cells within hydrogel matrices55-57 and 

casting/3D printing them into polydopamine coated FleXerts should work best, because the 

hydrogel matrix prevents cells from falling through the relatively large membrane pores and 
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polydopamine crosslinks hydrogel matrices containing amino or thiol groups to the PDMS 

membrane. Tissue models that rely on establishing cell monolayers directly on the FleXert 

membrane may be less suitable due to the large pore size and the observation that cells will migrate 

through the pores. There may be opportunities to limit cell penetration, for example by chemically 

crosslinking the collagen gel and inhibiting cell metalloproteinase activity to reduce collagen 

breakdown and cell migration.58 

Cells growing on collagen coated FleXert membranes are presented with a substrate that displays 

two different stiffnesses: the relatively stiff areas of the PDMS (~1 MPa) coated with collagen and 

the softer regions over the collagen-filled pores (~0.5 kPa). Furthermore, FEA shows that actuating 

the collagen coated porous membrane leads to different strain patterns in the collagen filled pores 

compared to the collagen coated PDMS membrane (see Supplementary Information, Figure S3). 

Cells growing over collagen filled pores experience uniform strain that is slightly higher compared 

to cells growing over the collagen coated PDMS regions around the membrane where there is a 

strain gradient. This may be a source of variability in cell behaviors in those regions and needs to 

be carefully evaluated when conducting cell biological studies. However, this may also represent 

an opportunity to rationally design different patterns of substrate stiffness and study the effects of 

actuation in more complex, physiologically representative environments. 

 

Method 4: Measuring strain transfer from actuated FleXert membrane to cells 

4.1. Overview: Observing displacement of fluorescently stained cell nuclei during FleXert 

actuation using microscopy and subsequent image analysis allows verification of strain transfer 

from membrane to cells. In this example, image analysis of cell displacement is carried out in two 

regions of interest: near pores and on membrane sections between pores. This is done because the 
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FleXerts used in this example displayed an inhomogeneous strain pattern, with higher stain 

developing around pores. Furthermore, CellTracker Red can be used to stain intracellular vesicles, 

and measuring their displacement allows estimating the extent of strain transfer into individual 

cells. 

4.2. Materials: 

FleXerts (see Method 1) 

Human plasma fibronectin (Sigma Aldrich, F0895) 

50 mM Carbonate buffer (pH 9.4) 

D10 medium (see Method 3 for composition) 

Human dermal fibroblasts (Gibco, C0135C, LOT # 1903939) 

PBS (Sigma Aldrich, D6490) 

0.25 % Trypsin EDTA (Sigma Aldrich, T4049) 

CellTracker Red CMTPX (Invitrogen, C34552) 

Hoechst 33342 Ready Flow stain (Invitrogen, H3570) 

Modified 6 well plate (see Method 1) 

Phalloidin and DAPI stains (from Merck FAK100 staining kit) 

4.3. Equipment: 

UV Ozone cleaner (e.g. Jelight) 

Syringe pump (Aladdin AL-1000, World Precision Instruments) 

Disposable syringe, 20 mL (Terumo, GS577) 

Pressure sensor (Honeywell, HSC030PDAA5) 

Breadboard (e.g. RS Pro, 102-9147) 

Jumper wires (e.g. Sunhayato Breadboard Jumper Wire Kit, SKS-350) 

Microcontroller (e.g. Arduino Uno) 
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Laptop computer 

Inverted epifluorescence microscope (e.g. Leica DMI6000) with camera (e.g. Photometrics Prime 

95B sCMOS camera) and long working distance (WD) objectives (5x HCX PL Fluotar 13.5 mm 

WD; 20x HCX PL Fluotar 6.9 mm WD); if possible, keep it in a temperature controlled atmosphere 

at 37° C 

4.4. Software: 

MATLAB (MathWorks) 

Image J (U. S. National Institutes of Health, Bethesda, Maryland, USA) (free of charge) 

4.5. Procedure: 

1. Sterilize the modified plate lid (see method 1) by irradiating it with UV light for 30 min. Here, 

we used the inbuilt UV lamps of a biosafety cabinet. 

2. Fabricate FleXerts as described in Method 1 (or adapt dimensions to suit your own 

specifications). Place them in a petri dish and sterilize them in an UV ozone plasma for 40 min. 

Transfer them to a biosafety cabinet. Place them in wells of a 6 well plate. 

3. Add 0.5 mL of a sterile 5 g mL-1 human fibronectin solution in carbonate buffer on the FleXert 

membrane. Close the plate with the modified plate lid to accommodate the FleXert tubing. Place 

in a cell culture incubator overnight (~ 16 h). 

4. Remove fibronectin solution and return to the incubator to dry for ~ 1h prior to cell seeding. 

5. Process and count cells as described in Method 3a (procedure steps 12 to 15). Seed 3 x 104 HDF 

in 0.5 mL of D10 medium onto the FleXert membrane and incubate for 24h. 

6. Remove D10 medium and replace with 0.5 mL of D10 medium containing CellTracker Red 

CMTPX (1 mL of dye stock per mL D10; final concentration of the dye in medium 1 mM). 

Incubate for 30 minutes at 37° C. 
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7. Add a drop of Hoechst 33342 Ready Flow stain to the culture media 15 min into the Cell Tracker 

staining and co-incubate for the final 15 min. 

8. Remove staining solution and replace with 0.5 mL PBS for imaging. 

9. Move the 6 well plate with the FleXerts to an epifluorescence microscope kept at 37 °C (Note: 

if this is not possible, conduct experiments at room temperature). 

10. Connect the FleXert tubing with a t-connector to a disposable plastic syringe mounted on a 

syringe pump, as well as to a pressure sensor placed within a breadboard (see Figure 7a). 

11. Connect the pressure sensor output to the analogue input of a microcontroller (here, Arduino 

Uno). Control the recording of the pressure sensor’s input signal through the microcontroller using 

software such as MATLAB (see Method 2c). 

12. Take an image of the cells on the FleXert membrane at rest using a low magnification (5x 

objective) to capture a large field of view. Use a blue fluorescent filter (excitation filter: 360/40 

nm, emission filter: BP 470/40 nm) to image the Hoechst stained cell nuclei and a red filter 

(excitation filter: 545/26 nm, emission filter: BP 605/70 nm) to image the CellTracker dye inside 

the cell body. 

13. Set the syringe pump to withdraw a specified volume at 15 mL min-1. The volume of air to be 

withdrawn depends on the desired pressure in the FleXert, which needs to be determined 

experimentally (see Method 2c). In this example, a single FleXert connected to the syringe pump 

reaches a pressure of -0.65 bar when 13 mL of air is withdrawn. Therefore, the syringe pump was 

set to withdraw 13 mL at 15 mL min-1. Use the pressure sensor to verify that the desired pressure 

is indeed reached throughout the experiment. 

14. When the syringe pump has stopped, take another image with a blue and red filter. (Note: as 

the FleXert membrane stretches out during actuation, it also moves somewhat in the z direction. 
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In this example, we found that it moves upwards by up to 150 m. Therefore, you need to adjust 

the focus after actuation.) 

15. Repeat taking images before and after actuation on different areas of the FleXert and using the 

20x objective. Due to the geometry of the FleXert designed in this example, long working distance 

objectives need be used to enable imaging of the cells on the FleXert membrane. Record the 

pressure each time to confirm the desired pressure is reached by withdrawing a specified air 

volume. 

16. Use ImageJ to create an image stack of the nuclei at rest (first image) and nuclei on the actuated 

membrane (second image) (Figure 11b). Use Image J “Manual Tracking” tool to determine the x 

and y coordinates of the cell nuclei in images capture with the 5x objective before and after 

actuation. In this example, those coordinates were determined within two regions of interest. The 

“pore” region was defined as the region within ~120 m of a pore (marked by drawing a circle 

around the pore). This distance has been determined as a region of high circumferential strain in 

finite element analysis simulations (Figure 3d). The “membrane” region is any area outside the 

“pore” region. 

17. Determine the Euclidean distances (dE) between pairs of nuclei with the coordinates x1,y1 and 

x2,y2 before actuation:  

dE(before) = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2   (equation 1) 

Then, determine dE(after) for the same nuclei pairs using the x,y coordinates obtained from images 

of actuated FleXert membranes. 

18. Calculate strain  as the ratio of change in Euclidean distance: 

 = dE/dE       (equation 2) 

where    dE = dE(after) – dE(before))     (equation 3) 
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and dE is the original distance between the nuclei pairs (i.e. distance before actuation).  

19. To investigate strain transfer to features inside the cell, determine the x and y position of 

CellTracker Red CMTPX labelled intracellular vesicles from the images captured at 20x 

magnification. For this, use the ImageJ Manual Tracking tool as described in step 16 and determine 

Euclidean distances and strain as described in steps 17 and 18.  

 

4.6. Troubleshooting and further information: 

Due to the height of the FleXerts, long working distance objectives are required to focus on the 

cells growing on the membrane. To shorten the distance between the membrane and the objective, 

the FleXert can be taken out of the 6 well plate and placed directly on the microscope stage. Please 

note that this compromises sterility, so the samples need to be discarded after the experiment. 

Furthermore, decontaminate the microscope stage by wiping it with 70% ethanol. 

 

4.7. Expected results: 

To verify if the strain is transferred successfully from the insert membrane to the cells, the 

displacement of stained cell nuclei is measured in two regions of interest: within 120 m around a 

pore and in the middle of the membrane between pores (Figure 11a). The region of interest around 

the pores is determined from FEA, which shows that the strain is highest within 120 m around a 

pore (see Figure 3d). Cells experience a median strain of 32 % in the vicinity of pores and 13% on 

the membrane (Figure 11c). This pattern is in good agreement with measurements on cell-free 

inserts (see Figure 6b), indicating that strains are successfully transferred to the cell layer. Strain 

transfer to intracellular features in individual cells is estimated by tracking the displacement of 

CellTracker red stained vesicles inside the cells (Figure 11d). Strain on intracellular features is 
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lower than on the cell layer (Figure 11e) and features inside cells growing in the vicinity of pores 

experience large variations in intracellular strain (median of 13%). For cells growing on the 

membrane, strain values are approximately 10% and less variable. 

 

 

Figure 11: Strain transfer to human dermal fibroblasts (HDF) growing on fibronectin-coated 

device membrane. (a) Fluorescence microscopy of cell nuclei stained with Hoechst stain. Two 

regions of interests are marked: the area around the pores (shaded in grey) and the area in the 

middle of the membrane between two pores. (b) Close-up of cell nuclei on the membrane before 

(0 bar) and after actuation (-0.65 bar). Asterisks mark the positions of a representative pair of 

nuclei. (c) Strain measured from the displacement of pairs of nuclei present around pores (256 

measurements) and in the middle of the membrane (268 measurements). (d) Close-up of a single 

HDF growing in the middle of the membrane recorded before (0 bar) and after actuation (-0.65 

bar). The cell body was stained red with CellTracker dye and the nuclei were stained blue with 

Hoechst dye. Asterisks demarcate dyed intracellular vacuoles. (e) Strain measured from the change 

in distance between prominent intracellular features of cells growing near pores (96 
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measurements) and in the middle of the membrane (108 measurements). Boxplots: Individual data 

points plotted as grey dots, the blue box spans the data’s interquartile range, the red line marks the 

median, the whiskers extend to the maximum and minimum values (defined as 1.5 times the 

interquartile range) and outliers beyond the extreme values are marked with red crosses. 

 

4.8. Context within the research field 

From the displacement of the fluorescently labelled nuclei, it can be confirmed that the strain is 

successfully transferred from the membrane to the cell layer, and no evidence of detachment is 

observed. The strain pattern predicted by finite element analysis and observed in cell free inserts 

is also corroborated, i.e. cells growing near pores experience larger strains than cells growing on 

the membrane between pores (Figure 11). Tracking intracellular features - as opposed to the 

position of cell nuclei on the membrane - gives an estimate of the strain transferred into the cell 

body. Tracking CellTracker Red stained intracellular vesicles reveals that the strain magnitudes 

calculated from the displacement of these features is lower and more variable than the strains 

calculated from the displacement of whole cells (as represented by their nuclei). This phenomenon 

has previously been reported in bone-marrow derived cells growing on vacuum actuated silicone 

membranes, and has been attributed to variation in cytoskeletal organization and number of cell 

adhesion sites, which influence the magnitude and direction of intracellular vesicle displacement.40 

Poulin et al have also shown that displacement of mitochondria in cells growing on actuated 

dielectric elastomer membranes varies greatly in magnitude and direction.27 

 

Method 5: Measuring the transport of fluorescent probes across FleXerts 



 

 55 

5.1. Overview: Measuring the transport of fluorescent probes, such as fluorescently labelled 

dextrans, through cells and tissues is a common method to assess the integrity of biological 

barriers.59 Porous multi-well plate inserts are often used to carry out these experiments, and below 

we show that FleXerts can be used in the same way.  

The epidermal barrier should be impermeable to molecules larger than 500 Da.60 Here, transport 

of a 20kDa Antonia red- labelled dextran (ARdex) is measured to verify integrity of a skin model 

established on the FleXerts. As laid out in Method 3c, engineered skin models are cultured at the 

liquid-air interface to allow stratification of the epidermis. To maintain the epidermis at the air 

interface during the transport experiment and avoid submerging it in an aqueous solution of the 

fluorescent probe, the ARdex probe is suspended in an agarose gel, which is cast into a cylinder 

of smaller diameter than the skin model. This small agarose cylinder is placed on top of the 

epidermis, which enables the ARdex to diffuse out of the agarose gel and onto the skin model 

while maintaining the epidermis in contact with air (Figure 12a and 12b). The humid atmosphere 

in the cell culture incubator and within the tissue culture plate prevents the agarose cylinder from 

drying out during the experiment. 

5a.2. Materials: 

FleXerts (see Method 1) 

Skin model (see Method 3c; or use your own engineered tissue protocol) 

6 well culture plate (Corning, CLS3506) 

1.5 mL tubes (e.g. Eppendorf 1.5 mL microcentrifuge tubes, EP0030123611) 

Low melting point agarose (Sigma Aldrich, A9414) 

PBS (Sigma Aldrich, D6490) 

Autoclavable glass bottle (e.g. Schott, Duran, 50 mL) 
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Antonia-Red dextran, 20 kDa (Supelco, 18650) 

Disposable syringe, 5 mL (Terumo, GS575) 

Syringe filters, 0.2 m (Minisart, Sartorius, 10730792) 

Polystyrene petri dish (e.g. Simga Aldrich, P5731) 

Sterile tweezers 

Cell culture medium D10 (see Materials list 3a.2) 

Black 96 well plates, flat bottom (Fisher Scientific, SS247) 

5a.3. Equipment: 

Stereolithography printer (e.g., Form 2, FormLabs, using Clear Resin V2 as printer material) 

UV Ozone cleaner (e.g. Jelight) 

Biosafety cabinet 

Cell culture incubator, 5% CO2 humidified atmosphere 

Autoclave (e.g. Prestige Medical, 210048) 

Microwave (any brand) 

Vortex mixer (any brand) 

Plate reader capable of measuring fluorescence intensity (e.g. BioTek Synergy Neo 2) 

5a.4. Software: 

Excel (or similar plotting software) 

5a.5. Procedure: 

1. Fabricate FleXerts as described in Method 1 (or adapt dimensions to suit your own 

specifications). Place them in a petri dish and sterilize them in an UV ozone plasma for 40 min. 

Transfer them to a biosafety cabinet. Place them in wells of a 6 well plate. 
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2. Coat the FleXerts with polydopamine and collagen and setup a skin model as described in 

Method 3c (or a tissue model to your own specifications). Setup at least three models so that 

transport experiments can be carried out in triplicate. 

3. Use the stereolithography printer to print molds for the ARdex-containing agarose blocks. Here, 

20 rings of 5 mm inner diameter, 6 mm outer diameter and 5 mm height were printed. 

4. Prepare 10 mL of a 1% w/v low-melting point agarose solution in PBS in an autoclavable glass 

bottle. Autoclave using the “media cycle” (121 °C, 5 min). 

6. Place the 3D-printed rings fabricated in step 3 on a petri dish and UV sterilise for 30 min using 

the UV light in the biosafety cabinet.  

7. Prepare 2 mL a 0.5 mM ARdex solution in PBS and filter sterilise. 

8. Loosen the lid of the glass bottle containing the autoclaved agarose and melt the agarose in a 

microwave on medium power (~ 500 W). Microwave for 10-15 seconds at a time, checking that 

the agarose has melted without boiling over. 

9. Move the melted agarose to a biosafety cabinet and remove 1 mL into a 1.5 mL tube. Add 50 

L of the ARdex stock and vortex (final ARdex concentration in agarose: 25 M). 

10. Pipette 50 L of the ARdex-agarose solution into the 3D printed ring moulds. Place in the 

fridge for 10 minutes to set the agarose gel. 

11. Release agarose from ring molds. This should be relatively easy. Hold the mold with tweezers 

in one hand and use the other hand to gently run a sterile pipette tip around the rim of the gel to 

release it from the mold. 

12. Add 3 mL of D10 in six wells of a 6 well plate. Place three FleXerts with the skin model and 

three blank FleXerts on top of the medium. 
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13. Add an agarose gel block onto the epidermal side of the skin model and record the time. Place 

the plate in the incubator. 

14. After 15 min, remove the plate from the incubator into the biosafety cabinet. Use sterile 

tweezers to lift a FleXert out of the well, take two 50 L samples from the medium below the 

FleXert and place them in the wells of a black 96 well plate. Replace the samples volume with 

D10 medium (100 L). Seal the black 96 well plate with a lid and return the 6 well plate with the 

FleXerts back to the incubator. 

15. Repeat step 14 after 30 min, 1h, 2h, 4h, 6h, 8h, and 24 h (or at time intervals of your choice). 

16. Prepare standards of ARdex in D10 medium ranging from 0.01 to 1 M and place 50 L 

samples of each concentration on the black 96 well plates, including a sample of the D10 medium 

alone. Include standards on each one of the 96 well plates. Read fluorescence intensity at excitation 

and emission wavelengths of 583 nm and 602 nm, respectively. 

17. Construct a calibration curve by plotting the fluoresce intensity as a function of the ARdex 

concentration. Using Excel fit a linear trendline to the data, setting the intercept to the fluorescence 

intensity value of the D10 medium sample (i.e. zero ARdex concentration). The software 

calculates a linear fit with the formula 

y = mx + b       (equation 4) 

where m is the slope and b is the intercept with the y axis. 

18. To calculate the concentration of ARdex in the samples, subtract all fluorescence intensity 

values by the reading for D10 medium alone (to correct for background fluorescence) and divide 

by the slope of the calibration curve. Calculate averages and standard deviation and plot the 

concentrations as a function of time. 

5a.6. Troubleshooting and additional info: 
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1. Working with agarose can be challenging because of its relatively high gelling temperature. 

Using low-melting point agarose significantly facilitates its handling and pipetting into low 

volumes. If available, use a heating block for 1.5 mL tubes (e.g. Grant Block thermostat QBD2) 

to keep the agarose hot. 

2. When preparing the agarose blocks using the 3D printed ring moulds, you can place a cold metal 

plate of crushed ice under the petri dish with the rings. That way, the agarose sets quickly when 

added into the ring moulds, making it less likely to spill out from under the ring. 

5a.7: Expected results: No ARdex is detected in the media under the FleXerts that contain the 

engineered skin model, however, ARdex is detected in the media under blank FleXerts (Figure 

12c). This indicates that ARdex can transfer from the agarose blocks through the FleXerts but this 

transport is inhibited by the epidermal barrier of the engineered skin model. 

 

Figure 12: Measuring permeability of 20kDa Antonia Red dextran (ARdex) across a skin model 

on FleXerts placed in wells of a 6 well plate. (a): Schematic of the setup. ARdex is suspended in 

low-melting point agarose and cast into cylinders using 3D printed molds. 3 mL of media is placed 

under the FleXert and the ARdex containing agarose cylinders are placed on top of the skin model. 

Three 50 L samples are taken from beneath the FleXert at various time points over 24 h and 

replaced with fresh medium. (b): Photograph of ARdex containing agarose cylinder on skin model 

in a FleXert device within a 6 well plate. (c): ARdex transport across blank FleXerts and FleXerts 

with skin models. Average and standard deviation of three samples is shown. 
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Overall summary 

We present FleXert, a PDMS-based actuatable cell culture substrate that delivers strains of 

physiologically relevant magnitude to living cells. In contrast to existing technologies, our system 

does not require costly equipment or custom-built culture chambers but can be operated with a 

low-cost syringe pump within standard six-well cell culture plates after minimal modification. A 

variety of actuation patterns can be achieved by varying the circulated air volume and the pumping 

rate. Facile surface functionalisation of the PDMS membrane with fibronectin or polydopamine 

and collagen enables adhesion of human dermal fibroblasts and formation of confluent cell 

monolayers, as well as the establishment of a human skin model. Strains developing on the 

membrane are successfully transduced to the cell layer and fluorescent probe transport can be used 

to verify barrier integrity. This work establishes a versatile and low-cost solution for future tissue 

engineering and biological barrier penetration studies under physiological strain. 
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