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ABSTRACT 

Imaging of cellular layers in a gut-on-a-chip system has been confined to 2D-imaging through 

conventional light-microscopy and confocal-laser-scanning-microscopy (CLSM) yielding 3D- 

and 2D-cross-sectional reconstructions. However, CLSM requires staining and is unsuitable 

for longitudinal visualization. Here, we compare merits of optical-coherence-tomography (OCT) 

with those of CLSM and light-microscopy for visualization of intestinal epithelial layers during 

protection by a probiotic Bifidobacterium breve strain and a simultaneous pathogen challenge 

by an Escherichia coli strain. OCT cross-sectional images yielded film thicknesses that 

coincided with end-point thicknesses derived from cross-sectional CLSM images. Light-

microscopy on histological sections of epithelial layers at end-point yielded smaller layer 

thicknesses than OCT and CLSM. Protective effects of B. breve adhering to an epithelial layer 

against an E. coli challenge included preservation of layer thickness and membrane surface 

coverage by epithelial cells. OCT does not require staining or sectioning, making OCT suitable 

for longitudinal visualization of biological films, but as a drawback, OCT does not allow an 

epithelial layer to be distinguished from bacterial biofilms adhering to it. Thus, OCT is ideal to 

longitudinally evaluate epithelial layers under probiotic protection and pathogen challenges, 

but proper image interpretation requires application of a second method at end-point to 

distinguish bacterial and epithelial films.  
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INTRODUCTION 

The human intestines form a complex ecosystem 1 containing a well-balanced microbial 

composition 2,3. When its balanced composition is challenged by opportunistic pathogens such 

as Escherichia coli, disease results 4,5. Lactobacilli and bifidobacteria form part of the healthy 

intestinal microflora 6, protecting the host against opportunistic pathogens 7,8. Probiotic bacteria 

such as lactobacilli and bifidobacteria, are applied more and more to complement the 

commensal microflora and promote a healthy intestinal microflora 9. Probiotic bacteria operate 

through a variety of mechanisms including competitive inhibition of pathogen adhesion, 

pathogen displacement, production of bacteriocins and biosurfactants, and modulation of 

epithelial barrier function 10,11. Probiotic effects on intestinal epithelial layers have been mostly 

studied for lactobacilli in well-plates or transwell systems 12–15, but  growth of intestinal epithelial 

layers in well-plates or transwell systems generally does not yield a villi structure that is 

characteristic of intestinal epithelial layers in the gut, possibly due to the absence of fluid flow 
16. Also, absence of flow makes it difficult to continuously feed the epithelial cell layer and 

perform long-term studies 16. Absence of flow may compromise cellular layers within 1 day 16,17. 

Gut-on-a-chip systems in a microfluidic device possess an upper and lower channel, separated 

by a membrane on which intestinal epithelial cells are grown. Channels can be continuously 

perfused with growth media facilitating long-term studies. As a result, intestinal epithelial layers 

grown in a gut-on-a-chip model usually show clear villi 16.  

Visualization of the complicated 3D structure constituting a cellular layer, particularly 

with an adhering bacterial biofilm, either probiotic and/or pathogenic, is difficult 18. Imaging of 

cellular layers in lab-on-a-chip systems is usually through planar, 2D conventional light 

microscopy, impeding analyses of the thickness of the cellular layers and sometimes involving 

destructive sectioning for histological analyses. Fluorescence microscopy, including confocal 

laser scanning microscopy (CLSM), requires staining and therewith is destructive, impeding 

longitudinal evaluation over time. Moreover, conventional microscopic methods are often 

biased by observer preferences for publishing “nice” images, covering a typical field-of-view 

area limited to around 300 µm x 300 µm 16,19–21 or reconstructed cross-sectional images 

covering field-of-view lengths of around 300 µm 16,17,20. Also, due to limited stain penetration 

and light scattering, fluorescence microscopy has a limited depth of information 22. Optical 

coherence tomography (OCT) is a rapid, real-time, in situ and non-destructive, low-resolution 

imaging method, not requiring any staining or sectioning. Its non-destructive nature makes 

OCT an ideal method for longitudinal visualization of biological films, while its low-resolution is 

compensated by a relatively large field-of-view area up to 100 mm2 23. OCT relies on light 

scattering to measure the scattered signal intensities of a substratum surface, including cellular 

layers or bacterial biofilms growing on these surfaces. Accordingly, objects exhibiting higher 
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light scattering will yield higher signal intensities, than objects with lower scattering, yielding a 

signal intensity distribution from which OCT images can be reconstructed based on an artificial 

grey-scale 24,25. In order to measure cellular layer or biofilm thicknesses from an OCT image, 

the whiteness of a biological film, reflecting high signal intensities, has to be distinguished from 

the relatively low-signal-intensity, black background of its aqueous environment. This can be 

done by proper thresholding 26 to define the exact position of the biological film surface. Black 

pixels left inside a biofilm have been ascribed to water-filled pores 24. Accordingly, OCT is 

widely used to measure biofilm thickness 25,27–30, but to the best of our knowledge has not yet 

found its way for analysis of cellular layer thicknesses in microfluidic devices, including gut-on-

a-chip systems. 

The aim of this paper is to evaluate the merits of using OCT as a new imaging method 

of cellular layers in lab-on-a-chip systems under the complex condition of simultaneous 

probiotic protection by Bifidobacterium breve and a pathogenic Escherichia coli challenge. 

Thicknesses of the resulting biological films will be compared with those of conventional light 

microscopy, including tiling-mode CLSM. 

 

MATERIALS AND METHODS 

Design and Fabrication of the Microfluidic Device  

A gut-on-a-chip microfluidic device (Figure 1A) was designed as previously described 31 with 

some minor modifications. Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, 

MI, USA) was mixed with Sylgard® silicone elastomer curing agent (Dow Corning, Midland, 

MI, USA) at a ratio of 10:1 (w/w). The PDMS mixture was poured onto a microfabricated mold 

that had been formed by photolithographically patterning of a 150 µm thick layer of SU-8 2100 

(Kayaku Advanced Materials, Westborough, MA, USA) onto a flat glass wafer to yield features 

that allow the replication of in-house designed upper and lower channels 32,33. These channels 

had a width of 1 mm, length of 1 cm and a height of 150 µm. The PDMS was degassed in a 

vacuum chamber for 30 min and allowed to cure on a hot plate at 70⁰C for 2 h, after which it 

was peeled off the master mold with a scalpel and tweezer. Holes of 1.5 mm were punched at 

the end of the channels with a biopsy puncher. The upper and lower channels were separated 

by a 30 µm thick collagen-coated polytetrafluoroethylene (PTFE) membrane (Millicell, Merck, 

Darmstadt, Germany) with a pore size of 0.4 µm. After oxygen plasma treatment (310 - 320 

mTorr, 20 s, Harrick Plasma PDC-0002, Ithaca, NY, USA) of both PDMS parts of the device, 

the membrane was placed on the lower PDMS channel and the upper PDMS channel was 
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aligned with the lower channel using a dissecting microscope to assemble the device. The 

PDMS parts of the microfluidic device were pressed to each other and cured at 70⁰C for 30 

min to bind the PDMS parts together. Pieces of PTFE tubing (inner diameter 0.8 mm, outer 

diameter 1.6 mm, VWR, The Netherlands) were connected to 5 mL syringes (inner diameter 

13 mm, Terumo Corporation, Japan) using a needle (21 G Fine-Ject, VWR, The Netherlands) 

and connected to the medium inlets of the upper and lower channels. PTFE tubing connected 

the device outlets with a waste-collecting vessel. Media were pumped with a multiple-channel 

pump (flow rate 30 µL h-1, model NE1800, New Era Pump System Inc., Farmingdale, NY, USA) 

through the microfluidic device. Before starting an experiment, microfluidic devices were 

sterilized by immersion in 70% ethanol for 30 min and washed three times with sterile 

phosphate-buffered saline (PBS, 8.1 mM Na2HPO4, 137 mM NaCl, 1.5 mM KH2PO4, 2.7 mM 

KCl, pH 7.2).  

Epithelial Cells and Harvesting 

Human intestinal epithelial cells, Caco-2 BBe1 (ATCC CRL-2102), were cultured in Dulbecco’s 

Modified Eagle Medium containing 4.5 g L-1 glucose (DMEM-HG, Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco) 

in 5% CO2 at 37⁰C. Epithelial cells were passaged upon reaching 80% confluency, washed 

twice in sterile PBS, and detached with 3 mL trypsin/EDTA (2.5 g L-1, Gibco, USA) from a T-

75 flask at 37⁰C for 5 min. Subsequently, 6 mL DMEM-HG with 10% FBS was added and the 

epithelial cell suspension was centrifuged at 800 g for 5 min. Finally, cells were suspended in 

DMEM-HG supplemented with 10% FBS at a density of 107 mL-1, as determined using an 

automated cell counter (Merck Millipore, Burlington, MA, USA).  

Bacterial Strains and Harvesting 

B. breve ATCC 15700 was obtained from American Type Culture Collection (ATCC, Manassas, 

VA, USA) and applied as a probiotic strain. E. coli Hu734 is a human clinical isolate and was 

used as a pathogenic strain. B. breve was streaked from frozen stock on a reinforced clostridial 

medium agar plate (RCM, Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and 

cultured under anaerobic conditions (85% N2, 5% CO2, 10% H2) at 37⁰C for 48 h. E. coli was 

streaked on a blood agar plate and cultured aerobically at 37⁰C for 24 h. One colony of B. 

breve or E. coli was transferred in 10 mL RCM and Luria-Bertani broth (LB, Sigma-Aldrich, St. 

Louis, MO, USA), respectively. After 24 h, strains were transferred (1:20) into fresh growth 

medium and grown for another 18 h. Bacteria were harvested by centrifugation at 6,500 g at 

10⁰C for 5 min, washed twice with sterile PBS, and re-suspended in PBS to the concentrations 

required for further experiments, as determined using a Bürker-Türk counting chamber. 
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Growth of Epithelial Cell Layers and Bacterial Biofilms 

After assembly of the microfluidic device and rinsing it with PBS, the upper channel was 

perfused with extracellular matrix (ECM) solution containing 300 µg mL-1 ECM proteins 

(Matrigel matrix, Corning Inc., Corning, NY, USA) and 50 µg mL-1 type I collagen (Advanced 

BioMatrix, San Diego, CA, USA) in DMEM-HG in 5% CO2 at 37⁰C to coat the membrane and 

channel walls. After 16 h, the channel was washed with 2 mL PBS and epithelial cells were 

seeded from suspension (1 × 107 mL-1) in the upper channel on the ECM-coated membrane 

to a density of 1.5 × 105 cm-2 by sedimentation. After 2 h sedimentation, both channels were 

perfused with DMEM-HG supplemented with 20% (v/v) FBS at the volumetric flow rate of 30 

µL h-1 for 7 days.  

Next E. coli (105 mL-1) or B. breve (107 mL-1) were allowed to sediment from suspension 

in the upper channel to the epithelial cell layer. After 2 h sedimentation, the upper channel was 

perfused with modified culture medium (70% DMEM-HG with 20% FBS cell culture medium 

and 30% RCM), suitable to grow B. breve and intestinal epithelial cells. The lower channel was 

perfused with DMEM-HG with 20% FBS to optimally facilitate epithelial cell growth. A similar 

procedure was used to evaluate the protection of intestinal epithelial cells offered by B. breve 

against a pathogenic E. coli challenge. To this end, B. breve (107 mL-1) were first allowed to 

sediment in the upper channel and grow a protective film on an epithelial cell layer on the 

membrane for 48 h that was subsequently challenged with E. coli (105 mL-1) for another 48 h.   

Visualization of the Cellular layers in the Absence and Presence of a Bacterial Biofilm 

Optical coherence tomography 

In situ membranes with or without intestinal epithelial cells and bacterial biofilms, were 

longitudinally imaged without staining or other preparation using an OCT Ganymede-II 

Spectral Domain (Thorlabs Inc., Newton, NJ, USA) with 930 nm center wavelength laser. The 

refractive index of the biological films was set at 1.33, equal to the one of water. OCT cross-

sectional images along the Z-direction with field-of-view area of 4 × 1 mm2 (5000 pixels × 373 

pixels) were taken at a Z resolution of 4.4 µm using a 5x telecentric scan lens. Images were 

taken at different time points during growth after which the microfluidic devices were placed 

back into the incubator. Ten images per time point were taken randomly divided over each 

biological film on a membrane. OCT signal intensities were processed with the ThorImage 

OCT 4.1 software and thicknesses of the membranes with and without cellular layers and/or 

bacterial biofilms were derived from cross-sections using Otsu thresholding 26.  
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Confocal laser scanning microscopy 

At the end of an experiment, the channels were washed twice with PBS and cellular layers 

with or without bacterial biofilms were fixed with 3.7% paraformaldehyde for 30 min followed 

by permeabilization with 0.5% Triton X-100 for 5 min. Next, staining was done with Phalloidin 

(diluted 50x in PBS with 1% bovine serum albumin, Sigma-Aldrich, St. Louis, MO, USA) and 

4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, diluted 50x in PBS with 1% bovine serum 

albumin, Sigma-Aldrich, St. Louis, MO, USA) for 1 h to visualize F-actins (495 nm 

excitation/520 nm emission) of the epithelial cells and DNA (364 nm excitation/454 nm 

emission), respectively. Epithelial cells and bacteria were imaged using a CLSM (Leica SP8, 

Germany). Images were taken over an X-Y field-of-view area of 1164 x 1164 µm2 (512 pixels 

× 512 pixels) at a Z-stack distance of 5 µm. The use of Fiji software allowed to overlap 12 

images (“tiling-mode”) facilitating the reconstruction of an image of the entire membrane area. 

The surface coverage of the membrane by the epithelial cells and layer thickness could also 

be derived using Fiji software.  

Phase-contrast microscopy  

The intestinal epithelial cell layers on the membrane were observed daily during growth in the 

microfluidic device using phase-contrast microscopy (Leica DMIL, Wetzlar, Germany). Images 

were taken at a field-of-view area of 0.92 mm2 (microscope magnification 100x).  

Histological analyses 

For histological analyses, the epithelial cell layers and bacterial biofilms in the microfluidic 

devices were washed twice with PBS and fixed with 3.7% paraformaldehyde for 30 min. After 

fixation, the microfluidic device was opened with a scalpel and the membrane with the epithelial 

cell layers and bacterial biofilms was carefully removed, keeping the epithelial cell layers intact. 

The membrane with biological films was dehydrated in a series of ethanol-water solutions with 

increasing ethanol % (35, 50, 60, 70, 80, 85, 90, 95, 100% and 100% again) for 15 min each, 

prior to embedding. The dehydrated samples were then embedded in glycol methacrylate 

(Technovit® 7100, VWR, Amsterdam, The Netherlands). To this end, samples were first 

immersed in an infiltrating solution (100% ethanol/Technovit® 7100 with hardener 1 at volume 

ratios of 1:2) for 16 h. Then, samples were transferred for hardening to an inclusion solution 

(Technovit® 7100 with hardener 1 and hardener 2) for 4 h at room temperature, and 5 µm 

sections were cut with a Leica RM2165 microtome. Samples were stained with toluidine blue 

(Sigma-Aldrich) to observe cells and bacteria. Briefly, the samples were stained with toluidine 
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blue for 1 min, washed with water for 1 min, and images were taken with a light microscope at 

a field-of-view area of 0.24 mm2 (microscope magnification 200x).34  

Statistical Analysis  

All results were expressed as means ± standard errors of mean (SEM). A one-way analysis of 

variance (ANOVA) with Tukey multiple comparisons was performed with GraphPad Prism 7 to 

identify significant differences between groups. Differences were considered statistically 

significant when p < 0.05. 

 

RESULTS 

Membrane Visualization in a Microfluidic Device Using OCT  

The thickness of the PTFE membrane in the microfluidic devices used (Figure 1A) was found 

to be 35 ± 2 µm, as measured from OCT cross-sectional images (Figures 1B and 1C).  

  

 
 

FiGURE 1.   
(A) Schematic drawing of a microfluidic device, showing the upper and lower channel separated 

by a porous membrane.  
(B)  OCT cross-sectional image of the porous PTFE membrane taken along the width (Y direction) 

of the channel, separating the upper and lower channel in a microfluidic device.  
(C) Same as panel (B), now along the length (X direction) of the channel.  
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Cellular Layer Thickness and Villi Visualization Using OCT  

OCT cross-sectional images of a microfluidic device in the absence and presence of an 

epithelial cell layer grown for 3 days on the membrane are shown in Figures 2A and 2B, 

respectively. The epithelial cells can be easily discriminated from the membrane with OCT due 

to the difference in signal intensities (Figure 2C). 

Longitudinal monitoring of the thickness of a cellular layer in the same microfluidic 

device (Figure 3) using OCT, demonstrated that cells achieved a 100% confluency after 3 

days of growth as visualized using phase-contrast microscopy (Figure S1). Confluency was 

maintained for up to at least 10 days in the same microfluidic device, as confirmed by phase-

contrast microscopy (Figure 3A) and OCT cross-sectional images of the cellular layer (Figure 
3B). Villi could be observed in phase-contrast (Figure 3A) as well as in OCT cross-sectional 

(Figure 3B) images. Layer thickness, excluding the membrane thickness but including cells 

and villi formed, were measured in the same microfluidic device over the course of an 

experiment (Figure 3C), showing a linear increase till day 7 (100 µm) and reaching a stationary 

thickness after 10 days (124 µm). The thickness reached after 10 days is close to the depth of 

the channel (150 µm) of the microfluidic device, possibly indicating that growth was restricted 

by the channel walls as can be seen in OCT cross-sectional images (Figure 3B). To avoid 

channel wall-restricted growth and associated membrane deformation (see also Figure 3B), 

all epithelial cell layers were cultured for 7 days in further experiments.  

Intestinal Epithelial Cell Layers with Adhering Bacteria Visualized Using OCT 

After 7 days of epithelial cell growth, an epithelial cell layer was first challenged with E. coli 

(105 mL-1) or B. breve (107 mL-1) and co-cultured for 48 h (Figure 4A). Unfortunately, the OCT 

images did not allow cellular layers to be distinguished from bacterial biofilms; hence, we could 

only observe what we call here “a biological film”. E. coli strongly reduced the biological film 

thickness on top of the membrane as compared with the cellular layer thickness observed in 

the absence of adhering bacteria. Adhesion of B. breve in absence of challenging E. coli 

yielded a thin biological film with an irregularly shaped surface. In order to study the protection 

of B. breve against a simultaneous E. coli challenge, epithelial cells were first co-cultured with 

B. breve (107 mL-1) for 48 h and then E. coli (105 mL-1) were introduced and co-cultured for 

another 24 h or 48 h. This too yielded a reduced biological film thickness as compared with an 

epithelial layer in the absence of adhering bacteria. Quantitative evaluation of the thicknesses 

of the biological films, i.e. cells and bacteria, was done after Otsu thresholding 26 to distinguish 

the total biological layer thickness from the background. However, it was not possible to 

distinguish, which fraction of the thickness was due to the cellular layer and which was due to  
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FIGURE 2.  
(A) OCT cross-sectional image of a PTFE membrane in a microfluidic device, in the absence of a 
biological layer.  

(B) OCT cross-sectional image of an epithelial cell layer, grown on the PTFE membrane. The green 
line represents the top of the cellular layer, while the dotted and solid red lines represent the top 

and the bottom of the membrane separating both channels, respectively. All images are taken in 
the length (X direction) of the channel. 
(C) OCT signal intensity as a function of layer thickness, including the PTFE membrane and cellular 

layer. 
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FIGURE 3.  
(A) Phase-contrast microscope image of an intestinal epithelial Caco-2 BBe1 cell layer (top-view), 

grown for 7 days on a PTFE membrane in a microfluidic device (see Figure 1B). White arrows 
indicate villi. 

(B) OCT cross-sectional image of the above Caco-2 BBe1 cell layer. Image is taken in the length 
(X direction) of the channel. White arrows indicate villi. 

(C) Epithelial cell layer thickness, including villi, as a function of growth time averaged over an 
entire field-of-view area (4 × 1 mm). Ten images taken at random locations over one cellular layer. 
Experiments were done with three microfluidic devices simultaneously, yielding a total of 30 data 

points per time point. 
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FIGURE 4.  
(A) OCT cross-sectional images of intestinal epithelial Caco-2 BBe1 cells grown for 7 days on a 
PTFE membrane in a microfluidic device (Cells only). 7 days old epithelial cell layers were also co-

cultured with E. coli or B. breve separately for 48 h or subjected to an E. coli challenge under B. 

breve protection (first B. breve alone for 48 h after which E. coli were added for another 48 h). The 

red lines indicate the top of the membrane, while the green lines indicate the outer surface of the 
epithelial cell layer, including a bacterial biofilm. Images are taken in the length (X direction) of the 

channel.  
(B) Average biological layer thicknesses of epithelial cell layers cultured for 7 days, co-cultured with 

E. coli or B. breve separately for 24 h, and co-cultured with B. breve for 48 h and then subjected to 
an E. coli challenge for another 24 h.  
(C) Same as panel B, now for cellular layers co-cultured with E. coli or B. breve separately for 48 

h, and co-cultured with B. breve for 48 h and then subjected to an E. coli challenge for another 48 
h. Error bars represent standard errors of the mean (SEM) over three experiments with separately 

grown cells and bacteria. Asterisks indicate statistically significant differences p < 0.05, while ns 
indicates absence of statistically significant difference. 
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FIGURE 5.  
(A) Tiling-mode CLSM overlayer images of intestinal epithelial Caco-2 BBe1 cells grown for 7 days 
on a PTFE membrane in a microfluidic device (Cells only). Seven-day-old epithelial layers were 

also co-cultured with E. coli or B. breve separately for 48 h or subsequently subjected to an E. coli 
challenge (first B. breve alone for 48 h after which E. coli were added for another 48 h).  

(B) Same as panel (A), now for CLSM cross-sectional images. Images are taken in the width 
direction of the channel. Cells and bacteria were stained with Phalloidin (red-fluorescent, 

cytoskeleton) and DAPI (blue-fluorescent, DNA).  
(C) Surface coverage of the PTFE membrane in the microfluidic device by intestinal epithelial cells 

in the absence and presence of bacterial biofilms, taken from CLSM overlayer images, as 
presented in panel (A).    
(D) Average thickness of biological films, including intestinal epithelial cell layers and bacterial 

biofilms, taken from tiling-mode CLSM cross-sectional images, as presented in panel (B).  
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Error bars represent standard errors of the mean (SEM) over three experiments with separately 

grown cells and bacteria. Asterisks indicate statistically significant differences, p < 0.05, while ns 
indicates absence of statistically significant difference. 

the bacterial biofilm (Figures 4B and 4C). The total thickness of the biological film was 

significantly decreased upon an E. coli challenge as well as during B. breve adhesion for 24 h 

(Figure 4B) or 48 h (Figure 4C). A 24 h E. coli challenge under B. breve protection yielded a 

significantly smaller decrease in biological film thickness than observed in the absence of B. 

breve protection (Figure 4B). Forty-eight h B. breve protection followed by a 48 h E. coli 

challenge, however, did not point to any protection of the epithelial cell layer.    

Intestinal Epithelial Cell Layers with Adhering Bacteria Visualized Using Tiling-mode 
CLSM 

The epithelial cell layers grown in the absence and presence of adhering bacteria in the 

microfluidic device were stained with red-fluorescent Phalloidin and blue-fluorescent DAPI and 

visualized using CLSM (Figures 5A and 5B). The epithelial cell layer almost completely 

covered the membrane surface as concluded from the red-fluorescence. Membrane surface 

coverage by the epithelial cell layer was nearly fully destroyed upon an E. coli challenge 

(Figure 5A). After a 48 h E. coli challenge, only blue-fluorescence remained, attributed to the 

presence of the E. coli biofilm. In contrast, when co-cultured for 48 h with probiotic B. breve, 

membrane surface coverage by epithelial cells remained high. Moreover, adhesion of B. breve 

to epithelial cell layers for 48 h protected the cellular layer against a 48 h E. coli challenge and 

membrane surface coverage was better maintained than in the absence of adhering B. breve.  

Analyses of the cell surface coverage of the membrane in CLSM overlayer images 

(Figure 5C) aided the interpretation of biological film thicknesses using OCT (Figure 4) in the 

sense that they clearly indicated in which case the biological film thicknesses should be 

attributed to epithelial cells or a combination of epithelial cells with an adhering bacterial biofilm. 

Interestingly, decreases in surface coverage were concurrent with decreases in the total 

thickness of the stained layers in cross-sectional CLSM images (compare Figures 5C and 5D) 

and in line with the decreases in biological film thicknesses taken from OCT cross-sectional 

images (Figure 4). Concurrence of decreases in surface coverage by Phalloidin/DAPI stained 

cellular layers with decreases in biological layer thickness, suggest that the thickness of 

bacterial biofilms may be negligible as compared with cellular layer thicknesses.   

Light Microscopy on Histological Sections of Intestinal Epithelial Cell Layers with 
Adhering Bacteria 
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FIGURE 6. 
(A) Light microscopic images of histological cross sections of intestinal epithelial Caco-2 BBe1 cell 
layers grown for 7 days on a PTFE membrane in a microfluidic device (Cells only). Seven-day-old 
epithelial cell layers were also co-cultured with E. coli or B. breve separately for 48 h, or subjected 

to an E. coli challenge under B. breve protection (first B. breve alone for 48 h after which E. coli 
were added for another 48 h).  

(B) Average thickness of epithelial cells layers cultured for 7 days, co-cultured with E. coli or B. 

breve separately for 48 h, and co-cultured with B. breve for 48 h and then subjected to an E. coli 

challenge for another 48 h. Error bars represent standard errors of mean (SEM) over three 
experiments with separately grown cells and bacteria. Asterisks indicate statistically significant 

differences p< 0.05, while ns indicates absence of statistically significant difference. 
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Histological sections of intestinal epithelial cell layers in the absence and presence of adhering 

bacteria were stained with toluidine blue for light microscopical visualization. Epithelial cell 

layers in the absence of adhering bacteria could be clearly distinguished from the membrane 

surface on which they were growing, with clearly visible villi (Figure 6A). Visualization of 

histological sections furthermore confirmed that an E. coli challenge led to the full destruction 

of the cellular layer and justified the suggestion based on CLSM overlaid images that only a 

thin E. coli layer remained present on the membrane after the challenge. Also, visualization of 

cellular layers protected by adhering B. breve under E. coli challenge demonstrated intact 

cellular layers, and indicate that the bacterial biofilm thickness was negligible compared to the 

cellular layer thickness (Figure 6B).   

 

DISCUSSION 

This study was carried out with a dual aim in mind. The first aim was to evaluate the merits of 

OCT imaging of intestinal epithelial cell layers in a gut-on-a-chip system viz a viz other imaging 

methods in the complex scenario of probiotic B. breve protection of cellular layers during a 

simultaneous pathogenic E. coli challenge. The second aim was to provide insights into 

beneficial effects of probiotic protection of intestinal epithelial cell layers against a pathogenic 

challenge in a microfluidic device. Successful growth of an intestinal epithelial layer possessing 

villi after 7 days of growth followed from phase-contrast microscopy (Figure 3A), OCT cross-

sectional images (Figure 3B) and light microscopy on histological sections (Figure 6B). Note 

that in 3-day-old epithelial layers, no villi could be discerned (Figure S1). 

Application of OCT for visualizing cellular layers in lab-on-a-chip systems has several 

obvious advantages, most notably its fully non-destructive nature eliminating the need for 

staining or sectioning. With this, OCT is the only imaging technique suited to longitudinal 

visualization over time. Visualization of the biological film over the entire membrane area can 

be done within 5 min using OCT, while CLSM requires 12 images that need to be tiled to create  

 an image over a similar field of view. This requires much more time, roughly 30 min, than 

needed for OCT imaging of the same field of view, taking only 2 min. This is in addition to the 

time required for staining of cellular layers and biofilms for CLSM.OCT can visualize the 

behavior of the membrane and cell growth along the length of the channel (Figure 3B). 

Moreover, OCT allowed the observation that cell growth was restricted by the channel height 

at different locations along the channel wall (Figure 4A). Channel height-restricted growth can 

either be missed or appear exaggerated using visualization methods with a smaller field-of-

view length such as CLSM (unless used in a tiling-mode). Despite its limited depth of 

information, tiling-mode CLSM could visualize restricted growth over the entire height of 150 
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µm (Figure 5B) of the microfluidic device. Thus, scattering of fluorescent light is not a limiting 

factor in visualizing epithelial cell layers with a height up to at least 150 µm, consistent with the 

penetration depth of CLSM reported by Sattler et al.35 of around 250 µm. As a drawback, OCT 

signal intensities do not allow researchers to be able to tell the difference between bacterial 

and cellular layers. Visualization of sub-cellular structures or single bacteria-cell contact is also 

not possible 36. Light microscopical visualization of histological sections provided most 

biological detail, including villi structures, sub-cellular structures and clearly distinguishable 

bacterial biofilms and cellular layers (Figure 6A). Important with respect to understanding the 

effects of bacterial biofilms adhering to the epithelial cell layers, histological images indicate 

that the thickness of bacterial biofilms is negligible compared with the epithelial cell layer 

thickness. This confirms the suggestion based on CLSM overlayer images of Phalloidin/DAPI 

stained cellular layers to consider the biological film thickness as being predominantly due to 

cells when surface coverage is high. Thus, biological film thicknesses by OCT can be 

interpreted within a small margin of error to be representative for the epithelial cell layer 

thickness. 

 

 
 

FIGURE 7.  
(A) Comparison of average biological film thicknesses including the cellular layers and bacterial 
biofilms, measured with OCT, CLSM and light microscopy on histological sections.  

(B) Summary of intestinal epithelial Caco-2 BBe1 cell layers in absence (Cells only) and presence 
of E. coli or B. breve, and in presence of B. breve and a simultaneous challenge by E. coli (for 

details see Figures 4B and C, Figures 5C and D and Figure 6B). 

 
In Figure 7A the epithelial cell layer thicknesses as derived for different experimental 

conditions and measured using OCT are plotted versus thicknesses derived using CLSM or 

from histological sections. Thicknesses derived using tiling-mode CLSM hover around the line 

of identity, indicating that both visualization methods yield comparable thicknesses. Also, the 

standard errors of the mean of both methods are comparable (Figure 7B). Histological 
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sections, however, yield significantly smaller thicknesses than OCT and CLSM, possibly due 

to dehydration during sectioning of the cellular layer. An important drawback of histological 

sectioning is that decreases in cellular layer thickness due to bacterial presence with respect 

to layers comprising only cells were not observed (Figure 6B), except when cellular layers had 

completely disappeared due to an E. coli challenge while unprotected by B. breve (Figure 7B). 

These harmful effects of B. breve in a microfluidic device are likely due to the fact that epithelial 

cells were colonized solely by B. breve without balancing of their growth by other intestinal 

bacterial strains. This reflects that overgrowth of epithelial layers by probiotic bacteria can be 

harmful. This reflects that overdosing daily intake should be avoided, with clinical symptoms 

such as diarrhea 37. In combination with a pathogenic E. coli challenge, however, beneficial 

probiotic effects of B. breve protection are clearly shown by preservation of the epithelial cell 

layer thickness at the same level as during B. breve adhesion in absence of an E. coli challenge 

(Figure 7B). Also, E. coli were unable to fully destroy an epithelial cell layer under B. breve 

protection.    

 

CONCLUSION   

OCT is the only real-time, fast method to visualize membrane behavior and longitudinally 

visualize epithelial cell layers in microfluidic devices. Epithelial cell layer thicknesses measured 

with OCT coincided with end-point thicknesses obtained using CLSM after staining but were 

larger than obtained from histological sections. As a drawback of OCT, measured thicknesses 

of biological films with adhering bacteria could not be broken down into bacterial biofilm 

thickness and cellular layer thickness. Proper interpretation of OCT images of cellular layers 

with an adhering bacterial biofilm can be done using additional CLSM or histological end-point 

analyses. In this way, protective effects of B. breve adhering to an epithelial cell layer against 

an E. coli challenge could be clearly visualized from the measurement of layer thickness and 

membrane surface coverage by epithelial cells.  
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SUPPLEMENTARY INFORMATION 
 
 

 
 

FIGURE S1. Phase-contrast microscope image of an intestinal epithelial Caco-2 BBe1 cell layer 
(top-view), grown for 3 days on a PTFE membrane in a microfluidic device (see Figure 1). Note 

that villi have not yet developed.  
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