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Abstract

Background: The intestinal epithelium is a major site of drug metabolism in the human body, possessing enterocytes
that house brush border enzymes and phase I and II drug metabolizing enzymes (DMEs). The enterocytes are supported
by a porous extracellular matrix (ECM) that enables proper cell adhesion and function of brush border enzymes, such as
alkaline phosphatase (ALP) and alanyl aminopeptidase (AAP), phase I DMEs that convert a parent drug to a more polar
metabolite by introducing or unmasking a functional group, and phase II DMEs that form a covalent conjugate between
a functional group on the parent compound or sequential metabolism of phase I metabolite. In our effort to develop an
in vitro intestinal epithelium model, we investigate the impact of two previously described simple and customizable
scaffolding systems, a gradient cross-linked scaffold and a conventional scaffold, on the ability of intestinal epithelial cells
to produce drug metabolizing proteins as well as to metabolize exogenously added compounds. While the scaffolding
systems possess a range of differences, they are most distinguished by their stiffness with the gradient cross-linked
scaffold possessing a stiffness similar to that found in the in vivo intestine, while the conventional scaffold possesses a
stiffness several orders of magnitude greater than that found in vivo.

Results: The monolayers on the gradient cross-linked scaffold expressed CYP3A4, UGTs 2B17, 1A1 and 1A10, and CES2
proteins at a level similar to that in fresh crypts/villi. The monolayers on the conventional scaffold expressed similar levels
of CYP3A4 and UGTs 1A1 and 1A10 DMEs to that found in fresh crypts/villi but significantly decreased expression of
UGT2B17 and CES2 proteins. The activity of CYP3A4 and UGTs 1A1 and 1A10 was inducible in cells on the gradient cross-
linked scaffold when the cells were treated with known inducers, whereas the CYP3A4 and UGT activities were not
inducible in cells grown on the conventional scaffold. Both monolayers demonstrate esterase activity but the activity
measured in cells on the conventional scaffold could not be inhibited with a known CES2 inhibitor. Both monolayer
culture systems displayed similar ALP and AAP brush border enzyme activity. When cells on the conventional scaffold
were incubated with a yes-associated protein (YAP) inhibitor, CYP3A4 activity was greatly enhanced suggesting that
mechano-transduction signaling can modulate drug metabolizing enzymes.

Conclusions: The use of a cross-linked hydrogel scaffold for expansion and differentiation of primary human intestinal
stem cells dramatically impacts the induction of CYP3A4 and maintenance of UGT and CES drug metabolizing enzymes
in vitro making this a superior substrate for enterocyte culture in DME studies. This work highlights the influence of
mechanical properties of the culture substrate on protein expression and the activity of drug metabolizing enzymes as a
critical factor in developing accurate assay protocols for pharmacokinetic studies using primary intestinal cells.
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Background
A major role of the small intestinal epithelium is to act
as an initial site of nutrient and drug metabolism by en-
zymes within or on the surface of the enterocytes, the
predominant cell type of the intestinal epithelium. These
metabolic processes are supported by the small intes-
tine’s large surface area to volume ratio enabled by a lin-
ing of villi projecting into the small intestinal lumen and
further enhanced by a dense carpet of microvilli on the
enterocyte surface [1]. To support their metabolic func-
tions, enterocytes express brush border enzymes, drug
transporters, and drug metabolizing enzymes (DMEs).
Alkaline phosphatase (ALP) and alanyl aminopeptidase
(AAP) are examples of brush border enzymes involved
in the metabolism of phosphate ester-containing pro-
drugs or peptides [2–5]. In contrast, DMEs are typically
located within the cell cytosol and internal organelles
and chemically modify molecules only after they have
been transported across the enterocyte membrane. Phase
I DMEs convert a parent drug to a more polar metabol-
ite by introducing or unmasking a functional group.
Phase II DMEs form a conjugate between the parent
compound (or metabolite) and an endogenous moiety
such as glucuronic acid [6, 7]. Phase I DMEs include
cytochrome P450s (CYPs) and carboxylesterases (CES)
and phase II DMEs comprise enzymes such as uridine
diphosphate-glucuronosyltransferases (UGTs) [8, 9].
Among these enzymes, cytochrome P450 3A (CYP3A4
in humans) and CES2 are major enzymes involved in in-
testinal contributions to first-pass oxidation and hy-
drolysis, respectively, of a variety of xenobiotics and
endogenous compounds [10], while UGTs are involved
in glucuronidation, a Phase II process that can also con-
tribute significantly to intestinal first-pass metabolism.
All of these enzymes play major roles in drug metabol-
ism, and/or excretion [1].
Given the important role of the small intestine in first-

pass drug metabolism and bioavailability, many model
systems have been developed to simulate the interaction
between the small intestine and chemical compounds,
both nutrients, drugs and other xenobiotics. In vivo ani-
mal models are commonly used for drug metabolism
studies; however, animal models are costly and low in
throughput [11, 12]. The different animal species also
possess distinct metabolic pathways, form different drug
metabolites, and experience distinct drug toxicity com-
pared to in humans [12–14]. Thus, these model systems
frequently fail to recapitulate many features of the hu-
man small intestine with respect to dug metabolism, effi-
cacy, uptake, bioavailability and toxicity. Ex vivo models
utilize intact sections of intestinal tissue, often placed
into perfusion systems but again are generally limited to
non-human tissue [15–17]. However, both the luminal
and basal environment of the small intestine is readily

accessed in these models and regional intestinal differ-
ences can be studied. The loss of a blood or nutrient
supply creates a short-lived tissue making this model not
feasible for studying enzyme induction, drug metabol-
ism, and drug bioavailability for more than 24 h [18].
Tissue-cultured cell lines derived from human intestinal
tumors have been widely used as model systems to
monitor the interaction of cells and drugs in the small
intestine. Cell lines such as Caco-2 cells are easily cul-
tured at low cost, have been extensively characterized
for use in the pharmaceutical industry, and display some
features representative of the normal intestinal epithe-
lium [12, 19]. Unfortunately, Caco-2 cells have been re-
ported to have absent or low gene expression of many
phase I and II DMEs such as CYP3A4, CES2, UGT1A1,
UGT1A10 and others [20, 21]. Use of tumor cell lines,
even if human-derived, has in many cases led to inaccur-
ate estimates of drug bioavailability with notable exam-
ples being antihypertensive drugs, such as verapamil and
propranolol [22]. Other disadvantages of this model in-
clude the inherent chromosomal instability of tumor
cells and the long differentiation period required to con-
vert the cells into a more differentiated enterocyte-like
cell for assays [23].
To address the limitations imposed by animals, ex vivo

tissues and cultured tumor cells, primary human intestinal
tissue derived from stem cells is increasingly used to con-
struct model systems for study of intestinal drug metabol-
ism. Epithelial stem cells obtained from the small intestine,
cultured within Matrigel, and supplemented with appropri-
ate growth factors form organoids resembling miniature
gut tissue aka enteroids [24]. Enteroids demonstrate many
features of the small intestinal epithelium including forma-
tion of all differentiated cell types found in vivo including
enterocytes [25]. However, their spherical architecture with
enclosed luminal surface and their hydrogel-embedded
format makes addition to or measurement of drugs and
nutrients on the luminal epithelial surface extremely chal-
lenging. For this reason, the enteroids have not become
widespread for the study of drug transport and metabol-
ism. Cell monolayers derived from primary intestinal epi-
thelium have been developed to address the shortcomings
of the enteroid culture system. These monolayers form a
tight contiguous, polarized cell layer with readily accessible
luminal and basal surfaces making these models suitable
for drug transport and metabolism assays [26–28]. Prior
studies have demonstrated that the primary monolayers
also replicate many physiologic functions of the in vivo in-
testinal epithelium such as nutrient transport, immuno-
logic function, chromosomal stability, barrier function, and
proliferative and differentiated cell types [21, 26, 28–31].
These models have also shown CYP3A4 and CES2 gene
expression and activity comparable to that found in vivo
[21, 28]. However, these models are expensive and difficult
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to engineer, as they require three dimensional printers,
flow systems and vacuums, or differentiation of primary in-
duced pluripotent stem cells (iPSCs) several weeks in ad-
vance of the assay [21, 28, 30]. For example, a Small-
Intestine-On-a-Chip required parallel culture chambers
with flow and vacuum lines adding significant complexity
to the culture format [30]. To maximize retention of
in vivo drug-metabolizing enzyme activities, the entero-
cytes and mucosa can be isolated from human small intes-
tines and directly cryopreserved as multicellular fragments
that retain viability and function [32–34]. Although this
method requires a significant amount of intestinal tissue
and only supports a culture duration of 24 h, the cells do
retain robust cytochrome P450 (P450) and non-P450 drug-
metabolizing enzyme activities making the method valu-
able as an experimental model for the evaluation of enteric
drug properties. Small intestinal enterocyte-like cells can
be differentiated from human induced pluripotent stem
cells (hiPS) and used for drug absorption and metabolism
studies; however, the protocol requires 28 days and
the expression patterns of hiPS derived cells are fetal-
like [35–37]. A system that is facile to construct and
utilize would significantly enhance performance of
drug activity assays and be of high utility for investi-
gating drug metabolism in vitro using primary patient
samples.
In this work, we investigate two previously described sim-

ple and customizable scaffolding systems on the impact of
drug metabolism by primary, human, small intestinal epi-
thelium with a comparison to in vivo human small intestine
[38]. Cells cultured as a monolayer on a gradient cross-
linked scaffold or a conventional scaffold were assessed for
their ability to synthesize drug metabolizing proteins as well
as to metabolize exogenously added commonly used drugs.
The gradient cross-linked scaffold consisted of a soft colla-
gen hydrogel (1.2mm thick, stiffness of 230 ± 140 Pa) that
closely resembles the in vivo intestinal properties (640 ±
340 Pa) [38, 39]. The conventional scaffold was comprised
of a very thin collagen film (< 900 nm) overlying a stiff
surface (net stiffness of 1.50MPa ± 0.27MPa) [38]. In prior
experiments, the monolayers in the two scaffolds demon-
strated differing abilities to transport drugs, with the
gradient cross-linked scaffold monolayer most closely re-
sembling in vivo intestinal drug transport relative to that of
the conventional scaffold monolayer [38]. Thus, it is pos-
sible that the scaffold monolayers may also demonstrate
significantly differing capacities for drug metabolism mak-
ing one more suitable for assays of human intestine-drug
interactions. In this study, we investigated the ability of the
two scaffolds to express relevant phase I and II DME pro-
teins using quantitative targeted absolute proteomics by se-
lected reaction monitoring nano-liquid chromatography-
mass spectrometry/mass spectrometry (QTAP SRM
nanoLC-MS/MS) techniques. The function of select phase

I and II DMEs on the two scaffolding systems was also
assessed. The activity of brush border enzymes involved in
drug metabolism, ALP and AAP, were additionally evalu-
ated utilizing colorimetry and fluorometric techniques. Yes-
associated protein (YAP) (a key signal transducer of extra-
cellular matrix properties) signaling was studied to evaluate
whether the mechanical properties of the substrate influ-
enced expression and function of DMEs [40].

Results and discussion
While the two scaffolds possess many distinctions, a
major difference is that of the gradient cross-linked scaf-
fold which possesses a stiffness similar to that of the
in vivo intestine, whereas the conventional scaffold dis-
plays a stiffness several orders of magnitude greater than
that of native intestine, a stiffness more characteristic of
fibrotic tissue [38, 39]. Both culture systems support
growth of cell monolayers covering the scaffold with
cells forming an impermeable barrier to small molecules.
For both monolayer systems, cells were harvested from
culture, dispersed and then plated onto the different
scaffolds on day 0 (Fig. 1a, b). Since the cells did not yet
form a contiguous monolayer, they were cultured in
medium rich in growth factors (EM, expansion medium)
until day 5 when confluency was reached. The super-
natant above the cells was then replaced with medium
low in growth factors to assist in cell differentiation to ma-
ture enterocytes, the major cell type participating in drug
metabolism. Prior work demonstrated that at day 10 of
this culture protocol, the monolayer formed on both scaf-
folds, was impermeable to small polar molecules, com-
prised largely of polarized enterocytes, and displayed
functional properties such as drug transport resembling
that of native small intestinal epithelium [38].

Measurement of expression of select proteins involved in
drug metabolism
CYP3A4, UGT1A1, and CES2 gene expression has
been evaluated in numerous primary intestinal models
[21, 28, 31]. However, CYP3A4, UGTs 2B17 1A1 and
1A10, and CES2 protein expression in these primary
human intestinal culture systems has not been inves-
tigated [21, 28, 30]. To assess the presence of meta-
bolic enzyme protein within cells, QTAP SRM
nanoLC/MS-MS analysis was performed on monolayers
cultured for 10 days on the gradient cross-linked scaffold
or conventional scaffold and compared to that of freshly
isolated human crypts/villi (n = 3). UGTs 2B17 and 1A10
protein expression by the cell monolayers on the gradient
cross-linked scaffold was significantly greater than that
expressed by cells on the conventional scaffold (Fig. 1c).
However, expression of these proteins and others includ-
ing CYP3A4, UGT1A1 and CES2 by the cells on the gra-
dient cross-linked scaffold was not statistically different
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from that of the fresh crypts/villi. The cells on the conven-
tional scaffold also expressed similar CYP3A4 and UGTs
1A1 and 1A10 protein amounts to those found in the
fresh crypts/villi but expressed statistically lower
UGT2B17 and CES2 amounts to those found in the fresh
crypts/villi. These data suggest that the microenvironment
created by the gradient cross-linked might be more re-
flective of the native intestinal microenvironment needed
to support drug metabolism.

Measurement of CYP3A4 activity
CYP3A4 is a phase I DME that functions to metabolize
drugs, typically by oxidation, and is critical for me-
tabolism of drugs such as efavirenz and phenobarbital
[41, 42]. Cells on the two scaffolds displayed CYP3A4
activity that was not statistically different (Fig. 2a) and
lower than that found in other reported primary intes-
tinal monolayers [21, 28]. However, when the mono-
layers on the gradient cross-linked scaffold were treated

Fig. 1 Overview of two scaffold systems used for metabolic assays. a Schematic of the culture conditions. Proliferative cells (green) were
harvested and placed onto the two scaffolds in a growth-factor rich medium (purple, expansion medium). When the monolayer became
confluent (blue cells) at day 5, the culture medium was exchanged for a medium without added intestinal growth factors (grey, differentiation
medium). By day 10, the cells were differentiated and nonproliferative (red) and suitable for metabolic activity assays and possess a brush border
i.e. microvilli (yellow). b Summary of the timing of the various assays performed in the study. c QTAP SRM quantification of the protein
concentration (pmol of DME protein/mg of total cell protein) in the monolayer cells cultured on the gradient cross-linked and conventional
scaffolds at day 10 of culture or in cells isolated from fresh crypts/villi. Shown is the average and standard deviation of the data (n = 3)
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Fig. 2 (See legend on next page.)
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with rifampicin, an antibiotic that is a nonspecific sub-
strate for CYP enzymes [43, 44], the CYP3A4 activity in-
creased greatly, resulting in a fold change of 20. This
fold change is significantly greater than that previously
reported in other model systems, suggesting that
CYP3A4 is metabolically active and binds to appropriate
substrates. Caco-2 cells do not express CYP3A4 unless
they are gene-engineered [19, 23, 45]. Treating the cells
with rifampicin on the conventional scaffold did not sig-
nificantly alter CYP3A4 activity (Fig. 2a). Ketoconazole is
a known inhibitor of CYP3A4 [46] and significantly inhib-
ited this enzyme’s activity in cells cultured on the gradient
cross-linked scaffold (and pre-exposed to rifampicin).
These results are similar to those reported in human pri-
mary intestinal models that require a three dimensional
printer to construct the model intestinal system utilized
for CYP3A4 metabolomic studies [28]. Ketoconazole did
not significantly impact the cells on the conventional scaf-
fold likely due to the absence of functional CYP3A4 pro-
tein. More than half of all drugs or their metabolites are
acted upon by CYP3A4 [47], suggesting that the gradient
cross-linked scaffold may be an invaluable model for test-
ing the metabolism of a plethora of clinically relevant
compounds.

Measurement of UGT activity
The UGT family of enzymes, including UGTs 1A1, 1A10
and 2B17, are involved in the metabolism of various drug
molecules in the human body and catalyze the transfer of
glucuronic acid to a drug. The increase in hydrophilicity
of the glucuronidated drug enables it to be more readily
excreted [48]. While the mass spectrometry (MS) studies
indicate detectable protein presence, the assays do not re-
port enzyme functionality and may miss proteins present
at low copy number in cells. Therefore, it was important
to determine whether the enzymes in the cell monolayers
were also functional. UDP glucuronosyltransferase (UGT)
activity was assayed by measuring the metabolism of a
UGT multienzyme substrate that is glucuronidated by
UGTs 1A1 and 1A10. UGT activity in both monolayer
culture systems was detectable. Chrysin, a flavonoid
present in honey, is a known substrate of UGTs and upre-
gulates their expression [48, 49]. When the cells were pre-
incubated with chrysin, UGT activity increased greatly in
the monolayers on the gradient cross-linked scaffold.
UGT activity in the cells on the conventional scaffold

remained the same with and without treatment of chrysin
(Fig. 2b). Caco-2 cells have shown a 3.8 fold increase in
UGT metabolite formation when treated with chrysin for
4 days [49]. The monolayers in the gradient cross-linked
scaffold demonstrated a 10-fold increase in UGT activity
when treated with chrysin for 2 days. Chrysin-induced
UGT activity was successfully inhibited with zafirlukast, a
drug commonly used to treat asthma and a known inhibi-
tor of UGT1A10 [50, 51], in the monolayers on the gradi-
ent cross-linked scaffold (Fig. 2b). Overall, the monolayers
on the conventional scaffold failed to have a statistically
significant difference in UGT activity with and without
the presence of a selected inducer and inhibitor, suggest-
ing that the enzyme, if present, may not have been
expressed properly or was present at low concentrations
under all conditions. In contrast, the monolayers on the
gradient cross-linked demonstrated significant UGT activ-
ity upon enzyme induction. The absence of activity prior
to induction was most likely due to the limited sensitivity
of the employed glucuronidation assay. Additionally, UGT
activity was significantly diminished in the presence of a
selected inhibitor. These results suggest that the gradient
cross-linked scaffold is a more suitable system than the
conventional scaffold for evaluating phase two UGT me-
tabolism in primary human intestinal cells.

Measurement of CES2 activity
CES2 is a carboxylesterase that facilitates intestinal
clearance of many drugs by the hydrolysis or transesteri-
fication of a drug or drug metabolite. CES2 preferentially
hydrolyzes a wide variety of endogenous esters, ester-
containing drugs and environmental toxicants, such as
flutamide and fluorescein diacetate [52]. To assess
whether esterase activity was present within the cultured
monolayers, and the relative amount, monolayers cul-
tured on the gradient cross-linked and conventional
scaffold were incubated with fluorescein diacetate and
fluorescein fluorescence measured. Cells on the gradient
cross-linked scaffold demonstrated significantly greater
esterase activity than that on a conventional scaffold
(Fig. 2c). The reported esterase activity in the mono-
layers on the gradient cross-linked scaffold was similar
to that reported in intestinal epithelial cells derived from
human iPSCs [21]. The esterase activity reported in the
monolayers on the conventional scaffold was similar to
that reported in Caco-2 monolayers [21]. The anti-

(See figure on previous page.)
Fig. 2 Assessment of DME activity in cells cultured on the monolayer platforms. a CYP3A4 activity was measured in the monolayers with and
without CYP3A4 induction by prior culture in the presence of rifampicin. Rifampicin-induced cells were also assayed in the presence of the
CYP3A4 inhibitor ketoconazole. Activity was reported as relative light units (RLU) per mg of protein formed over the luciferase reaction time (150
min) for panels a and b. b UGT activity was measured in the monolayers with and without UGT induction by prior culture in the presence of
chrysin. Chrysin-induced cells were also assayed in the presence of the UGT1A10 inhibitor zafirlukast. c Esterase activity was measured in the
monolayers with and without the CES2 inhibitor loperamide. Shown is the average and standard deviation of the data (n = 4)
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diarrheal medication loperamide has been reported to be
a non-selective inhibitor of CES2 [53, 54]. When cells
cultured on the gradient cross-linked scaffold were pre-
incubated with loperamide, the de-esterification of fluor-
escein diacetate was significantly reduced suggesting that
the increased esterase activity of these cells was due to
CES2. Cells cultured on the conventional scaffold were
not significantly impacted by loperamide potentially due
to either their already low esterase activity or lack of
CES2 expression. Cells on the gradient cross-linked scaf-
fold were assayed for CES2 activity at day 10 of culture
but may express CES2 at much earlier times. In contrast
the intestinal epithelial cells derived from iPSCs required
20 days of culture prior to measurement of CES2 activ-
ity. These results suggest that the cell monolayers
formed on the gradient cross-linked scaffold system are
suitable for assays of CES2 actions on or inhibition by
various drugs.

Measurement of brush border enzymes involved in drug
metabolism
Intestinal ALP and AAP are enzymes localized to the
brush border of enterocytes in the intestinal epithelium.
ALP is frequently involved in the metabolism of phos-
phate ester pro-dugs, for example, converting the pro-
drug fosamprenavir to its active antiviral form, amprenavir
which is more readily absorbed than fosamprenavir [5].
AAP is a zinc exopeptidase cleaving at the amino terminal
peptide end and hydrolyzing a variety of peptides but with
a preference for hydrophobic and neutral residues [4].
Thus, it acts as a major barrier to the use of unmodified
peptides as therapeutic compounds owing to its rapid deg-
radation of peptides within the intestinal lumen [2, 4, 55].
The activity of ALP and AAP in cells cultured on the two
scaffold systems was quantified to determine whether
these monolayers might act as suitable substrates for ALP

and AAP-based drug metabolism. ALP and AAP activity
increased over time for the cells on both scaffold systems
between days 5 and 10 suggesting that in both systems the
enterocyte cell number and/or maturity increased after
withdrawal of the growth-factor rich medium (Fig. 3a, b).
The measured AAP activity was similar for cells on the
two scaffolds whereas the cells on the gradient cross-
linked scaffold displayed significantly more ALP activity at
day 10 compared to the cells grown on conventional scaf-
folds (Fig. 3a, b). Both the ALP and AAP activity appeared
comparable to that previously reported by Caco-2 mono-
layers on a stiff polycarbonate surface [3]. These data sug-
gest that expression of these brush border enzymes is
more robust and less dependent on scaffolding properties
than that of the intracellular metabolic enzymes.

Measurement of YAP expression and localization
YAP is a critical component in the mechano-transduction
pathway relaying signals regarding environmental stiffness
from the plasma membrane into the nucleus where YAP
binds to members of the TEAD family of transcription
factors in order to regulate gene transcription [40, 56, 57].
Gene transcription subsequent to YAP translocation en-
ables the cell to respond to an altered mechanical micro-
environment. To understand whether the two different
scaffolds yielded altered mechano-transduction signals,
YAP subcellular localization was measured at days 0, 1,
and 2 after placement of cells on the scaffolds. At day 0
and day 1 after culture on the conventional scaffold, YAP
was located almost exclusively within the nucleus of all
cells on the conventional scaffold, while the cells on the
gradient cross-linked scaffold displayed statistically signifi-
cant lower nuclear YAP fluorescence signal on day 0 and
day 1 than that displayed in the conventional scaffold
(Fig. 4a, b). The cells on the gradient cross-linked scaffold
did not display nuclei with statistically different YAP

Fig. 3 Evaluation of brush border enzyme activity. ALP (a) and AAP (b) activity of cells cultured on the gradient cross-linked and conventional
scaffold on days 5, 8 and 10 of culture (n = 3). U = μmol/min/mL. Shown is the average and standard deviation of the data (n = 3). In panel (a), 1
U is equal to the concentration (mM) of pNPP hydrolyzed after 60 min. For AAP activity, 1 unit is equal to the μM of L-Ala-NA hydrolyzed to L-
alanine and p-nitroaniline per minute
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expression on the different days. These results are similar
to that reported for primary intestinal enteroids cultured
on a soft ECM (300 Pa) of similar stiffness to that of the
gradient cross-linked scaffold [25]. The percentage of nu-
clei with YAP expression declined significantly on day 2 of
culture in the cells on the conventional scaffold, resulting
in a similar amount of nuclear YAP expression to that of
the cells on the gradient cross-linked scaffold. Primary

intestinal enteroids placed into a stiff microenvironment
(> 1 kPa) also demonstrate a similar temporal change in
nuclear YAP [25].
Since mechano-transduction signaling impacts expansion

and differentiation into the absorptive cells [40, 56, 58]
which express DME proteins, YAP signaling was blocked
with verteporfin and the impact on CYP3A4 activity was
measured. Verteporfin was added to monolayers

Fig. 4 Impact of stiffness on YAP behavior. a YAP immunofluorescence (green) of monolayers at days 0, 1 and 2 after placement of the cells on
the gradient cross-linked or conventional scaffold. DNA was counterstained with Hoechst 33342 (blue). Scale bar = 50 μm. b Quantification of the
average fluorescence of YAP per cell nucleus for cells on the gradient cross-linked or conventional scaffold at days 0, 1 and 2 of culture. c CYP3A4
activity was measured for monolayers at day 10 (n = 4) after the cells were treated with verteporfin (YAP inhibitor) from days 0–2 and with rifampicin
(CYP3A4 inducer) from days 8–10. Shown is the average and standard deviation of the data (n > 3)
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immediately upon placement of cells on to the gradient
cross-linked scaffold and conventional scaffold and main-
tained in the medium for 2 days. After day 2, the YAP in-
hibitor was removed and the cells cultured as described in
the protocol of Fig. 1a. On day 8, both the cells on the gra-
dient cross-linked scaffold and conventional scaffold were
incubated with rifampicin for 2 days. On day 10, CYP3A4
activity in the monolayers on both culture systems was
assessed. The monolayers on the gradient cross-linked scaf-
fold did not show a statistically significant difference in
CYP3A4 activity with and without verteporfin. In contrast,
the monolayers on the conventional scaffold incubated with
verteporfin demonstrated a statistically significant in-
crease in CYP3A4 activity compared to unexposed
monolayers (Fig. 4c). While not definitive, these re-
sults suggest that the mechanical properties of the
microenvironment might play a role in regulating the
expression or activity of proteins involved in drug
metabolism via the YAP signaling pathway and YAP’s
subsequent impact on cell differentiation. Further experi-
ments assessing YAP expression throughout the differenti-
ation protocol will be needed to confirm this hypothesis.

Conclusions
A variety of intestinal primary cell monolayer systems have
been developed on a plethora of substrates with widely
varying properties, for example, polytetrafluoroethylene
(PTFE), polycarbonate (PC), and polyethylene terephthalate
(PET), polydimethylsiloxane (PDMS) and hydrogels, such
as Matrigel and collagen [21, 26, 27, 29, 59, 60]. Here we in-
vestigate two previously described primary cell monolayer
systems that possessed differing in ECM stiffness (among
other attributes). The gradient cross-linked scaffold pos-
sesses a stiffness similar to that found in the in vivo intes-
tine while the conventional scaffold possesses a stiffness
orders of magnitude higher. Cells cultured on the gradient
cross-linked scaffold have previously been shown to possess
similar drug transporter protein expression to that found
in vivo, as well as transporter function that is suitable for
assay of many drug transporters. In contrast, cells on the
conventional scaffold had diminished drug transporter pro-
tein expression compared to that found in fresh tissue and
reduced or absent function of some transporters [38]. In
this work, cells cultured on the conventional scaffold
expressed significantly reduced protein expression of
UGT2B17 and CES2 but similar expression of CYP3A4
and UGTs 1A1 and 1A10 relative to that found in fresh
crypts/villi whereas the cells on the gradient cross-linked
scaffold possessed similar CYP3A4, UGTs 2B17, 1A1 and
1A10, and CES2 protein expression to that found in the
fresh crypts/villi. The monolayers on the gradient cross-
linked scaffold also possessed readily measured CYP3A4,
UGT, and esterase function in the presence and absence of
known inducers, and function of these enzymes was

successfully diminished with appropriate inhibitors. The
monolayers on the conventional scaffold possessed little
CYP3A4, UGT, or esterase function in the presence and
absence of known inducers. The monolayers on the gradi-
ent cross-linked scaffold and conventional scaffold sup-
ported similar activity of brush border enzymes ALP and
AAP. Thus, intracellular DMEs appear more highly im-
pacted by the different culture surfaces than the brush
border enzymes on the cell surface. The CYP3A4 activity of
our monolayers is lower that that of recent enteric models
using cryopreserved enterocytes and mucosa [32–34]. An
important future goal will be to optimize the differentiation
protocol for small intestinal stem cells by titrating growth
vs differentiation signals such as Wnt, Notch and BMP-4 to
better simulate the chemical sequence of events within the
small intestine as the enterocytes form. Application of other
environmental factors sensed by the epithelial cells of the
small intestine such as mechanical stimulation, shear forces
and/or a hypoxic luminal environment may also improve
CYP3A4 activity. Optimization of these attributes for this
model may enable a more similar level of CYP3A4 activity
to that of fresh small intestinal tissue.
It is well established that intestinal stem cell growth

and proliferation is influenced by mechanical character-
istics, such as the stiffness of the ECM [61, 62]. The sub-
cellular localization of YAP has specifically been
reported to be modulated by cellular mechano-sensing
and mechano-transduction sensing proteins [25]. YAP
functions as a transcriptional co-activator to the TEAD
family of transcription factors which regulate cell prolif-
eration and apoptosis, controlling organ size in vivo and
cell expansion and differentiation in vitro [40, 56]. YAP
has exhibited enhanced nuclear translocation and activa-
tion in response to high ECM stiffness (> 1 kPA),
whereas YAP has displayed cytoplasmic localization in
systems with low ECM stiffness (< 500 Pa) in primary in-
testinal enteroids [25]. These results are consistent with
those found in the monolayers on the soft gradient
cross-linked scaffold and stiff conventional scaffold. The
monolayers on the gradient cross-linked scaffold demon-
strated temporally constant YAP fluorescence within nu-
clei following plating, while the monolayers on the
conventional scaffold possessed high amounts YAP
fluorescence within their nuclei immediately after sub-
culture. By day two after sub-culture, cells on the two
substrates possessed similar YAP fluorescence within
their nuclei. Incubation with verteporfin, a YAP inhibi-
tor, enhanced CYP3A4 activity in cells on the conven-
tional scaffold to a similar level to that of cells on the
gradient cross-linked scaffold. These results suggest that
proteins, such as YAP, may have a role in the mechano-
transduction pathways may also modulate the function
of metabolic proteins found in differentiated enterocytes,
such as CYP3A4. More in-depth studies will be needed
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to determine whether YAP and other mechano-sensing
proteins modulate protein function during and after en-
terocyte differentiation. Nevertheless, these data demon-
strate that development of in vitro models with
extracellular matrices mimicking the properties of the
in vivo intestine is of great importance when recapitulat-
ing physiological function of DMEs.
In summary, the data showed that the cross-linked

scaffold was a superior substrate for formation of entero-
cytes responsive to CYP3A4 induction and the mainten-
ance of UGT and CES activity. Despite the progress in
understanding the variables impacting protein expres-
sion and function derived from this and our previous
publication [38], further work will be needed to fully
characterize and optimize the platform. The use of tissue
derived from multiple intestinal regions and donors
along with comparison to each donor’s fresh tissue
would add tremendously to our understanding of bio-
logical variability and the capacity of the platform to ac-
curately reproduce native tissue function. Mechanical
cues are known to influence protein expression and en-
zymatic activity [63]. Furthermore, testing other meta-
bolic enzyme substrates, such as midazolam for
CYP3A4, would further define the activity profiles of
clinically important proteins. In the current work, the
in vitro tissue was not subjected to stress/strain influ-
ences and addition of such mechanical forces may serve
to further optimize the platform. In spite of these limita-
tions, the current work makes clear the importance of
the culture substrate in influencing cell behavior and the
impact on assay outcomes.

Methods
Materials
Rat tail type I collagen, Transwell inserts (0.9 cm2 cell cul-
ture area, 1.6 × 106 pores/cm2), 12-well polystyrene tissue
culture dishes, 12-well polycarbonate plates and Transwell
inserts (1.12 cm2 cell culture area, 1.6 × 108 pores/cm2)
were purchased from Corning (Corning, NY). SB202190
was from Selleckchem (Houston, TX). Collagenase (type
IV) was purchased from Worthington Biochemicals (Lake-
wood, NJ). Y-27632 and N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT) were pur-
chased from ApexBio Technology (Houston, TX). Human
collagen (type I) was obtained from Advanced Biomatrix
(Carlsbad, CA). The ALP assay kit was from AbCam
(Cambridge, MA). Gastrin was from Anaspec (Freemont,
CA). UGT-Glo™ Assay and P450-Glo™ CYP3A4 Assay
were obtained from Promega (Madison, WI). N-acetyl
cysteine was purchased from MP Biomedicals (Santa Ana,
CA). Murine EGF was procured from Peprotech (Rock
Hill, NJ). Primocin was purchased from InvivoGen (San
Diego, CA). Nicotinamide, L-alanine p-nitroanilide, fluor-
escein diacetate, loperamide, zafirlukast, cobalt chloride,

potassium phosphate buffer, bovine serum albumin, and
A83–01 were acquired from Sigma-Aldrich (St. Louis,
MO). All other reagents and Bicinchoninic Acid (BCA)
Protein Assay Kit were purchased from Thermo Fisher
Scientific (Waltham, MA).

Cell culture media composition
Expansion media (EM) for cell culture contained ad-
vanced DMEM/F12 medium, L-WRN conditioned
medium, N-acetyl cysteine (1.25 mM), EGF (50 ng/mL),
B27 (1 ×), GlutaMAX (2 mM), primocin (100 μg/mL),
prostaglandin E2 (10 nM), gastrin (10 nM), nicotinamide
(10 mM), HEPES (10 mM, pH 7.5), penicillin (100 unit/
mL), streptomycin (100 μg/mL), SB202190 (3 μM), and
Y-27632 ROCK inhibitor (10 μM). After 48 h of culture,
Y-27632 ROCK inhibitor (10 μM) was removed from the
EM medium used for culture. L-WRN conditioned
medium was prepared by culture of L-WRN cells
(ATCC #CRL-3276) as previously published [64]. L-
WRN conditioned media contains Wnt-3A, R-spondin
3, and noggin at concentrations of 45, 25, and 25 ng/mL,
respectively. Differentiation media (DM) contained
DMEM/F12 medium, N-acetyl cysteine (1.25 mM), EGF
(50 ng/mL), GlutaMAX (2 mM), HEPES (10 mM, pH
7.5), A83–01 (500 ng/mL), DAPT (20 ng/mL), and pri-
mocin (100 μg/mL).

Preparation of gradient cross-linked scaffold
The gradient cross-linked scaffolds were prepared as
previously described [38, 60]. Briefly, collagen (200 μL, 1
mg/mL, Type 1) was added to the upper reservoir of a
Transwell insert (BD Falcon #353180, PET membrane,
0.9 cm2 cell culture area, 1.6 × 106 pores/cm2), and the
inserts were immediately incubated at 37 °C for 1 h.
Phosphate buffered saline (PBS, 1 mL) was added to the
upper and lower reservoir of each Transwell. The Trans-
well inserts and plates were stored at 4 °C for 30 min.
The PBS in the lower compartment was immediately re-
moved and replaced with a cocktail (1.5 mL) of 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC, 353 mM, 500 μL) and N-hydroxysuccinimide
(NHS, 88 mM, 500 μL) in 2-morpholinoethanesulfonic
acid (MES, pH 5.5). The inserts and plates were placed
at 4 °C for 40 min, followed by immediate removal of the
Transwells for incubation in deionized water for 24 h to
remove unreacted cross-linker. The inserts were then
sterilized with 75% ethanol, washed with PBS three
times, and stored in PBS at 4 °C until cell culture.

Conventional scaffold preparation
The conventional scaffold was prepared as previously de-
scribed [38]. Collagen (100 μL, 0.1 mg/mL, Type 1, < 900
nm thick) in ethanol (70%) was added to the upper reser-
voir of a Transwell cassette (Corning Life Sciences #3401,
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1.12 cm2 cell culture area, 1.6 × 108 pores/cm2). The
Transwell inserts and plates were dried inside a laminar
flow hood for 3 h and sterilized under UV light (280 nm)
for 1 h. The upper reservoir and lower reservoir of the
Transwells were immediately coated with collagen (1mL,
0.01mg/mL solution, Type 1) in sterile PBS. The plates
were incubated in 37 °C for 24 h. The upper and lower res-
ervoirs of the Transwell were washed with PBS three
times, and the cells were plated immediately.

Primary human small intestine monolayer cell culture
Human jejunal intestinal tissue was obtained from a sin-
gle donor at UNC Hospitals under UNC IRB #14-2-
2013. This tissue was used for all experiments in this
manuscript. The intestinal crypts/villi were isolated from
the tissue following a previously published protocol [65].
Briefly, the tissue was cut longitudinally with a scalpel to
expose the luminal and basal sides of the tissue prior
and then immediately incubated for 90 min at 25 °C in a
15mL conical tube containing ethylenediaminetetraace-
tic acid (EDTA, 2 mM) and dithiothreitol (DTT, 0.5
mM) in buffer (5.6 mM Na2HPO4, 8.0 mM KH2PO4,
96.2 mM NaCl, 1.6 mM KCl, 43.4 mM sucrose, 54.9 mM
D-sorbitol, pH 7.4). The crypts/villi were immediately
detached from the tissue by vigorous shaking. All other
parts of the tissue were removed from the mixture with
sterile tweezers, leaving behind the crypts, EDTA, DTT,
and buffer in the conical tube. The crypts/villi were iso-
lated by centrifugation, followed by immediate removal
of the supernatant and replenishment with EM. The
crypts/villi in EM were plated on a collagen hydrogel (1
mg/mL, rat tail, pH 7.4, 1 mm thick) placed within a
polystyrene tissue culture plate as described previously
[26, 65]. The cells were passaged after 5 days following a
previously published protocol [26, 65]. Briefly, the cells
and collagen hydrogel were detached from the tissue
culture plate’s surface with a 1000 μL pipette tip. The
cells and collagen hydrogel were placed into a 15mL
conical tube containing fresh EM (1 mL) and 500 U/mL
of Type IV collagenase. The collagen and cells were
broken apart by repeated pipetting (1000 μL pipette tip)
and then incubated at 25 °C for 10 min. The hydrogel,
cells, collagenase, and EM were centrifuged at 600×g for
1 min. The isolated pellet at the bottom of the conical
tube was washed with PBS (5 mL) and the mixture was
centrifuged again at 600×g for 1 min, followed by imme-
diate removal of PBS that was replaced with EDTA (0.5
mM) and Y-27632 (10 μM) in PBS. The EDTA, Y-29632,
and cells were incubated at 37 °C for 10 min. The intes-
tinal cells were re-suspended in EM (1:4) and plated on
either the gradient cross-linked scaffold or conventional
scaffold at a at a cell density of 1.6 × 105 cells per cm2 as
described above or stored in liquid nitrogen. In both the
gradient cross-linked scaffold and conventional scaffold,

the top (luminal) and bottom (basal) reservoirs contained
1 and 2mL of EM, respectively. EM was changed to EM
without Y-27632 after 48 h of culture, following EM re-
plenishment in both reservoirs every 48 h. After the cells
were cultured for 5 days, EM was removed and replaced
with DM. DM was replenished every 24 h until the mono-
layers were utilized for assay on day 10. Cells were main-
tained at 37 °C in a humidified 5% CO2 incubator. Cells
were not used for experiments beyond P15 (passage 15).

Measurement of protein expression
Monolayers formed on both culture platforms were col-
lected on day 10 (5 days in EM + 5 days in DM) and used
for quantitative targeted absolute proteomic (QTAP)
nanoLC-MS/MS analysis. To insure that the monolayers
were fully differentiated and competent to form a tight
network of cells, only monolayers with a transepithelial
electrical resistance (TEER) > 90Ω cm2 or 300Ω cm2 for
the gradient cross-linked scaffold and conventional, re-
spectively, were used for measurement of protein [38].
TEER was measured using an EVOM2 Epithelial Volt/
Ohm meter (World Precision Instruments, Sarasota, FL)
and calculated by subtracting the raw resistance mea-
surements of the monolayers from that of the average
resistance (n = 3) of the collagen layer without cells and
normalized by multiplying the cell culture area of the
well to provide a TEER in units of Ω cm2 [66]. CYP3A4,
UGTs 1A1, 1A10 and 2B17, and CES2 proteins were
quantified using previously published methods [67, 68].
Briefly, 10 million cells were collected and homogenized
in hypotonic buffer containing 10 mM tris HCl (pH 7.4),
10 mM NaCl, 1.5 mM MgCl2. The samples were centri-
fuged (10,000×g, 4 °C) and the supernatant was col-
lected. The protein in the supernatant was isolated by
ultracentrifugation (100,000×g, 4 °C) and the resulting
protein pellet was submerged in fresh PBS. Quantifica-
tion was enabled by addition of a stable isotope-labeled
proteotypic tryptic peptide standard of known concen-
tration (Additional file 1: Table S1). Ratios of two SRM
peak area signals of the analyte summed to two corre-
sponding signals of the stable isotope-labeled peptide
standard summed were used to calculate concentrations.
The equality of response between the analyte (unlabeled)
and labeled peptides being assumed. The entire proced-
ure was performed in triplicate for each platform type.

ALP and AAP activity measurement
Intestinal cell monolayers were evaluated for ALP and
AAP activity on day 5, 8, 10 of culture on the gradient
cross-linked scaffold and conventional scaffold. Cell
monolayers were incubated with trypsin for 10 min at
37 °C, followed by addition of EM to the collagen, cells,
and trypsin. The detached cells, trypsin, and EM were
placed in a 15mL conical tube and centrifuged for 1 min
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at 600×g to pellet the cells. The supernatant was re-
moved and the cell pellet washed with PBS three times,
followed by resuspension in radioimmunoprecipitation
assay (RIPA) lysis buffer. The mixture was homogenized
by repeated pipetting with a 1000 μL tip 50 times. The
supernatant was collected after the mixture was centri-
fuged for 15 min at 15,000×g at 4 °C. The supernatant
was divided into 3 equal parts for measurement of ALP
activity, AAP activity and total protein. Total protein
was measured using a Bicinchoninic Acid (BCA) Protein
Assay according to the manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA). The ALP ac-
tivity was quantified according to the manufacturer’s in-
structions (Abcam, Cambridge, MA) using 5 mM para-
Nitrophenylphosphate (pNPP) as substrate. ALP activity
was expressed in units (U), where 1 U is equal to the
concentration (mM) of pNPP hydrolyzed after 60 min.
pNPP was quantified by measurement of its absorbance
at 405 nm followed by comparison to a standard curve
(Spectramax M5 plate reader, Molecular Devices, San
Jose, CA). The AAP assay was performed following a
previously published protocol [3]. Briefly, L-alanine p-
nitroanilide (L-Ala-NA) was used as a substrate. Cobalt
chloride (1 mM) in 10mM tris HCL buffer (pH 8.0) was
mixed with the cell lysate and incubated at 37 °C for 10
min to activate AAP. L- Ala-NA (1.66 mM) in 60mM
potassium phosphate buffer solution was immediately
added to the cell lysate. After 30 min, the absorbance of
the solution was measured at 405 nm and compared to
that of a standard to quantify the breakdown of L-Ala-
NA. AAP activity is expressed in units (U). For AAP ac-
tivity, 1 unit is equal to the μM of L-Ala-NA hydrolyzed
to L-alanine and p-nitroaniline per minute.

DME functional assays
All DME activity assays were performed on monolayers
with a TEER > 90Ω cm2 or 300Ω cm2 for the gradient
cross-linked scaffold and conventional scaffold, respect-
ively. TEER was measured before and after the assay to
further verify that monolayer integrity remained con-
stant throughout the assay.
CYP3A4 and UGT activity were assessed in the pres-

ence and absence of a known inducer. Rifampicin was
used as an inducer for CYP3A4 activity while chrysin
was utilized as an inducer for UGT activity. For induc-
tion of enzyme activity, monolayers were cultured with
20 μM rifampicin or 50 μm chrysin or DMSO vehicle
(final concentration 0.1%) for 48 h (days 8–10). On day
10 the activity of the enzymes was measured after prein-
cubation for 30 min with DMSO control vehicle or in-
hibitor (1 μM ketoconazole and 1 μM zafirlukast for
CYP3A4 and UGT assays, respectively). Cells were lysed
with RIPA buffer and protein quantified using Pierce
BCA Protein Assay kit. Then, CYP3A4 and UGT activity

was measured following the manufacturer’s instructions
(Promega, Madison, WI). Briefly, CYP3A4 activity was
assessed by adding luciferin-IPA to monolayers for 60
min (37 °C, 5% CO2). The P450 Glo reagent was added
to each well and equilibrated for 20 min. UGT activity
was measured by adding UGT reaction buffer, 4 mM
UDPGA, and 20 μM UGT multienzyme substrate. Reac-
tions were terminated after incubation (37 °C, 5% CO2)
for 150 min by addition of firefly luciferase detection
mixture supplemented with 20mM D-cysteine (LDR).
The luminescence was quantified using a Spectramax
M5 plate reader (Molecular Devices, San Jose, CA) and
reported as relative light units (RLU) per mg of protein
formed over the luciferase reaction time (150 min) as
recommended by the reagent manufacturer.
To evaluate if mechano-transduction signaling regard-

ing environmental stiffness impacts expansion and dif-
ferentiation into the absorptive cells which express DME
proteins, YAP signaling was blocked by treating the
monolayers with 500 nmol verteporfin immediately upon
placement of cells on to the gradient cross-linked scaf-
fold and conventional scaffold and maintained in the
medium for 2 days. After day 2, the verteporfin was re-
moved. On day 8, both the cells on the gradient cross-
linked scaffold and conventional scaffold were incubated
with rifampicin for 2 days. On day 10, CYP3A4 activity
in the monolayers on both culture systems was evaluated
as described above.
To measure esterase activity, the cells were lysed with

buffer (50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.5%
Triton X-100, and 1mM EDTA) and placed on ice for
20 min. The mixture was centrifuged at 15,000×g at 4 °C
for 15 min, and the supernatant was collected. The pro-
tein in the supernatant was quantified using Pierce BCA
Protein Assay kit. Supernatant (20 μg/mL protein) was
incubated with and without 1 mM loperamide (CES2 in-
hibitor) at 37 °C for 5 min and then treated with 10 μM
fluorescein diacetate (CES2 substrate). After 15 min of
incubation, the reaction was terminated by the addition
of an equal volume of ice-cold acetonitrile. The fluores-
cence intensity was immediately measured with a Spec-
tramax M5 plate reader (Molecular Devices, San Jose,
CA) using the wavelengths 485 nm for excitation and
535 nm for emission. Esterase activity is reported as
nmol fluorescein formed per min of reaction time per
mg of cell protein (nmol/min*mg).

YAP staining and image analysis
The monolayers (n = 3) were stained for expression of
Yes-associated Protein (YAP) on day 1, day 2, and day 3
of culture on placement of the gradient cross-linked or
conventional scaffolds to evaluate YAP subcellular
localization. The cell monolayers were fixed by incuba-
tion with paraformaldehyde (4%) for 20 min, washed
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three times with PBS, and permeabilized with 0.5% tri-
ton X-100 for 20 min at 25 °C. The monolayers were
then washed twice with PBS and immediately incubated
with bovine serum albumin (BSA, 3%) for 50 min at
25 °C. After blocking with BSA, the cells were incubated
in primary antibody (1:50, sc-101,199, Santa Cruz Tech-
nology, Santa Cruz, California) at 4 °C for 24 h. The
monolayers were washed with PBS and incubated with
donkey anti-mouse secondary antibody conjugated to
AF 647 fluorophore (1:300, Jackson Immunoresearch
#715–605-020, West Grove, PA) for 45 min at 25 °C.
The monolayers were washed three times with PBS and
the DNA was stained with Hoechst 33342 (2 μg/mL).
The monolayers were incubated for 15 min at 25 °C with
the DNA stain and washed with PBS three times.
Images were acquired using a confocal laser-scanning

microscope (Fluoview FV3000; Olympus, Waltham,
MA). YAP staining was visualized with a CY5 filter (ex-
citation filter 604–644 nm, emission 672–712 nm). DNA
stained with Hoechst 33342 was viewed using a DAPI
filter (excitation filter 352–402 nm, emission 417–477
nm). All images shown were acquired with a 20× object-
ive (N.A. = 0.45). Images were empirically thresholded
using Image J (https://imagej.nih.gov/ij/). Hoechst 33342
fluorescence was segmented as a marker of the location
of the cell nuclei. The fluorescence of YAP within the
nuclei of each sample was then quantified and reported
as the average fluorescence intensity per nucleus (DNA
stain) resulting in a number that expresses the percent-
age of the cells with nuclear YAP expression. Four dif-
ferent locations in the same monolayer were assessed
and this experiment was repeated (n = 3). The average
fluorescence intensity per nucleus with a single standard
deviation is shown (average ± SD).

Statistical analysis
Statistical analysis was performed using a one-way analysis
of variance (ANOVA) followed by a multiple comparison
test with Tukey’s honestly significant difference procedure
conducted at the 5% significance level. In all figures, ‘**’
denotes p < 0.05. The average with a single standard devi-
ation (SD) is shown (average ± SD). All experiments were
performed in triplicate unless specified otherwise.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13036-019-0212-1.

Additional file 1: Table S1. Peptide markers of all DME proteins
evaluated in the monolayers and crypts/villi via QTAP SRM can be found
in the supporting information.

Acknowledgements
The authors thank Bailey Zwarcyz for procuring the human tissue and Dulan
B. Gunasekara for helpful discussions.

Authors’ contributions
JS and JF performed experiments. JS, YW, JF, PS, and NA were involved in
the design and planning of the experimental work. PS and NA supervised
the work. JS, YW, and JF processed the experimental data and performed
analyses. JS and NA wrote the manuscript. All authors reviewed and approved
the manuscript.

Funding
Research reported in this publication was supported by the National
Institutes of Health under award number R01DK109559.

Availability of data and materials
The datasets during and/or analyzed during the current study available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Research involving human material was performed in accordance with the
Declaration of Helsinki and approved by the Institutional Review Board and
the Office of Human Research Ethics at the University of North Carolina. Human
small intestinal (jejunum) were obtained from a gastric by-pass procedure at UNC
Hospitals with patient consent under an approved protocol (UNC IRB #14–2013).

Consent for publication
The manuscript contains no details, images, or videos relating to an
individual person so that this section is not applicable.

Competing interests
N.L.A. and Y.W. have a financial interest in Altis Biosystems, Inc. The
remaining authors disclose no conflicts.

Author details
1Department of Chemistry, University of North Carolina, Chapel Hill, NC
27599, USA. 2Joint Department of Biomedical Engineering, University of
North Carolina at Chapel Hill, NC 27599, USA and North Carolina State
University, Raleigh, NC 27607, USA. 3Division of Pharmacoengineering and
Molecular Pharmaceutics, Eshelman School of Pharmacy, University of North
Carolina at Chapel Hill, NC 27599, USA and North Carolina State University,
Raleigh, NC 27607, USA.

Received: 31 May 2019 Accepted: 30 September 2019

References
1. Kaminsky LS, Zhang Q-Y. The small intestine as a xenobiotic-metabolizing

organ. Drug Metab Dispos. 2003;31(12):1520–5.
2. Liu W, Hu D, Huo HZ, Zhang WF, Adiliaghdam F, Morrison S, et al. Intestinal

alkaline phosphatase regulates tight junction protein levels. J Am Coll Surg.
2016;222(6):1009–17.

3. Wang L, Murthy SK, Barabino GA, Carrier RL. Synergic effects of crypt-like
topography and ECM proteins on intestinal cell behavior in collagen based
membranes. Biomaterials. 2010;31(29):7586–98.

4. Kramer W, Girbig F, Corsiero D, Pfenninger A, Frick W, Jahne G, et al.
Aminopeptidase N (CD13) is a molecular target of the cholesterol
absorption inhibitor ezetimibe in the enterocyte brush border membrane. J
Biol Chem. 2005;280(2):1306–20.

5. Yuan HD, Li N, Lai YR. Evaluation of in vitro models for screening alkaline
phosphatase-mediated bioconversion of phosphate Ester Prodrugs. Drug
Metab Dispos. 2009;37(7):1443–7.

6. Shi SJ, Li YQ. Interplay of drug-metabolizing enzymes and transporters in
drug absorption and disposition. Curr Drug Metab. 2014;15(10):915–41.

7. Xu CJ, Li CYT, Kong ANT. Induction of phase I, II and III drug metabolism/
transport by xenobiotics. Arch Pharm Res. 2005;28(3):249–68.

8. Pang KS. Modeling of intestinal drug absorption: roles of transporters and
metabolic enzymes (for the Gillette review series). Drug Metab Dispos. 2003;
31(12):1507–19.

9. Laizure SC, Herring V, Hu ZY, Witbrodt K, Parker RB. The role of human
Carboxylesterases in drug metabolism: have we overlooked their
importance? Pharmacotherapy. 2013;33(2):210–22.

10. Akazawa T, Yoshida S, Ohnishi S, Kanazu T, Kawai M, Takahashi K.
Application of intestinal epithelial cells differentiated from human induced

Speer et al. Journal of Biological Engineering           (2019) 13:82 Page 13 of 15

https://imagej.nih.gov/ij/
https://doi.org/10.1186/s13036-019-0212-1
https://doi.org/10.1186/s13036-019-0212-1


pluripotent stem cells for studies of Prodrug hydrolysis and drug absorption
in the small intestines. Drug Metab Dispos. 2018;46(11):1497–506.

11. Martinez MN. Factors influencing the use and interpretation of animal
models in the development of parenteral drug delivery systems. AAPS J.
2011;13(4):632–49.

12. Billat P-A, Roger E, Faure S, Lagarce F. Models for drug absorption from the
small intestine: where are we and where are we going? Drug Discov Today.
2017;22(5):761–75.

13. Shanks N, Greek R, Greek J. Are animal models predictive for humans?
Philos Ethics Humanit Med. 2009;4(1):2.

14. Omiecinski CJ, Heuvel JPV, Perdew GH, Peters JM. Xenobiotic metabolism,
disposition, and regulation by receptors: from biochemical phenomenon to
predictors of major toxicities. Toxicol Sci. 2011;120:S49–75.

15. Roos C, Dahlgren D, Sjogren E, Tannergren C, Abrahamsson B, Lennernas H.
Regional intestinal permeability in rats: a comparison of methods. Mol
Pharm. 2017;14(12):4252–61.

16. Nagare N, Damre A, Singh KS, Mallurwar SR, Iyer S, Naik A, et al.
Determination of site of absorption of propranolol in rat gut using in situ
single-pass intestinal perfusion. Indian J Pharm Sci. 2010;72(5):625–U315.

17. Arnold YE, Thorens J, Bernard S, Kalia YN. Drug transport across porcine
intestine using an Ussing chamber system: regional differences and the
effect of P-glycoprotein and CYP3A4 activity on drug absorption.
Pharmaceutics. 2019;11(3):23.

18. Noben M, Vanhove W, Arnauts K, Santo Ramalho A, Van Assche G, Vermeire
S, et al. Human intestinal epithelium in a dish: current models for research
into gastrointestinal pathophysiology. United European Gastroenterol J.
2017;5(8):1073–81.

19. Yamaura Y, Chapron BD, Wang ZC, Himmelfarb J, Thummel KE. Functional
comparison of human colonic carcinoma cell lines and primary small
intestinal epithelial cells for investigations of intestinal drug permeability
and first-pass metabolism. Drug Metab Dispos. 2016;44(3):329–35.

20. Vaessen SFC, van Lipzig MMH, Pieters RHH, Krul CAM, Wortelboer HM, van
de Steeg E. Regional expression levels of drug transporters and
metabolizing enzymes along the pig and human intestinal tract and
comparison with Caco-2 cells. Drug Metab Dispos. 2017;45(4):353–60.

21. Negoro R, Takayama K, Kawai K, Harada K, Sakurai F, Hirata K, et al. Efficient
generation of small intestinal epithelial-like cells from human iPSCs for drug
absorption and metabolism studies. Stem Cell Rep. 2018;11(6):1539–50.

22. O'Hagan S, Kell DB. The apparent permeabilities of Caco-2 cells to marketed
drugs: magnitude, and independence from both biophysical properties and
endogenite similarities. PeerJ. 2015;3:17.

23. Siissalo S, Laitinen L, KoIjonen M, Vellonen KS, Kortejdrvi H, Urtti A, et al.
Effect of cell differentiation and passage number on the expression of efflux
proteins in wild type and vinblastine-induced Caco-2 cell lines. Eur J Pharm
Biopharm. 2007;67(2):548–54.

24. Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature. 2009;459(7244):262–5.

25. Glorevski N, Sachs N, Manfrin A, Giger S, Bragina ME, Ordonez-Moran P,
et al. Designer matrices for intestinal stem cell and organoid culture. Nature.
2016;539(7630):560.

26. Bhatt AP, Gunasekara DB, Speer J, Reed MI, Pena AN, Midkiff BR, et al.
Nonsteroidal anti-inflammatory drug -induced leaky gut modeled using
polarized monolayers of primary human intestinal epithelial cells. ACS Infect
Dis. 2018;4(1):46–52.

27. Wang YL, Gunasekara DB, Reed MI, DiSalvo M, Bultman SJ, Sims CE, et al. A
microengineered collagen scaffold for generating a polarized crypt-villus
architecture of human small intestinal epithelium. Biomaterials. 2017;128:44–55.

28. Madden LR, Nguyen TV, Garcia-Mojica S, Shah V, Le AV, Peier A, et al.
Bioprinted 3D Primary Human Intestinal Tissues Model Aspects of Native
Physiology and ADME/Tox Functions. iScience. 2018;2:156.

29. Pastua A, Middelhoff M, Brandtner A, Tobiasch M, Bettina NAH, Demir IE,
et al. Three-Dimensional Gastrointestinal Organoid Culture in Combination
with Nerves or Fibroblasts: A Method to Characterize the Gastrointestinal
Stem Cell Niche. Stem Cells Int. 2016;2016:16.

30. Kasendra M, Tovaglieri A, Sontheimer-Phelps A, Jalili-Firoozinezhad S, Bein A,
Chalkiadaki A, et al. Development of a primary human small intestine-on-a-
Chip using biopsy-derived organoids. Sci Rep. 2018;8:14.

31. Schweinlin M, Wilhelm S, Schwedhelm I, Hansmann J, Rietscher R, Jurowich
C, et al. Development of an advanced primary human in vitro model of the
small intestine. Tissue Eng Part C Methods. 2016;22(9):873–83.

32. Wong S, Doshi U, Vuong P, Liu N, Tay S, Le H, et al. Utility of Pooled
Cryopreserved Human Enterocytes as an In vitro Model for Assessing
Intestinal Clearance and Drug-Drug Interactions. Drug Metab
Pharmacokinet. 2018;33(1):S78–S.

33. Li AP, Alam N, Amaral K, Ho M-CD, Loretz C, Mitchell W, et al. Cryopreserved
human intestinal mucosal epithelium: a novel in vitro experimental system
for the evaluation of enteric drug metabolism, cytochrome P450 induction,
and Enterotoxicity. Drug Metab Dispos. 2018;46(11):1562–71.

34. Ho M-CD, Ring N, Amaral K, Doshi U, Li AP. Human enterocytes as an
in vitro model for the evaluation of intestinal drug metabolism:
characterization of drug-metabolizing enzyme activities of cryopreserved
human enterocytes from twenty-four donors. Drug Metab Dispos. 2017;
45(6):686–91.

35. Ozawa T, Takayama K, Okamoto R, Negoro R, Sakurai F, Tachibana M, et al.
Generation of enterocyte-like cells from human induced pluripotent stem
cells for drug absorption and metabolism studies in human small intestine.
Sci Rep. 2015;5:16479.

36. Machiraju P, Greenway SC. Current methods for the maturation of induced
pluripotent stem cell-derived cardiomyocytes. World J Stem Cells. 2019;
11(1):33–43.

37. Zabulica M, Srinivasan RC, Vosough M, Hammarstedt C, Wu T, Gramignoli R,
et al. Guide to the assessment of mature liver gene expression in stem cell-
derived hepatocytes. Stem Cells Dev. 2019;28(14):907–19.

38. Speer JE, Gunasekara DB, Wang YL, Fallon JK, Attayek PJ, Smith PC, et al.
Molecular transport through primary human small intestinal monolayers by
culture on a collagen scaffold with a gradient of chemical cross-linking. J
Biol Eng. 2019;13:15.

39. Stewart DC, Berrie D, Lie J, Liu XY, Rickerson C, Mkoji D, et al. Quantitative
assessment of intestinal stiffness and associations with fibrosis in human
inflammatory bowel disease. PLoS One. 2018;13(7):16.

40. Lian I, Kim J, Okazawa H, Zhao JG, Zhao B, Yu JD, et al. The role of YAP
transcription coactivator in regulating stem cell self-renewal and
differentiation. Genes Dev. 2010;24(11):1106–18.

41. Abel S, Jenkins TM, Whitlock LA, Ridgway CE, Muirhead GJ. Effects of
CYP3A4 inducers with and without CYP3A4 inhibitors on the
pharmacokinetics of maraviroc in healthy volunteers. Br J Clin Pharmacol.
2008;65(s1):38–46.

42. Czekaj P. Phenobarbital-induced expression of cytochrome P450 genes.
Acta Biochim Pol. 2000;47(4):1093–105.

43. Sun YK, Chothe PP, Sager JE, Tsao H, Moore A, Laitinen L, et al. Quantitative
prediction of CYP3A4 induction: impact of measured, free, and intracellular
perpetrator concentrations from human hepatocyte induction studies on
drug-drug interaction predictions. Drug Metab Dispos. 2017;45(6):692–705.

44. Phillips I. Clinical uses and control of rifampicin and clindamycin. J Clin
Pathol. 1971;24(5):410.

45. Takenaka T, Kazuki K, Harada N, Kuze J, Chiba M, Iwao T, et al. Development
of Caco-2 cells co-expressing CYP3A4 and NADPH-cytochrome P450
reductase using a human artificial chromosome for the prediction of
intestinal extraction ratio of CYP3A4 substrates. Drug Metab Pharmacokinet.
2017;32(1):61–8.

46. Lu Y, Nakanishi T, Hosomi A, Komori H, Tamai I. In-vitro evidence of enhanced
breast cancer resistance protein-mediated intestinal urate secretion by uremic
toxins in Caco-2 cells. J Pharm Pharmacol. 2015;67(2):170–7.

47. Di L. The role of drug metabolizing enzymes in clearance. Expert Opin Drug
Metab Toxicol. 2014;10(3):379–93.

48. Wu BJ, Kulkarni K, Basu S, Zhang SX, Hu M. First-pass metabolism via UDP-
Glucuronosyltransferase: a barrier to Oral bioavailability of Phenolics. J
Pharm Sci. 2011;100(9):3655–81.

49. Galijatovic A, Walle UK, Walle T. Induction of UDP-glucuronosyl-transferase
by the flavonoids chrysin and quercetin in Caco-2 cells. Pharm Res. 2000;
17(1):21–6.

50. Oda S, Fujiwara R, Kutsuno Y, Fukami T, Itoh T, Yokoi T, et al. Targeted
screen for human UDP-Glucuronosyltransferases inhibitors and the
evaluation of potential drug-drug interactions with Zafirlukast. Drug Metab
Dispos. 2015;43(6):812–8.

51. Nathan RA, Bernstein JA, Bielory L, Bonuccelli CM, Calhoun WJ, Galant SP,
et al. Zafirlukast improves asthma symptoms and quality of life in patients
with moderate reversible airflow obstruction. J Allergy Clin Immunol. 1998;
102(6):935–42.

52. Wang DD, Zou LW, Jin Q, Hou J, Ge GB, Yang L. Human carboxylesterases: a
comprehensive review. Acta Pharm Sin B. 2018;8(5):699–712.

Speer et al. Journal of Biological Engineering           (2019) 13:82 Page 14 of 15



53. Swami U, Goel S, Mani S. Therapeutic targeting of CPT-11 induced diarrhea:
a case for prophylaxis. Curr Drug Targets. 2013;14(7):777–97.

54. Hatfield MJ, Potter PM. Carboxylesterase inhibitors. Expert Opin Ther
Patents. 2011;21(8):1159–71.

55. Le Ferrec E, Chesne C, Artusson P, Brayden D, Fabre G, Gires P, et al. In vitro
models of the intestinal barrier - the report and recommendations of
ECVAM workshop 46. ATLA-Altern Lab Anim. 2001;29(6):649–68.

56. Imajo M, Ebisuya M, Nishida E. Dual role of YAP and TAZ in renewal of the
intestinal epithelium. Nat Cell Biol. 2015;17(1):7–19.

57. Brusatin G, Panciera T, Gandin A, Citron A, Piccolo S. Biomaterials and
engineered microenvironments to control YAP/TAZ-dependent cell
behaviour. Nat Mater. 2018;17(12):1063–75.

58. Wang C, Zhu X, Feng W, Yu Y, Jeong K, Guo W, et al. Verteporfin inhibits
YAP function through up-regulating 14-3-3σ sequestering YAP in the
cytoplasm. Am J Cancer Res. 2015;6(1):27–37.

59. Chen HJ, Miller P, Shuler ML. A pumpless body-on-a-chip model using a
primary culture of human intestinal cells and a 3D culture of liver cells. Lab
Chip. 2018;18(14):2036–46.

60. Gunasekara DB, Speer J, Wang YL, Nguyen DL, Reed MI, Smiddy NM, et al. A
monolayer of primary colonic epithelium generated on a scaffold with a
gradient of stiffness for drug transport studies. Anal Chem. 2018;90(22):
13331–40.

61. Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS. Control of
stem cell fate by physical interactions with the extracellular matrix. Cell
Stem Cell. 2009;5(1):17–26.

62. Meran L, Baulies A, Li VSW. Intestinal Stem Cell Niche: The Extracellular
Matrix and Cellular Components. Stem Cells International. 2017:7970385.

63. Wells RG. The role of matrix stiffness in regulating cell behavior. Hepatology.
2008;47(4):1394–400.

64. Miyoshi H, Stappenbeck TS. In vitro expansion and genetic modification of
gastrointestinal stem cells in spheroid culture. Nat Protoc. 2013;8(12):2471–82.

65. Wang YL, DiSalvo M, Gunasekara DB, Dutton J, Proctor A, Lebhar MS, et al.
Self-renewing Monolayer of Primary Colonic or Rectal Epithelial Cells. Cell
Mol Gastroenterol Hepatol. 2017;4(1):165–82 e7.

66. Chen S, Einspanier R, Schoen J. Transepithelial electrical resistance (TEER): a
functional parameter to monitor the quality of oviduct epithelial cells
cultured on filter supports. Histochem Cell Biol. 2015;144(5):509–15.

67. Fallon JK, Neubert H, Hyland R, Goosen TC, Smith PC. Targeted quantitative
proteomics for the analysis of 14 UGT1As and-2Bs in human liver using
NanoUPLC-MS/MS with selected reaction monitoring. J Proteome Res. 2013;
12(10):4402–13.

68. Fallon JK, Smith PC, Xia CQ, Kim MS. Quantification of four efflux drug
transporters in liver and kidney across species using targeted quantitative
proteomics by isotope dilution NanoLC-MS/MS. Pharm Res. 2016;33(9):2280–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Speer et al. Journal of Biological Engineering           (2019) 13:82 Page 15 of 15


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Measurement of expression of select proteins involved in drug metabolism
	Measurement of CYP3A4 activity
	Measurement of UGT activity
	Measurement of CES2 activity
	Measurement of brush border enzymes involved in drug metabolism
	Measurement of YAP expression and localization

	Conclusions
	Methods
	Materials
	Cell culture media composition
	Preparation of gradient cross-linked scaffold
	Conventional scaffold preparation
	Primary human small intestine monolayer cell culture
	Measurement of protein expression
	ALP and AAP activity measurement
	DME functional assays
	YAP staining and image analysis
	Statistical analysis

	Supplementary information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

