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Abstract

Native small intestine possesses distinct multi-scale structures (e.g., crypts, villi) not included in
traditional 2D intestinal culture models for drug delivery and regenerative medicine. The known
impact of structure on cell function motivates exploration of the influence of intestinal topography
on the phenotype of cultured epithelial cells, but the irregular, macro- to submicron-scale features
of native intestine are challenging to precisely replicate in cellular growth substrates. Herein, we
utilized chemical vapor deposition (CVD) of Parylene C on decellularized porcine small intestine
to create polymeric intestinal replicas containing biomimetic irregular, multi-scale structures.
These replicas were used as molds for polydimethylsiloxane (PDMS) growth substrates with
macro to submicron intestinal topographical features. Resultant PDMS replicas exhibit multiscale
resolution including macro- to micro-scale folds, crypt and villus structures, and submicron-scale
features of the underlying basement membrane. After 10 days of human epithelial colorectal cell
culture on PDMS substrates, the inclusion of biomimetic topographical features enhanced alkaline
phosphatase expression 2.3-fold compared to flat controls, suggesting biomimetic topography is
important in induced epithelial differentiation. This work presents a facile, inexpensive method for
precisely replicating complex hierarchal features of native tissue, towards a new model for
regenerative medicine and drug delivery for intestinal disorders and diseases.
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1. Introduction

Diseases associated with the small intestine, such as inflammatory bowel disease (IBD)
impact millions of people in the United States annually [1]. An added 10,000 patients also
suffer from short bowel syndrome (SBS), a malabsorption disorder with high mortality rates
following surgical removal of the small intestine [2]. These diseases are often managed via
therapeutic interventions that mitigate symptoms, such as immunosuppressants and
corticosteroids, however these treatments are not cures [3, 4]. Therefore, it is necessary to
develop alternative methods and therapeutics to improve quality of life for the millions of
patients suffering from debilitating gastrointestinal disorders.

Cultured intestinal models can facilitate study of these diseases and development of potential
new therapies. Traditional intestinal culture models utilize simple 2D monolayers of the
human colon carcinoma cell line Caco-2 as an /n vitro surrogate for human epithelium [5-7].
While these systems have proven useful for study of intestinal function and drug permeation,
they lack key features of native intestine, including multiple primary cell types (e.g., paneth
cells) and the complex 3D topographical environment of the native small intestine. Recent
advances have enabled long-term primary intestinal cultures in the form of three
dimensional (3D) organoids [8-12], but culture of primary small intestinal cells as a
monolayer, which would facilitate intestinal transport studies, has been limited [8].
Substrates providing complex cues of the native biological milieu, including structural cues,
may benefit primary intestinal monolayer cultures.

In the native environment, the epithelium of the small intestine is a tight monolayer in
contact with underlying basement membrane supported by the stroma, and is located near
capillaries that transport nutrients. The basement membrane is composed of complex,
irregular, 3D features over multiple length scales, including macroscopic folds, villi
approximately 50-150 um wide and 100-200 um tall, crypts 20-50 um in diameter, 1-5 pm
pores, and extracellular matrix (ECM) fibers, such as collagen, that are approximately 50 nm
in diameter [13, 14]. /n vivo, these 3D ECM meshes provide structural support and guide
cells [15, 16]. Folds and crypt-villus units increase surface area for absorption of nutrients.
The potential significance of these structures to cell phenotype is supported by the specific
locations of stem cells and paneth cells in self-renewing crypt-villus units [17]. The micro-
and nanometer scale topographies of ECM influence cell phenotype through a variety of
mechanisms. Topographical cues are known to impact cell adhesion, ligand distribution and
local concentration, integrin interactions, and spatial distribution, which in turn can affect
cell-cell contacts, signaling, and responses to local mechanical stress [18-24]. Thus, the
intricate multi-scale intestinal structures and known significance of structure to cell function
[25-28] motivates the exploration of substrates that incorporate multi-scale topography that
mimics the native intestinal niche for improved control of cell phenotype in culture.
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In order to present topographical features on cellular growth substrates, various methods
have been investigated [29]. Most commonly, micro- and nanofabrication methods, such as
photolithography [30], electron-beam lithography [31], two-photon polymerization [32],
microcontact printing [32—34], and chemical or electrochemical etching [32] have been
employed. These techniques allow fabrication of highly regular and repetitive surface
features including microgrooves and ridges [35-37], microwells [38-40], nanoscale
roughness [41, 42], and fibers [27, 41, 43-50]. These conventional techniques have been
utilized in a variety of applications ranging from improving bone-implant integration [51] to
manipulation of neural cell outgrowth [52]. Substrates with structures mimicking intestinal
villi [53-56] and crypts [40, 57, 58] have also been fabricated using lithographic techniques.
However, these techniques are generally best suited to pattern regular surface features that
only approximate aspects of the irregular and multi-scale topography of native tissue. Native
intestinal tissue [59] along with multiple other tissue types [16], has been decellularized and
used as a substrate. While decellularized tissues certainly present precise structural cues of
native tissue, they also present numerous undefined chemical cues.

In an effort to precisely replicate the complex and irregular topography of the small
intestine, we have investigated chemical vapor deposition (CVD) to create biocompatible
and tunable polymer films for use as growth substrates [58]. CVD is a technique used
extensively in the semiconductor industry in which gaseous precursors are introduced under
high vacuum, and an initiated chemical reaction produces a thin film on substrates within the
reaction chamber [60]. CVD allows for the deposition of conformal films on complex
geometries, and chemistries that can be easily manipulated. This technique avoids the
surface tension effects of liquid polymer methods that could cause complications when
replicating complex biological tissue structures. For example, Cook and colleagues
demonstrated the replication of the complex nano- to micro-scale structure of a butterfly
wing with CVD of a 100-150 nanometer thick coating of silica followed by thermal removal
of tissue [61]. Previous work in our laboratory has shown that CVD of silica can be used to
mimic topography of the intestinal basement membrane over multiple length scales.
However, due to the brittle, fragile nature of the material, the silica intestinal replicas were
unsuitable for use as cellular growth substrates, or to serve as molds for casting materials
with native intestinal structure [40, 62]. Thus, to enable replication of multi-scale, complex
irregular structure in a growth substrate, an alternative material for creating tissue replicas
was sought that: i. could be deposited on tissue via CVD at a rate adequate for creation of
micron-thickness films (for mechanical stability upon removal of tissue), ii. would remain
chemically stable upon extended immersion in bleach (for removal of underlying tissue), iii.
possessed mechanical properties, in the form of a deposited film, suitable for serving as a
mold for biocompatible growth substrates. Herein, the ability of CVD of Parylene C to
accurately replicate the micro- to nano-scale topography of native porcine small intestine
extracellular matrix in a mechanically stable mold was explored. Parylene molds were used
for solution casting intestinal replicas using polydimethylsiloxane (PDMS), and the ability
of intestinal epithelial cells (Caco-2) to be cultured as a monolayer on complex, irregular
topography was demonstrated. Cell morphology and enzymatic activity in culture on
biomimetic replicas relative to flat controls were assessed. Biomimetic growth substrates
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precisely mimicking the multi-scale topography of intestinal tissue may improve current 2D
platforms for drug discovery and regenerative medicine applications.

2. Materials and Methods

2.1 Intestinal tissue preparation

An overview of the procedure for utilizing native tissue to fabricate replicas is shown in
Figure 1. Fresh porcine intestine was received shortly after slaughter from a local abattoir.
Full-thickness samples of intestine were cut into approximately 1x3 inch segments, followed
by primary fixation with 1% glutaraldehyde (Sigma Aldrich) and 1% paraformaldehyde
(Sigma Aldrich) in a 0.1M phosphate buffered saline (PBS; Fisher Scientific) (pH 7.3)
solution at 4°C overnight. Samples were cut into smaller pieces (~1 cm?2) and were rinsed in
PBS for 1 hour. The fixed tissue was then placed in 0.1% osmium tetroxide (OsOg4; Sigma
Aldrich) in 0.1M PBS at 4°C for 96 hours and shaken in PBS to rinse, followed by
sonication to remove all epithelial cellular material while leaving extracellular matrix intact
[62]. Samples were then rinsed three times in distilled water over 48 hours, dehydrated using
a graded ethanol series, and critical point dried (CPD) using a Samdri®-PVT-3D drier at
40°C and 1200 psi. CPD was utilized as this process dries tissues, for ease of handling,
while maintaining tissue topography [62]. Following CPD, samples were stored in a vacuum
desiccator until chemical vapor deposition.

2.2 Chemical vapour deposition of Parylene

A 10 micron thick film of Parylene C was deposited on fixed and CPD porcine intestinal
basement membrane using a PDS 2010 Labcoater 2 Parylene-C Deposition System
(Specialty Coating Systems). Chemical vapor deposition (CVD) of Parylene was performed
using 20 grams of Parylene at 25 mTorr and 25°C for 8 hours using manufacturer’s protocol
(690°C, 135°C chamber gauge, 175°C vaporizer, and 35 mTorr). The Parylene deposition
process used has three different stages, as previously described [63].

2.3 Isolation of Parylene replica from the tissue

Following CVD of Parylene on the intestinal membrane, the tissue was removed by bleach
immersion (Reagent Grade, Sigma Aldrich) for ~60 minutes on a stir plate at 60°C. The
Parylene replica was then soaked in distilled water for one hour at room temperature to
remove residual bleach, and baked at 60°C for 1 hour to dry. Parylene replicas were stored
under vacuum in a desiccator until imaging or replica molding.

2.4 Positive PDMS replica prepared from negative Parylene mold for cell culture

The side of the Parylene replica that had been in contact with intestinal tissue, containing a
negative pattern of native intestinal tissue was used as a mold for creation of PDMS replicas.
The Parylene mold was sputter coated with ~10nm gold/palladium (108 Auto Sputter, Ted
Pella Inc.) to increase mechanical integrity and aid in separation from the PDMS. Following
coating, Parylene mold was silanized under vacuum overnight with hexamethyldisilazane
(HMDS; Sigma Aldrich) to aid separation of the polymers. A 10:1 (w:w, PDMS:
crosslinker; SYLGARD 184 Dow Corning) PDMS coating was then carefully pipetted over
the Parylene mold. Samples were placed in vacuum overnight to degas and then cured at
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70°C for 30 minutes. The Parylene-PDMS composite was then separated via differential
swelling using triethylamine (TEA; Sigma Aldrich) overnight. The Parylene and PDMS
were washed in 100% ethanol for 12 hours, followed by rinsing for 5 minutes in distilled
water, and a final rinse in distilled water for 12 hours. PDMS replicas were placed in an oven
for 20 minutes at ~65°C to dry prior to storage in a vacuum desiccator until use as cellular
growth substrates or for imaging.

2.5 Caco-2 cell culture on positive PDMS replica

Prior to culturing of cells, PDMS replicas and flat PDMS control surfaces were oxygen
plasma treated using a bench top plasma cleaner (March PX-250) at 50 mW with 8% oxygen
for 30 seconds to increase hydrophilicity of the polymer. Samples were then coated with
fibronectin solution at a concentration of 50 pg/mL (Bovine, Sigma Aldrich) for 1 hour at
room temperature to aid adhesion. Human colorectal epithelial cells, Caco-2 (HTB-37;
ATCC), were grown in Eagle’s minimum essential medium (EMEM: Gibco) containing 20%
fetal bovine serum (FBS; ATCC) and 1% antibiotic-antimitotic solution (10,000 units
penicillin, 10 mg streptomycin, and 25 mg amphotericin B per ml, Sigma-Aldrich). Cells
were seeded at a density of 76,000 cells/well in a 24-well plate (Falcon; Fisher Scientific) on
replicas and flat controls and allowed to grow for 10 days prior to characterization. Medium
was replaced every other day.

2.6 Fluorescent staining and imaging

Samples were fixed with 4% paraformaldehyde in PBS for 30 minutes at room temperature.
Fixed samples were rinsed three times with PBS and permeabilized for 30 minutes with
0.1% Triton X-100 (Sigma Aldrich) in PBS. All samples were then blocked to prevent
background staining with 2.5% goat serum (GS) in PBS (Invitrogen) for 1 hour at room
temperature.

Alexa-Fluor 546 Phalloidin (Life Technologies) (1:1000 in 2.5% GS) was utilized to
visualize filamentous actin and Hoechst 33258 (Molecular Probes) (1:1000 in 2.5% GS) was
used to label cell nuclei. Samples were incubated for 1 hour at room temperature and rinsed
thrice with PBS. Prolong Gold Anti-fade (Life Technologies) was added and samples were
stored at 4°C for less than 24 hours prior to imaging. Samples were imaged with a Nikon
AI1R confocal microscope in galvano mode at 20x in the Swanson Biotechnology Center
imaging core at the Massachusetts Institute of Technology.

2.7 Alkaline phosphatase (ALP) and bicinchoninic acid assay (BCA)

An assay for alkaline phosphatase (ALP) activity, an indicator of differentiation, was
performed on Caco-2 cell lysates utilizing an ALP detection kit from QuantiChrom™.
Samples were washed twice with PBS and lysed with CelLytic™ M cell lysis/extraction
reagent (Sigma Aldrich) for 30 minutes at 37°C. Cell lysates were then collected,
centrifuged for 15 minutes at 16,000 x g and split into two groups for the bicinchoninic acid
assay (BCA), to measure total protein content, and the ALP assay.

Total protein content of the centrifuged samples was calculated viaa BCA™ protein assay
kit (Pierce). In brief, 200 pL of working reagent (BCA™ reagent A and reagent B at 50:1
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ratio) were added to 25 pL of cell lysate, and samples were incubated at 37°C for 30
minutes. After cooling to room temperature, the absorbance of the samples was measured at
562 nm (Bio-Tek Powerwave XS) and compared to a bovine serum albumin (BSA) standard
curve for normalization between groups.

For the ALP assay, p-nitrophenyl phosphate (pbNPP) was used as the substrate per
manufacturer’s protocol. In brief, 150 uL of buffered 10 mM pNPP was mixed with 50 uL
cell lysate. The absorbance of the solution was recorded at 405 nm every minute for 20
minutes following manufacturer’s protocol. The absorbance per minute was calculated using
the linear rate region. ALP activity was expressed in units, where 1 unit is equal to the uM of
pNPP hydrolyzed per minute and normalized to protein concentration identified via BCA.
Samples from three separate experiments, with a minimum of three replicas per condition
(flat control versus topographical replica), were analyzed. Statistical significance was
determined using the Excel 2010 Analysis ToolPak to perform a two-way ANOVA with
replication. Statistical significance was indicated by p-values < 0.05.

2.8 Characterization of surface topography using scanning electronic microscopy (SEM)

Comparative scanning electron microscopy (SEM) of native tissue and replicated material
(Parylene and PDMS) was used to determine the degree of replication of the native intestinal
topography. SEM was also used to verify the removal of the epithelium from the native
porcine intestinal tissue via osmication, as previously described [58]. SEM images were
captured using the Hitachi S-4800 field emission scanning electron microscope (Hitachi
Japan) operated at 2 kV. All samples were sputter-coated with a gold-palladium coating of
5-10 nm (40 seconds) thickness, and then secured on conductive sample stands with carbon
tape. Further, graphite paint was used to fix the samples on the sample holder to increase
conductivity. The working distance was 8mm and a mix of the secondary electron detector
and backscattered electron detector was used to obtain the images using fast or slow scan to
increase resolution. Quartz PCI software (Quartz Imaging Corporation) was then used to
save the images.

3. Results

3.1 Fixation of native porcine small intestine

In order to make a template for epithelial growth substrates, native porcine small intestine
was fixed and osmicated to remove the epithelium, while retaining underlying basement
membrane topographical features. Following osmication, scanning electron microscopy
(SEM) images indicate removal of epithelium, and reveal a complex multi-scale topography
in the native tissue including crypt and villus structures (Figure 2). Incomplete osmication (<
96 hours) can result in remaining epithelium that blocks features, including crypts, during
replica molding (Supplemental Figure 1).

3.2 Chemical vapor deposition of Parylene as a mold material

Following critical point drying (CPD) of the small intestinal tissue (Figure 3 left), chemical
vapor deposition (CVD) was utilized to uniformly apply a layer of Parylene, and bleach was
used to remove tissue from the underside of the Parylene (Figure 3 center, top view shown).
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The bleach removal process resulted in a freestanding, mechanically stable Parylene replica
(Figure 3, Supplemental Figure 2) retaining the complex macroscopic and microscopic
topography of the native tissue (Figure 4 A, C). Microscopic villus features dominating the
surfaces of osmicated native tissue (Figure 4 A, C) are also apparent on Parylene replicas
(Figure 4 B, D). This approach was explored with the intention of using the resulting
Parylene mold for recasting multiple replicas of the biological topography in a
biocompatible material. However, examination at higher magnification revealed that the
Parylene deposition process on the intestine resulted in “island domain” features on the top
of the Parylene replica that masked some smaller structures, limiting use of this surface as a
mold (Figure 4 E, F). Therefore, to utilize Parylene as a mold for a growth substrate, the
underside of the Parylene replica that had been in contact with intestinal tissue was used as a
“negative” Parylene mold to create a “positive” PDMS replica (Figure 1; Supplemental
Figure 2).

3.3 Replica molding of PDMS growth substrate from Parylene mold

Following creation of Parylene molds of small intestinal tissue, to create a reusable growth
substrate, negative Parylene molds (surfaces that were in contact with native tissue prior to
bleach treatment) were sputter coated with gold palladium (~10 nm thick) to increase
rigidity for handling. PDMS was then solution cast within the negative Parylene molds to
create a positive replica to use as a growth substrate. Separation of the negative Parylene
mold and the polymerized positive PDMS replica was achieved via soaking in triethylamine
(TEA). This method is commonly used in soft lithography to separate complex features, as
TEA induces a swelling of PDMS, which upon rinses and baking returns to its original size
[64—-66]. Physically peeling apart the Parylene mold and PDMS replica while maintaining
their integrity without the use of TEA was not successful (not shown) due to the high surface
area and complex, high aspect ratio features.

PDMS replicas macroscopically appear similar to native tissue (Figure 3). Higher
magnification comparisons of the topographical structures of the native tissue (Figure 5 A—
C) with negative Parylene mold (Figure 5 D-F) and positive PDMS replica (Figure 5 G-1)
indicates transfer of structural features. The native tissue exhibits millimeter-scale folds that
translate to valleys in Parylene, and folds in the positive PDMS. Villi on the scale of
hundreds of microns in tissue translate to depressions in the Parylene and PDMS projections
closely resembling native villus structures. Thus, the macro- to micro-scale features were
preserved during the CVD process and solution replica casting of the PDMS onto the
Parylene. The presence of crypts at the base of the villi is apparent and matches projections
on the negative mold created with the Parylene replicas.

SEM images at higher magnifications indicate replication of intestinal basement membrane
features in the negative Parylene mold and positive PDMS replica down to the submicron
scale (Supplemental Figure 3). For example, in the native small intestinal tissue, pores
approximately 1-5 microns in size, and ECM protein fibers forming linear structures less
than a micron in diameter are apparent (Supplemental Figure 3A). In the final PDMS
replica, there are regions of linear topographical features at a similar size scale as fibrous
features on the native tissue (Supplemental Figure 3B), including pore-like features. There is
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a loss of resolution in the overall complexity and number of features that are transferred
across replica molding steps.

3.4 Cell culture and alkaline phosphatase expression on PDMS replicas of intestinal
basement membrane

Epithelial cells (Caco-2) were seeded on the complex 3D surface topography on the
biomimetic topographical replicas. Confocal microscopy indicates that after 10 days in
culture, epithelial cells form confluent monolayers on both the flat control PDMS substrates
and substrates containing the topographical replicas (Figure 6). Caco-2 on the flat PDMS
surface grow in a distinct flat monolayer, while on the topographical replicas the Z height of
the cellular monolayer varies along with the topography. Visually, the morphology of the
Caco-2 is also modified on the biomimetic PDMS growth substrates. On flat PDMS, the
nuclei are larger and rounded; while on the topographical replicas the majority of nuclei are
narrower and appear columnar, indicating a more mature phenotype [67]. Due to the
presence of macro-scale features (> 1mm) of the replicated native tissue folds in the PDMS
and confocal microscopy working distance limitations, it was not possible to capture Z-
stacks that encompassed the entirety of the topographical replicas. This limitation resulted in
cellular regions being outside the capture area and resultant dark regions in the
topographical replica images. However, manual focusing in different planes confirms culture
of a confluent monolayer on the complex structures.

As an initial investigation of the maturity of the epithelial cells cultured on the replicas and
flat controls, activity of alkaline phosphatase (ALP), a brush border enzyme, was measured
as an indicator of Caco-2 differentiation. After 10 days of growth in standard culture
conditions, ALP activity was significantly increased (2.3-fold) on biomimetic PDMS growth
substrates compared to flat PDMS control growth substrates (Figure 7, p<0.05), indicating
an influence of topography on Caco-2 differentiation [67-69].

4. Discussion

The prevalent culture model for intestinal epithelium utilizes Caco-2 cells grown on 2D
Transwell™ membranes [70]. However, flat growth substrates lack the complex
topographical cues of the native small intestinal niche that may impact cell phenotype.
Herein, we describe for the first time a facile method to create polymeric growth substrates
precisely mimicking the complex, 3D, irregular features of the native small intestine through
chemical vapor deposition (CVD) and replica molding. The protocol described could be
easily translated to create precise biomimetic replicas of other tissue surfaces, especially
other epithelial tissues. This method recapitulated macro- to submicron-scale structures of
the small intestinal basement membrane, including villi. Confocal images show that seeded
cells divide and/or migrate into the depressions and up the villus projections of the intestinal
replica, forming a confluent monolayer over these complex features. Epithelial cells grown
on biomimetic substrates were found to have higher levels of alkaline phosphatase activity,
an indicator of differentiation, after 10 days compared to cells grown on flat controls.
Providing a biomimetic growth substrate that mimics the topography of the native intestine
may impact epithelial phenotype.
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Previous investigations of the impact of topography on epithelial cells have provided
important insight into cell behavior, but have been mainly limited to substrates with
repetitive or random topographical cues. For example, Andersson and colleagues found that
compared to flat controls, bladder epithelial cell morphology and interleukin expression
were impacted by culture on titanium oxide surfaces with regularly patterned microgrooves
created via photolithography, indicating the underlying topography impacts epithelial
phenotype [71]. Corneal epithelial cells grown on polyurethane substrates with feature sizes
similar to collagen fibrils (200-2000 nm) exhibited increased proliferation [42], and those
grown on topographically modified functionalized polyethylene glycol diacrylate (PEGDA)
gels aligned with ridges [72]. Pins and colleagues fabricated polydimethylsiloxane (PDMS)
substrates with grooves (40 — 310 ¢M width) as templates for collagen films topographically
mimicking the native basal lamina [73]. Keratinocytes grown /n vitro on these collagen
analogues formed a stratified, differentiated epidermis, with topography impacting
differentiation as evidenced by greater stratification in deeper channels. Using lithographic
techniques, Teixeira and colleagues fabricated substrates with ridges and grooves as small as
70 nm, and found corneal epithelial cells took on an elongated morphology when cultured
on grooved substrates compared to flat controls [74]. Topography has also been shown to
impact epithelial migration, with cells migrating along grooves and ridges (400-4000 nm)
created via lithography and ion etching [75], and migration impacted by micro-pit and -pillar
structures [76]. It was also demonstrated using micro-patterned silk films that corneal-limbal
epithelial sheet migration, in addition to migration of individual cells, can be directed using
topographical cues [77]. Topographical features have also been used to study epithelial cell
behaviors associated with cancer, including metastatic invasiveness of mammary epithelial
cells induced by microfabricated collagen tracks [78] and epithelial-mesenchymal transition
(EMT) of human MCF-7 enhanced on aligned electrospun poly-lactic acid (PLA) [79].
Lithographic techniques were also used to recreate micro-wells mimicking crypt structures
[40, 57] and projections closely resembling villus structures [53, 80] in polymeric substrates,
and it was demonstrated that culture on these patterned substrates impacted intestinal cell
differentiation. While promising for multiple tissue engineering applications, conventional
microfabrication techniques such as those described above are unable to recreate the
complex, irregular structures of the small intestine ranging from macro-scale folds to sub-
micron scale fibrous structures presented by extracellular matrix proteins. Intestinal tissue
has been decellularized such that villus and crypt architecture remained intact and resulting
matrices could support cultured cells [59]. However, it may be desirable to recreate
multiscale irregular intestinal structures in a polymeric substrate to avoid undefined
chemistry and variability of biological specimens.

In this work, CVD was used to recreate the irregular surface topography of the small
intestine [25, 81]. The process of CVD allows conformal coating of features down to the
nanoscale through uniform film deposition directly onto substrates [28]. Previous work in
our lab employed CVD of silica on osmicated small intestinal tissue to precisely mimic
irregular topography in rigid silica substrates down to the micron scale [62]. While these
results were promising, the brittle nature of the silica substrates limited their utility in
molding processes, motivating exploration of reusable and more robust polymeric molds for
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creating epithelial cell growth substrates. CVD of the polymer Parylene was thus
investigated for the replication of small intestinal basement membrane topography.

Parylene is a hydrophobic and biocompatible polymer that has been shown to be suitable for
cell culture [82]. Parylene films can also be used as stencils for patterning different cell
types [83]. To create a reusable mold for casting growth substrates, a 10-um thick Parylene
film was deposited on osmicated intestinal tissue. After bleach removal of the porcine
intestinal tissue, the resulting freestanding Parylene replica was examined via SEM, and
results show the complex and irregular topography of native small intestine can be recreated
via CVD of Parylene (Figures 4). However, the positive Parylene replicas were limited in
use as growth substrates due to the polymer coating masking underlying topographical
features.

In order to create a “positive” growth substrate with topography of the small intestine from
“negative” Parylene molds, PDMS was chosen due to its physical properties of transparency,
tunable elasticity, inertness, and low cost [26]. PDMS based scaffolds have been
successfully utilized for replica molding of glial cell topography to manipulate neuronal
extension [84]. It was demonstrated that Parylene molds could act as reusable templates for
casting structurally biomimetic PDMS culture substrates. SEM images (Figure 5) show the
ability of CVD of Parylene and resultant PDMS growth substrates to recapitulate the
complexity of the native tissue on multiple scales. Villus protrusions are evident on the order
of approximately 200 microns. These features are important in epithelial culture, as in the
native environment differentiated enterocytes locate to villus tips to absorb nutrients, and
shed into the lumen over time [85]. In this work, while the presence of crypt features at the
base of villi was apparent (Figure 5), there was some residual cellular debris in some crypt
openings. Therefore, the limitations of this method likely lay with the original preparation of
the native tissue itself, and not the CVD process. Increasing agitation and rinsing steps
during and post-osmication may improve reproducibility of mimicking basement membrane
structural features. Inclusion of crypt structures in a growth substrate should be considered,
in particular for the culture of primary cells, as stem cells and paneth cells localize in crypts
in vivo. One potential effect of crypt and villus structures may be increasing proximity of
apical surfaces of cells, thus facilitating paracrine signaling in the intestinal niche [82, 86].

At the submicron scale, the native small intestinal basement membrane is composed of
fibrous matrix proteins and pores less than 5 4M in size (Supplemental Figure 3). Final
solution casted PDMS growth substrates exhibit some linear features on the size scale of
fibrous proteins apparent in the native tissue. While the replica molding process fails to
recreate the entire complexity of the native topography, some aspects of the nanoscale
features appear to remain.

Further, these complex biomimetic growth substrates were shown to support formation of
conformal Caco-2 monolayers (Figure 6). Confocal microscopy was utilized to image
through the PDMS replicas, and height variations in the topographical replica (Figure 6B)
are seen in the orthogonal view while the flat surface is shows a smooth monolayer (Figure
6A). The polymer replica exhibits a high light refraction due to macro and microscopic
structural features, limiting the resolution of the microscopy. Alkaline phosphatase
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expression was significantly enhanced on topographical replicas compared to flat PDMS
control growth substrates after 10 days (Figure 7) [87]. Our lab previously developed
repetitive micro-well (10-500 micron diameter) patterns designed to approximately mimic
crypt structures using lithographic techniques, and demonstrated that Caco-2 cells cultured
on the micro-well patterns had higher mitochondrial activity but lower alkaline phosphatase
activity compared to flat substrates, indicating a less mature phenotype [40]. It is interesting
that lower levels of brush boarder enzyme activity were observed on crypt-like structures,
and less differentiated cells reside in crypts /n vivo, while in this work we observed higher
levels of alkaline phosphatase on surfaces dominated by villus-like protrusions, consistent
with more differentiated cells residing on villi /n vivo.

5. Conclusion

In vivo, cells are surrounded by and in direct contact with 3D ECM, which often possesses
rich micro- and nano-scale topography that impacts cell phenotype. In this study, CVD was
used to create thin films of Parylene C and solution casted PDMS to replicate the complex
and multi-scale topography of the small intestinal basement membrane in a growth substrate.
CVD of Parylene C produced replicas of the small intestine with features down to the
submicron scale. Solution cast PDMS from the primary Parylene replica also demonstrated
features similar to native intestinal tissue including macro-scale folds, crypts and villi, as
well as some features of the fibrous underlying basement membrane. Epithelial alkaline
phosphatase activity was significantly enhanced by culture on PDMS replicas relative to
culture on flat controls. These results support the influence of biomimetic scaffold
topography on epithelial phenotype and present a robust, repeatable, facile method for
precisely replicating irregular biological topography in cell culture substrate materials. The
developed process would allow for rapid development of multiple topographically
biomimetic polymeric cell culture substrates from a single biological specimen. This work
has broad implications for model systems for drug discovery and regenerative medicine.
Ongoing work involves investigating the functionality and behavior of primary small
intestinal enteroids cultured on structurally biomimetic films and hydrogels towards creation
of a platform for primary small intestine epithelial culture.
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Figure 1.
Stepwise process overview for utilizing native small intestinal tissue as a substrate for

chemical vapor deposition of a Parylene C mold. The Parylene mold is used to fabricate
biomimetic PDMS replicas used as cellular growth substrates.
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Figure 2.
SEM images show varying topographical features of osmium fixed native small intestinal

tissue, including (a) macroscopic folds (*) and (b) microscopic villi (*) and crypts (arrows).
Bar =1 mm in (a) and 500 pM in (b).
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Figure 3.
Macroscale photograph of representative osmium fixed native small intestinal tissue (left),

CVD positive (top view) Parylene replica (center), and final positive PDMS growth substrate
(right). Sputter coated Parylene and PDMS are shown for increased contrast due to
transparency of the materials. Bar = 3 mm.
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Figure 4.
Topography of native intestinal tissue, including complex villus structures (A,C), is

mimicked in vapor deposited positive Parylene molds (B,D). Top view shown, *denote villus
structures, black arrow denotes pores. Bar = 1mm in (A,B) and 500 pM in (C,D).
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Figureb.
Small intestinal multi-scale features shown on native tissue (A—C) are imprinted into

negative Parylene molds (D-F) used for solution casting of positive PDMS replicas (G-I) as
biomimetic growth substrates. A,D,G bar = 1 mm; B,E,H bar = 500 uM; C,F,1 bar = 200 pM,
* denotes villus structure, arrow denotes crypt.
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Figure 6.
Representative fluorescent images of Caco-2 monolayers cultured for 10 days on flat PDMS

substrates (a) and biomimetic PDMS replicas (b). Optical cross sections of growth substrates
are shown as Y-orthogonal views of the flat (c) and replica (d) substrate surfaces. Blue =
Hoechst nuclei, green = filamentous actin cytoskeleton. Bars = 50 um. Confocal maximum
intensity projections shown.
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Figure7.
Alkaline phosphatase (ALP) expression of Caco-2 cells is enhanced on topographical

replicas of native small intestine (right) compared to flat controls (left). Cells were cultured
for 10 days prior to measuring ALP, n =3, * = p < 0.05
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