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a b s t r a c t

The Caco-2 assay has achieved wide popularity among pharmaceutical companies in the past two de-
cades as an in vitro method for estimation of in vivo oral bioavailability of pharmaceutical compounds
during preclinical characterization. Despite its popularity, this assay suffers from a severe under-
prediction of the transport of drugs which are absorbed paracellularly, that is, which pass through the
cell-cell tight junctions of the absorptive cells of the small intestine. Here, we propose that simply
replacing the collagen I matrix employed in the standard Caco-2 assay with an engineered matrix, we can
control cell morphology and hence regulate the cell-cell junctions that dictate paracellular transport.
Specifically, we use a biomimetic engineered extracellular matrix (eECM) that contains modular protein
domains derived from two ECM proteins found in the small intestine, fibronectin and elastin. This eECM
allows us to independently tune the density of cell-adhesive RGD ligands presented to Caco-2 cells as
well as the mechanical stiffness of the eECM. We observe that lower amounts of RGD ligand presentation
as well as decreased matrix stiffness results in Caco-2 morphologies that more closely resemble primary
small intestinal epithelial cells than Caco-2 cells cultured on collagen. Additionally, these matrices result
in Caco-2 monolayers with decreased recruitment of actin to the apical junctional complex and increased
expression of claudin-2, a tight junction protein associated with higher paracellular permeability that is
highly expressed throughout the small intestine. Consistent with these morphological differences, drugs
known to be paracellularly transported in vivo exhibited significantly improved transport rates in this
modified Caco-2 model. As expected, permeability of transcellularly transported drugs remained unaf-
fected. Thus, we have demonstrated a method of improving the physiological accuracy of the Caco-2
assay that could be readily adopted by pharmaceutical companies without major changes to their cur-
rent testing protocols.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Oral drug administration is the most commonly used route
because it's safe, convenient, inexpensive, and associated with high
patient compliance [1]. In order to be physiologically effective,
orally administered drugs must first be absorbed by the body, a
process which occurs largely in the small intestines [2,3].

Various cellular assays, including the Caco-2 and Madin-Darby
Canine Kidney (MDCK) models, have been developed to serve as
gineering Dept, 476 Lomita
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horn).
in vitro models of drug absorption across the healthy small in-
testinal epithelium [4,5]. The MDCK model suffers from generally
low metabolic enzyme activity and transport protein expression
[6]. Most notably, MDCK cells greatly under-express P-glycopro-
tein, a key efflux transport molecule that exists in the plasma
membrane of healthy intestinal epithelium and targets drugs to be
exported rather than absorbed [7,8]. As such, themost widely used
in vitro assay to predict the absorption of these drugs is the Caco-2
assay, in which an immortalized human colorectal
adenocarcinoma-derived cell line is cultured to confluence on a
collagen type-I matrix to model the epithelial lining of the small
intestine (Fig. 1a) [9,10]. This assay has been extensively adopted
by the pharmaceutical industry due to its ease of use and ability to
model the absorption of a variety of compounds [11]. Despite its
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Fig. 1. Schematic of proposed assay to improve paracellular transport for in vitro drug
screening. (a) Schematic of the Caco-2 monolayer assay in which drug molecules are
added to the apical side and their transport to the basolateral side is monitored over
time to predict intestinal absorption. (b) Schematic of key cell-cell and cell-matrix
interactions that contribute to regulation of paracellular transport through tight
junctions that connect neighboring cells. (c) Schematic representation and amino acid
sequences of the engineered extracellular matrices (eECMs) used to replace the
traditional collagen I matrix in the standard Caco-2 monolayer assay.
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prevalence of use, the Caco-2 assay suffers from several short-
comings that limit its physiological accuracy, including atypical
mucous production and altered expression of metabolizing en-
zymes and transport proteins relative to healthy small intestine.
Another notable shortcoming of the Caco-2 assay is the significant
under-prediction of paracellular absorption, the transport of
molecules through tight junctions that connect neighboring cells
[10,12,13]. Thus, continued reliance on the Caco-2 assay may result
in the rejection of otherwise promising paracellularly transported
drug candidates due to artificially poor pharmacokinetic param-
eters. For example, one of the most commonly prescribed medi-
cations worldwide, the paracellularly-absorbed drug ranitidine
(Zantac®) was developed before the widespread use of the Caco-2
assay, which incorrectly predicts little to no absorption of this
drug [10,14,15].

To address this major limitation, many groups have proposed
modified Caco-2 assays to improve its ability to accurately predict
in vivo biocompatibility via enhanced paracellular transport rate.
Typically, these rely on addition of chemicals [16e20] or co-culture
with other cell types [12,21e24]. Various three-dimensional (3D)
drug screening models have also been developed, including orga-
noid structures derived from primary tissue [25,26] and micro-
fluidic, organ-on-a-chip devices [27]. While scientifically
interesting, these strategies are technically cumbersome and not
readily translatable to high-throughput settings. Here, we propose
an alternative strategy to enhancing Caco-2 paracellular transport
by simply modifying the matrix onwhich the cells are cultured. We
hypothesize that modifying cell-matrix contacts will alter the actin
cytoskeleton, which will influence cell-cell contacts and hence
modulate paracellular transport through intercellular tight junc-
tions. Previous studies have shown that focal adhesions, which can
be formed at cell-matrix contact points, influence the development
and maintenance of tight junctions through the actin cytoskeleton
[28e31]. For example, inhibiting FAK expression or phosphoryla-
tion results in decreased barrier function and increased paracellular
transport [28]. Additionally, both b1 and b2 subunits of integrins,
the transcellular membrane receptors that directly bind to extra-
cellular matrices, have been shown to affect paracellular perme-
ability [32]. Further, disruption of the actin cytoskeleton, known to
be regulated by cell-matrix contacts, through the use of small
molecule inhibitors of actin polymerization [31] or inhibitors of its
upstream effectors myosin light chain kinase (MLCK) [33] and the
Rho family of GTP-ases [34,35] has been shown to affect epithelial
barrier function.

These data suggest that replacing the standard collagen type I
with an alternative, engineered matrix that differentially engages
Caco-2 cells is a viable biomaterial approach to modify intercellular
tight junctions and regulate paracellular transport. In this work, we
utilize in parallel two biomaterials strategies commonly used to
influence cell-matrix interactions: modulation of cell-binding
domain (CBD) density and tuning of extracellular matrix (ECM)
stiffness. Both material properties are known to influence actin
cytoskeletal organization and cell spreading [36e39], and we hy-
pothesize that in turn, they will regulate intercellular contacts and
paracellular transport (Fig. 1b).

Here, we use a well-characterized and tunable engineered
extracellular matrix (eECM) to prove our hypothesis. This eECM is
modular in structure, comprising an elastin-like region for control
of mechanical properties and, separately, a variable region
comprised either of an integrin-engaging sequence or a non-
integrin-engaging sequence (Fig. 1c). Expressed as recombinant
proteins from genetically encoded plasmids, the eECM's biochem-
ical and biomechanical properties can be tuned independently.
With these properties, this eECM allows us to study the effects of
CBD density and matrix stiffness, both separately and in combina-
tion, on Caco-2 barrier function.

Several methods exist to assess endothelial/epithelial cell
monolayer confluence and barrier quality, including determination
of fluid filtration coefficient (Kf), hydraulic conductivity (Lp),
apparent solute permeability (Papp), and transepithelial electrical
resistance (TEER) [40,41]. In our work, we have selected to measure
the apparent solute permeability (Papp) through a drug transport
assay, as it is the most direct measurement for evaluating our
variable of interest: the permeability of the Caco-2 monolayer to
paracellularly transported drugs [42].

We demonstrate that both CBD density and matrix stiffness
independently and synergistically affect the paracellular perme-
ability of mature Caco-2 monolayers, with improved permeability
observed on cells cultured on matrices of lower CBD density and
less mechanical stiffness.
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2. Results and discussion

2.1. Engineered extracellular matrix (eECM) for Caco-2 monolayer
culture

Driven by our hypothesis that modulating cell-matrix in-
teractions will influence cell-cell contacts, we replaced the adsor-
bed collagen type I matrix used in the standard Caco-2 assay with
recombinant eECMs to enhance paracellular transport in mature
Caco-2 monolayers. Using recombinant protein-engineering tech-
niques, we synthesized modular eECM materials containing do-
mains derived from natural ECM proteins found in healthy
intestinal tissue [43,44]. Specifically, an amino acid sequence
derived from fibronectin was alternated with an elastin-like amino
acid sequence. We developed two alternative constructs, one
version which contains the intact RGD amino acid sequence which
is known to engage integrins, and another version where the RGD
sequence has been permuted to RDG, a sequence which is known
not to engage integrins [45,46]. Full amino acid sequences are
provided in the Supplemental Information (Fig. S1a).

These modular eECMs allowed the independent tuning of both
cell-binding domain (CBD) density and material stiffness, in order
to decouple the potential effects of matrix biochemical and
biomechanical cues on Caco-2 barrier function. CBD density was
varied by simply blending the integrin-engaging eECM with the
non-integrin-engaging eECM at a desired ratio. In parallel, eECM
stiffness was varied by tuning the fabrication parameters for the
eECM coatings. For a direct comparison to the traditional Caco-2
assay, where collagen I is physically adsorbed onto a poly-
carbonate membrane, an identical fabrication procedure was fol-
lowed for the eECM. For these coatings, the cells were assumed to
sense the stiffness of the underlying rigid membrane, 3.3 GPa [47].
As an alternative to better mimic the mechanical stiffness of the
small intestinal submucosa (SIS) (~150e500 kPa) [48e50]. eECM
coatings were also fabricated as crosslinked matrices. Specifically,
the stiffness of these eECM coatings (thickness ~60 mm) was
controlled by tuning the reactive group stoichiometric ratio be-
tween the eECM and the crosslinker tetrakis (hydroxymethyl)
phosphonium chloride (THPC), which specifically reacted with
lysine residues contained within the elastin-like structural region
[51].

To determine the mechanical properties of crosslinked eECM
coatings, atomic force microscopy (AFM) was utilized to determine
the Young's modulus (E) in compression. For the studies presented
here, eECM crosslinked coatings of 240 and 640 kPa were selected
to bracket the average reported value of the stiffness of the SIS
(Fig. S1B).

2.2. eECM CBD density and stiffness influence cell area in mature
Caco-2 monolayers

To probe our hypothesis that changes in eECM properties would
affect the cytoskeletal organization of Caco-2 cells, we first
observed cell spreading within mature Caco-2 monolayers. As CBD
was decreased (by decreasing the percentage of the matrix
composed of integrin-engaging eECM) a tighter packing of cells was
observed within the monolayer (as visualized by DAPI nuclear
staining (Fig. 2a)), indicative of a decrease in cell spread area. This
qualitative observation was confirmed by quantitative analysis of
projected cell area (Fig. 2b, top panel).

The fibronectin-derived, integrin-engaging RGD sequence is
commonly used to promote cell binding to biomaterials. This
sequence is known to preferentially engage avb3 integrins as well as
a5/avb1 integrins [45,52e55], which are both expressed by Caco-
2 cells (Fig. S2). Collagen substrates, which are known to contain a
myriad of CBDs, including RGD, resulted in the greatest amount of
cell spreading. Compared to collagen substrates, which contain
numerous different cell adhesion domains, the eECM with the
highest CBD density ([RGD] ~12 pmol/cm2, SI) resulted in signifi-
cantly less cell spreading. Further decreasing the CBD density to
10% and 0% resulted in a further statistically significant (P < 0.0001)
decrease in cell spread area (Fig. 2b, top). These results are
consistent with previous literature showing that lower concentra-
tions of CBD result in lower amounts of cell spreading in 2D
[36e39,56].

Next, we evaluated the influence of matrix stiffness on cell
spreading for mature Caco-2 monolayers. As expected, cells
cultured on softer substrates exhibited significantly less (P < 0.001)
cell spreading compared to cells cultured on substrates with the
stiffness used in the standard Caco-2 assay (3.3 GPa) (Fig. 2b, bot-
tom). This observation is consistent with previously published
studies of 2D cell spreading [36e39]. Unsurprisingly, taking into
account both variables of CBD density and matrix stiffness, the
greatest difference to adsorbed collagen was observed in the
monolayers cultured on eECM that has the lowest stiffness and the
lowest CBD density, eECM (240 kPa, 0%).

To confirm these observations, scanning electron microscopy
(SEM) micrographs of mature Caco-2 monolayers on eECM sub-
strates were compared to those on collagen and an explant of pri-
mary normal intestinal tissue, both qualitatively (Fig. 2c) and
quantitatively (Fig. 2d). Qualitatively, cells cultured on eECM sub-
strates more closely resemble epithelial cells of healthy intestinal
tissue when compared to those cultured on adsorbed collagen
(Fig. 2c, top panels). To quantify these differences, masks of cell
boundaries were generated from representative SEM micrographs
of Caco-2 monolayers cultured on the various ECMs (Fig. 2c, bottom
panels) and used to calculate average individual cell area. The result
of this quantification further supports the improved similarity in
projected cell area of cells cultured on eECM (240 kPa, 0%) to
healthy intestinal tissue, when compared to those cultured on
collagen or all other eECMs. Notably, despite these differences in
cell spreading, Caco-2 cells cultured on all eECMs maintained
proper apical-basolateral polarity as demonstrated by the apical-
specific staining of the tight junction recruitment protein JAM-A
(Fig. 2e). The polarized orientation of JAM-A with respect to the
Caco-2 cell nuclei is observed across all conditions tested, including
those of intermediate CBD density and stiffness (Fig. S3). To reach
this final mature morphology, Caco-2 cells often undergo dynamic
changes in cell spreading over time throughout the 28-day culture
[10]. Cells cultured on adsorbed collagen substrates undergo a
dramatic increase in cell area during the first few days of culture,
after which cells regress to a much smaller size by 7 days of culture
(Fig. S4). Interestingly, these dynamic changes in cell spreading are
much less pronounced for all of the eECM coatings tested. Never-
theless, despite these changes in cell spreading phenotype over
time, the final cell-spread area in thematuremonolayers was found
to be highly dependent on the underlying matrix upon which they
are cultured (Fig. 2).

2.3. eECM CBD and stiffness influence paracellular transport and
organization of actin cytoskeleton at apical junctional complex

To investigate if these observed differences in cell spreading
correlate with changes in paracellular absorption, wemeasured the
transport of the model paracellular drug fluorescein isothiocyanate
(FITC)-labeled inulin (inulin-FITC) across monolayers cultured on
various ECMs using the standard Caco-2 assay setup. Consistent
with our hypothesis, our results show an inverse trend in para-
cellular absorption compared to that for cell spreading. Transport of
inulin-FITC across Caco-2 monolayers is enhanced by decreasing



Fig. 2. eECM cell-binding domain (CBD) density and stiffness modulate the cell area of Caco-2 cells within mature monolayers. (a) Representative micrographs of DAPI-stained
nuclei of Caco-2 monolayers demonstrating decreased cell area (and hence higher cell density) in monolayers cultured on eECM substrates with decreased CBD density or
decreased stiffness. (b) Caco-2 projected cell area decreases when cultured on eECM with decreasing CBD density (top) and decreasing elastic modulus (E) (bottom). (c) Scanning
electron microscopy (SEM) images and manual tracing of cell boundaries on representative matrices and explanted primary murine small intestinal tissue. (d) Quantification of SEM
micrographs confirms that Caco-2 monolayers on eECM substrates with lower stiffness and fewer CBD have projected cell areas more similar to primary murine intestinal tissue
compared to collagen I. (e) Cross-sectional z-stacks of Caco-2 monolayers on collagen and representative eECMs, stained for the tight junction protein JAM-A (red) and nuclei (blue),
demonstrate the maintenance of proper cell polarity on all substrates and the presence of more columnar shaped cells on eECM of lower stiffness and fewer CBD. *p < 0.05,
***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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either CBD density (Fig. 3a) or mechanical stiffness (Fig. 3b) of our
eECM films. Paracellular transport was most significantly enhanced
on monolayers cultured on eECM (240 kPa, 10%) and (240 kPa, 0%),
with measured Papp values of 2.2 � 10�6 and 1.6 � 10�6 cm s�1,
respectively, compared to those of monolayers cultured on the
standard adsorbed collagen, 7.7 � 10�7 cm s�1.



Fig. 3. Apparent permeability (Papp) of the model paracellular drug inulin-FITC. Caco-2
cells demonstrated enhanced Papp on eECM with (a) decreasing CBD density and (b)
decreasing stiffness. *p < 0.05, **p < 0.01, ***p < 0.001.
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Our data demonstrate that a synergistic effect of biomechanical
and biochemical cues can be used to enhance paracellular transport
across Caco-2 monolayers. Specifically, we have identified a
plateau-like response in paracellular transport rates based on
decreasing mechanical stiffness and decreasing interaction with
cell-binding domains. Thus, there are saturation thresholds for both
tunable substrate parameters beyond which further alteration (i.e.
further decrease in stiffness or further decrease in the concentra-
tion of CBD)may no longer coincidewith an increase in paracellular
transport.

Significantly, all Papp values measured across experimental
conditions were significantly lower than that of the acellular con-
trol, 5.7 � 10�5 cm s�1, indicating the successful formation of
confluent Caco-2 monolayers across all conditions tested after four
weeks of culture.

These studies revealed an inverse correlation between para-
cellular transport and cell area with respect to changes in CBD
density and matrix stiffness. This supports our hypothesis that
changes in cell-matrix interactions can influence the organization
of the actin cytoskeleton in Caco-2 cells, in turn affecting the
properties of tight junctions that regulate the paracellular flux of
molecules across the epithelial monolayer.

To further evaluate this hypothesis, we next examined the
organization of the actin cytoskeleton as a function of changes in
the CBD density and mechanical stiffness of the matrix (Fig. 4).
Mature Caco-2monolayers were stainedwith TRITC-phalloidin and
visualized by confocal microscopy. Reconstructed cross-sectional
xz-slices through the monolayers show actin accumulation at the
basal surface for all substrates (Fig. 4a), again reinforcing the notion
that all substrates supported proper apical-basolateral cell polarity.
Single confocal xy slice images were taken at the apical junctional
complex of the cells (Fig. 4b). Morphologically, actin localized at the
apical side exhibited a highly junctional localization, with the cell-
cell contacts outlined clearly in each condition [31,57]. Notably, the
amount of actin that was localized to the apical junctional complex
was decreased as a function of both CBD and eECM stiffness
(Fig. 4c). These results are consistent with previous work that
demonstrated an inverse correlation between the amount of actin
that accumulates at cell-cell junctions and paracellular perme-
ability [58,59].

2.4. eECM CBD and stiffness influence claudin-2 expression in
mature Caco-2 monolayers

Having demonstrated that changes in eECM CBD density and
stiffness affect the paracellular permeability and actin cytoskeletal
organization, we then examined potential effects on the expression
of tight junction proteins. We observed a dosage-responsive in-
crease in the expression of the barrier-weakening, tight junction
protein claudin-2 as a function of decreases in both CBD density
and stiffness (Fig. 5 a,b). This increase in RNA expression of claudin-
2, a protein that is expressed in ‘leaky’ epithelia and throughout the
small intestine [60], is consistent with our permeability data
(Fig. 3), which shows increases in FITC-inulin permeability on
matrices with decreased CBD density and matrix stiffness. In
contrast, only minor differences were observed in expression of the
tight junction signaling protein JAM-A and barrier-tightening pro-
tein claudin-1. Additionally, we performed a 2-way analysis of
variance (ANOVA) to assess the interaction between the two pa-
rameters of CBD density and matrix stiffness and found a syner-
gistic effect for these two parameters in governing claudin-2
expression (P~0.001). A Tukey post-hoc test was applied to correct
for multiple comparisons.

To confirm these findings, we used immunocytochemistry to
fluorescently label and visualize the organization of the tight
junction proteins claudin-2 and JAM-A by confocal microscopy
(Fig. 5). Claudin-2 expression in mature Caco-2 monolayers was
significantly more prominent on the eECM with the lowest CBD
density and lowest stiffness (Fig. 5c and e), supporting the results
obtained by RT-PCR. This evidence supports the idea that lower
CBD density and decreased stiffness result in mature Caco-2
monolayers that have leakier tight junctions, as demonstrated by
a higher level of claudin-2 at the RNA and protein levels. In contrast,
no significant differences in JAM-A protein expression were
observed across all conditions (Fig. 5d and f), recapitulating the
results obtained by RT-PCR.

Caco-2 cells are known to require extended culture duration to
differentiate and express absorptive enterocyte markers expressed
by the small intestine [61]. Thus, we utilized RT-PCR to assay for
changes in the expression of genes related to the small intestinal
absorptive cell phenotype. Expression profiles of Caco-2 cells
cultured on all eECM substrates closely resembled those on
adsorbed collagen formarkers of general epithelium (b-actin and E-
cadherin) and intestinal epithelium (intestinal alkaline phospha-
tase). However, expression levels of small intestinal markers (the
brush border enzymes sucrose-isomaltase and aminopeptidase)
were significantly increased on eECM films with low stiffness and
low CBD density (Fig. S5). These data suggest that extended culture



Fig. 4. Representative immunostaining of mature Caco-2 monolayers. (a) Orthogonal sections of Caco-2 monolayers on collagen and representative eECMs, stained with phalloidin
(red) and DAPI (blue), demonstrate the maintenance of proper cell polarity on all substrates. (b) Confocal micrographs of immunostained samples for junctional actin (red) and with
DAPI nuclear counterstain (blue). (c) Quantification of confocal micrographs show less junctional actin accumulation on eECM with decreased CBD density and decreased stiffness.
*p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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on our engineered substrate promotes the development of a more
small intestinal enterocyte-like phenotype. Taken together, these
results demonstrate that simply altering the properties of the
biomaterial substrate may be an effective strategy to increase the
activity of certain enzymes on the apical surface of epithelial
absorptive cells. Additional investigation into the utilization of
substrate properties to further improve Caco-2 model performance
by altering mucus production, transporter protein expression, and
metabolizing enzyme activity, are notable areas of interest for
future work.
2.5. eECM CBD and stiffness effects on paracellular permeability to
pharmaceutical drug molecules

Having demonstrated that Caco-2 morphology, apical actin
accumulation, and claudin-2 expression could be controlled by
changing the underlying biomaterial, we next set out to study the
permeability of mature Caco-2 monolayers to several pharmaceu-
tical drug molecules. We selected four compounds that are known
to be transported predominantly via the paracellular pathway:
histamine H2 receptor antagonists famotidine (Pepcid®) [62] and
ranitidine (Zantac®) [62], and b-antagonists nadolol (Corgard®) [12]
and atenolol (Tenormin®) [63]. We also selected two drug
molecules that are known to be predominantly transported via
transcellular routes: corticosteroid dexamethasone (Decadron®)
[64] and non-steroidal anti-inflammatory drug naproxen (Aleve®)
[65]. For 3 out of the 4 paracellularly transported compounds tested
(ranitidine, nadolol, and atenolol), the Papp for cells on the eECM
with decreased CBD and decreased stiffness was significantly
higher compared to cells grown on collagen (Fig. 6). These data are
consistent with our earlier experiments using the paracellular
permeability reporter compound inulin-FITC (Fig. 3). As expected,
no difference in permeability of the transcellularly transported
drugs was observed across all biomaterial conditions (Fig. 6). These
results suggest that the modifications to the underlying biomaterial
specifically improve paracellular transport while not affecting other
modes of drug transport.

The objective of the Caco-2 permeability assay for screening
pharmaceutical compounds is to establish a predictive correlation
between in vitro Papp with in vivo absorption. The results of Fig. 6
roughly recapitulate such a relationship. Transcellular compounds
commonly have in vivo absorption availabilities that are greater
than paracellular compounds. The transcellular compounds tested
here, dexamethasone [64] and naproxen [66], have in vivo ab-
sorption of >85% and 99%, respectively, and their relative magni-
tude of absorption is recapitulated by the higher Papp value of



Fig. 5. Expression of barrier weakening protein claudin-2 is increased on substrates with decreased CBD density and decreased stiffness. (a,b) Relative mRNA expression levels of
claudin-2 (barrier weakening), claudin-1 (barrier tightening), and JAM-A (recruitment) tight junction proteins on eECM with varying (a) CBD density and (b) stiffness. (c, d)
Representative immunostaining of mature Caco-2 monolayers. Confocal micrographs of immunostained samples for (c) claudin-2 (green) and (d) JAM-A (red) with DAPI nuclear
counterstain (blue). Quantification of confocal micrographs show that (e) claudin-2 coverage increases on eECM with decreased CBD density and decreased stiffness and that (f)
JAM-A distribution remains unchanged. *p < 0.05, **p < 0.01, ***p < 0.001. “n.s.” denotes not statistically significant with p > 0.05. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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naproxen compared to dexamethasone. Paracellularly transported
compounds famotidine [67], ranitidine [62], nadolol [12], and
atenolol [64] are absorbed at rates of 35%, 51%, 45%, and 50% in vivo,
respectively. The Papp values of famotidine, ranitidine, and atenolol
scale in approximately the same way that dexamethasone and
naproxen scale with in vivo absorption, though the Papp value



Fig. 6. Apparent permeability, Papp, of a variety of paracellularly and transcellularly transported drugs. In general, paracellular transport was increased for cells on eECM with
decreased CBD and decreased stiffness, while transcellular transport was unaffected. Caco-2 cells demonstrated enhanced Papp of the paracellularly absorbed ranitidine (Zantac®),
nadolol (Corgard®), and atenolol (Tenormin®). No difference in transport was observed for transcellularly absorbed dexamethasone (Decadron®) and naproxen (Aleve®). *p < 0.05,
**p < 0.01, ***p < 0.001.
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obtained for nadolol deviates from this relationship, reflecting the
high variability in measurements that can be observed in the Caco-
2 model.

The substitution of an eECM for adsorbed collagen I in the Caco-
2 assay represents a facile modification to this system that has the
potential to further improve the physiological accuracy of this
model of oral drug absorption. As such, it is amenable to incorpo-
ration into current high-throughput preclinical drug screening
performed by the pharmaceutical industry.
3. Conclusions

We have demonstrated the capacity of eECM biomaterials to
affect the paracellular permeability of mature Caco-2 monolayers
via control of CBD density and mechanical stiffness. By indepen-
dently tuning these two parameters, we found that increased
permeability was observed across Caco-2 monolayers that were
cultured on matrices with decreased CBD density and lower me-
chanical stiffness. The independent tuning of these two matrix
parameters was made possible through the engineering of modular
peptide domains derived from fibronectin and elastin. These
changes in cell-matrix interaction resulted in control of cell
spreading, apical actin organization, and expression of the barrier-
weakening, tight junction protein claudin-2. Overall, these data
demonstrate that careful design of biomaterials can be used to
modify cell-cell junctions through control of cell-matrix adhesions
and the resulting cytoskeletal tension. This general concept may be
useful in the design of biomaterial substrates for other applications
that require control over cell-cell junctions.

Specifically, by simply replacing the standard collagen I sub-
strate with a compliant, low cell-adhesive eECM, we significantly
improved the paracellular transport rate of drugs within this model
without adversely affecting transcellular transport.
4. Materials and methods

4.1. eECM and collagen substrate fabrication

Recombinant eECM proteins were coded into pET15b plasmids
under the control of a T7 promoter, expressed in BL21(DE3)
Escherichia coli, and purified through iterative thermal cycling as
previously described [46]. Purified eECM was solubilized in phos-
phate buffered saline (PBS) overnight at 4 �C prior to use. All protein
substrates (eECM or collagen) were fabricated on porous poly-
carbonate (PC) membranes of constant stiffness and thickness,
similar to those used in the standard Caco-2 assay. To generate
crosslinked coatings, eECM was covalently crosslinked to form
hydrogels on 24-well polycarbonate (PC) transwell inserts (EMD
Millipore) using tetrakis (hydroxymethyl) phosphonium chloride,
THPC (Sigma Aldrich). eECM and THPC were mixed to achieve the
desired reactive group stoichiometric ratio with a total volume of
30 mL. The THPC to eECM ratios tested were: 0.5:1 for 240 kPa
substrates and 1:1 for 640 kPa substrates. For all substrates, eECM
and THPC were mixed and cast evenly on the porous PC mem-
branes, centrifuged at 150 g for 3 min at 2 �C, subsequently given
2 h at 4 �C to crosslink and a minimum of 12 h to equilibrate at
37 �C. Samples were then rinsed with PBS, UV-sterilized for 1 h at
room temperature, and then rehydrated in PBS for 3 h at 37 �C, prior
to use as a culture substrate.

For adsorbed coatings, eECM was solubilized at 1 mg mL�1,
while rat tail collagen I (Sigma Aldrich) was diluted to 3 mg mL�1.
Protein solutions (500 mL) were added into the transwell inserts
and incubated overnight at 37 �C. All eECM and collagen substrates
were rinsed 3 times in PBS warmed to 37 �C prior to cell seeding.
4.2. ECM stiffness characterization

Crosslinked coatings of eECM were formed in 24-well transwell
inserts as described above. For atomic force microscopy (AFM)
measurements, eECM crosslinked coatings were formed on porous
PC membranes (EMD Millipore) that were confined to a 10-mm
diameter spread area using silicone sheet molds (Electron Micro-
scopy Sciences) to mimic the internal diameter of the 24-well
transwell inserts used for the Caco-2 assay. Samples were rehy-
drated andmeasured while submerged in PBS. Short silicon contact
mode probes (Applied NanoStructures) were used to collect mea-
surements using 1 mm force distance, 1 Hz scanning rate, 0.5 V
trigger point, and an internal gain of 10. Datawas fit using the Hertz
indentation model for a cone-tip geometry, assuming a Poisson
ratio of 0.4.
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4.3. Caco-2 culture

Caco-2 cells (ATCC, passages between 15 and 40) were seeded
onto prepared substrates at 104 cells cm�1 and cultured in phenol
red-free Dulbecco's Modified Eagle's Media (DMEM) supplemented
with 20% fetal bovine serum (FBS), 1% L-glutamine, and 1%
penicillin-streptomycin (Thermo Fisher Scientific) at 37 �C, 5% CO2.
400 mL of media was added into the transwell inserts and 600 mL
into the outer well, with care not to disturb the membrane. Media
was changed every 3e4 days, and total culture time ranged from 24
to 28 days to allow for mature, polarized monolayer formation.

4.4. Immunocytochemistry

All solutions were made in 1X Dulbecco's PBS, DPBS (Thermo
Fisher Scientific), unless otherwise noted. Caco-2 monolayers were
fixed in 4% paraformaldehyde (PFA, Electron Microscopy Sciences)
quenched in 0.1 M glycine for 30 min, washed in DPBS, per-
meabilized in 0.2% Triton-X 100 (Sigma Aldrich) for 1 h, washed in
DPBS, blocked in 1.5% heat-shocked BSA (Roche) for 3 h, washed in
DPBS, and then incubated in primary antibody diluted in 1.5% heat-
shocked BSA (Roche) for 2 h at 4 �C. Samples were then rinsed twice
in 0.2% Triton-X 100 (Sigma Aldrich), once in DPBS, and incubated
in secondary antibody diluted in 1.5% heat-shocked BSA (Roche) for
2 h at room temperature. Samples were then rinsed twice in 0.2%
Triton-X 100 (Sigma Aldrich) and once in DPBS. PC membranes
were removed from the transwell inserts and mounted onto glass
coverslips using 10 mL of ProLong Gold Antifade Reagent (Thermo
Fisher Scientific). Images were acquired on a confocal microscope
(Leica). The following primary antibodies and stains were used
according to manufacturers' suggested dilutions: claudin-2
(Abcam), JAM-A and rhodamine-phalloidin (Sigma Aldrich), and
40,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific).
Claudin-2 primary antibodies were labeled with Alexa Fluor 488
anti-rabbit secondary antibodies (Thermo Fisher Scientific) diluted
at 1:500. JAM-A primary antibodies were labeled with Alexa Fluor
647 anti-mouse secondary antibodies (Thermo Fisher Scientific)
diluted at 1:500.

4.5. Scanning electron microscopy (SEM)

Primary murine small intestinal tissue samples were derived
from adult C57BL/6 mice (Jackson Laboratories). Entire lengths of
small intestine were isolated using aseptic techniques, and the
lumen was flushed with ice-cold PBS containing 1% penicillin/
streptomycin supplementation (Life Technologies) using a syringe
needle to remove any remaining contents.

Caco-2 monolayers and primary murine tissue were fixed in 4%
PFA (Electron Microscopy Sciences) for 30 min and overnight,
respectively. Primary tissue samples were then treated with 1%
OsO4 for 1 h. All samples were rinsed twice in water and sequen-
tially dehydrated in 30%, 50%, 70%, 90%, and 100% ethanol for
10 min each. After another 10-min incubation in 100% ethanol,
samples were critical point dried (Tousimis), coated with 10 nm-
thick Au/Pd (Denton Vacuum), and then imaged with a variable
pressure scanning electron microscope (Hitachi).

Projected cell areawas calculated using the particle analysis tool
after first tracing cell outlines using Fiji, both on ImageJ (NIH). Only
cells whose boundaries were completely within the field of view
were considered.

4.6. Flow cytometry

Caco-2 cells were dissociated from tissue culture polystyrene
using 0.25% trypsin with 1 mM ethylenediaminetetraacetic acid
(EDTA, Thermo Fisher Scientific), centrifuged at 500 g for 4 min at
room temperature, rinsed in PBS, and then resuspended in integrin
binding buffer (25mM Tris pH 7.4,150mMNaCl, 2 mM CaCl2, 1 mM
MgCl2, 1 mMMnCl2, 0.1% BSA) at 2 � 105 cells per staining reaction.
Integrin-binding antibody was added into each reaction at 1:25,
and allowed to incubate for 40 min at 4 �C in the dark. Cells were
centrifuged as above, rinsed with 1 mL of integrin binding buffer,
and run on a flow cytometer (EMD Millipore). Data analyses was
performed using the FlowJo software (Tree Star). The following
integrin-binding antibodies were used: FITC-anti-CD49e, FITC-anti-
CD51, FITC-anti-CD51/61, AlexaFluor488-anti-CD29, PE-anti-b5
(BioLegend), and AlexaFluor488-anti-avb5 (Abcam). Data were
analyzed relative to isotype controls.

4.7. Inulin-FITC and drug transport studies

After 24e28 days of culture, medium containing molecules of
interest were added into the internal compartment of a transwell
insert containing mature Caco-2 monolayers and incubated for 2 h
at 37 �C, 5% CO2. Medium from the basal compartment was then
collected and used to measure apparent permeability, Papp, ac-
cording to the following equation:

Papp ¼
dQ=dt
S$C0

where S is the monolayer surface area, C0 is the initial apical con-
centration, and dQ/dt is the temporal mass flow into basal
compartment. Inulin-FITC (Sigma Aldrich), famotidine (Tokyo
Chemical Industry), nadolol (Sigma Aldrich), and atenolol (Sigma
Aldrich) were added at 100 mM initial concentrations. Ranitidine
(Tokyo Chemical Industry) and naproxen (Enzo) were added at
300 mM initial concentrations, and dexamethasone was added at
10 mM initial concentration. Standard curves were generated
through serial dilutions in Caco-2 conditioned media.

To validate the transport model, inulin-FITC concentration was
measured on a fluorescence plate reader (Molecular Devices). To
verify the linearity of the transport of this molecule over time on
collagen and our eECM substrates, samples were removed from the
basolateral side of the transwell insert, at time points ranging from
1 to 24 h. After each sample was taken, equivalent amounts of fresh
mediumwere added back to the basolateral compartment, so as not
to introduce bulk fluid flow imbalance into the system. Similar to
the published protocols of others, a time point of 2 hwas chosen for
comparison across all drugs and all conditions.

All other drugs were analyzed via liquid chromatography-mass
spectrometry, LC-MS (Agilent), prior to which excess protein and
lipid were removed from the basal media using the plasma crash
method. Briefly, samples were centrifuged at 16,100 g for 1 h at
room temperature, diluted 4� in cold acetonitrile, incubated
overnight at 4 �C, and centrifuged again at 16,100 g for 1 h at 4 �C.
The supernatant was collected and centrifuged at 16,100 g for 1 h at
room temperature. The cleared samples were collected and stored
at 4 �C until processing. Immediately prior to running on the LC-MS,
sampleswere centrifuged at 16,100 g for 1 h at room temperature to
ensure sample clarity.

4.8. Fluorescent image analysis

Confocal images of nuclear staining (DAPI) were analyzed using
ImageJ (NIH) to determine the number of cells contained within a
fully formed monolayer. For every condition, 3 distinct areas were
analyzed on each of 6 individual inserts, for a total of 18 images.
Image window sizes were 550 mm � 550 mm (302,500 mm2). The
particle analysis tool determined the number of nuclei in each
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image. Total area divided by the number of nuclei was used to
calculate the average cell-spread area.

Junctional accumulation of actin was analyzed on a per cell
basis. Single-slice confocal images of the apical junctions were
taken at the z-plane where the junctional actin ring was most
visible. Images were thresholded at 95% of the mean pixel intensity.
The fraction of positively stained pixels was converted to an area
and divided by the cell count within that image, as determined by
DAPI nuclear staining. A minimum of 5 images was analyzed per
condition.

Claudin-2 and JAM-A confocal images were analyzed to assess
the percent area of coverage per image. Images were first thresh-
olded at a constant intensity cutoff value followed by application of
the ImageJ “Despeckle” command. Percent area of the image that
was positively labeled for claudin-2 expressionwas then quantified.
A minimum of three images per condition was analyzed.

4.9. Quantitative real-time PCR (qRT-PCR)

RNA was isolated from mature Caco-2 monolayers after 24e28
days of culture using Trizol reagent (Thermo Fisher Scientific) and
phase-lock gels (5 PRIME), according to manufacturers' in-
structions. cDNA was generated from 1 mg of RNA using the High
Capacity Reverse Transcription Kit (Applied Biosystems), and qRT-
PCR performed using SYBR Green on a StepOnePlus platform
(Applied Biosystems) with 18S as endogenous control. Sequences of
forward and reverse primers are found in the Supplemental Infor-
mation (Table S1).

Quantification of relative expression of RNA by RT-PCR was
performed by the “Comparative CT Method” with 18S as the in-
ternal control and values reported relative to that for cells on
adsorbed collagen.

4.10. Statistical analyses

All statistical analyses were performed using Prism (GraphPad).
Unless otherwise indicated, data are displayed as mean ± standard
deviation (SD), and statistical significance were calculated between
groups using a one-way ANOVA followed by a Tukey post-hoc test.
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