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A B S T R A C T   

The small intestine is a complex organ with a characteristic architecture and a major site for drug and nutrient 
absorption. The three-dimensional (3D) topography organized in finger-like protrusions called villi increases 
surface area remarkably, granting a more efficient absorption process. The intestinal mucosa, where this process 
occurs, is a multilayered and multicell-type tissue barrier. 

In vitro intestinal models are routinely used to study different physiological and pathological processes in the 
gut, including compound absorption. Still, standard models are typically two-dimensional (2D) and represent 
only the epithelial barrier, lacking the cues offered by the 3D architecture and the stromal components present in 
vivo, often leading to inaccurate results. In this work, we studied the impact of the 3D architecture of the gut on 
drug transport using a bioprinted 3D model of the intestinal mucosa containing both the epithelial and the 
stromal compartments. Human intestinal fibroblasts were embedded in a previously optimized hydrogel bioink, 
and enterocytes and goblet cells were seeded on top to mimic the intestinal mucosa. The embedded fibroblasts 
thrived inside the hydrogel, remodeling the surrounding extracellular matrix. The epithelial cells fully covered 
the hydrogel scaffolds and formed a uniform cell layer with barrier properties close to in vivo. In particular, the 
villus-like model revealed overall increased permeability compared to a flat counterpart composed by the same 
hydrogel and cells. In addition, the efflux activity of the P-glycoprotein (P-gp) transporter was significantly 
reduced in the villus-like scaffold compared to a flat model, and the genetic expression of other drugs trans
porters was, in general, more relevant in the villus-like model. Globally, this study corroborates that the presence 
of the 3D architecture promotes a more physiological differentiation of the epithelial barrier, providing more 
accurate data on drug absorbance measurements.   

1. Introduction 

The small intestine is the major site of nutrient and drug absorption 
in the body. It is a complex organ with a characteristic three- 
dimensional (3D) architecture and cell composition. The intestinal tis
sue is organized in finger-like protrusions called villi and invaginations 

called crypts. These greatly increase the tissue surface area and, there
fore, the volume and residence time of fluids, enhancing intestinal ab
sorption [1–3]. For a molecule to reach systemic circulation, it needs to 
cross the intestinal epithelium and the lamina propria, both forming the 
intestinal mucosa, to enter the bloodstream through the blood capil
laries [4]. The intestinal epithelium is composed by absorptive cells – 
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the enterocytes, goblet cells, enteroendocrine cells, Paneth cells, tuft 
cells, and microfold cells [4–6]. The lamina propria, in its turn, contains 
fibroblasts, myofibroblasts, mesenchymal stem cells, endothelial, and 
immune cells embedded in the extracellular matrix (ECM) [7,8]. The 
lamina propria and its interactions with the intestinal epithelium, 
referred as epithelial-mesenchymal crosstalk, are important to maintain 
the integrity of the intestinal mucosa [9,10]. This crosstalk shapes the 
architecture of the small intestine, as well as its functions, being 
essential to maintain cell polarity, behavior and differentiation during 
intestinal development [11–13]. These interactions also play a role in 
cell proliferation, migration and apoptosis, contributing to overall tissue 
homeostasis [14]. 

Although major developments and breakthroughs have been made in 
getting in vitro models of the intestine [15–20], neither the stromal 
compartment nor the 3D architecture are usually present in the standard 
assays used to test drug absorption, study cellular behavior or model 
diseases. The gold standard model for drug permeability assays is 
composed of a flat polarized monolayer of enterocyte-like Caco-2 cells. It 
only represents one compartment of the intestinal mucosa - the epithe
lium - and one cell type - the enterocytes -, and misses the characteristic 
3D topographical features of the native tissue [21]. It also presents 
drawbacks regarding functional aspects. Compared with the human in
testine, the Caco-2 model has different expression levels of drug trans
porters and forms a tighter barrier, which can both lead to low accuracy 
when predicting drug intestinal permeability [22]. On the other hand, 
the 3D architecture generates oxygen and molecular gradients that 
dictate the distribution of the different cell types along the crypt-villus 
axis, being essential for cell renewal and tissue homeostasis [23–25]. 
Thus, new in vitro models that better represent the epithelial-stromal 
crosstalk together with the architecture of the human small intestine 
are needed to help bridge the in vitro/in vivo gap. 

The presence of the stromal compartment in intestinal in vitro 3D 
models triggers a more physiological behavior of epithelial cells [10,27]. 
We have demonstrated this epithelial-stromal crosstalk in two different 
approaches that recreate the stromal compartment using fibroblast- 
laden hydrogels. First, we used a hydrogel co-network of poly 
(ethylene glycol) diacrylate (PEGDA) and gelatin methacryloil (GelMA) 
embedding the stromal fibroblasts, and seeded Caco-2 cells on top to 
form the epithelial barrier. The presence of the stromal cells promoted 
the epithelial barrier formation and accelerated barrier integrity re
covery upon a temporary disruption of the epithelial tight junctions 
[10]. Increasing the cellular diversity, we developed an innovative 
model composed by an epithelium of enterocytes and goblet cells on top 
of a collagen layer laden with human intestinal fibroblasts (HIFs) and an 
endothelial layer underneath [27]. The stromal-epithelial interactions 
that closely resembled the in vivo environment led to a barrier tightness 
and permeability values more similar to the human intestine, and pro
moted a physiologically relevant expression of most drug transporters 
[27]. 

On the other hand, it has been demonstrated the effect of the char
acteristic microstructured topography of the small intestine on the 
epithelial barrier [3,26,28]. The villi, finger-like protrusions of 0.2–1 
mm in height and 100–200 μm in diameter, have a well-defined 
topography and curvature that provides environmental cues to the 
epithelial cells growing on top [26,29,30]. However, only few works 
have mimicked the epithelial-stromal crosstalk in 3D microstructured 
intestinal models, most of them using 3D extrusion bioprinting [15–17]. 
Kim & Kim used a dual-cell extrusion system to obtain a 3D intestinal 
villi model containing an epithelial layer and a blood capillary structure 
using two collagen-based bioinks laden with Caco-2 cells and endothe
lial cells [15,16]. Madden et al. also used extrusion-based bioprinting to 
obtain a flat model of the small intestine using primary human enter
ocytes and myofibroblasts, using the thermo-responsive Novogel® bio
ink [17]. None of these models addressed the changes in the drug 
cellular transporters derived from their improved features, a key prop
erty for drug absorption. 

In here, we have developed a physiologically relevant in vitro model 
of the small intestine, with both the 3D villus-like architecture and the 
stromal compartment by using digital light projection stereolithography 
(DLP-SLA) bioprinting method recently developed in our lab [31]. We 
optimized the bioink containing the cell-adhesive polymer GelMA, the 
synthetic polymer PEGDA, the photoinitiator LAP, and the photo
absorber tartrazine [31]. This bioink provided structural support for the 
bioprinting of the high aspect-ratio villi structures mimicking the small 
intestine architecture while maintaining a cell-friendly matrix for the 
encapsulated stromal fibroblasts. This stromal compartment supported 
the growth of the epithelial cell barrier, recapitulating the anatomical 
subepithelial location of the intestinal fibroblasts. Using the 3D model, 
we demonstrated the effect of the intestinal topography on cell differ
entiation, expression of drug transporters and permeability outcomes, 
and the relevance of including the 3D architecture and the stromal 
compartment for obtaining a model of the intestinal mucosa with in vivo- 
like properties. 

2. Materials and methods 

2.1. Cell culture 

Caco-2 C2BBe1 (described as Caco-2 cells in the manuscript) were 
purchased from American type culture collection (ATCC) and mucus 
producing HT29-MTX cells were kindly provided by Dr. T. Lesuffleur 
(INSERM U178, Villejuif, France). Caco-2 (passages 53 to 57) and HT29- 
MTX cell lines (passages 37 to 50) were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) with 4.5 g/L glucose and Ultraglutamine™ 
(Gibco), supplemented with 1 % Penicillin/Streptomycin 100× (Bio
west) and 10 % Fetal Bovine Serum (FBS) (Biochrom), named as com
plete DMEM. 

Human intestinal fibroblasts (HIF) primary cells (passage 5–6) were 
obtained from ScienCell and were cultured in Fibroblast medium (FM) 
supplemented with 2 % FBS, 1 % of Fibroblast Growth Supplement 
(FGS) and 1 % of penicillin/streptomycin solution (all from ScienCell). 

All cells were grown separately in T75 and T175 tissue culture flasks 
(Nunc) and maintained in an incubator Series II Water Jacket CO2 
incubator (Thermo Scientific) at 37 ◦C and 5 % CO2, in a water saturated 
atmosphere. 

2.2. Fabrication of the bioprinted models of the intestinal mucosa 

A low-cost digital light processing stereolithography (DLP-SLA) 
system based on a commercially available SOLUS 3D printer (Junc
tion3D) was employed for the fabrication of fibroblast-laden hydrogels 
with and without (called flat) villus-like microstructures. For the 
printing, a bioink composed of 5 % (w/v) GelMA, 3 % (w/v) PEGDA, 0.4 
% (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 
0.025 % (w/v) tartrazine dissolved in Hank’s Balanced Salt Solution 
(HBSS) supplemented with 1 % penicillin/streptomycin was mixed with 
the target amount of fibroblast and crosslinked by using visible-light 
photopolymerization. The bioink was placed in a customized cuvette 
at 37 ◦C and the villus-like microstructures were printed layer-by-layer 
by projecting series of black and white patterns from a CAD design. A full 
high-definition 1080p resolution projector (Vivitek) with optical power 
density applied for printing of 12.3 mW/cm2 within the spectral range 
from 320 to 640 nm wavelength was employed. To avoid cell damage 
due to infrared (IR) radiation exposure, a KG3 SCHOTT short pass heat 
protection filter (ITOS, Edmund Optics) was added. A detailed expla
nation of the printing device and procedure can be found elsewhere [31] 
and a schematic representation in Supplementary Fig. S1. CAD designs 
featuring (i) villus-like structures of 750 μm in height and 300 μm in 
diameter spaced 750 μm on top of a disc-like base of 250 μm, or (ii) flat 
disc-like hydrogels of 300 μm in height (both designs were 6.5 mm in 
diameter) were printed using previously optimized printing parameters 
[31]: 13 μm of layer thickness and 5 s of exposure time. To ease the 

M.H. Macedo et al.                                                                                                                                                                                                                             



Biomaterials Advances 153 (2023) 213564

3

handling of the printed hydrogels, silanized polyethylene terephthalate 
(PET) Tracketch® membranes with 10 mm in diameter (SABEU) were 
attached to the bottom part of the printing support as printing sub
strates. Once printed, the samples were rinsed in warm phosphate 
buffered saline (PBS) containing 1 % of penicillin/streptomycin and 
assembled in Transwell® inserts by means of two pressure sensitive 
adhesive (PSA) rings as described in [10]. 

2.3. HIF viability inside the bioprinted hydrogels 

To determine the viability of the fibroblasts inside the bioprinted 
scaffolds along the time in culture, a live/dead (L/D) assay was per
formed at different timepoints (7, 14 and 21 days). Flat hydrogels with 
two different HIF initial densities (2.5 and 5 × 106 cells/mL) were 
produced as described in Section 2.2, and kept in DMEM supplemented 
with Normocin (1:500, Ibian Technologies) for 21 days. At selected time 
points, the assay was performed using the calcein-AM/ethidium homo
dimer L/D kit (Invitrogen). Samples were washed three times with PBS 
for 5 min each, after which the L/D solution was added, and samples 
were incubated at 37 ◦C in the dark for 20–30 min. Then, samples were 
washed again three times for 5 min and mounted for microscope visu
alization. A confocal laser scanning microscope (LSM 800, Zeiss) was 
used, and ImageJ software version 2.1.0/1.53c (http://rsb.info.nih.gov/ 
ij, NIH) was employed for image processing. 

2.4. HIF morphology and extracellular matrix secretion inside the 
hydrogels 

After 21 days in culture, the HIF-laden hydrogels were washed (all 
washing steps were performed thrice with PBS for 5 min in shaking 
conditions) and fixed using 500 μL of formalin solution, neutral buff
ered, 10 % (Sigma) for 30 min under shaking conditions at room tem
perature. After fixation, the samples were washed and permeabilized 
using a solution of 0.5 % Triton X-100 (Sigma) in PBS and incubated for 
2 h at 4 ◦C in shaking conditions. After permeabilization, samples were 
washed again and then a blocking step was performed using a blocking 
solution (BS) containing 1 % bovine serum albumin (BSA) (Life tech
nologies), 3 % donkey serum (Merck) and 0.3 % Triton X-100 in PBS, for 
2 h at 4 ◦C in shaking conditions. Samples were then washed and 
incubated with the primary antibodies’ solutions. Mouse anti-human 
vimentin (1:50) (sc-6260, Santa Cruz Biotechnolgy) + rabbit anti- 
human fibronectin (1:100) (F3648, Sigma) or mouse anti-human alpha 
smooth muscle actin (alpha-SMA) (1:200) (ab7817, Abcam) + goat anti- 
human collagen type IV (1:250) (134001, Biorad) were diluted in the 
primary working buffer (PWB) containing 0.1 % BSA, 0.3 % donkey 
serum and 0.2 % Triton X-100 in PBS and incubated with the samples 
overnight (ON), at 4 ◦C in shaking conditions. Then, samples were 
washed once again and were incubated in the secondary working buffer 
(SWB) containing 0.1 % BSA and 0.3 % donkey serum in PBS and the 
secondary antibodies donkey anti-mouse IgG (H + L) highly cross- 
adsorbed Alexa Fluor 488 (1:500) (Invitrogen A-21202), donkey anti- 
rabbit IgG (H + L) highly cross-adsorbed Alexa Fluor 568 (1:500) 
(Invitrogen A-10042) and donkey anti-goat IgG (H + L) cross-adsorbed 
Alexa Fluor 647 (1:500) (Invitrogen A-21447), accordingly to the pri
mary antibodies’ combinations. DAPI (1:1000) (Fisher Scientific) and 
Rhodamine Phalloidin (1:140) (Cytoskeleton) were incubated together 
with the secondary antibodies for 2 h at 4 ◦C under shaking conditions, 
protected from light. After incubation, samples were washed one last 
time and kept in PBS until visualization using a confocal laser scanning 
microscope LSM 800 (Zeiss). ImageJ software was employed for image 
processing. 

2.5. Epithelial cell seeding 

The day after bioprinting, epithelial cells were seeded on top of the 
HIF-laden hydrogels with and without villus-like microstructures 

(thereafter named as “villi” and “flat”). Caco-2 and HT29-MTX cells (7.5 
× 105 cells/cm2 at a 9:1 ratio, respectively) in 0.2 mL of DMEM complete 
supplemented with Normocin were seeded on top of the samples. The 
cultures were incubated at 37 ◦C, 5 % CO2 in a water saturated atmo
sphere and were maintained for 21 days, changing the medium every 
2–3 days. Before changing the medium, transepithelial electrical resis
tance (TEER) was measured using EVOM3 and EndOhm-6G (World 
Precision Instruments). Pictures were taken along the time in culture to 
assess cell growth and epithelial layer formation on top of the HIF-laden 
hydrogels using an Eclipse Ts2 microscope (Nikon). 

2.6. Quantification of intestinal differentiation markers 

The alkaline phosphatase (ALP) activity was quantified in the bio
printed intestinal models using a colorimetric alkaline phosphatase 
assay kit (ab83369, Abcam), as described by the manufacturer. Briefly, 
medium from the apical side of the models was retrieved at different 
timepoints (7, 14 and 21 days) and ALP activity was measured imme
diately. For this, medium samples from the cultures, sample background 
control (culture medium) and p-nitrophenyl phosphate (pNPP) stan
dards were added to a 96-well plate (ThermoScientific). 20 μL of stop 
solution were added to the sample background control wells. Then, 50 
μL of 5 mM pNPP were added to each well containing the samples and 
the sample background control. Finally, 10 μL of ALP enzyme were 
added to each standard. The plate was incubated for 60 min at room 
temperature and protected from light. Reaction stopped by adding 20 μL 
of Stop Solution to the samples and standard wells. The plate was 
carefully shaken, and the absorbance was read at 405 nm using an 
Infinite M200 PRO multimode microplate reader (Tecan). 

The genetic expression of the intestinal markers Intestine Specific 
Homeobox (ISX), Sucrase Isomaltase (SI) and Villin1 (VIL1) was 
assessed using Real Time quantitative Polymerase Chain Reaction (RT- 
qPCR). At day 21 in culture, RNA extraction of both flat and villi models 
was performed using a Quick-RNA MiniPrep kit (Zymo Research), ac
cording to manufacturer’s instructions. Briefly, cells were lysed by 
removing the culture medium from the inserts, adding RNA lysis buffer 
directly on top of the hydrogels and pipetting up and down to 
completely dissolve it. The solution was centrifuged (all centrifugation 
steps were performed at 13,000g for 30 s, otherwise noted) and the 
supernatant was transferred to a Spin-Away filter in a collection tube 
and centrifuged again. The flow through was used for RNA purification. 
For this, 96 % ethanol was added to the samples in a 1:1 proportion and 
thoroughly mixed. The resulting solution was transferred to a ZymoSpin 
IIICG column in a collection tube and centrifuged. A treatment with 
DNAse I was then performed to remove genomic DNA. The column was 
firstly washed with RNA wash buffer, followed by centrifugation and 
incubation with DNAse I reaction mix for 30 min at room temperature. 
Samples were once again centrifuged and RNA Prep Buffer was added, 
followed by another centrifugation. To ensure complete washing of the 
samples, RNA wash buffer was added to the samples twice and in the last 
wash the centrifugation was performed for 1 min to ensure complete 
removal of the buffer. The columns were carefully transferred into 
RNAse-free tubes and 50 μL of DNAse/RNAse-Free water were added 
directly to the column and centrifuged. The eluted RNA was stored at 
− 80 ◦C until further use. 

The quality and concentration of the sample’s RNA was evaluated in 
an automated electrophoresis station (Experion Automated Electro
phoresis System, Bio-rad) using Experion RNA StdSens Kit (700–7105, 
Bio-rad) according to manufacturer’s instructions, using 1 μL of RNA in a 
quantification range of 5–500 ng/μL of each purified total RNA sample. 

Reverse Transcriptase (RT) was performed to obtain cDNA from the 
RNA samples. For this, an iScript cDNA Synthesis Kit (1708891, Bio-rad) 
was used following manufacturer’s instructions. Briefly, RNA template 
was mixed with 5× iScript Reaction Mix, iScript Reverse Transcriptase 
and Nuclease free water. Samples were placed in a thermal cycler (T100 
Thermal Cycler, Bio-rad) and the protocol was initiated, which consisted 
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in a priming step of 5 min at 25 ◦C followed by a reverse transcription 
step for 20 min at 46 ◦C and an inactivation step for 1 min at 95 ◦C. 

qPCR was performed using the obtained cDNA. A primePCR plate 
(Biorad) customized with the genes of interest and the housekeeping 
genes Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and Actin 
Beta (ACTB) was used (Bio-rad). First, 1 μL of RT control template was 
added to each 20 μL of cDNA synthesis reaction. The master mixes were 
prepared adding iTaq Universal SYBR Green Supermix (Bio-rad), cDNA 
template and Nuclease Free Water according to manufacturer’s in
structions. The protocol was run using a real time PCR instrument 
(CFX96 Touch Real-Time PCR Detection System, Bio-rad), according to 
the prime PCR plate protocol, which consisted in an activation step at 
95 ◦C for 2 min, followed by 40 cycles of a denaturation step for 5 s also 
at 95 ◦C and an annealing/extension step at 60 ◦C for 30 s The melt curve 
was performed between 65 ◦C and 95 ◦C in 0.5 ◦C increments for 5 s/ 
step. 

2.7. Quantification of genetic expression of intestinal drug transporters 

The genetic expression of different drug transporters [ABCB1 - P- 
glycoprotein (P-gp); ABCC1 - Multidrug Resistance Protein 1 (MRP1); 
ABCC2 - Multidrug Resistance Protein 2 (MRP2); ABCG2 – Breast Cancer 
Resistance Protein (BCRP); SLC15A1 – Peptide Transporter 1 (PEPT1); 
SLC16A1 – Monocarboxylate Transporter 1 (MCT1); SLC22A1 – Organic 
Cationic Transporter 1 (OCT1)] was assessed using Reverse Transcrip
tase Real Time quantitative Polymerase Chain Reaction (RT-qPCR), 
exactly as described in the previous section. 

2.8. Immunostaining 

To confirm the integrity of the epithelial layer and to assess the 
expression of different proteins in the villi model, immunocytochemistry 
was performed. We assessed the expression of Zonna Occludens 1 (ZO- 
1), a tight junction protein with β-catenin, a protein that is involved in 
cellular adhesion. The presence of fibronectin and collagen type IV in 
the hydrogels was also assessed. 

To preserve the morphology of the villus-like hydrogels, samples 
were first embedded in a PEGDA solution based on a protocol developed 
by Altay et al. [26]. Briefly, after a fixation step with 10 % formalin for 
30 min under shaking conditions at room temperature, samples were 
submerged in a pre-polymer solution containing 10 % w/v PEGDA 575 
kDa (Sigma) and 1 % w/v Irgacure D-2959 photoinitiator (Sigma) in PBS 
and kept ON at 4 ◦C. Samples were then placed in polydimethylsiloxane 
(PDMS) round pools of 12 mm diameter and 2 mm thickness attached to 
a plastic support, and PEGDA 575 kDa pre-polymer solution was used to 
fill the pools. Constructs were irradiated using ultraviolet (UV) light at 
365 nm in a MJB4 mask aligner (SÜSS MicroTech). First, a 40 s at 25 
mW/cm2 of power density exposure was performed to form a support 
base to keep the constructs in place. Samples were irradiated twice for 
100 s, first from the top and then from the bottom, to ensure the for
mation of a homogeneous block surrounding them. After UV exposure, 
unreacted polymer and photoinitiator solutions were washed out using 
PBS. Then, samples were incubated ON with 30 % sucrose (Sigma) and 
then embedded in optimal cutting temperature (OCT) compound 
(Sakura® Finetek). Samples were cut to obtain histological cross- 
sections of around 7 μm thickness, attached onto glass slides, air dried 
and stored at − 20 ◦C until use. 

For immunostaining, slides were carefully washed with PBS at room 
temperature to dissolve the OCT. A solution containing 0.5 % Triton X- 
100 in PBS was used for cellular permeabilization. Slides were incubated 
with this solution in a humidified chamber for 1 h at 4 ◦C under gentle 
shaking. After the permeabilization, samples were washed again with 
PBS and a blocking step was performed to avoid unspecific binding of 
the antibodies. The BS was added to the samples in the humified 
chamber and kept for 2 h at 4 ◦C under gentle shaking. Samples were 
washed and incubated with the primary antibodies’ [rabbit anti-human 

fibronectin (1:100) (Sigma F3648) or goat anti-human collagen type IV 
(1:250) (134001, Biorad)] diluted in PWB in the humidified chamber at 
4 ◦C under gentle shaking ON. In case of rabbit anti-human β-catenin 
(1:100) (ab2365, Abcam) or goat anti-human ZO-1 (1:100) (Abcam 
ab99462) primary antibodies, an antigen retrieval treatment was per
formed prior sample permeabilization to enhance the signal: briefly, 
samples were boiled for 10 min after unfreezing in citrate buffer solution 
(10 mM citrate and 0.05 % of Tween20 in MilliQ water, previously 
adjusting the pH at 6), controlling bubble formation. Then, the staining 
procedure continued as for the other markers. 

The next day samples were washed with PBS and incubated with the 
secondary antibodies diluted in SWB. Secondary antibodies used were 
donkey anti-rabbit IgG (H + L) highly cross-adsorbed Alexa Fluor 647 
and 568 (A-31573 and A-10042, Invitrogen), donkey anti-mouse IgG (H 
+ L) highly cross-adsorbed Alexa Fluor 488 (A-21202, Invitrogen) and 
donkey anti-goat IgG (H + L) highly cross-adsorbed Alexa Fluor 647 
(1:500) (A-21447, Invitrogen), accordingly to the primary antibodies’ 
combinations. DAPI (1:100) (Fisher Scientific) and Rhodamine Phal
loidin (1:140) (Cytoskeleton PHDR1) were incubated together with the 
secondary antibodies for 2 h at 4 ◦C under shaking conditions, protected 
from light. Finally, samples were washed with PBS and mounted using 
Fluoromount-G (SouthernBiotech) and kept at 4 ◦C, protected from light 
until visualization using a confocal laser scanning microscope LSM 800 
(Zeiss). ImageJ software was employed for image processing. 

2.9. Quantification of the activity of P-glycoprotein (P-gp) 

The activity of the P-gp transporter was assessed with a transport 
assay using Rho 123 (Enzo Life Sciences) - a P-gp substrate. The trans
port was determined in both apical to basolateral and basolateral to 
apical directions. 

After 21 days of culture, medium was removed from both sides of the 
Transwell® inserts and samples were washed two times with pre- 
warmed HBSS (Gibco). After washing, 0.2 mL and 0.6 mL of HBSS 
were placed on the apical and basolateral sides of the inserts, respec
tively. Samples were incubated at 37 ◦C, 5 % CO2 and 100 rpm for 30 
min in a CO2 Resistant Shaker (Thermo Scientific). After the 30 min, 
samples were placed on the apical or basolateral side (0.2 or 0.6 mL of 5 
μg/mL of Rho 123, respectively) and were incubated for 4 h at 37 ◦C and 
100 rpm. By the end, a sample of 100 μL was retrieved from the apical 
and basolateral side of each Transwell®. The amount of Rho 123 in the 
samples was measured using an Infinite M200 PRO multimode micro
plate reader (Tecan) at excitation/emission wavelengths of 507/529. 

The permeability results were expressed in terms of apparent 
permeability (Papp), that was calculated using Eq. (1). 

Papp =
ΔQ

A × C0 × Δt
, (1)  

where ΔQ is the amount of compound detected in the receiver 
compartment (mg), A is the surface area of the insert (cm2), C0 is the 
initial concentration in the donor compartment (mg/mL) and Δt is the 
time of the experiment (s). 

2.10. Permeability assays 

Permeability assays were performed with three model drugs: 
colchicine, atenolol, and metoprolol (all from Merck), which have low, 
moderate, and high intrinsic permeability, respectively. 

The methodology followed for the assays has been described else
where [27]. Briefly, culture medium was removed and cultures were 
washed twice with pre-warmed HBSS. Then, 0.2 and 0.6 mL of HBSS 
were placed on the apical and basolateral compartments of the Trans
wells®, respectively, and the plate was incubated for 30 min at 37 ◦C, 5 
% CO2 and 100 rpm in the shaker. HBSS on the apical side was then 
replaced for 0.2 mL of the model drug solutions (100 μM of colchicine or 
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metoprolol or 200 μM of atenolol in HBSS). At pre-determined time- 
points (60, 120, 180 and 240 min), a sample of 50 μL was taken from the 
basolateral compartment and replaced by the same volume of HBSS. 
Drugs were quantified by High Performance Liquid Chromatography 
(HPLC) using an Ultra-Fast Liquid Chromatograph (UFLC) Prominence 
System equipped with two Pumps LC-20AD, a column oven CTO-20AC, 
and autosampler SIL-20AC, a System Controller CBM-20A, a degasser 
DGU-20A5, a RF-10Axl fluorescence detector coupled to the LC System 
and a LC Solution, Version 1.24 SP1 (Shimadzu). Detailed methods are 
described in Table S1 of Supporting information. 

The permeability results are expressed in percentage of permeated 
amount and apparent permeability (Papp), that was calculated using Eq. 
(1). 

2.11. Statistical analysis 

Statistical analysis was performed using the software GraphPad 
Prism 8.0 (GraphPad Software Inc.). All results are represented as mean 
± standard error deviation (SEM) or mean ± standard deviation (SD) or 
mean ± upper/lower limits. Statistical differences were calculated using 
2-way analysis of variance (ANOVA) multiple comparisons test and 
unpaired t-test. The level of significance was set at probabilities of *p <
0.05, **p < 0.01, *** < 0.001, ****p < 0.0001. 

3. Results and discussion 

3.1. Characterization of the stromal compartment of the bioprinted model 
of the intestinal mucosa 

We evaluated the intestinal fibroblasts’ viability, morphology, and 
ability to produce and secrete ECM components when embedded in the 
bioprinted GelMA-PEGDA hydrogels. To optimize the amount of stromal 
cells (HIF) embedded, we mixed the bioink with two different concen
trations of cells (2.5 and 5 × 106 cells/mL) and bioprinted both flat 3D 
and villus-like models using the printing apparatus and conditions 
optimized previously [31]. Briefly, cell-containing hydrogel samples 
were fabricated by using a customized digital light processing (DLP) 
stereolithographic (SLA) 3D printing system using visible light (Fig. S1). 
To form the 3D printed design, series of focused white and black patterns 
from a CAD model were projected onto the photocrosslinkable GelMA- 
PEGDA prepolymer solution contained in a small cuvette (volume up 
to 2 mL) with a transparent bottom window, forming the 3D structures 
in the vertical direction onto a movable printing support, in a layer by 
layer fashion (Figs. 1 and S1B). To ease their later manipulation and 
handling, samples were printed on top of silanized 10 mm diameter PET 
membranes as printing support. Once the printing process was finished, 
samples were transferred to Transwell® inserts and kept in standard 
culture conditions to assess cell viability at different time points. 

We found similar cell survival rates in both concentrations of 
encapsulated cells, with a viability close to 100 % at all time points, 
which is key for the establishment of the model (Fig. 2a). Within the first 
days in culture, the fibroblasts started to acquire their characteristic 

Fig. 1. Schematics of the fabrication of the 3D printed co-culture models and the main elements and steps involved: (i) the bioink preparation, (ii) the design of the 
models, (iii) the bioprinting process with the selection of the proper printing parameters, and (iv) the assembly of the resulting prints into Transwell® inserts for the 
co-culture experiments. The very same steps are required for printing both models: the flat (bottom left) and the villus-like one (bottom right). Bright field pictures 
show top views of the bioprinted scaffolds 3 days post HIFs encapsulation, after Transwell® assembly. Scale bars = 1 mm. 
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elongated shape, showing the ability to attach and expand into the 
hydrogel matrix (Fig. 2b). Along the time, the number of cells showing a 
stretched morphology, predominantly located at the top of the sample, 

increased. Overall, the data on cell viability and morphology demon
strated that the bioprinting process and the bioink properties where 
sufficiently cell-friendly. 

Fig. 2. Live/Dead assay performed on the HIF-laden hydrogels with two different initial cell densities. (a) Percentage of live cells and (b) maximum intensity 
projection (Z range 250–300 μm) of the hydrogels showing the live and dead fibroblasts (Scale bar = 100 μm). 

Fig. 3. Fibronectin (gray), vimentin (green), alpha-SMA (green) and collagen type IV (magenta) secretion by HIFs embedded in hydrogels (2.5 × 106 cells/mL) after 
21 days in culture. Merged (left) and single channels (right). Fibroblasts presented an elongated shape and were able to produce and secrete ECM proteins into the 
hydrogel. Pictures depict a maximum intensity projection (z range 250–300 μm) (Scale bar = 50 μm). 
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We also analyzed the expression of several cellular and ECM proteins 
by immunocytochemistry. After 21 days in culture, the embedded cells 
expressed both vimentin and α-SMA, which indicates that they acquired 
a contractile phenotype, an important feature of these cells (Figs. 3 and 
S2) [32]. Moreover, HIFs secreted their own ECM components when 
entrapped inside the hydrogel, remodeling the surrounding matrix. This 
is shown by the presence of fibronectin and collagen type IV (Figs. 3 and 
S2). The ability to secrete and assemble endogenous ECM is crucial for 
the survival and migration of the embedded cells and to support the 
epithelial layer, since cell-matrix interactions play a key role in 
epithelial polarization, organization, and cohesiveness [9,33]. 

Since cellular viability and morphology was similar, and cells were 
able to secrete ECM proteins in both conditions, we selected the cell 
embedding density of 2.5 × 106 cells/mL for the follow-up studies. 

3.2. Characterization of the epithelial layer on the bioprinted model of the 
intestinal mucosa 

After optimizing the stromal compartment, we seeded Caco-2 and 
HT29-MTX cells on top of HIF-laden bioprinted hydrogels with (villi) 
and without (flat) 3D morphology and studied the cell differentiation 
and the barrier integrity of the epithelial monolayer formed (Fig. 4). At 
day 1, cells were mostly arranged into clusters, and in the villi model 
they only covered the base and the tip of the villi. Along the time in 

culture, cells proliferated and eventually covered all the surface of the 
scaffolds, forming a complete monolayer (Fig. 4a). The epithelial layers 
showcased a well polarized morphology with accumulation of F-actin at 
their apical sides (Fig. 4b). The villus-like microstructures were fully 
covered, and in some regions, cells appeared forming multilayers. 
Although other authors observed a similar behavior in studies using the 
same cell types to develop intestinal models [34–38], this effect can be 
also the result from the histological processing of the soft and complex 
microstructured samples that might not render perfectly cross-sectioned 
cuts. 

In terms of barrier integrity, TEER values (Fig. 4d) were close to 100 
Ω.cm2 for the flat configuration. These values were notably lower, and 
thus more physiological, than what is normally observed in the 2D 
standard models [37], suggesting that the stromal compartment 
contributed to a more accurate representation of the epithelial barrier. 
These TEER values were even lower in the case of the villus-like model, 
around 30 Ω.cm2, which is very close to the in vivo values for the rat 
ileum-jejunum and human jejunum (reported to be about 30 Ω.cm2) 
[39,40]. Notably, a decrease in the TEER values of 3D cultures was 
previously observed in different works and is considered a key advan
tage of these models [10,27,37,41]. 

Fig. 4. Epithelial layer formation of top of the HIF-laden bioprinted hydrogels. (a) Top view of the epithelial cells on top of flat and villi scaffolds at different 
timepoints (1, 7, 14 and 21 days) and monolayer visualization by staining of F-actin and nuclei in transversal cuts of (b) flat and (c) villi scaffolds after 21 days in 
culture. Dashed lines define the hydrogel boundaries. (d) TEER values along the 21 days in culture, where results are the average of 18 samples and bars represent the 
standard error of the mean (SEM). Statistical difference p < 0.0001 are denoted by (****). 

M.H. Macedo et al.                                                                                                                                                                                                                             



Biomaterials Advances 153 (2023) 213564

8

3.3. Quantification of intestinal differentiation markers 

ALP is exclusively expressed by differentiated enterocytes [42,43]. 
We measured ALP activity in the flat and villi models to evaluate the 
effect of the scaffold architecture in enterocyte differentiation (Fig. 5a). 
In general, despite being only statistically significantly at day 7, the ALP 
activity was slightly higher in the villi scaffolds. 

We then further determined the genetic expression of ISX, SI and 
VIL1 after 21 days in culture (Fig. 5b) [44–46]. ISX is a transcription 
factor that shows intestine-specific expression, SI is a specific gene of the 
enterocyte lineage, and VIL1 is expressed by mature epithelial cells 
[45–47]. The expression of these genes impacts intestinal permeability: 
ISX is involved in intestinal lipid absorption [48]; SI is the most abun
dant intestinal disaccharidase, so abnormal gene expression may reflect 
on altered absorption of carbohydrates [27,49]; and Villin is an actin- 
binding protein that plays a role on the organization and stabilization 
of the intestinal brush border [47]. 

Herein, we found a non-statistically significant expression of these 
markers in both configurations. The slightly lower expression of ISX in 
the villi model may be related with a higher number of HT29-MTX cells 
in these cultures, as it has previously been reported [27]. Overall, these 
results, combined to what was observed for ALP activity, suggest that the 
3D architecture does not have a remarkable impact in the expression of 
intestinal differentiation markers with the cell models employed. 

3.4. Gene expression of drug transporters 

Drug transporters play a major role in the absorption of many com
pounds and have a great influence in drug absorption by impacting the 
pharmacokinetics and pharmacodynamics of drugs, influencing drugs 
disposition and interactions [50,51]. 

We compared the genetic expression of different intestinal trans
porters involved in the influx and efflux of compounds in the 3D bio
printed models of intestinal mucosa as compared to the conventional 2D 
co-culture model composed by Caco-2 and HT29-MTX, from our previ
ous study (Fig. 6) [27]. When looking at the expression of the influx 
transporters PEPT1 (SLC15A1), OCT1 (SLC22A1) and MCT1 (SLC16A1), 
our 3D models showed a significant decrease compared with the 2D 
model. Comparing the two 3D bioprinted models (villi and flat), PEPT1 
(SLC15A1) and OCT1 (SLC22A1) were significantly less expressed when 
cells were cultured in a villus-like topography. PEPT1 is expressed at the 
apical side of enterocytes and plays a role in the absorption processes 
[52,53]. When looking at the spatial expression of this transporter in the 
human intestine, literature data indicates a high expression in the 

duodenum and negligible expression in the jejunum and ileum [54]. In 
Caco-2 cells, there are reports showing lower expression of PEPT1 
compared to the human small intestine, however its expression greatly 
varies depending on the cell origin or culture conditions [52,53,55]. The 
lower expression of this transporter we found in the bioprinted villi 
configuration suggests that this model might better mimic the intestinal 
drug transporters of the jejunum and ileum. In contrast, the flat model 
may be more suitable to test the permeability of drugs that are substrates 
of PEPT1 in the duodenum, where the in vivo expression is found to be 
high [54]. OCT1 (SLC22A1), on the other hand, is expressed at the 
basolateral side of enterocytes and reportedly overexpressed in standard 
Caco-2 models [50,56,57]. In our bioprinted 3D models this transporter 
is significantly less expressed compared to the 2D co-culture model, 
especially in the villi configuration, leading to a more physiological 
expression. MCT1 (SLC16A1) is another influx transporter that is over
expressed in 2D Caco-2 models [56]. Again, the lower expression in the 
bioprinted models, especially in the villi configuration, suggest that they 
represent better the intestinal barrier than conventional 2D models. 

We also studied the expression of the efflux transporters P-gp 
(ABCB1), MRP1 (ABCC1), MRP2 (ABCC2) and BCRP (ABCG2) in the 3D 
bioprinted models. P-gp and MRP2 are localized at the apical surface of 
intestinal enterocytes, acting as an important barrier to drug absorption 
by being able to pump compounds back into the lumen [50,58]. A 
myriad of compounds are substrates of these transporters and their re
ported overexpression in in vitro 2D standard models can lead to false 
negative results [52,56,59–61]. In our 3D bioprinted models both P-gp 
and MRP2 were significantly less expressed, highlighting their relevance 
in the study of these types of substrates. BCRP, another efflux pump 
localized at the apical side of enterocytes [50] is normally underex
pressed on the Caco-2 model [52,53,56,62], thus the lower expression 
found in the 3D models suggest that they may be less suitable to study 
the permeability of BCRP substrates. A similar result was obtained in our 
previous work, where we found a lower expression of BCRP in a 3D 
model composed by a collagen layer with embedded HIF and Caco-2 +
HT29-MTX on top compared to the standard 2D co-culture model [27]. 
In contrast to all the other transporters, MRP1 (ABCC1) was shown to be 
more expressed in the 3D bioprinted models compared to the standard 
2D model. This efflux pump has been shown to be overexpressed in in
testinal stromal myofibroblasts, contributing to the drug resistance of 
the intestinal stromal compartment critical for regeneration processes 
[63]. Thus, the stromal compartment present in our 3D bioprinted 
models may contribute to the expression levels of this transporter, better 
reproducing the drug resistance mechanisms found in vivo. Overall, the 
expression of transporters in the 3D bioprinted models indicates that 

Fig. 5. Quantification of intestinal differenti
ation markers in the flat and villi bioprinted 
models of mucosa. (a) ALP activity levels at 
different timepoints (7, 14 and 21 days) during 
the culture; and (b) expression of ISX, SI and 
VIL1 genes after 21 days in culture. For (a) 
results are the average of triplicates, bars 
represent the standard error of the mean (SEM) 
and statistical differences were calculated 
using 2-way ANOVA multiple comparisons to 
compare the levels of ALP in the different 
configurations for each timepoint (p < 0.01 is 
denoted by **). For (b) results are the average 
of triplicates, bars represent upper and lower 
limits and statistical differences were calcu
lated using the log transformed data with 2- 
way ANOVA multiple comparisons to 
compare expression of each gene between 
configurations.   
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these models containing both the epithelial and stromal compartments 
better mimic the carrier-mediated transporters of the small intestine, as 
compared to standard 2D co-culture models. 

3.5. Expression of junction proteins and ECM components in the villi 
model 

We further evaluated the expression of ZO-1, a tight junction protein, 
β-catenin, involved in cell-cell adhesion and intercellular junctions; and 
fibronectin and collagen type IV, key components of the ECM in our 
villus-like bioprinted model of the intestinal mucosa [64]. 

Two different villus-like structures are depicted in Fig. 7a, b, where it 
is possible to observe that epithelial cells fully covered the microstruc
tures and strongly expressed β-catenin, E-cadherin and F-actin. Fibro
nectin signal is also visible, mostly expressed on the tip region. Fig. 7c 
and d shows detailed images of the epithelial monolayer. Fig. 7c shows 
the expression of collagen type IV and fibronectin, which are higher 
under the epithelial layer, suggesting the formation of a basement 
membrane, as we previously observed [31]. Fig. 7d shows high 
expression of both β-catenin and ZO-1, and confirms that epithelial cells 
present the characteristic columnar morphology and polarization ex
pected for intestinal enterocytes. Also, these epithelial cells show 
different cell heights and shapes along the villi as a response to the 
highly curved microstructure as we observed previously [26]. We 
showed that TEER values were within the physiological range for the 3D 
villi model, which is significantly lower than the standard Caco-2 model. 
However, cells were still able to form tight junctions and produce an 
adhesive protein layer, forming a cohesive and differentiated mono
layer, which is central for reliable permeability studies. 

3.6. P-gp activity 

Besides assessing the genetic expression of P-gp, we also assessed its 
activity. As an efflux pump, P-gp can decrease the permeability of 
compounds, preventing them from entering the cell by actively pumping 
them back to the lumen. This transporter is also capable of actively 
pumping out of the cell compounds that are on the basolateral side 
[50,66]. 

To assess P-gp activity in our bioprinted models of mucosa, we per
formed a permeability assay with Rho 123 in apical-to-basolateral (AP- 
BL) and basolateral-to-apical (BL-AP) directions [67]. The efflux ratio 
BL-AP to AP-BL is typically used to understand the influence of trans
porters in the permeability of compounds. [68] A similar transport in 
both directions (ratio close to 1) is expected when the permeability of a 
drug is dominated by passive diffusion. When an efflux transporter is 
involved in pumping out the compound, the AP-BL transport is reduced, 
and the ratio is ≫1. In our villi model, the permeability of Rho 123 was 
almost six-fold higher in the AP-BL direction (Fig. 8a). This difference 
can be due to the higher surface area of the villi model compared to the 
flat configuration but also to a decrease in the P-gp activity. When 
analyzing the results from the BL-AP direction (Fig. 8b), it is clear that 
the Papp value obtained for the villi model was very similar in both di
rections, meaning that the efflux ratio was close to 1 (Fig. 8c). In the flat 
model, the transport of Rho 123 was significantly faster in the BL-AP 
direction, and thus the efflux ratio was four times higher (Fig. 8c). 
These results suggest a significant reduction in the activity of the P-gp 
transporter in the 3D villi model, in agreement with the tendency 
observed in the gene expression data (Fig. 5). This efflux transporter has 
been shown to be overexpressed in the standard Caco-2 in vitro model 
[52,60,61]. In a previous work, we demonstrated that when epithelial 
cells were in the presence of a stromal compartment, the gene expression 
of P-gp, as well as its activity, was lower than in conventional 2D models 

Fig. 6. Normalized genetic expression of different 
intestinal transporters between the 2D co-culture and 
the 3D bioprinted models (flat and villi) after 21 days 
in culture. Results are the average of triplicates, and 
bars represent the upper and lower limits. Statistical 
differences were calculated using the log transformed 
data with 2-way ANOVA multiple comparisons (p <
0.05 is denoted by *, p < 0.01 is denoted by **, p <
0.001 is denoted by *** and p < 0.0001 are denoted 
by ****). (a) Data taken from [27].   
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[27]. On the other hand, Yi et al. reported that Caco-2 cells growing on 
villus-like collagen scaffolds expressed significantly less P-gp protein 
than the conventional Caco-2 model and the authors assumed that the 
reduced expression resulted from the collagen matrix signaling [69]. In 
contrast, our results show that this outcome may be attributed to the 

topography of the epithelial barrier, impacting the expression levels of 
this efflux transporter. This correlates with the expression gradient of P- 
gp in the human intestine, being lower in the proximal region, where the 
surface is covered with intestinal villi, and increasingly expressed in the 
distal region [70]. 

Fig. 7. Protein expression of (a) β-catenin (red), (b) E-cadherin (gray) and fibronectin (yellow), (c) collagen type IV (magenta) and fibronectin (yellow) and (d) 
β-catenin (red) and ZO-1 (green) in the villi scaffolds after 21 days in culture. * denote the basolateral side of the epithelium (hydrogel). [(a) Scale bar = 100 μm; (b, 
c) Scale bar = 50 μm]. 

Fig. 8. Papp (×10− 6 cm/s) values of Rho 123 in the flat and villi models after 21 days in the (a) apical to basolateral and (b) basolateral to apical directions and (c) 
ratio of the bidirectional transport. Results are the average of triplicates, and bars represent the standard error of the mean (SEM). Statistical differences were 
calculated using 2-way ANOVA multiple comparisons to compare Papp between each configuration (p < 0.05 are denoted by * and p < 0.001 are denoted by ***). 
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Taken together, these results corroborate the hypothesis that cells 
cultured in a more relevant architecture, akin to in vivo intestinal villi, 
and in presence of a stromal compartment led to a more relevant 
expression of P-gp, thus increasing the predictive potential of these 3D 
villi models. 

3.7. Permeability 

Then, we tested the impact of the improved features observed in our 
bioprinted model of intestinal mucosa in drug intestinal permeability 
experiments. For that, we employed three model drugs with different 
permeability degrees: Metoprolol, Atenolol and Colchicine. Metoprolol 
is a high permeable compound [fraction absorbed (Fa) > 85 %], crossing 

the intestinal epithelium by the transcellular route [71,72]. Atenolol, on 
the other hand, is transported by the paracellular pathway and has 
moderate permeability (50 % < Fa < 84 %) [73]. Lastly, colchicine has 
low permeability (Fa < 50 %) and is absorbed by the transcellular route, 
mainly on the jejunum and ileum. Both P-gp and MPR2 are believed to 
be involved in the transport of this drug [50,74–78]. 

Metoprolol showed similar apparent permeability values for both 
villi and flat bioprinted models (Fig. 9a), suggesting that the trans
cellular pathway is not affected by the 3D architecture of the model. In 
the case of atenolol, there was more permeated drug in the 3D villus-like 
model than in the flat model (Fig. 9b). This can be because the TEER 
values were significantly lower in the villi model. Since the main 
transport mechanism of atenolol is through the paracellular route, the 

Fig. 9. Papp (×10− 6 cm/s) values and percentage of 
permeated amount of (a, b) metoprolol, (c, d) atenolol 
and (e, f) colchicine in the flat and villi bioprinted 
models after 21 days. Results are the average of 
quadruplicates, and bars represent the standard error 
of the mean (SEM). Statistical differences were 
calculated using 2-way ANOVA multiple comparisons 
to compare Papp between each configuration and to 
compare percentage of permeated amount between 
each timepoint (p < 0.01 is denoted by **, p < 0.001 
is denoted by *** and p < 0.0001 are denoted by 
****).   
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drug would permeate more in a model with looser barrier tightness. 
We saw the most significant differences in permeability with 

Colchicine (Fig. 9c). We found a lower genetic expression of P-gp and 
MRP2 in the 3D villus-like model, and observed a lower activity of P-gp 
in this model. This lower activity of the efflux pumps allows colchicine 
to permeate more than in the flat model. Thus, these permeability results 
are consistent with the previous results [20,69]. 

The permeability of paracellular markers in Caco-2 monolayers can 
be up to 100 times lower when compared to in vivo values [79]. Reported 
values in the literature for the Papp of atenolol in Caco-2 models range 
from 0.53 to 3.3 × 10− 6 cm/s [72,77,80–83], whereas in the rat small 
intestine is around 11 × 10− 6 cm/s [77]. In our villi bioprinted model, 
atenolol had a permeability of 4.8 × 10− 6 cm/s, which is closer to the in 
vivo value. For colchicine, the Papp values reported for the Caco-2 model 
are around 0.9 × 10− 6 cm/s [72,77], and the value is much higher in vivo 
- 25 × 10− 6 cm/s [77]. Our villi model presented a Papp of 7.4 × 10− 6 

cm/s, which relates more to the in vivo situation than the Caco-2 model. 
These results show that culturing the cells in a more physiological 

environment, with a stromal compartment and a 3D architecture, leads 
to better permeability outcomes. 

4. Conclusions 

In this work, we developed and characterized a novel bioprinted 
model of the intestinal mucosa. This model comprises both the stromal 
compartment with human intestinal fibroblasts able to grow, proliferate 
and express ECM matrix proteins, and the epithelial compartment, 
where mature enterocytes and goblet cells form a functional epithelial 
barrier. The model is produced in a robust manner by an affordable 
bioprinting approach. Furthermore, the fabrication procedure provides 
samples in a format fully compatible with standard drug permeability 
assays. By exploiting this feature, we were able to determine that the 
TEER values of the intestinal mucosa formed are close to what is re
ported to be found in vivo. In addition, we demonstrated that both the 
presence of a stromal compartment and the presence of a villus-like 
architecture significantly decreased the expression of most of the stud
ied influx and efflux transporters. We then evaluated the impact of these 
results on drug permeability assays. We did find that the villi model 
showed higher permeability values of the paracellular marker atenolol 
than the flat model, in agreement with the lower TEER values compared 
to the flat configuration, and more closely resembling the in vivo ones. 
The permeability of colchicine was also more physiologic in the villi 
configuration, since it was enhanced compared with the flat model, as a 
consequence of the lower activities of P-gp and MRP2, both involved in 
the transport of this drug. 

In summary, we produced a 3D bioprinted model of the intestinal 
mucosa with improved physiological features: villus-like architecture 
and stromal compartment and we showcased the positive influence of 
considering these two features when evaluating drug permeability. 
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P. Garberg, B. Sjöström, B. Lundgren, P. Artursson, Correlation of gene expression 
of ten drug efflux proteins of the ATP-binding cassette transporter family in normal 
human jejunum and in human intestinal epithelial Caco-2 cell monolayers, 
J. Pharmacol. Exp. Ther. 299 (2001) 164–170. 

[63] Y.C. Chee, J. Pahnke, R. Bunte, V.A. Adsool, B. Madan, D.M. Virshup, Intrinsic 
xenobiotic resistance of the intestinal stem cell niche, Dev. Cell 46 (2018) 681–695 
e685. 

[64] S.Z. Bathaie, N. Faridi, A. Nasimian, H. Heidarzadeh, F. Tamanoi, Chapter one - 
how phytochemicals prevent chemical carcinogens and/or suppress tumor growth? 
in: S.Z. Bathaie, F. Tamanoi (Eds.), The Enzymes Academic Press, 2015, pp. 1–42. 

[66] J.R. Kunta, P.J. Sinko, Intestinal drug transporters: in vivo function and clinical 
importance, Curr. Drug Metab. 5 (2004) 109–124. 

[67] Y. Wang, D. Hao, W.D. Stein, L. Yang, A kinetic study of Rhodamine123 pumping 
by P-glycoprotein, Biochim. Biophys. Acta 1758 (2006) 1671–1676. 

[68] C.H.M. Versantvoort, R.C.A. Ondrewater, E. Duizer, J.J.M. Van de Sandt, A. 
J. Gilde, J.P. Groten, Monolayers of IEC-18 cells as an in vitro model for screening 
the passive transcellular and paracellular transport across the intestinal barrier: 
comparison of active and passive transport with the human colon carcinoma Caco- 
2 cell line, Environ. Toxicol. Pharmacol. 11 (2002) 335–344. 

[69] B. Yi, K.Y. Shim, S.K. Ha, J. Han, H.-H. Hoang, I. Choi, S. Park, J.H. Sung, Three- 
dimensional in vitro gut model on a villi-shaped collagen scaffold, BioChip J. 11 
(2017) 219–231. 

[70] S. Mouly, M.F. Paine, P-glycoprotein increases from proximal to distal regions of 
human small intestine, Pharm. Res. 20 (2003) 1595–1599. 

[71] I. Lozoya-Agullo, M. Zur, A. Beig, N. Fine, Y. Cohen, M. Gonzalez-Alvarez, 
M. Merino-Sanjuan, I. Gonzalez-Alvarez, M. Bermejo, A. Dahan, Segmental- 
dependent permeability throughout the small intestine following oral drug 
administration: single-pass vs. Doluisio approach to in-situ rat perfusion, Int. J. 
Pharm. 515 (2016) 201–208. 

[72] I. Lozoya-Agullo, M. Zur, N. Fine-Shamir, M. Markovic, Y. Cohen, D. Porat, 
I. Gonzalez-Alvarez, M. Gonzalez-Alvarez, M. Merino-Sanjuan, M. Bermejo, 
A. Dahan, Investigating drug absorption from the colon: single-pass vs. Doluisio 
approaches to in-situ rat large-intestinal perfusion, Int. J. Pharm. 527 (2017) 
135–141. 

M.H. Macedo et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0085
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0085
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0085
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0085
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0090
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0090
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0095
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0095
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0095
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0095
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0100
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0100
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0105
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0105
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0105
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0110
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0110
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0115
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0120
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0120
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0120
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0125
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0125
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0125
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0130
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0130
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0130
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0135
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0135
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0135
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0140
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0140
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0140
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0140
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0145
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0145
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0145
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0150
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0150
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0150
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0150
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0150
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0155
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0155
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0155
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0160
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0160
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0160
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0165
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0165
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0165
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0170
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0170
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0170
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0175
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0175
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0175
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0180
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0180
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0180
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0185
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0185
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0185
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0190
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0190
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0190
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0195
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0195
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0200
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0200
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0200
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0205
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0205
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0205
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0210
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0210
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0210
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0215
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0215
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0215
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0215
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0220
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0220
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0220
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0220
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0225
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0225
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0230
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0230
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0230
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0235
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0235
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0235
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0240
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0240
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0240
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0240
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0245
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0245
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0250
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0250
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0255
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0255
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0255
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0260
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0260
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0260
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0265
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0265
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0265
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0270
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0270
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0270
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0270
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0275
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0275
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0275
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0280
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0280
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0280
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0285
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0285
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0290
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0290
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0290
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0295
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0295
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0295
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0295
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0300
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0300
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0300
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0305
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0305
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0305
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0305
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0310
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0310
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0310
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0310
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0310
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0315
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0315
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0315
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0320
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0320
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0320
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0330
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0330
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0335
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0335
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0340
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0340
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0340
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0340
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0340
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0345
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0345
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0345
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0350
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0350
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0355
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0355
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0355
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0355
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0355
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0360
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0360
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0360
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0360
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0360


Biomaterials Advances 153 (2023) 213564

14

[73] R.L. DiMarco, D.R. Hunt, R.E. Dewi, S.C. Heilshorn, Improvement of paracellular 
transport in the Caco-2 drug screening model using protein-engineered substrates, 
Biomaterials 129 (2017) 152–162. 

[74] E. Ben-Chetrit, Colchicine, in: Textbook of Autoinflammation, 2018, pp. 729–749. 
[75] A. Dahan, G.L. Amidon, Grapefruit juice and its constituents augment colchicine 

intestinal absorption: potential hazardous interaction and the role of p- 
glycoprotein, Pharm. Res. 26 (2009) 883–892. 

[76] A. Dahan, H. Sabit, G.L. Amidon, Multiple efflux pumps are involved in the 
transepithelial transport of colchicine: combined effect of P-glycoprotein and 
multidrug resistance-associated protein 2 leads to decreased intestinal absorption 
throughout the entire small intestine, Drug Metab. Dispos. 37 (2009) 2028–2036. 

[77] I. Lozoya-Agullo, I. Gonzalez-Alvarez, M. Gonzalez-Alvarez, M. Merino-Sanjuan, 
M. Bermejo, In situ perfusion model in rat Colon for drug absorption studies: 
comparison with small intestine and Caco-2 cell model, J. Pharm. Sci. 104 (2015) 
3136–3145. 

[78] M.L. Ruiz, S.S. Villanueva, M.G. Luquita, J.M. Pellegrino, J.P. Rigalli, A. Arias, E. 
J. Sanchez Pozzi, A.D. Mottino, V.A. Catania, Induction of intestinal multidrug 

resistance-associated protein 2 (Mrp2) by spironolactone in rats, Eur. J. Pharmacol. 
623 (2009) 103–106. 

[79] P. Artursson, A.L. Ungell, J.E. Lofroth, Selective paracellular permeability in two 
models of intestinal absorption: cultured monolayers of human intestinal epithelial 
cells and rat intestinal segments, Pharm. Res. 10 (1993) 1123–1129. 

[80] J.D. Irvine, L. Takahashi, K. Lockhart, J. Cheong, J.W. Tolan, H.E. Selick, J. 
R. Grove, MDCK (Madin-Darby canine kidney) cells: a tool for membrane 
permeability screening, J. Pharm. Sci. 88 (1999) 28–33. 

[81] C. Li, T. Liu, X. Cui, A.S. Uss, K.C. Cheng, Development of in vitro pharmacokinetic 
screens using Caco-2, human hepatocyte, and Caco-2/human hepatocyte hybrid 
systems for the prediction of oral bioavailability in humans, J. Biomol. Screen. 12 
(2007) 1084–1091. 

[82] M. Yazdanian, S.L. Glynn, J.L. Wright, A. Hawi, Correlating partitioning and caco-2 
cell permeability of structurally diverse small molecular weight compounds, 
Pharm. Res. 15 (1998) 1490–1494. 

[83] Y. Yang, P.J. Faustino, D.A. Volpe, C.D. Ellison, R.C. Lyon, L.X. Yu, 
Biopharmaceutics classification of selected beta-blockers: solubility and 
permeability class membership, Mol. Pharm. 4 (2007) 608–614. 

M.H. Macedo et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0365
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0365
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0365
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0370
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0375
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0375
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0375
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0380
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0380
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0380
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0380
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0385
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0385
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0385
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0385
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0390
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0390
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0390
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0390
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0395
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0395
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0395
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0400
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0400
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0400
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0405
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0405
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0405
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0405
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0410
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0410
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0410
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0415
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0415
http://refhub.elsevier.com/S2772-9508(23)00287-X/rf0415

	The shape of our gut: Dissecting its impact on drug absorption in a 3D bioprinted intestinal model
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Fabrication of the bioprinted models of the intestinal mucosa
	2.3 HIF viability inside the bioprinted hydrogels
	2.4 HIF morphology and extracellular matrix secretion inside the hydrogels
	2.5 Epithelial cell seeding
	2.6 Quantification of intestinal differentiation markers
	2.7 Quantification of genetic expression of intestinal drug transporters
	2.8 Immunostaining
	2.9 Quantification of the activity of P-glycoprotein (P-gp)
	2.10 Permeability assays
	2.11 Statistical analysis

	3 Results and discussion
	3.1 Characterization of the stromal compartment of the bioprinted model of the intestinal mucosa
	3.2 Characterization of the epithelial layer on the bioprinted model of the intestinal mucosa
	3.3 Quantification of intestinal differentiation markers
	3.4 Gene expression of drug transporters
	3.5 Expression of junction proteins and ECM components in the villi model
	3.6 P-gp activity
	3.7 Permeability

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


