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22 Abstract:

23 The physiological characteristics of the gastrointestinal (GI) tract are diverse and include rapid 

24 rates of epithelial turnover, complex nervous and immune systems, a thick mucus layer, and a 

25 large microbial population. Most GI models in vitro rely upon cell lines or organoids and 

26 consequently lack the diversity of cells and microorganisms present in vivo.  In vivo studies 

27 retain function and cellular diversity but are more difficult to control.  Microfluidic tissue-on-a-

28 chip devices provide powerful alternatives for modeling physiological systems. Such devices 

29 show promise for use in GI research; however, most models use non-physiologic culture 

30 environments with higher than in vivo oxygen levels and insufficient gut microbiota.  Our goal is 

31 to create a bridge between in vitro and in vivo using microfluidic devices by incorporating ex vivo 

32 tissue explants in physiologically relevant environments. Here, we report a microfluidic 

33 organotypic device (MOD) that enables media flow with differential oxygen concentrations 

34 across luminal and muscular surfaces of gut tissue ex vivo. Tissue was shown to be viable for 

35 72 h and lowering oxygen concentration to a more physiologic level impacted bacterial 

36 populations.

37

38 Keywords: Microfluidic, intestine, explant, ex vivo, organotypic

39

40 Introduction 

41 Intestinal tissue is composed of a complex network of epithelial, neural, immune, 

42 muscular, and vascular components.1 Bacteria that inhabit the intestinal lumen are major 

43 contributors to maintaining intestinal homeostasis. An imbalance in microbial communities 

44 (dysbiosis) is associated with a variety of local tissue diseases such as inflammatory bowel 

45 (IBD) and celiac disease.2,3 More globally, dysbiosis influences disorders ranging from 
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46 cardiovascular disease to brain function.4,5  For in vitro and ex vivo intestinal models, cellular 

47 diversity and recapitulation of the in vivo environment is paramount to better understanding the 

48 relationship between dysbiosis and disease. For instance, bacterial cell products can activate 

49 intestinal neurons, leading to the release of inflammatory cytokines associated with IBD.6 

50 Traditional in vitro cell culture can recapitulate some aspects of intestinal physiology and is 

51 useful for high throughput screening, but these models often rely upon cell monolayers to 

52 represent the intestinal barrier. Cell monolayers lack the in vivo cellular diversity from both a 

53 mammalian host and bacterial perspective and do not accurately represent the three-

54 dimensional architecture of the intestinal wall.7,8 Three-dimensional intestinal organoids 

55 overcome some of these limitations by integrating multiple epithelial cell subtypes and exhibiting 

56 villus/crypt organization, but they are generally missing the neural, immune, and muscular 

57 components of the gut wall.8,9 

58 Improving upon static transwell models, ‘gut-on-a-chip’ microfluidic devices have been 

59 developed that allow media to be continuously perfused across opposing sides of a cell-seeded 

60 porous membrane representing the intestinal epithelial barrier.10-13  The incorporation of 

61 microfluidics in these devices improves cellular viability and longevity, constantly removes toxic 

62 cellular waste, and allows for controlled nutrient delivery.14 Recently, microbes have been 

63 incorporated into some in vitro microfluidic intestinal models by generating an oxygen gradient 

64 between microfluidic channels.15-19 

65 Organotypic intestinal culture models are an attractive middle ground between in vitro 

66 and in vivo systems because they include the three-dimensional architecture of the gut wall 

67 while still providing easily controllable experimental parameters.20 Ex vivo models of various 

68 tissues have been successfully used in microfluidic devices previously.21-25 Ex vivo models, 

69 however, are generally low-throughput compared to cell-monolayer cultures and many have 

70 limited long-term tissue viability.8,26 The Ussing chamber is a well-established ex vivo model for 
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71 studying trans-epithelial drug, nutrient, and ion transport. While the Ussing chamber is valuable 

72 for pharmacokinetic/pharmacodynamic studies, viable epithelial tissue can only be maintained 

73 for several hours,27,28 making these models inappropriate for long-term host tissue-microbiome 

74 interaction studies.29 In this report, we describe the design and testing of a microfluidic 

75 organotypic device (MOD) for use with mammalian intestinal explants ex vivo. The MOD houses 

76 full-thickness mouse intestinal tissue, including muscular, neural, immune, and epithelial 

77 components. The MOD system was used to maintain mouse intestinal explants for 72 h, with 

78 differential bacterial growth as a function of oxygen concentration. 

79

80 Methods

81 Device prototypes were designed in SolidWorks (Dassault Systemes, Waltham, MA) and 

82 3D printed with a Form 2 SLA printer (Formlabs, Somerville, MA). Once a final device design 

83 was established, the MOD was manufactured via injection molding (Applied Medical, Rancho 

84 Santa Margarita, CA) using cyclic olefin copolymer (COC; TOPAS Grade 8007) as material. All 

85 devices used during tissue testing were injection molded. Injection molding was chosen over 

86 other microfluidic device manufacturing methods because of its reproducibility and potential for 

87 large-scale manufacturing.30 COC was chosen because of its biocompatibility, high chemical 

88 resistance, low oxygen permeability, and excellent optical properties.31-33

89 The MOD (Figure 1A) consists of three COC layers separated by polyurethane gaskets 

90 (PORON® AquaPro™, Rogers Corporation, Chandler, AZ); the gaskets define independent 

91 fluidic channels (10 mm wide, 1.1 mm deep, ~ 50 mm long, ~ 450 μL). Intestinal tissue is 

92 housed in the middle layer such that the mucosa and serosa face independent channels. The 

93 edge of the tissue is supported by a thin lip molded into the middle layer, eliminating the need 

94 for a porous membrane. The top layer was designed with integrated snap-fit fasteners for rapid, 
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95 reversible assembly (Video S1), which is crucial to minimizing the time tissue explants are 

96 without media. Unlike other fasteners, snap-fit fasteners can be injection molded and enable 

97 consistent assembly regardless of the user. Both the top and bottom layers contain threaded 

98 inlet and outlet ports that connect to 10-32 PEEK finger-tight fittings (IDEX Health & Science, 

99 LLC, Oak Harbor, WA). Rubber O-rings were installed at the base of each port to ensure airtight 

100 leakproof connections (IDEX Health & Science, LLC, Oak Harbor, WA). Glass coverslips (VWR, 

101 Radnor, PA) were fixed on the top and bottom layers using cyanoacrylate glue (Krazy Glue, 

102 Elmers Products, High Point, NC) directly above the tissue to enable on-chip imaging and tissue 

103 visualization (VWR, Radnor, PA). Quick setting epoxy was applied around the edges of the 

104 coverslips to further prevent leakage and the top and bottom layers were placed in a 65° C oven 

105 for 15 min.  

106  As a first step in instrumenting the device, oxygen sensor spots (OptiEnz, Fort Collins, 

107 CO) were adhered to the inner surface of the top layer downstream of the tissue chamber. The 

108 sensor’s response was measured at two dissolved oxygen concentrations (DOC) using an 

109 external fiber optic probe (OptiEnz, Fort Collins, CO) to allow for the estimation of real-time 

110 DOC using the Stern-Volmer relationship:                                                               

111         ,                                                       (1) 
𝜏0

𝜏 = 1 + 𝐾𝑆𝑉[𝑂2]

112 where τ0 is the luminescent decay time in the absence of oxygen, τ is the luminescent decay 

113 time in the presence of oxygen, KSV is the Stern-Volmer constant, and [O2] is the oxygen 

114 concentration. Fluorescence of an oxygen-sensitive compound on the sensor spot is quenched 

115 in the presence of oxygen, leading to a reduction in luminescent decay time.34

116 After assembly, each device was tested for failure modes, sterilized, and placed in a sterile 

117 environment until use. All fittings, ferrules, and tubing were submerged in diluted (1:10) bleach 

118 for 10 min, rinsed thoroughly with DI water, placed in a soapy water bath and vigorously 

119 scrubbed.  After a second DI water rinse, the components and devices were submerged in a 

Page 5 of 21 Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

120 70% ethanol solution containing 0.1% benzalkonium chloride for 30 min and rinsed with sterile 

121 water. Lastly, all other components including the gaskets and collection tubes were autoclaved 

122 at 120°C for 25 min. The devices could not be autoclaved due to COC’s glass transition 

123 temperature of 78°C. Culture media was composed of CTS Neurobasal-A Medium (Thermo 

124 Fisher Scientific, Waltham, MA), 5% (v/v) 1M HEPES Buffer (Sigma Aldrich, St. Louis, MO), 2% 

125 (v/v) B-27 Supplement (Thermo Fisher Scientific, Waltham, WA) and supplemented with 10 μM 

126 Nicardipine (Sigma Aldrich, St. Louis, MO), an L-type calcium ion channel blocker, that has 

127 previously been shown to block intestinal contractions ex vivo, a necessity when culturing 

128 intestinal tissue slices beyond 48 h.35  CTS Neurobasal-A Medium was chosen as its 

129 predecessor, neurobasal media, has proven reliable in maintaining healthy explant slices from 

130 both mouse35 and human36 intestines, among numerous other organs37, 38, 39. For each device, 

131 two syringes were filled with media (one containing 99.3 µM fluorescein), connected to NE-300 

132 syringe pumps (New Era Pump Systems Inc., Farmingdale, NY) and equilibrated in a 37°C 

133 incubator prior to experiments to remove any air bubbles formed by the expansion of dissolved 

134 gasses in the media. Mouse tissue was prepared as previously described35 from mice approved 

135 under the Colorado State University IACUC protocol 17-720(A). Briefly, adult mice were 

136 sacrificed and the entirety of the large intestine was removed and placed in 4° C 1X Krebs 

137 buffer (in mM: 126 NaCl, 2.5 KCl, 2.5 CaCl2, 1.2 NaH2PO4, 1.2 MgCl2). The cecum was 

138 removed and  the colon was cut longitudinally along the mesenteric border to open the lumen 

139 and form a flat sheet of tissue.  Only ascending, transverse, and descending colon were used 

140 for device experiments. Tissue was free-hand dissected to form slices with a diameter of ~5 mm 

141 and placed in the center of the middle device layer. Cyanoacrylate glue was applied around the 

142 perimeter of the tissue to fill gaps between the tissue and plastic. While cyanoacrylate glue has 

143 been reported to be cytotoxic,40 we only observed higher than expected levels of cell death 

144 where the glue directly contacted the tissue.  After securing the tissue in the middle device 

145 layer, the device was quickly assembled by stacking successive layers separated by the 
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146 gaskets and snapping them together. The devices were placed in a 37° C incubator, connected 

147 to syringes, and purged with media at a flow rate of 2.5 mL/hr. Media containing fluorescein was 

148 perfused through the luminal channel while media without fluorescein was perfused through the 

149 serosal channel. Once effluent media reached the collection tubes, the flow rate was reduced to 

150 250 μL/hr for the remainder of the experiments to provide low shear stress across the tissue. 

151 Collection tubes were changed every 10 h and immediately stored at -80°C. Colon explants 

152 used for mucus experiments were cultured for 48 h before the addition of an azido-modified 

153 galactosamine, Tetraacetylated N-Azidoacetylgalactosamine (GalNAz; 12.5 µM; Fisher 

154 Scientific, Pittsburgh, PA). At the conclusion of experiments, tissue explants were removed from 

155 the devices and placed in media containing either Ethidium Homodimer III (EtHD; Biotium, 

156 Hayward, CA) at a concentration of 2.5 µM to evaluate cell death, or a fluorophore-tagged 

157 alkyne, Dibenzocyclooctyne-Cy3 (DBCO-Cy3; 2 µM; Sigma-Aldrich, St. Louis, MO). After 30 min 

158 of incubation with EtHD, or 15 min of incubation with DBCO-Cy3, tissue explants were washed 

159 three times with culture media and fixed in 4% formaldehyde for a minimum of 8 h. Fixed tissue 

160 was washed with, and stored in, cold 0.05 M PBS until further analysis. A total of 27 devices 

161 were used for experiments, 4 of which were discarded due to breakage of the cyanoacrylate 

162 barrier separating the fluidic channels. 

163 Fixed explants were sectioned at 50 µm thick on a vibrating microtome (VT1000s, Leica 

164 Microsystems, Wetzlar, Germany) before mounting on glass microscope slides. Imaging was 

165 performed on a Nikon TE2000-U inverted microscope (20x Plan-Apo objective) with a UniBlitz 

166 shutter system (Vincent Associates, Rochester, NY) and an Orca-flash 4.0 LT camera 

167 (Hamamatsu, Hamamatsu City, Shizuoka Prefecture, Japan). 

168 Fluorescein quantities contained in culture media effluents were analyzed using an 

169 Epoch Gen5 Microplate Spectrophotometer (BioTek, Winooski, VT) with a wavelength of 488 

170 nm.  Absorbance was quantified in effluent media from both channels in 10 h increments, with 
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171 hour 0 representing initial placement of explants into devices. Background signal from phenol 

172 red, a component of CTS Neurobasal Medium, was removed.

173  

174

175 Results and Discussion:

176 Mouse colon explants were cultured in the MOD for up to 72 h ex vivo in both low and 

177 ambient mucosal DOC maintaining healthy, intact tissue (Supplemental Figure 1A-C). Tissue 

178 health was marked by maintenance of patterned rows of colonic crypts, with interspersed lamina 

179 propria and stereotypic arrangement of intestinal submucosal and muscular layers (Figure 2A, 

180 B, C). Minimal cell death was shown across 0h – 72h ex vivo (Figure 2D, E, F), indicated by 

181 labelling with EtHD. As expected, some EtHD was observed at the apical most epithelium, but 

182 not at the base of colonic crypts. Stem/progenitor cells at the base of colonic crypts proliferate 

183 and progeny migrate along the length of the crypt, towards the luminal aspect, before 

184 undergoing apoptosis and sloughing off into the intestinal lumen.41 This cycle is continuously 

185 repeated to regenerate a new epithelium every 2-3 days in the mouse.42 Minimal cell death 

186 observed throughout our explants during ex vivo culture, coupled with the EtHD signal at the 

187 apical most aspect of the crypt, points towards healthy tissue undergoing normal epithelial 

188 turnover. While others have maintained mammalian intestines in microfluidic devices for up to 

189 72 h,43 evidence of tissue health was minimal. Another concern in many systems15, 43-45 is that 

190 serum-containing media with supplemented antibiotics was used to culture the tissue. A key 

191 advantage of the MOD is that we have maintained tissue in serum-free media, without 

192 antibiotics, which enables controlled substance delivery to the tissue as well as studying the role 

193 of bacteria on tissue health and physiology. 
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194 In addition to maintaining viable tissue for 72 h, media was separated in independent 

195 microfluidic channels facing the mucosal and serosal sides of the tissue. Mean (+/- standard 

196 deviation) absorbance across all time points for luminal effluents was 0.11 +/- 0.03 and 0.00 +/- 

197 0.02 for serosal effluents, indicating that media did not cross channels throughout the duration 

198 of the experiments (Figure 3). One potential concern is that fluorescein leakage could be diluted 

199 by the fluid flow, under the spectrophotometer’s detection limit. Since fluorescein and 

200 fluorescein-isothiocyanate are commonly used to assess barrier permeability in vivo46 and in 

201 vitro,47 any leakage below the detection limit is not biologically significant as an indication of 

202 barrier disruption. If media had crossed through the tissue, absorbance values would have 

203 increased substantially in the serosal effluent due to transfer or leakage of fluorescein across 

204 the tissue. Another potential concern is the reliability of the cyanoacrylate seal around the 

205 tissue. In ~15% of the devices tested, tissue lost adhesion to the cyanoacrylate glue and media 

206 was allowed to freely transfer between channels. Future iterations of the MOD will be designed 

207 to reduce device failure rates and increase experimental repeatability. The verification of media 

208 separation is a critical indicator that the gut wall tissue retained one of its most essential 

209 features ex vivo, that of a physical barrier with tight junctions between cells. This helps ensure 

210 that pathogens, pharmaceuticals, and other compounds of interest for study ex vivo can only 

211 access tissue physiology by going through normal cellular processes (e.g., active transport, 

212 diffusion, cellular transfer). By comparison, in most organ-on-a-chip devices, a barrier is formed 

213 by a confluent cell monolayer without the underlying cellular diversity needed to understand 

214 intestinal physiology. 

215 The MOD enabled recapitulation of the in vivo oxygen gradient across the epithelial 

216 layer. DOC in the luminal channel were maintained at 3.0 +/- 0.38 mmHg for 48 h using 0.5 M 

217 sodium sulfite. In vivo intraluminal oxygen concentrations at the mucosal interface are nearly 

218 anoxic.48 Perfusion of low oxygen-containing media within the luminal microfluidic channel 
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219 increased bacterial presence on the tissue’s mucosal surface compared to tissue perfused with 

220 media at ambient oxygen levels (~ 100 mmHg), as marked by fluorescent gram stain35 (Figure 

221 4A-F). Increases were most notable for gram-negative bacteria. Increased bacterial presence in 

222 a low oxygen environment was expected since many bacteria in the colon are anaerobic.49 

223 Therefore, recapitulation of the in vivo oxygen gradient is vital to studying host tissue 

224 interactions with a more diverse, physiologically relevant bacterial community. It is also 

225 important to note that these experiments are proof-of-principle. Quantifying specific bacteria and 

226 overall bacteria concentrations will be the focus of future reports.

227 Microfluidics provide a mechanism of tissue perfusion ex vivo that should allow for 

228 healthier tissue over longer periods.14 Previous ex vivo systems such as intestinal organotypic 

229 slices maintained tissue for 6 days, but without a true luminal barrier.35 Other methods such as 

230 Ussing chambers maintain full thickness tissues with an intact barrier, but with limited viability 

231 over a few hours.27  Using dual flow microfluidics, the MOD allows for the culture of full 

232 thickness explants with an intact barrier over an extended length of culture (3 days). 

233

234 Conclusion:

235 In conclusion, a novel ex vivo microfluidic organotypic device was designed and tested. 

236 This system maintains viable polarized murine intestinal explants for 72 h ex vivo and enables a 

237 physiological oxygen gradient to be established between independent microfluidic channels 

238 rendering luminal and vascular compartments. The MOD bridges a substantial gap in current 

239 approaches to modeling barrier tissue as it overcomes several limitations associated with both 

240 in vitro and in vivo models. Due to the culture of full thickness explants, the MOD more closely 

241 recapitulates the in vivo physiology of the gut wall, as tissue explants include the complex 
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242 cellular diversity and native tissue structural relationships of the gut wall. The MOD system 

243 offers a novel approach to culturing intestinal tissues with intact luminal barriers. 

244 Future extensions to the MOD will include developing and integrating optical and/or 

245 electrochemical sensors for analytes relevant to the intestinal environment (i.e. glucose, 

246 lactate). Electrodes can be added to assess transepithelial electrical resistance, which has been 

247 a useful measure of barrier integrity in other systems.15,50,51 Ultimately, the MOD will be 

248 implemented in long-term microbiome studies to elucidate the relationship among microbial, 

249 epithelial, neuro and immune components of the gut wall in health and disease. 

250

251
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268 Figure Legends:

269 Figure 1.

270 Schematic illustration of the MOD design and maintenance of tissue explants ex vivo.  (A) an 

271 exploded model of the MOD system showing luminal (red) and serosal (blue) flow paths.  (B) 

272 image of mouse colon explant inside the MOD. (C) image of colon explant tissue at 0h ex vivo 

273 through the viewing window.  (D) image of different colon explant tissue at 72 h ex vivo through 

274 viewing window. Scale bars in C and D are 2 mm.

275

276 Figure 2.

277 Tissue health was maintained for 72 h ex vivo in the MOD in both ambient and low oxygen 

278 conditions. Brightfield images in A-C demonstrate patterned rows of colonic crypts, and 

279 stereotypic anatomical arrangement of gut wall musculature and submucosa at 0h (A), 72 h in 

280 ambient oxygen (B) and 72 h in low oxygen (C).  Fluorescent images in D-F demonstrate EtHD 

281 labelling in colonic explants, with stereotypic signal observed at apical most aspect of colonic 

282 crypts (arrows) at 0h (D), 72 h in ambient oxygen (E) and 72h in low oxygen (F).  ‘L’ denotes 

283 intestinal lumen, ‘m’ indicates mucosa, ‘sm’ submucosa, and ‘me’ muscularis externa.  Scale 

284 bars in A and B are 100 µm, scale bar in C is 50 µm, and scale bars in D-F are 25 µm.

285

286 Figure 3.

287 Media was separated across channels as marked by fluorescein absorbance in effluent media.  

288 Mean absorbance (A.U.) at 488 nm wavelength demonstrates significantly more fluorescein 

289 presence in mucosal (circular points) effluents compared to serosal (square points) (P < 0.001).  

290 No significant differences were observed across time in either the mucosal (P > 0.20) or serosal 
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291 (P > 0.45) effluents. All statistical analyses were performed using a one-way ANOVA with α = 

292 .05. Representative images show visible green color from fluorescein in mucosal (m) effluent 

293 compared to serosal (s) effluent. 

294

295 Figure 4.

296  Microbiota were maintained in the MOD, and more bacteria were visible in an explant cultured 

297 in lower oxygen conditions.  Baseline bacterial levels are shown at 0h ex vivo via hexidium 

298 iodide (7.05 µM) fluorescence in red (A), signifying Gram-positive bacteria, and SYTO9 (5.01 

299 µM) fluorescence in green (A’), signifying Gram-negative bacteria.  Gram stain fluorescence 

300 was noticeably higher in tissue cultured in lowered oxygen conditions (B-B’; 3 mmHg) when 

301 compared to tissue cultured in ambient oxygen (C-C’; 100 mmHg) containing media.  Arrows in 

302 A’, B’ and C’ denote a single colonic crypt. Scale bars in all panels are 100 µm. 

303

304 Supplemental Figure 1.

305 Tissue structure was maintained intact and patterned in stereotypic rows of colonic crypts at 72h 

306 ex vivo.  The images show representative sections cut at 50 µm of perfused mouse colon (A), 

307 explants cultured in low DOC (B), and those cultured in ambient DOC (C). Sections were 

308 stained with aldehyde fuchsin to elucidate general tissue structure and visualize colonic goblet 

309 cells (e.g., arrows). ‘L’ represents intestinal lumen and ‘c’ a colonic crypt.  Scale bars in A-C are 

310 25 µm.

311
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