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Abstract 

Human intestinal enteroids (HIE) models have contributed significantly to our understanding of 

diarrheal diseases and other intestinal infections, but their routine culture conditions fail to mimic 

the mechanical environment of the native intestinal wall. Because the mechanical characteristics 

of the intestine significantly alter how pathogens interact with the intestinal epithelium, we used 

different concentrations of polyethylene glycol (PEG) to generate soft (~2 kPa), medium (~10 

kPa), and stiff (~100 kPa) hydrogel biomaterial scaffolds. The height of HIEs cultured in 

monolayers atop these hydrogels was 18 µm whereas HIEs grown on rigid tissue culture surfaces 

(with stiffness in the GPa range) were 10 µm. Substrate stiffness also influenced the amount of 

enteroaggregative E. coli (EAEC strain 042) adhered to the HIEs. We quantified a striking 

difference in adherence pattern; on the medium and soft gels, the bacteria formed clusters of >100 

and even >1000 on both duodenal and jejunal HIEs (such as would be found in biofilms), but did 

not on glass slides and stiff hydrogels. All hydrogel cultured HIEs showed significant enrichment 

for gene and signaling pathways related to epithelial differentiation, cell junctions and adhesions, 

extracellular matrix, mucins, and cell signaling compared to the HIEs cultured on rigid tissue 

culture surfaces. Collectively, these results indicate that the HIE monolayers cultured on the 

hydrogels are primed for a robust engagement with their mechanical environment, and that the soft 

hydrogels promote the formation of larger EAEC aggregates, likely through an indirect differential 

effect on mucus.  
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1.  Introduction 

Scientists have recently developed techniques to create human enteroid (enteric organoid) 

cultures as pre-clinical models to study the pathophysiology of enteric diseases as well as to 

develop drug therapies [1-3]. These 3D enteroid cultures, derived from intestinal stem cells in 

crypts isolated from human tissues (endoscopic biopsies and discarded surgical specimens), grow 

to include the entire crypt-villus axis, i.e., all epithelial cell types normally present. Enteroids 

naturally form in 3D with the apical surface of the epithelium located interiorly and the basal 

surface externally. This formation leads to difficulty in accessing the apical surface without 

invasive and time-consuming methods that are also not easily scalable for high throughput. These 

challenges have led investigators to continue to pursue further development of 2D models to 

support mechanistic studies with a variety of intestinal pathogens. One critical aspect to this model 

development is the consideration of the substrate mechanics, especially the stiffness.  

Epithelial cells reside atop the mucosal layer (the lamina propria) of the villus, a loose 

connective tissue, and several layers of muscle (the submucosa and the muscularis mucosa). 

Despite the layers of smooth muscle and connective tissue, the layers directly in contact with the 

lamina propria and intestinal basement membrane are much softer. In contrast, the current culture 

substrates for 2D human intestinal enteroids (HIEs), Matrigel-coated plastic/glass, are extremely 

rigid. A more biomimetic culture platform for enteroids that closely mimics the soft nature of 

lamina propria can be provided by synthetic, customizable hydrogel scaffolds constructed using 

polyethylene glycol (PEG), which can be biofunctionalized by coating with proteins, peptides, or 

other bioactive molecules to mimic the ligand presentation of the basement membrane [4]. By 

controlling the degree of crosslinking, polymer molecular weight, or polymer volume fraction, one 

can control the hydrogel stiffness, which has been shown to influence the behavior of retinal 

epithelial cells cultured atop these gels [5]. PEG-based synthetic hydrogels containing cell-

adhesive peptides were recently investigated as an alternative matrix for the culture and 

differentiation of intestinal organoids maintained in 3D culture [6, 7]. Notably, Gjorevski et al. [6] 

found that organoid expansion and differentiation were increased in stiffer and softer matrices, 

respectively.  

This work was designed to investigate the impact of stiffness on HIE biological pathways 

and susceptibility to bacterial infection. Motivated by the need for improved access to the apical 

side of intestinal enteroids to study enteric infections, we recently reported a new approach to 
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culture human intestinal epithelial enteroids as a monolayer on synthetic hydrogels [8].  Here, we 

examined the effect of hydrogel stiffness on HIEs cultured in 2D and then inoculated with 

Enteroaggregative Escherichia coli (EAEC). EAEC, named for its characteristic aggregative 

adherence pattern [9], is a global pathogen causing life-threatening diarrhea in developing nations 

[10], subclinical intestinal inflammation [11], long-term colonization in children associated with 

growth stunting, long term cognitive impairment, and malnutrition [12], and numerous cases of 

travelers’ diarrhea [13]. The aggregative phenotype of EAEC has been studied extensively in Hep2 

cells [9], observed in experiments using pediatric intestinal explants [14] wherein EAEC formed 

3D biofilm-like structures, and recently studied in HIEs [2]. The unique adherent and aggregative 

features of EAEC set the stage for the subsequent infection and disease symptoms with the 

prevailing model of pathogenesis beginning with adherence to the intestinal mucosa mediated by 

aggregative adherence fimbriae (AAF) [15, 16] and the involvement of AAF in the disruption of 

barrier integrity [17], the release of cytokines [18], and the induction of host inflammatory 

signaling [19] observed in EAEC infection. 

The heterogeneity of clinical strains [20, 21] and lack of appropriate animal models [22] 

have complicated our understanding of EAEC pathogenic mechanisms, driving a need for high-

throughput, biomimetic models of enteric infection. 3D HIE cultures have facilitated numerous 

discoveries about enteric pathogens [23], but we sought to develop a 2D model that would offer 

access to the apical surface as well as a customizable substrate stiffness that mimicked the 

mechanical behavior of the lamina propria. Thus, the goal of this work was to investigate the 

influence of substrate stiffness on human epithelial enteroids cultured in 2D monolayers and on 

their infection by EAEC.   

 

2.  Materials and Methods 

2.1 Measurement of intestinal mucosal stiffness using micropipette aspiration 

The small intestinal segments from young adult pigs (4-6 months; n = 3) were obtained 

from a local commercial abattoir (Animal Technologies, Tyler, TX). The ex vivo segments were 

rinsed gently to preserve mucosa, cut open longitudinally and then into smaller pieces of about 4-

5 mm length, and stored in PBS at 4°C. To measure the mucosal stiffness, micropipette aspiration 

was performed as previously described [24]. Briefly, glass micropipettes of diameter 60-70 µm 

were positioned perpendicularly to the intestinal tissue with direct access to aspirate the mucosal 
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villi and crypt tissue into the lumen of the micropipette. Aspiration was performed by application 

of vacuum pressure through a syringe pump at a constant rate. The pressure was recorded using a 

pressure transducer operated by Labview software (National Instruments, Austin, TX). At each 

pressure level, an image of the micropipette with tissue aspirated into the lumen was captured to 

measure the aspiration length and pipette diameter (Supplemental Fig. S1A). The stiffness values 

were then calculated by fitting a finite-strain hyperelastic neo-Hookean constitutive model to the 

data as previously described [25].  

 

2.2 Fabrication of hydrogels for seeding HIEs 

Hydrogel precursor solutions were prepared by dissolving 20 kDa 8-arm PEG-norbornene 

(PEG-8N; JenKem Technology USA, Plano, TX) and 10 kDa 8-arm PEG-thiol (PEG-8T, JenKem 

Technology) in a visible light photoinitiation solution [26] consisting of HEPES buffered saline, 

pH 8.3 with 1% (v/v) triethanolamine (Acros Organics, Fair Lawn, NJ) and 10 µM eosin-Y 

disodium salt (Sigma Aldrich, St. Louis, MO). This precursor solution was prepared in three 

different formulations to achieve three different stiffnesses in the resulting hydrogel (Table 1).  

The hydrogels were polymerized using a ‘click’ reaction between norbornene and thiol 

groups with Eosin-Y as photoinitiator (Fig. 1A). To fabricate hydrogels, 4 µL of prepolymer 

solution was pipetted onto a Sigmacote® (Sigma Aldrich)-treated glass slide between 320 µm 

spacer molds, covered with a Sigmacote®-treated coverslip, then crosslinked using 150 kLux of 

full spectrum white light (UltraTow LED Floodlight, Northern Tool and Equipment, Burnsville, 

MN) for 3 min. The molds were then peeled off the plate leaving the hydrogel disks on top of the 

glass slides. Six (6)-mm diameter cloning cylinders were secured to the coverslips with silicone 

grease to create small column wells around each hydrogel disk. PBS was added to the columns to 

maintain hydrogel hydration (Fig. 1B). The gels were functionalized with ECM proteins in a 2-

step process. First, PBS was aspirated and a 100 µL volume of 1:1 mixture of 2% Eosin-Y and 

thiolated poly(D-lysine) (PDL-SH) was added to each hydrogel column prior to crosslinking by 

150 kLux of white light for 3 min (Fig. 1 A,B). The PDL-SH/Eosin-Y mixture was aspirated and 

the hydrogels were washed with PBS. A 100 µL volume of 1 mg/mL Matrigel in PBS was then 

added to each column, and the column well plates were incubated for seeding with HIEs the next 

day. 
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2.3 Mechanical testing of hydrogels  

The three formulations of hydrogels were tested in uniaxial unconfined compression to 

determine their elastic moduli as described previously [27]. For this test, hydrogel disks were 

fabricated using the above precursor solutions at a set dimension of 6 mm diameter x 1 mm 

thickness using PDMS molds, crosslinked by white light, removed from the molds, and 

equilibrated in PBS overnight. Subsequently, the hydrogel disks were placed between the platens 

of a Bose ELF 3200 mechanical tester (Bose ELF, Eden Prairie, MN) and compressed until a strain 

of 40% was achieved. The reaction force was measured using a 1000 g load cell, while collecting 

force and displacement data. After converting the data to stress and strain by normalizing by the 

disk cross-sectional area and height, respectively, the compressive elastic modulus was calculated 

from a linear regression of the stress vs. strain plot between 5% and 15% strain. Three samples of 

the softest hydrogel formulations were also tested using micropipette aspiration as described in 

Section 2.1 (Supplemental Fig. S1B). 

 

2.4 Isolation and culture of human intestinal epithelial enteroids (HIEs) 

HIEs were established from human jejunal and duodenal epithelium and cultured as 

previously described [28]. Small intestinal biopsies were obtained from adults undergoing routine 

endoscopy or bariatric surgeries following a human subjects protocol approved by the Institutional 

Review Board at Baylor College of Medicine. All HIEs were derived either from human jejunum 

of three different individuals (J2, J3, J11) or duodenum of one individual (D109). Cultures of these 

established cell lines were grown in 3D forms in growth factor-reduced, phenol red-free Matrigel 

(Corning, Corning, NY) in complete medium with growth factors (CMGF+), which maintained 

the 3D HIEs in a predominantly undifferentiated, stem cell-rich state.  

To obtain monolayer cultures of HIEs, undifferentiated 3D enteroids were released from 

the Matrigel with cold PBS containing 0.5 mM EDTA, pH 7.4, pelleted by centrifugation at 200 

×g for 5 min, and then incubated with trypsin for 4 min. After the trypsin was deactivated using 

medium with 10% serum (Fisher Scientific), cells were resuspended 4-5 times and strained (40 

µm). The flow-through was collected, briefly pelleted (400 rcf for 5 min at room temperature), and 

then seeded atop the Matrigel-coated surfaces at a density of either 1×105 cells/cm2 (96-well plates) 

or 3×105 cells/cm2 (hydrogels) in CMGF+ medium supplemented with 10 µM Y-27632 (EMD 

Millipore) for 24 h to form monolayers. After the undifferentiated cells were adhered to the 
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hydrogels or tissue culture plates, the cells were grown in differentiation medium, which contained 

CMGF+ medium without Wnt3A, SB202190, or nicotinamide and also contained 50% lower 

concentrations of Noggin and R-spondin [2, 29]. The HIE monolayers were cultured in 

differentiation medium for 5 days with medium changes every 48 h.   

 

2.5 Assessment of morphology and differentiation with immunofluorescence and RT-

qPCR  

Immunofluorescent staining was used to determine the morphology of HIEs. Following 

culture for 5 days atop either the hydrogels of different stiffness or Matrigel-coated glass 

coverslips, the HIEs were fixed with 4% w/v paraformaldehyde (Fisher Scientific), permeabilized 

with 0.125% v/v Triton X-100 (Sigma Aldrich), and blocked with 5% v/v normal donkey serum 

(Abcam, Cambridge, MA). F-actin was visualized with Alexa Fluor-conjugated phalloidin 

(Invitrogen, Carlsbad, CA) and the nuclei were counterstained with DAPI (Invitrogen).  Images 

were collected with confocal microscopy (Nikon A1-Rsi). Orthogonal slices of z-stack images 

were used to determine the height of the F-actin-stained cells using Fiji software. These cell heights 

were compared with measurements of epithelial cells in hematoxylin and eosin-stained sections of 

adult human jejunum and duodenum, obtained from our human subjects protocol as described in 

section 2.4. 

 To assess cell differentiation, additional samples of J2 HIEs cultured atop hydrogels were 

stained for beta-catenin, sucrose isomaltase (enterocytes), lysozyme (Paneth cells), and 

chromogranin A (enteroendocrine cells) as previously described in Wilson et al. [8] Phenotypic 

gene expression was assessed by reverse transcription quantitative polymerase chain reaction (RT-

qPCR). Differentiated HIE monolayers from two individuals (J3 and D109) cultured atop 

hydrogels or tissue culture plastic lysed with Trizol (Thermo Fisher) and homogenized using a 

Tissue Lyser II (Qiagen). The cells on hydrogels were flash frozen prior to lysis. Total RNA was 

extracted using qScript XLT One-Step RT-qPCR ToughMix reagent with ROX reference dye 

(Quanta Biosciences). RT-qPCR was performed using TaqMan primer-probe mixes (Thermo 

Fisher) in a StepOnePlus system (Applied Biosystems) with glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as the reference gene. Fold changes were calculated as 2-ΔCT. 
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2.6 Large-scale transcriptomics analysis 

RNASeq analysis was performed to compare the gene expression of HIEs on PEG 

hydrogels with those on tissue culture plastic within 96-well plates. HIEs derived from the jejunum 

of 3 different individuals (J2, J3, J11) were seeded on 3 stiffnesses of PEG hydrogels (soft, 

medium, stiff) or on 96-well plates and cultured under differentiation conditions for 5 days as 

described above. For additional biological replication, RNA was collected from samples cultured 

on a range of dates, resulting in 36 samples total, including 3 replicates for each condition. After 

5 days of differentiation culture, the hydrogels containing HIE monolayers were flash frozen, 

harvested in 1 mL of TRIzol (Thermo Fisher Scientific, Waltham, MA), and homogenized using 

a Tissue Lyser II (Qiagen, Germantown, MD). The cells on Matrigel-coated tissue culture plastic 

(96-well plates) were harvested directly in TRIzol. The harvested samples were transferred to new 

tubes and stored at -80°C before being shipped for purification and mRNA-sequencing by 

Novogene (Sacramento, CA). The mRNA sequencing was performed using Illumina platforms for 

150 bp paired-end reads.  

The resulting fastq files were trimmed using the program wrapper for fastqc and cutadapt, 

TrimGalore! [30, 31]. Quality trimmed files were aligned against the human genome (GRCh38 

p12) using the STAR aligner [32]. The human genome sequence and annotation file used during 

the alignment and subsequent read quantification were obtained from GENCODE [33]. Aligned 

reads were quantified using featureCounts at the gene level [34]. Protein coding gene counts for 

all samples were summarized into one matrix before performing differential gene analysis using 

the limma R-package with the voom transformation to correct for data heteroscedasticity [35]. For 

the linear models used in the differential gene analysis, gel stiffness was used as the explanatory 

variable and the patient from which the enteroids were derived was used as a blocking covariate. 

Pathway enrichment was determined using gene set enrichment analysis (GSEA) [36]. In the 

GSEA for each comparison considered, all detected genes were ranked according to their log2 fold 

change in expression. Heatmaps, volcano plots and principal component analysis (PCA) plots were 

created in the R-statistical computing environment.  

 

2.7 Infecting HIEs with EAECs 

HIE monolayers from four different patients (J2, J3, J11, and D109) were seeded on soft, 

medium, and stiff hydrogels, plastic 96 well plates (Ibidi, Fitchburg, WI), or glass chambered 
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slides (Greiner Bio One, Monroe, NC) and differentiated for 5 or 6 days. Prototype EAEC strain 

042 was grown overnight in tryptic soy broth (TSB) in a shaking incubator at 37°C. Prior to 

infection, 042 was subcultured for 3 h in fresh TSB at 37°C in a shaking incubator. Bacteria were 

then diluted in differentiation medium (3 µL per 100 µL fresh medium), which was added directly 

to the enteroids for infection. HIE monolayers were infected with 042 for 3 h at a multiplicity of 

infection (MOI) of 10 [37]. Neither DMEM nor the CMGF+ medium had a significant effect on 

the viability or growth curves of the bacteria (data not shown).  

 

2.8 Assessment of infection using Giemsa staining/Colony Forming Unit (CFU) counting 

Giemsa stain: Following infection, each well was washed 3x with room temperature PBS 

to remove unadhered bacteria. Slides were fixed and stained at room temperature using a Hema3 

kit (Fisher Scientific). Representative images were taken at 100x magnification. Using these 

images, the number of bacteria and their pattern of adherence was counted [21]. 

CFU counting: Following infection, cells were washed gently 3x with room temperature 

PBS to remove unadhered bacteria. Cold PBS was added to each well to dissolve the Matrigel 

coating, and the cells (and bacteria adhered to them) were scraped off using a pipette tip. This 

solution was serially diluted in PBS, plated on luria broth plates, and grown overnight. Colonies 

were counted and the number of bacteria adhered to the cells in each well was calculated.  

 

2.9 Statistical analyses 

All statistical analyses were performed using one-way or two-way ANOVA with Tukey’s 

post-hoc tests unless stated otherwise. All values are reported as mean ± standard deviation with 

significance for p<0.05. Bacterial adherence assays (image analysis and CFU experiments) were 

analyzed using either ANOVA or Kruskal-Wallis's test for non-parametric data with Dunn’s 

multiple comparison test. GraphPad Prism software was used for all analyses.  

 

3. RESULTS 

3.1 Micropipette aspiration demonstrates that the mucosal layer is soft 

To provide a mechanical frame of reference for the development of hydrogel biomaterial 

scaffolds for the culture of HIEs, the stiffness of small intestinal segments from pigs was measured 

due to their anatomical and physiological similarity to human small intestine. To determine the 
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stiffness of the mucosal layer, micropipette aspiration was performed. We found a trend of lower 

stiffness of the mucosal layer in the duodenum (1.84 ± 0.64 kPa) compared to the jejunum (2.38 ± 

0.88 kPa) and ileum (2.35 ± 1.23 kPa), but this was not statistically significant (Fig. 1C).   

 

3.2 Synthetic hydrogels can be fabricated with a range of stiffness 

To recapitulate the mucosal stiffness and to determine the effect of increase in stiffness on 

HIEs, we fabricated PEG-based hydrogels with three different stiffnesses by varying the weight 

fraction of the polymer constituents (Table 1). The elastic moduli measured from compressive 

mechanical testing were 1.58±0.36 kPa, 11.68±2.48 kPa, and 105.45±8 kPa for soft, medium, and 

stiff gels respectively (Fig. 1C). The elastic modulus of the soft hydrogels measured using 

micropipette aspiration was 1.91 ± 0.41 kPa. 

 

3.3 Confirmation of differentiation for HIEs cultured on hydrogels 

  We assessed whether the HIEs cultured atop the hydrogels were able to transition from a 

stem-like state into the multiple cell types found in differentiated intestinal epithelium. As shown 

in Fig. 2A-C, immunostaining for the epithelial marker beta-catenin demonstrated the integrity of 

the J2 HIE cell monolayer atop the hydrogels. The markers of differentiated enterocytes (sucrose 

isomaltase), Paneth cells (lysozyme), and enteroendocrine cells (chromogranin A) demonstrated 

that these cells were present in their expected low density (Fig. 2D-L). Duodenal (D109) HIEs 

grown on tissue culture plastic and on the hydrogels of different stiffnesses demonstrated no 

significant differences in gene expression of markers of enterocytes (SI), goblet cells (MUC2), 

enteroendocrine cells (CHGA), Paneth cells (LYZ), or intestinal epithelial stem cells (HOPX, 

LRG5, CD44, KI67) (Fig. 2M). Although the jejunal J3 line of HIEs showed the same trends in 

relative gene expression of these same markers (Fig. 2N), there were some significant differences 

in expression between the different substrate stiffness groups. These differences were generally 

minor, but there was unexpectedly high expression of the enterocyte markers SI and ALPI in the 

J3 HIE line cultured atop the soft hydrogels. Together, these results demonstrate that HIEs grown 

on these hydrogels of different stiffness retained their diverse range of cell phenotypes. 
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3.4 Improved polarization of HIEs cultured on hydrogels  

Previous studies have shown that stiffness of the culture substrate affects cell proliferation 

and differentiation in 3D intestinal organoids, however, it is unclear how stiffness will affect the 

morphology of HIEs grown in 2D. We tested the role of stiffness on cell morphology by comparing 

HIEs grown on coverglass to those grown on hydrogels of different stiffness, choosing to use the 

apical brush border and cell height as readouts. The polarization of differentiated HIEs was 

visualized by staining for F-actin, which is intensely expressed at the brush borders. HIEs on 

hydrogels with different stiffnesses were found to be present as flat monolayers that were 

appropriately polarized with brush borders, comparable to cells cultured on Matrigel-coated 

coverslips (Fig. 3A). Interestingly, the height of HIEs cultured on hydrogels were approximately 

80% taller (p<0.05) compared to HIEs cultured on glass coverslips (Fig. 3B), although still 

significantly shorter than epithelial cells in native human adult duodenal and jejunal tissues (Fig. 

3C-D). 

 

3.5 EAEC adherence was enhanced with reduced stiffness 

To follow up on our previous report that EAEC adheres poorly to jejunal HIEs grown on 

glass [2], jejunal monolayers grown on various stiffness conditions and differentiated for 5-7 days 

were infected with prototype EAEC strain 042 following 3 h subculture of the bacteria in TSB. 

The bacteria did not appear to affect the integrity of the HIE monolayers, which was expected 

since EAEC is not an invasive pathogen. For EAEC, the relevant assessments are adherence and 

aggregation. We found that 042 adhered and aggregated in greater number on J2 monolayers 

grown with reduced stiffness (Fig. 4A). As the stiffness of plastic and glass are quite different 

from each other [38], we compared all hydrogels to both of these standard cell culture conditions.  

We analyzed images of the J2 monolayers following infection and found an overall 

significant difference in number of adhered bacteria atop HIEs between the substrates of different 

stiffnesses (Fig. 4B, p<0.0001). The Dunn’s multiple comparison test (p-values provided in 

Supplemental Table S1) showed that all hydrogel groups as well as the plastic had significantly 

more adherent bacteria compared to the glass control (mean of 20.53 adhered bacteria/image): soft 

hydrogels (409, p<0.0001), medium hydrogels (168.2, p<0.0001), stiff hydrogels (57.20, 

p=0.0066), and plastic (231.3, p=0.0002). The soft vs. stiff hydrogel comparison was also 
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significant (p=0.0016). Comparable data trends were also shown in studies of another jejunal line 

(J11) and a duodenal line (D109). 

 These findings were supported by quantification of colony forming units (CFUs) adhered 

to J11 monolayers under different stiffness conditions (Fig. 5). There was an overall significant 

difference in adhered CFUs between the different stiffnesses, p=0.0235, with a mean adhered CFU 

value of 3.00 × 105 for glass, 5.93 × 105 for stiff, 7.28 × 105 for medium, and 7.65 × 105 for soft. 

Dunn’s test for multiple comparisons revealed significant differences in mean adhered CFUs 

between the soft hydrogels (p=0.0177) and medium hydrogels (p=0.0402) compared to the glass 

control, but not between the stiff hydrogels and the glass control. As shown in Supplemental Fig. 

S4, CFU studies on the other cell lines gave comparable results with a non-significant trend of 

more adherent CFUs in the soft hydrogel group compared to the glass group for J2 (p=0.0703), no 

significant difference in CFUs for J3, and significantly more adherent CFUs in the soft group 

compared with the stiff hydrogel group for D109 (p=0.0443). 

 

3.6 EAEC aggregation was enhanced with reduced stiffness 

Additionally, we counted the size of each cluster of bacteria adhered to the HIEs [21] and 

found that EAEC aggregation (number of bacteria per cluster) increased with reduced stiffness. 

There was a significant difference in the mean cluster size (Fig. 4C) between various stiffnesses 

overall (p<0.0001). Dunn’s multiple comparison test revealed significant differences in mean 

cluster size on the soft hydrogels (p<0.0001), medium hydrogels (p<0.0001), and plastic 

(p=0.0242) compared to the glass control (all p-values provided in Supplemental Table S2). The 

mean cluster size was also greater on the soft hydrogels (p=0.0001) and medium hydrogels 

(p=0.0079) compared to the stiff hydrogels.  

As shown in Fig. 4D, as stiffness decreased, both the total number of adhered bacteria and 

the number of bacteria in larger clusters increased. On J2 monolayers plated on traditional culture 

substrates, the largest cluster was 11 bacteria on glass and 48 bacteria on plastic (data not shown). 

In contrast, on gels of all three stiffnesses, EAEC formed clusters of 51-100; very few clusters of 

this size were observed on stiff gels whereas many were present on soft and medium gels. Only 

on soft and medium hydrogels were clusters greater than 100 bacteria observed. Statistically, the 

soft hydrogel cultures had the significantly greatest number of clusters of 1, 3-10, 11-50, and >100 

bacteria (all p-values provided in Supplemental Table S3), whereas the glass cultures had the 
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least. The medium hydrogel culture also had significantly more bacteria in clusters of >100 

compared with the glass, plastic, and stiff hydrogel cultures. Comparable trends were also shown 

for the J11 and D109 lines. For the J11 line, HIEs atop both soft and stiff hydrogels had 

significantly more large clusters of adherent bacteria compared with HIEs cultured on glass 

(Supplemental Fig. S2). For the D109 line, HIEs atop the soft hydrogel had more adherent 

bacteria and larger bacterial clusters than the other groups, with some especially large colonies of 

>1000 bacteria (Supplemental Fig. S3). 

 

3.7 RNASeq analysis shows substrate-driven differences  

These differential results of varied EAEC adherence and aggregation to HIEs cultured atop 

substrates of distinct stiffness led us to hypothesize that biological signaling pathways, especially 

those relevant to mechanosensing and infection, would be altered by changes in the  

microenvironmental stiffness of the HIE cultures. Therefore, we performed a transcriptome 

analysis of HIEs cultured on soft, medium, and stiff hydrogels and 96-well plates. PCA showed 

pronounced differences in gene expression between the PEG hydrogels overall (green, purple, and 

blue symbols) and the 96-well plates (red dots) (Fig. 6A). Importantly and interestingly, we did 

not find differences in the gene expression of the HIEs when only comparing between the three 

gel stiffnesses. Volcano plots of the three hydrogels vs. 96-well comparisons demonstrated a 

roughly equivalent proportion of upregulated and downregulated genes (Fig. 6B). Of over 8000 

profiled transcripts, for a log fold change (FC) of at least 2 with FDR < 0.05, ~430-460 genes were 

upregulated and ~350-410 genes were downregulated for each type of hydrogel compared to the 

96-well plates. The majority (approximately 64%) of the significantly different genes were shared 

between the three hydrogels (Fig. 6C). All significantly different genes (for hydrogels vs. 96-well 

plates) can be found in Supplemental Data Set S1. 

Through a Gene Set Enrichment Analysis (GSEA), the dominant biological pathways 

correlated with the experimental groups were identified. Pathways with the greatest number of 

significant normalized enrichment scores (NES) with an FDR<0.05 were used to compile a 

heatmap of gene expression from several pathways that are known to be mechanosensitive [39], 

namely adhesion, extracellular matrix, external stimulus response, Rho GTPases, and cytoskeletal 

organization. The heatmap of all genes from these pathways demonstrating a log FC of at least 2.0 

is shown in Supplemental Fig. S5, with a subset of these genes shown in Fig. 6D. These heatmaps 
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show that culturing HIEs atop hydrogels with stiffness of approximately 2-100 kPa upregulates 

the majority of the genes in these pathways compared with HIEs on 96-well plastic plates. Of 

particular interest was upregulated gene expression of collagens (particularly types 6 and13), 

integrin subunits α5, β-like 1, and β7, mucins and proteoglycans, and basement membrane 

components such as nidogen, fibulins, and heparan sulfate proteoglycans in the hydrogel cultures. 

These heat maps and the significantly enriched pathway data can be found in Supplemental Data 

Sets S2-S3.  

We examined several additional biological pathways to gain insight into the differential 

EAEC binding. With respect to cell differentiation, the cells cultured atop hydrogels showed strong 

enrichment of the Gene Ontology (GO) Epithelial Cell Differentiation and Canonical Wnt 

signaling pathways (Supplemental Fig. S6A-B). Therefore, epithelial differentiation and Wnt 

signaling genes with log FC>2 were compiled into a single heatmap (Supplemental Fig. S6C) 

with a subset heatmap in Fig. 7A). HIEs cultured on gels had upregulation of several Wnt pathway 

genes including Frizzled Related Protein, NKD Inhibitor of WNT Signaling Pathway 2, and Wnt 

Family Members 4 and 7B. Similarly, epithelial differentiation genes Phosphodiesterase 2A, Sox8, 

and Prosaposin Like 1 were among the most upregulated in hydrogel cultures. 

Of relevance to the EAEC results, the GO Response to Bacterium pathway heatmap 

showed many differences between the cultures plated on the gels and 96-wells (Supplemental 

Fig. S7A). Since we previously reported that EAEC adherence to HIEs was dependent upon 

heparan sulfate proteoglycans (HSPGs) [40], we also prepared a heatmap of genes relevant to 

proteoglycans with log FC>2.0 as shown in Supplemental Fig. S7B, with a subset heatmap in 

Fig. 7B. These showed that the hydrogel cultures had the majority of significantly upregulated 

genes, including heparan sulfate proteoglycan 2 and mucins 1 and 4. Additional significantly 

different genes of interest (albeit with a |log FC|~1) were the upregulated syndecans 1 and 3 and 

the downregulated heparanase, which degrades heparan sulfate glycosaminoglycan chains. 

Examination of the entire GSEA revealed that pathways related to cell metabolism, 

digestion, and transcription were least enriched in gels relative to 96-well plates, and pathways 

related to ECM and the cell response to external stress, immunity and disease, cell cycle, Rho 

GTPases, adhesion, cell signaling, and NOTCH were most enriched (Fig. 8). When examining the 

GSEA for different stiffness gels only, transcriptional pathways were least enriched in the stiffer 

gel cultures (i.e., more correlated with medium and softer gels). In contrast, pathways related to 
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cell metabolism, cell signaling, hemostasis, response to external stimulus, digestion, glycans, 

transport, and immunity were most enriched in the stiffer gel cultures (Supplemental Fig. S8). 

 

4. DISCUSSION 

The development of treatments for human diarrheal diseases has been complicated by the 

lack of reliable and relevant models for many enteric pathogens. Small animal models poorly 

mimic human disease pathophysiology, large animal models present challenges in terms of costs 

and scalability, and traditional in vitro models lack functional similarity with the human intestine 

[41]. Recently, the scientific community has applied 3D organotypic cultures, such as enteroids, 

for investigations of enteric infections since these cultures can recapitulate important aspects of 

intestinal cell phenotypes and functions [23]. Although most intestinal organoids and enteroids are 

cultured in 3D while surrounded by Matrigel, enteroid cultures can be converted to 2D monolayers 

on tissue culture plastic or glass (coated with a thin layer of Matrigel) to facilitate access to their 

apical surface. As both of these conditions differ mechanically from the native intestinal wall, they 

fail to mimic important mechanical aspects of host-pathogen interactions [42, 43] . Therefore, after 

measuring the stiffness of intestinal mucosa, we employed a hydrogel model with customizable 

stiffness to investigate the effect of substrate stiffness on the adherence and aggregation of 

enteroaggregative E. coli to primary human intestinal epithelial cells. After confirming that the 

HIEs cultured atop hydrogel scaffolds and those cultured on traditional tissue culture substrates 

were both successfully differentiated (as we recently reported [8]), we identified  vast differences 

in HIE morphology and gene transcription between the two culture substrates. Further, we found 

that emulating physiological stiffness significantly enhances EAEC aggregation and adherence. 

Even though three hydrogel stiffnesses were evaluated, the primary differences between 

the experimental HIE groups (uninfected) were between the traditional culture substrates and the 

hydrogels overall. This finding was observed for both the height of the HIE monolayer (taller for 

the hydrogels) as well as the large-scale transcriptional analysis. This difference in cell height 

cannot be attributed to microvilli alone, as those are typically one micron tall and the difference 

was several microns. Creff et al. recently showed a similar result with Caco-2 cells cultured atop 

flat 2D or villous-shaped 3D hydrogel being several microns taller than those cultured on glass 

[44]. Interestingly, the height difference in that study became slightly more pronounced after 21 

days of culture, and the Caco-2 cell monolayers cultured on flat 2D hydrogels also spontaneously 
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formed 3D villous-like structures. Although our HIE monolayers remained generally flat during 

the 5 days of differentiation culture, it would be intriguing to prolong this culture duration to assess 

whether a similar phenomenon occurs with the HIEs. As for the height difference, greater height 

of epithelial cells is an indicator of greater cell polarization and differentiation [45, 46], with 

positive correlations between cell height, robust junctional density, and cell integrity. The height 

of the differentiated HIEs cultured atop the hydrogels (approximately 18 µm) is closer to that of 

epithelial cells in tissue sections of the human small intestinal wall, which we measured as 25-27 

µm. Correspondingly, there was significant enrichment for gene and signaling pathways related to 

epithelial differentiation and cell junctions in all hydrogel cultures. Together with the extensive 

enrichment of extracellular matrix components (including basement membrane) and cell-matrix 

adhesions (both integrin and non-integrin), these results indicate that the HIE monolayers cultured 

on the hydrogels are primed for a robust engagement with their mechanical environment. In 

contrast, the HIEs cultured on glass or tissue culture plastic (with stiffnesses in the GPa range [47]) 

were shorter and had more enrichment in signaling pathways related to transcription and cell 

metabolism.  There was a pronounced stiffness-dependent effect on the adherence of EAEC to 

jejunal HIEs. We previously reported that EAEC 042 adheres poorly to jejunal HIE monolayers 

(cultured on glass), predominantly displaying a diffuse pattern of adherence [2]; this poor 

adherence is found with both differentiated and undifferentiated HIEs cultured on glass (data not 

shown). When J2 HIEs were grown on lower stiffness hydrogels for this work, the adherence 

pattern of 042 changed, forming larger 2D and 3D aggregates with increased adherence. We found 

these same striking results with a duodenal cell line, D109, and both stiff and soft hydrogels 

promoted this result for a different jejunal line, J11. However, when we investigated Transwell 

membranes (which are also less stiff than plastic and glass [48]), we did not find any difference in 

adherence of EAEC 042 to jejunal monolayers on Transwells compared to those on glass and 

plastic (Supplemental Figs. S9-S10).  

Several possible explanations for increased EAEC adherence to HIEs on soft hydrogels 

were provided by the RNASeq data. The association between intestinal mucus and EAEC 

adherence has been known for decades [14], but the mechanism remains elusive. These jejunal 

HIEs on soft hydrogels had upregulation of the cell surface-associated mucins MUC1 and MUC4, 

and gel-forming mucins MUC5AC and MUC5B. EAEC has previously been linked with increased 

MUC1 expression [19] and found to interact with MUC1 in an AAF-dependent manner [19], 
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suggesting a role for MUC1 as an intestinal ligand for EAEC. Additionally, we recently reported 

that EAEC’s major fimbrial subunit of aggregative adherence fimbria II (AafA) binds to heparan 

sulfate moieties [40]. This link is consistent with our finding of upregulation of heparan sulfate 

proteoglycan 2 (HSPG2) in the gel cultures as well as the genes for glycosaminoglycan 

biosynthesis and modification. We also noted upregulation of many genes for ECM components 

(as previously reported to [49] accompany EAEC infection), which provide a further source of 

binding to HSPGs [49]. We propose that heparan sulfate polysaccharides are key to these 

interactions between EAEC, intestinal mucus, and other cell-surface and extracellular components. 

Furthermore, we assert that the investigation of EAEC adherence to HIEs was transformed through 

the hydrogels’ mimicry of intestinal physiological stiffness. These findings should guide future 

studies to understand specific host-pathogen interactions at mucosal surfaces in the HIE model, 

especially given the lack of a feasible animal model for enteric pathogens.  

 Hydrogels can be prepared with a range of stiffnesses, and the GSEA revealed many 

compelling differences in enrichment of specific pathways between the soft, medium, and stiff 

gels. Although the comprehensive pathway data set showed significant enrichment of numerous 

pathways in the Gene Ontology, Reactome, KEGG, Hallmark, and other databases, we analyzed 

the Reactome pathways in more detail because they were concise yet representative of the whole 

GSEA. When comparing the enriched Reactome pathways from the gels-vs.-96 well plates 

comparison with the between-gels comparison, the pathways related to cell metabolism and 

digestion/metabolism were more enriched in the 96-well plate cultures, and also more enriched in 

the stiffer gels. This is a consistent pattern showing an effect of greater stiffness regardless of the 

substrate. In other instances, certain pathways (such as GPCR signaling, ECM organization, and 

innate immunity) were more enriched in the hydrogels overall compared to the 96-well plates, and 

then more enriched in the stiff gels compared to the medium and soft gels. Similarly, transcription 

pathways were least enriched in both the hydrogels overall as well as in the stiff gels in the 

between-gels comparison. These comparison patterns suggest that there may be a “sweet spot” of 

optimal pathway enrichment in a specific range of stiffness values (that includes the magnitude 

100 kPa) for certain biological phenomena. A similar “sweet spot” of PEG hydrogel stiffness (190 

Pa) was reported to promote intestinal stem cell proliferation via YAP signaling ([6]; in that model, 

the stem cells were maintained as 3D organoids encapsulated within the scaffold. Indeed, we found 

that three signaling pathways related to YAP (Gene Ontology hippo signaling, Reactome RUNX3 
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regulation of YAP1-mediated transcription, and Cardenonsi YAP conserved signature) were 

enriched in the stiff hydrogels relative to the medium or soft gels. Given the role of YAP in 

mechanosensation, regulation of canonical Wnt signaling, and regulation of secretory 

differentiation, it will be important in the future to investigate links between YAP, differentiation 

of specific intestinal cell subpopulations, mucus production, and EAEC infectivity. Other 

investigators have shown how synthetic biomaterials or intestinal stromal tissue equivalents 

fabricated with villous topography affect intestinal stem cell renewal, cell proliferation, and cell 

function [50-52]. In a similar vein, intestinal cells cultured on villous-patterned biomaterial 

scaffolds and exposed to shear stresses were shown to produce more mucins [53]. Our 

collaborative group is currently conducting a comprehensive analysis of dozens of transcriptomics 

analyses of HIEs from multiple intestinal segments across a range of culture substrates of different 

stiffnesses, including tissue culture plastic, soft Matrigel, hydrogels, and Transwell inserts [48]. 

Lastly, micropipette aspiration was used to quantify the stiffness of the lamina propria, 

which at 1-3 kPa is profoundly less stiff than the underlying connective tissue (approximately 25 

MPa [54]). While the stiffness measurements of the soft hydrogel are comparable between 

compression testing and micropipette aspiration (Supplementary Fig. S5), the working limit of 

our micropipette aspiration system is less than 5 kPa.  The low stiffness of the mucosa provides 

context for the mechanical milieu of the intestinal epithelium: cells growing on the villi are adhered 

to a soft, easily deformable tissue. In contrast, the cells located in the crypts are also adhered to 

this soft tissue but may also be subject to an additional source of mechanically-based signaling due 

to their closer proximity to the much stiffer submucosa. In the future, it will be compelling to 

investigate how the heterogeneous intestinal wall provides a range of mechanical stimulation to 

the intestinal epithelial cells. 

Although these results demonstrating the effect of substrate stiffness on the binding of 

EAEC to HIEs are very compelling, they must be considered in context. These experiments were 

performed with HIEs only, and therefore the additional cell types that make up the intestinal wall 

community were not present, such as intestinal fibroblasts, microvascular cells, and commensal 

microbiota. Interactions between these cells may be affected by substrate stiffness, and those 

interactions may correspondingly impact adherence and aggregation by EAEC. Additionally, the 

hydrogels themselves presented challenges in histological processing, such as for dehydration, 

paraffin embedding, and sectioning for standard histology and for the drying steps needed for 
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electron microscopy (for demonstration of microvilli). Mucus and mucins in particular are 

notoriously challenging to image, and some of the fixatives needed for mucus staining are rather 

corrosive and could not be used with the hydrogels. We were also concerned that other mucus 

stains might be retained by the hydrogels. We are continuing to optimize our methods for the 

staining of cells cultured on these hydrogels. Furthermore, it was not possible to measure trans-

epithelial electrical resistance (TEER) of the HIEs in these hydrogel cultures, although we have 

previously reported successful measurement of TEER for HIEs cultured atop Transwells [55]. 

Although EAEC is not an invasive pathogen, future studies could readily be envisioned in which 

invasive bacteria are expected to disrupt the layer of epithelial cells grown atop the hydrogel. In 

such cases, it will be essential to develop or modify a means of measuring functional integrity of 

the epithelial barrier.  In conclusion, we used a hydrogel model that mimics the stiffness of 

intestinal mucosa to demonstrate differences between HIEs cultured on hydrogels vs. tissue culture 

plates. Moreover, there was a stiffness-dependent effect on the adherence and aggregation of 

enteroaggregative E. coli to the HIEs, with the softer, more physiological hydrogels promoting 

significantly greater bacterial adhesion. These results are likely due to upregulation of mucins and 

other extracellular matrix components that engage with bacterial adhesive filaments. Further 

investigation of these phenomena is necessary to elucidate the role of intestinal mechanobiology 

in enteric disease. 
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Appendix A. Supplementary Data 

Supplemental Figures S1-S10, Tables S1-S7, and Data Sets S1-S3 are available online.  
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Table 
 
Table 1.  Composition of the hydrogels with three different stiffnesses. 
Polymer Soft Medium Stiff 
PEG-8N 3.5 mM 4 mM 12 mM 
PEG-8T 0.65 mM 1.5 mM 9 mM 
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Figures 
 

  
 
Fig. 1. Hydrogel fabrication procedure for HIE culture. (A) Schematic of PEG hydrogel 
functionalization and HIE culture. (B) Schematic of various stages for PEG hydrogel fabrication 
on a glass slide using a PDMS mold and cloning columns. (C) Left, elasticity of intestinal wall 
segments measured by micropipette aspiration (n=3 per group). Right, elasticity of hydrogels (n=5 
per group) measured using unconfined compression.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 15, 2021. ; https://doi.org/10.1101/2021.06.15.448533doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.15.448533
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 
 
Fig. 2. Confirmation of HIE phenotype. (A-L) Immunofluorescent staining of the differentiated J2 
HIEs demonstrates the integrity of the cell monolayer (A-C) and phenotypic markers for three of 
the diverse cell types found in native intestinal epithelium: enterocytes (D-F), Paneth cells (G-I), 
and enteroendocrine cells (J-L). Blue in A-L: nuclei. Green in A-C and J-L: beta-catenin. Red in 
D-F: sucrose isomaltase. Teal in D-I: Actin. Green in G-I: Lysozyme. Red in J-L: Chromogranin 
A. Scale bar = 50 µm. (M-N) Analysis of the cellular composition of the HIEs by RT-qPCR reveals 
multi-lineage differentiation of duodenal and jejunal HIEs. Expression levels of each gene are 
show relative to GAPDH. There were no significant differences between duodenal D109 HIEs 
grown on hydrogels and cells grown on tissue culture plastic in 96 well plates (p>0.05, n=3 
technical replicates). The J3 HIEs showed generally the same differentiation patterns, with some 
slight but significant differences between groups (p<0.05, n=6 technical replicates). Interestingly, 
the soft hydrogel/J3 cultures had unexpectedly strong expression of SI and ALPI, with a nearly 
significant trend of being greater than for the stiff hydrogel and plastic groups. The J3 medium 
hydrogel group had poor mRNA results for this data set. *p<0.05 between indicated groups, 
**p<0.01 between indicated groups, ^p=0.079 for SI and p=0.062 for ALPI vs. each of stiff and 
plastic. 
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Fig. 3. HIE cell height on hydrogels with various stiffness. (A) Confocal images depicting 
orthogonal view of HIE monolayers grown on various substrates. Te HIE cells appeared to be 
taller on the hydrogels compared with the glass coverslips . Teal = F-actin. Blue = nuclei. White 
scale bar = 50 µm. (B) Measurements of cell heights on glass coverslips, on hydrogels, and in 
tissues. Cell heights were not significantly different between the hydrogel groups, but all other 
comparisons were significantly different (***p<0.001). Each cell culture data set (17-32 total per 
group) was collected as 3-4 measurements from multiple distinct gels/coverslips. (C-D) Light 
microscopy images of (C) duodenum and (D) jejunum of human adult donor tissue (23 year old 
male). Tissue measurement shown in (B) were performed using ImageJ on 4 images per sample 
with 12-17 measurements per image. Black scale bars = 100 µm. 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 15, 2021. ; https://doi.org/10.1101/2021.06.15.448533doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.15.448533
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Fig. 4. Adherence of Enteroaggregative E. coli to jejunal monolayers grown on hydrogels of 
various stiffnesses. (A) J2 HIE monolayers cultured with protype EAEC strain 042 for 3 hours, 
stained using a Hema3 kit and imaged at 100x magnification. Bacteria are small purple rods and 
nuclei are large purple ovals. (B-C) The total number of adhered bacteria (B) and number of 
bacteria in each cluster (C) were counted for each image. n represents the number of wells of each 
condition with 3 images taken per well (e.g., if n=6, 18 images were analyzed, 3 from each well). 
Each individual data point in (B) and (C) reflects the quantification of one image. (D) The mean 
number of bacteria in a given cluster size were compared across substrate categories. Data is from 
three separate experiments on different days. Cluster sizes of 1-2 bacteria are not shown in this 
graph. #, †, ‡, ȼ indicate significant difference from glass, plastic, stiff hydrogels, and medium 
hydrogels, respectively. Full tables of p-values for between-group comparisons are in the 
Supplementary Data. 
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Fig. 5. Adherence of Enteroaggregative E. coli to jejunal monolayers grown on hydrogels of 
various stiffnesses. J11 HIE monolayers were cultured with protype EAEC strain 042 for 3 hours, 
washed to remove unadhered bacteria, and scraped off the plate. The cell solution was then serially 
diluted, plated on LB plates, and counted for CFUs. Each data point represents the calculated CFU 
for one well. n=8 wells per condition. * denotes p≤0.05 vs. glass. 
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Fig. 6. RNA sequencing analysis of human intestinal enteroid monolayers cultured on hydrogels 
or 96-well plates. (A) Principal component analysis of jejunal cultures demonstrating the 
variability observed in the samples (3 replicates of each substrate condition for 3 patient cell lines, 
J2, J3, and J11). (B) Volcano plot of differential gene expression for the three different gel stiffness 
compared to the 96-well controls. Red dots indicate genes that have an adjusted p-value of at least 
0.05 with a log fold change (FC) of at least 2. (C) Venn diagrams present the number of genes that 
are differentially expressed (FC at least 2) within the cells cultured on soft, medium, and stiff gels 
compared to the 96-well cultures. Gene data are found in Supplemental Data Set 1. (D) Heat map 
for selected genes from biological pathways, known to be mechanosensitive, that were identified 
through Gene Set Enrichment Analysis. All genes shown have an FDR < 0.05 and log FC > 2. Left 
columns show gene expression in the soft hydrogels and right columns show the 96-well plates. 
Red = upregulated, blue = downregulated. The heat maps for the medium and stiff hydrogels vs. 
96-well plates were very similar. This is a subset of the larger heat map provided in Supplemental 
Fig. S1. Data for the heatmaps is found in Supplemental Data Set 2. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 15, 2021. ; https://doi.org/10.1101/2021.06.15.448533doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.15.448533
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 
Fig. 7. Heat maps of genes from biological pathways that were identified through Gene Set 
Enrichment Analysis. All genes shown have an FDR < 0.05 and log FC > 2.0. Left columns show 
gene expression in the soft hydrogels and right columns show the 96-well plates (3 replicates per 
patient for each substrate condition). Red = upregulated, blue = downregulated. The heat maps for 
the medium and stiff hydrogels vs. 96-well plates were very similar. These are subsets of the larger 
heat maps provided in Supplemental Figs. S2-S3. Data for the heatmaps is found in Supplemental 
Data Set 2. (A) Heat map of selected genes related to differentiated state. (B) Heat map of selected 
genes related to bacterial adhesion, especially via mucins and heparan sulfate proteoglycans.  
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Fig. 8. Normalized enrichment scores (NES) of selected Reactome pathways that were 
significantly different (FDR < 0.05) between HIEs cultured atop hydrogels and those cultured in 
96-well plates. In each column, warmer colors indicate greater enrichment (positive correlation 
with gel) and cooler colors indicate least enrichment (positive correlation with 96-well plate). Data 
were averaged across the 3 patients. 
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