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Abstract—In specialized capillary beds such as the kidney
glomerulus, the sheet-like structure of the basement mem-
brane (BM) in conjunction with opposing monolayers of
endothelium and epithelium form the functioning filtration
unit of the kidney. Using a novel cross-linking method on a
collagen substrate, we have created a hydrogel scaffold to
substitute for the BM. A simple casting method was used to
create thin films of the hydrogel scaffold (1-5 pm), that were
suitable for long-term static culture, and supported cell
attachment and long term cell viability similar to a standard
type I collagen substrate. Bulk diffusion and protein perme-
ability of the hydrogel scaffold were evaluated, in addition to
its use in a perfusion chamber where it withstood hydraulic
pressures typical for glomerular capillaries. This system thus
provided a suitable cell substrate for the co-culture of renal
epithelial podocytes and endothelial cells in a device that
replicates the geometry of the in vivo juxtaposition of the two
cell types in relation to their BM.

Keywords—Kidney, Podocyte, Endothelium, Extracellular
matrix, Collagen, Glomerular filtration barrier.
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INTRODUCTION

The basement membrane (BM) is a specialized
extracellular matrix that underlies most epithelial cells,
and is unique in both structure and composition.** In
specialized capillary beds, such as the kidney filtration
barrier, the BM is a functioning component of the
tissue being an integral part of the physical barrier that
separates the vascular (blood) space from the urinary
space.”® In the kidney, the glomerular capillary wall is
essentially a laminated structure, composed of oppos-
ing monolayers of fenestrated endothelium in the
vascular space,’ a highly specialized epithelial cell
(podocyte) in the urinary space,’ separated by a double
thickness BM produced by both cell types.?* Other
organs with fenestrated epithelia also have similar
laminated structures with central BMs such as the
respiratory membrane separating the blood space from
the air space in the lung,”*> and endocrine and glan-
dular structures that involve secretion of hormones
from an excretory cell into the blood.

In modeling these epithelium-BM-endothelium
tri-laminated structures, the commonly used three
dimensional culturing methods that rely on sponges of
native or non-native matrices in which the cells are
embedded, are inadequate since they result in matrix
contact on all cell surfaces.>* Although useful for
studying tumor or stem cell biology or for tissue
engineering applications, they do not accurately
recreate polarized epithelial cell growth on a BM where
matrix contact occurs only on the basal surface. In
addition, the currently used methods to mimic cell
growth on BMs typically include a solid support, such
as transwells coated with thick layers of reconstituted
matrix.'*!>!® These systems can achieve epithelial cell
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polarization of single cell monolayers, but do not
accurately recreate the in vivo dimensions of the tri-
laminate structure of the capillary wall. Importantly,
the existing systems do not replicate the thin, sheet-like
properties of BMs. BMs thickness varies depending on
the tissue ranging from the very thin BM of the neu-
romuscular junction at 10 nm to the very thick lens
Descemet’s membrane at 10 ym. In addition, the use of
solid supports makes it difficult to accurately model
the mechanical properties of native extracellular
matrices, as the physical properties of the matrix such
as stiffness and compliance are now known to impart
significant environmental cues that dictate cell pheno-
type.516

To recreate in vitro these tri-laminate cell and matrix
structures such as the kidney filtration barrier would
require a compound system that closely juxtaposes the
specialized epithelial cells with the vascular endothelial
cells, separated by a hydrogel that approximates the
glomerular BM. A critical component to the design of
this system is the fabrication of a cell scaffold that can
resemble the glomerular BM in both biochemical and
biophysical parameters. We have previously developed
a method to covalently cross-link hyaluronan to form
a hydrogel, resulting in a biomaterial that is a stable gel
under physiological conditions and is biocompatible
and immunotolerant.® We report here an adaption of
this cross-linking method for use with gelatin, and
describe a method to fabricate an ultrathin hydrogel
film that can be used as a BM-like cell scaffold. This
system provides for the co-culture of podocytes and
endothelial cells on a hydrogel scaffold allowing close
opposition of the cell monolayers. In addition, our
system does not use rigid supports beneath the
hydrogel scaffold, allowing the cells to experience a
more typical biomechanical environment of a matrix
hydrogel. This system may benefit the in vitro modeling
of specialized capillary walls by providing a system in
which cell-to-cell paracrine signaling, cell-matrix
interactions, and biomechanical forces could be
simultaneously investigated.

MATERIALS AND METHODS

Synthesis of Tyramine-Substituted Gelatin ( T-Gelatin)

Chemicals were purchased form Sigma—Aldrich (St.
Louis, MO) and ultrapure water was used for all syn-
thesis and dialysis steps. T-gelatin was synthesized
based on a proprietary process previously developed
for tyramine-substituted hyaluronan.® Type A porcine
gelatin 300 bloom was hydrated in ultrapure water at
80% of the water volume for a final concentration of
5 g/L, and allowed to fully dissolve at 37 °C for 24 h.
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The solution was buffered to pH 6.5 by adding
250 mM 2-(N-morpholino)ethanesulfonic acid, 75 mM
sodium hydroxide, 150 mM sodium chloride, and the
water volume adjusted to the final concentration.
Tyramine hydrochloride (868 mg/g of gelatin) was
added and dissolved by mixing at room tempera-
ture. Carbodiimide-mediated substitution of tyramine
onto the carboxyl groups of aspartate and glutamate
residues in gelatin was initiated by the addition of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (“EDC”,
960 mg/g of gelatin), and N-hydroxysuccinimide
(57.6 mg/g of gelatin), followed by mixing at room
temperature for 24 h. The T-gelatin was purified from
low molecular weight reagents, by-products, and buf-
fer molecules through exhaustive dialysis vs. 150 mM
sodium chloride for 3 days followed by water for
3 days, and then lyophilized.

Evaluation of Tyramine Substitution by HPLC

The degree of tyramine substitution on T-gelatin
was determined by amino acid analysis using cation
exchange chromatography by the Molecular Biology-
Proteomics Facility, University of Oklahoma based on
Moore et al.*® Lyophilized T-gelatin and stock gelatin
used in its synthesis were first heated in evacuated
tubes containing 6 N hydrochloric acid at 110 °C for
2024 h to hydrolyze all peptide (amide) bonds gen-
erating free amino acids. This treatment also hydro-
lyzes the amide bond between tyramine adducts and
aspartate and glutamate residues in T-gelatin releasing
these amino acid residues and free tyramine for anal-
ysis. Hydrolyzed samples were vacuum-dried, dis-
solved in 0.01 N hydrochloric acid and filtered through
a 0.45 um nylon filter.

For the common amino acids, elution was accom-
plished by a two solvent-step elution system: first 0.2 N
sodium citrate, pH 3.28 was used to elute the first nine
amino acids followed by 1.0 N sodium chloride (pH
7.4) to elute the remaining amino acids. Amino acids
were detected by on-line post column reaction with
ninhydrin. Derivatized amino acids were quantified by
their absorption at 570 nm compared to standards,
except for glutamate and proline, which were detected
at 440 nm. Elution of tyramine required a more
aggressive two solvent-step elution system: first 0.3 M
sodium chloride, 0.2 N sodium citrate, pH 5.55 with
5.5% ethanol at a column temperature of 66 °C with
this buffer eluting most amino acids, including argi-
nine, followed by 2.6 M sodium chloride, 0.2 N so-
dium citrate, pH 5.73 with 2.5% ethanol and 9.0%
isopropanol at a column temperature of 73 °C with
this buffer eluting tyramine and internal polyamine
standards. All procedures were performed on an
automated Beckman Gold HPLC amino acid analyzer
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system. Each sample was run under both chromatog-
raphy conditions with the data from each chromato-
graphic run normalized using the recovery of arginine
under both conditions.

Hydrogel Scaffold Fabrication

Lyophilized T-gelatin was hydrated at 70 mg/mL in
water overnight at 37 °C, and then 10 U/mL horse-
radish peroxidase (HRP) was added, mixed by vor-
texing, and centrifuged briefly to remove air bubbles.
Minusheet o-rings (13 mm) were purchased from
Minucells and Minutissue GmbH (Bad Abbach, Ger-
many) and the black and white o-rings were separated
(Fig. 2a). A 200 uLL drop of the T-gelatin-HRP mix-
ture was placed on a 1 x 3 in. glass slide (Fig. 2b). The
white o-ring was dipped onto the T-gelatin drop,
slowly lifted such that a film formed by surface tension
(Fig. 2¢), and briefly (~5s) held vertically to drain
excess T-gelatin off the film and back into the drop
(Fig. 2d). The extent of drainage of excess liquid
T-gelatin from the o-ring dictated the final thickness of
the hydrogel scaffold. The white o-ring was rested onto
the black o-ring in a humidified chamber, pre-chilled to
4 °C (Fig. 2e). The o-rings with the T-gelatin film were
allowed to fully gel overnight at 4 °C in a humidified
chamber. The next day, the white and black o-rings
were gently pressed together to fully reassemble the
carrier and the T-gelatin film was cross-linked into a
stable hydrogel by floating on ice cold 0.03% hydrogen
peroxide (H>O,) in phosphate buffered saline (PBS) for
3 min (Fig. 2f). The cross-linked T-gelatin carriers
were removed from the H,O»,, returned to the humid-
ified chamber, and allowed to cure overnight at 4 °C.
The next day, the fully assembled and cross-linked
T-gelatin carriers with hydrogel scaffolds were placed
in PBS or culture media and inspected for integrity of
the T-gelatin hydrogel scaffolds by light microscopy
(10x magnification). Scaffold thickness was estimated
with confocal microscopy.

Diffusion and Bulk Flow Testing

The ability of molecules to diffuse through T-gelatin
was tested on acellular scaffolds and compared to
dialysis tubing of 6-8 or 50 kDa molecular weight
cutoffs with molecules of various molecular weights,
including phenol red (0.4 kDa), albumin (66 kDa), and
gamma globulins (150-300 kDa). In a 12 well dish,
sufficient PBS (750 uL) was added to the dish (bottom
well) such that the fluid level was level with the top of
the o-rings, leaving the inner chamber formed by the
o-rings (top well) empty (Fig. 3a). The o-ring system
does not rest directly on the tissue culture dish. The
bottom o-ring is manufactured with four static culture

supports to permit exposure of the culture media to the
lower surface of the T-gelatin scaffold, thereby per-
mitting fluid diffusion between the top and bottom
wells. The top well was filled with PBS (40 uL) con-
taining 0.05% phenol red, 50 mg/mL bovine serum
albumin (BSA), and 1 mg/mL goat gamma globulins.
At the beginning (0 h) and at the end (24 h) of the
experiment, both the top and bottom well solutions
were sampled proportionally to assure assays reflected
the volume difference in the top and bottom wells.
Diffused proteins were analyzed for molecular weight
using denaturing polyacrylamide gel electrophoresis
(4-20% gradient gels, Coomassie staining) and for
protein concentration using a standard colorimetric
assay (Bradford method) using a commercial kit
(BioRad Protein Assay, Hercules, CA). This study was
repeated three times and protein assay data are pre-
sented as percent of total input protein (mean £ SD).

A gradient perfusion chamber was purchased from
Minucells and Minutissue and used for bulk flow
testing (Figs. 4a, 4c). The perfusion chamber was
modified from the manufacturer’s specification as fol-
lows: The four static culture supports on the base of
the black o-rings were removed with a sharp knife
(Fig. 4b). After placing the fully assembled carrier with
the hydrogel scaffold into the perfusion chamber, a
second white o-ring was placed on top to compensate
for the difference in height (Fig. 4c). A syringe barrel
was suspended above the perfusion chamber, con-
nected to the upper chamber afferent port, and
hydraulic head was changed by altering solution height
(Fig. 4a). The lower chamber afferent port was con-
nected to a syringe pump (Harvard Apparatus, Holl-
iston, MA) only to fill the lower chamber and then held
static for the experiment. The efferent flow port on the
upper perfusion chamber was blocked to force fluid
flow through the hydrogel scaffold. Eluate from the
perfusion chamber was collected from the lower
chamber efferent port at 1 min intervals, weighed to
determine flow volume (assumed 1 g = 1 mL), and
flow rates were calculated. Control materials included
an impermeable material (parafilm) to confirm the
pressure seal, and materials of various permeability or
pore structure. These included dialysis tubing of vari-
ous molecular weight cutoffs (Spectra/Por, Spectrum
Labs, Rancho Dominguez, CA), and 0.4 um isopore
polycarbonate and 0.45 um mixed cellulose ester
membranes (both from Millipore, Bellerica, MA).
Data are presented as mean + SD of three experi-
ments.

Cells and Microscopy

Mouse conditionally immortalized glomerular endo-
thelial and podocyte cell lines have been previously
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described."?’! Both cell lines were propagated as
previously described and used for experiments under
non-permissive growth conditions. The cell plating
area is 1 cm in diameter (0.79 cm?), and plating density
depended on the size of the cells used. For the podo-
cyte cell line, plating at 2.5 x 10 cell gave a confluent
monolayer and for the endothelial cell line,
5 x 10* cells were needed to achieve confluence. Each
side of the hydrogel scaffold was seeded with cells
sequentially. The assembled device was placed in 1 well
of a 12 well cluster dish such that the medium was level
with height of the o-rings, but did not fill the top
chamber (~300 uL). The cells were added to the top
chamber (in ~ 50 uL) and allowed to attach. The
length of time needed for attachment depended on the
cell line, and was monitored by light microscopy
(~4-6 h). After the cells on one side attached, the
assembly was inverted and the second cell type was
seeded in the same manner.

Cell viability was determined using a Live/Dead
Double Staining kit (Oncogene Research Products,
San Diego, CA) as recommended by the manufacturer.
Podocytes were plated at 2.5 x 10* cells/well of a 24
well dish that contained a 12 mm round coverslip that
was either uncoated, coated with rat tail collagen (type
I collagen, BDBiosciences, Bedford, MA), or coated
with T-gelatin. Cells were cultured for times indicated
followed by the Live/Dead assay and total number of
live and dead cells were manually counted from six
random high power fields per coverslip (using 3 cov-
erslips per time point). Significance was determined by
t test.

For immunohistochemistry analysis of cell mono-
layers, the entire cell culture device was processed
through fixation and staining steps using a previously
published method for cells grown on coverslips.?’
Rhodamine-conjugated Phalloidin was used at 1:1000
dilution and nuclei were stained with 1 uM TOPRO3
(both from Invitrogen, Carlsbad, CA). Following
staining, the device was placed on a drop of mounting
media (Vectashield, Vector Laboratories, Burlingame,
CA) on a 1 x 3 in. slide and the T-gelatin scaffolds
were released from the o-rings by scoring around the
inner edge of the o-ring with a 30 g needle. A drop of
mounting media was placed on top of the released
scaffold and covered with a standard coverslip for
confocal microscopy.

RESULTS

In the development of this cell culture device, an
important design consideration was incorporating a
cell scaffold that resembled the native glomerular BM
in both its microscale dimensions and its hydrogel
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properties. All extracellular matrices are hydrogels’
and, as the name implies, are typically 80-90% water.
Native BMs are primarily composed of type IV colla-
gen, laminins, heparan sulfate proteoglycans, and
nidogen, with collagen being the main structural
component.>* Because of the structural contributions
of collagen in native BMs, we chose to develop a col-
lagen-based hydrogel scaffold for our cell culture
device. Gelatin, predominantly composed of type I
collagen, was selected as a readily-available collagen
source, however, this cross-linking method has the
capacity to be adapted to other collagens or other
proteins.’® Since gelatin is a liquid at 37 °C and gels
only at lower temperatures, the gelatin was modified to
permit stable gel formation at physiologic tempera-
tures through the introduction of new intermolecular
cross-links using a two-step process® (Fig. 1). The first
step involved the substitution of gelatin with tyramine,
a naturally occurring octopamine that resembles the
side chain of tyrosine, using conventional carbodiimide
chemistry.>** The second step involves the enzymatic
cross-linking of tyramine-substituted gelatin (T-gela-
tin) using the hydroxyphenyl groups on tyramine
adducts of adjacent gelatin molecules. The cross-linking
is mediated by peroxidase in the presence of dilute
H,0, which is able to preferentially extract the phe-
nolic hydroxyl hydrogen atom from tyramine leaving
the phenolic hydroxyl oxygen with a single unshared
electron; an extremely reactive free radical. The free
radical isomerizes to one of the two equivalent
ortho-position carbons, and then two such structures
dimerize to form a covalent bond, which after enoliz-
ing, generates a dityramine cross-link. This chemistry
is the same reaction that occurs through the action of
endogenous peroxidases on tyrosine residues of native
proteins.'® The creation of multiple dityramine cross-
links between adjacent gelatin molecules results in the
formation of a thermostable hydrogel.

The tyramine substitution takes place on the car-
boxylic acid side chains of aspartate and glutamate,
and gelatin has a relatively high mole percent of
aspartate and glutamate residues. Table 1 shows an
example of the amino acid composition by residue and
mole percent for one T-gelatin preparation and the
stock gelatin used in its synthesis. The results showed
that the calculated mole percentages for the typical
amino acids detected in gelatin were not significantly
altered by the tyramine-substitution reaction. Tyra-
mine substitution on gelatin, calculated as the moles of
tyramine per total moles of aspartate and glutamate,
on several synthesis reactions consistently achieved
between 11 and 16% substitution. The acid hydrolysis
conditions used not only cleaved peptide bonds, but all
amide bonds including those between tyramine and
aspartate/glutamate residues in gelatin allowing for
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FIGURE 1. Schematic diagram of the two-step process in
generating cross-linked T-gelatin. Step 1: Tyramine addition
to gelatin is initiated with EDC modification (to form a reactive
O-acylisourea intermediate) of the carboxyl groups on
aspartate (Asp) or glutamate (Glu) residues of the individual
collagen molecules, followed by substitution of tyramine
(nucleophilic attack of the tyramine amine on the carbonyl
carbon of the acylisourea intermediate) and displacement of
the acylurea form of EDC (EDU). Step 2: Cross-linking reaction
is initiated by the addition of peroxidase and hydrogen per-
oxide that causes an oxidation of tyramine and results in a
dihydroxyphenyl link between two collagen chains forming
the stable intermolecular cross-link.

TABLE 1. Amino acid composition as mole percent for gel-
atin before and after tyramine substitution.

Amino acid® Gelatin (mol%) T-gelatin (mol%)
Aspartic acid 5.23 5.21
Threonine 2.00 1.78
Serine 3.72 3.71
Glutamic acid 8.24 8.43
Proline 14.10 14.38
Glycine 37.24 36.46
Alanine 12.39 12.61
Cysteine 0.00 0.18
Valine 2.55 2.50
Methionine 0.02 0.41
Isoleucine 0.96 0.97
Leucine 2.61 2.62
Tyrosine 0.15 0.22
Phenylalanine 1.52 1.47
Lysine 3.11 2.94
Histidine 0.51 0.47
Arginine 5.65 5.63
Total 100 100
Tyramine® 0 16.07

aMol% = moles single amino acid/moles total amino acids x 100.
PMol% = moles tyramine/(moles aspartic + glutamic acid) x 100.

detection and quantification of moles of aspartate,
glutamate and tyramine in T-gelatin. However, this
acid hydrolysis also converts asparagine residues to
aspartate and glutamine residues to glutamate. Thus,
the degree of tyramine substitution in T-gelatin as
determined by this method will be an underestimation,
as the mole percent of aspartate and glutamate
reported for gelatin upon its hydrolysis also contains
the mole percents of asparagine and glutamine,
respectively. In the intact gelatin molecule, however,
these latter two amino acids are not available for
tyramine substitution.

T-gelatin can be suspended in most common phys-
iologic solutions, and when hydrated before cross-
linking is a liquid at room temperature. For this
application, T-gelatin was hydrated and cross-linked at
a concentration of 70 mg/mL (7%), creating a scaffold
that would approximate the native glomerular BM
water content of 93%.* To form the thin sheet of
T-gelatin to replicate the characteristic dimensions of
BMs, a thin film of liquid T-gelatin was cast directly
within o-ring carriers (Figs. 2a—2f), followed by cross-
linking of the thin film into the stabile hydrogel
scaffold (described in detail in the ‘“Materials and
Methods™ section). This casting method routinely
produced hydrogel scaffolds in the range of 1-5 um,
but individual films were uniform in thickness with the
exception of a meniscus near the edge of the o-ring.
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FIGURE 2. Hydrogel scaffold casting and assembly of the cell culture device. (a—f) The T-gelatin hydrogel scaffold fabrication
steps using 13 mm Minusheet o-ring carriers from Minucell and Minutissue (described in detail in the “Materials and Methods”

section).

Because our application of the cell culture device is
directed at modeling the kidney filtration barrier, the
T-gelatin hydrogel scaffolds were tested for simple
hydrodynamic properties related to movement of
water and proteins. Diffusion of molecules of various
molecular weights was tested in static conditions
driven by a concentration gradient on acellular scaffolds
(Figs. 3a, 3b). In comparison to dialysis tubing of
defined molecular weight cutoffs, small molecules
(phenol red, 0.4 kDa) similarly diffused through the
both the dialysis tubing and hydrogel scaffold at early
(4 h) and later (24 h) time points (Fig. 3a). However,
larger proteins such as serum albumin and gamma
globulins (66 and ~150 kDa respectively, both used
at physiologically relevant concentrations), did not
appreciably diffuse through the dialysis tubing as
expected with the respective molecular weight restrictions,
however, there was diffusion of these larger molecules
through the T-gelatin as determined by gel electrophoresis
and a colorimetric protein assay (Fig. 3b).

Water bulk flow (the movement of water under
pressure) was tested on acellular hydrogel scaffolds
using a perfusion chamber modified as described in
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Figs. 4a—4c. A range of pressures was used up to
~10 mmHg pressure, which is the estimated net pres-
sure exerted on the vascular wall of kidney glomerular
capillaries.”' Various other porous materials were used
as comparison and flow rates were determined at var-
ious pressures (Fig. 4d). The acellular T-gelatin scaf-
folds were able to withstand ~10 mmHg pressure, and
flow rates most closely approximated the flow rate
observed for dialysis tubing of 50 kDa molecular
weight cutoff.

The ability of the hydrogel scaffolds to support cell
growth was tested in static culture using conditionally
immortalized murine glomerular podocyte and glo-
merular vascular endothelial cell lines developed by the
Mundel and Madaio Labs, respectively."?” Both cell
types rapidly attached and formed monolayers on
T-gelatin, and the fluid compartments formed by the
sides of the o-rings permitted easy seeding of the
respective sides. The complete cell culture device con-
sisting of the suspended hydrogel scaffold seeded with
opposing cell monolayers is visually transparent by
light microscopy (Fig. 5a). In addition, the complete
cell culture device was easily adapted to standard cell
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FIGURE 3. Diffusion through acellular T-gelatin hydrogel scaffolds. Diffusion, driven by a concentration gradient, was observed in
static culture using PBS containing phenol red, serum albumin (BSA) and gamma globulins and placed in the top chamber reservoir
vs. PBS in the bottom reservoir. (a) Visualization of small molecule (phenol red) diffusion comparing T-gelatin with dialysis tubing of
6-8 or 50 kDa molecular weight cutoff. Images were taken at the time points noted. (b) Analysis of large molecule (albumin and
y-globulins) diffusion with denaturing polyacrylamide gel electrophoresis and a standard protein assay. Samples from the top
(T) and bottom (B) reservoirs before (time point: 0 h) and after diffusion (time point: 24 h) and sampling was proportional to the total
volume of the top and bottom reservoirs. Note this was a denaturing gel, resulting in dissociation of immunoglobulins into their
composite heavy and light chains which then migrated at their individual molecular weights. However, in the experiment these
proteins would have diffused as intact high molecular weight macromolecules. Results of independent colorimetric protein assays
of the same samples run on the gel are shown below and are an average of three experiments (mean + SD).

FIGURE 4. Water bulk flow through acellular T-gelatin hydrogel scaffolds. (a—c) Diffusion chamber configuration and modifica-
tions used for bulk flow testing. See text for detailed descriptions; white arrow indicates path of fluid flow. (d) Flow rates were
calculated over a range of pressures reaching a maximal pressure of ~10 mmHg which is the estimated net pressure exerted on the
vascular wall of the glomerular capillaries.2® Various other membranes of different pore size and structure were used as references
(“DT”, dialysis tubing; molecular weight cut off as indicated on graph). Although the pore size of the isopore polycarbonate and
cellulose ester membranes is similar, the pore structure is very different. The isopore polycarbonate membrane is a solid sheet
with holes of a defined diameter, whereas the cellulose ester is a fibrillar macromolecular meshwork and is more similar to the pore

structure of collagen hydrogels.
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FIGURE 5. Use of ultrathin T-gelatin hydrogel scaffolds in static cell culture. (a) Left: The fully assembled cell culture system
seeded with opposing cell monolayers which is optically transparent. Note that the T-gelatin scaffold is taut and does not sag when
hydrated and seeded with cells. Right: Light micrograph images of both monolayers (podocyte and endothelial); both images are
the same field but in different focal planes. These images appear slightly unfocused due to the optical diffraction caused by the
close proximity of the two cell monolayers and the use of transmitted light at low power (10x) magnification. (b) Confocal images
(XYZ plane) of cell monolayers; all images are the same field, but different focal planes (63x magnification). (c) Confocal images
(XZY plane) through the height (Z plane) of a cell culture system showing scaffold thickness.

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



Cell Culture Model for Capillary Walls

fixation and staining protocols, and was handled
similar to cells grown on coverslips. For confocal
microscopy, however, the scaffolds were released from
the o-rings and mounted under a coverslip. An exam-
ple of a confocal imaging study is shown in Fig. 5b
showing F-actin (phalloidin) and nuclei (TOPRO3)
staining of cells grown for 7 days in static culture.
Interestingly, the endothelial cell F-actin staining
demonstrated a trans-cellular alignment of cytoskeletal
elements suggesting the monolayer was developing a
higher order of cellular organization characteristic of a
tissue. The thickness of the hydrogel scaffold was
estimated from the confocal XZY images (Fig. 5c), but
may represent an over estimation because when
released from the o-rings, the scaffolds are no longer in
tension, contract slightly, thereby altering the scaffold
dimensions resulting in a thicker hydrogel.

To confirm biocompatibility of the T-gelatin, initial
cell attachment and long term viability were assessed in
comparison to uncoated and type I collagen-coated
substrates (Fig. 6). Coverslips with a molecular coating
of Type I collagen were used as a control since
unmodified gelatin solublizes at 37 °C and would not
remain on the coverslip once placed in culture, and
because gelatin is primarily composed of type I colla-
gen. The total numbers of live and dead cells were
quantified using a Live/Dead assay from 1 h to 7d after
plating podocytes on either T-gelatin-coated, type I
collagen-coated, or uncoated coverslips. At the initial
1 h time point, the number of live cells attached to
T-gelatin-coated coverslips was significantly higher
compared to type I collagen-coated or uncoated,
however, by the 2 h time point, the type I collagen-
coated coverslips match the degree of attachment of

FIGURE 6. Cell attachment and viability on T-gelatin. Live/
Dead assay of podocytes plated on coverslips coated with
T-gelatin or control coverslips (uncoated and type | collagen
coated) at a cell density to achieve ~75% confluence on the
initial plating. Coverslips were fixed at given time points and
live and dead cells were counted. Data are mean + SD; sig-
nificant differences in live cell or dead cell numbers among
the three groups are noted with asterisks (*p<0.01;
**p<0.001).

the T-gelatin. Thus, both the T-gelatin and type 1
collagen coatings accelerated cell attachment com-
pared to uncoated, both achieving maximal attach-
ment by 2 h. At 24 h, all three had reach similar and
not significantly different degrees of cell attachment,
and since the initial plating was at 75% confluence, the
48 h and 7 d cells counts increased similarly reflecting
cell proliferation until reaching confluence. Following
a week of culture and despite the initial differences in
attachment kinetics, there were no significant differ-
ences in total attached cells or occurrence of cell death
between the three groups. There was no significant
difference in the number of dead cells at any time point
with the exception of the 1 h comparison between
T-gelatin and uncoated. However, at this time point,
the ratio of live to dead cells on the T-gelatin and
uncoated coverslips was similar (12.6 vs. 11.8% dead
cells, respectively), suggesting this apparent difference
may only reflect the considerably higher total number
of cells at the first time point for T-gelatin. Taken
together, these studies demonstrate T-gelatin scaffolds
were easily adaptable to standard immunostaining and
imaging techniques, and there were no significant
issues with biocompatibility with regard to supporting
cell attachment and long term viability.

DISCUSSION

Recapitulating complex tissue physiology with
in vitro culturing systems has expanded in recent years
resulting in many advances in tumor and stem cell
biology and tissue bioengineering.'> In addition,
investigating the complex interrelationship between the
biochemical (cell-cell and cell-matrix signaling) and
mechanical (membrane stiffness, fluid flow and pres-
sure) events that influence cell and tissue function
necessitates a system that recreates the properties of
the BM and the unique juxtaposition of cell mono-
layers. This cell culture system addresses some of these
current issues by replicating the thin, linear structure of
the BM that is both free of solid supports and provides
dual apical fluid exposure, and has the benefit of being
able to accommodate the accurate juxtaposition of
two cell types similar to the in vivo tissue structure.
Although these studies focused on an application to
modeling the kidney filtration barrier, other cell types
could be substituted for the renal cells used here, for
example, co-culturing alveolar epithelium with micro-
vascular epithelial cells to replicate the respiratory
membrane.

The application of tyramine cross-linking technol-
ogy to gelatin has produced a versatile hydrogel scaf-
fold, however, native BMs are composed of type IV
collagen and other characteristic glycoproteins, not
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solely type I collagen. Although type 1 collagen is
frequently used as a tissue culture coating to promote
the growth and differentiation of cells including
podocytes,*® both type IV collagen and the other
prototypic BM proteins are known to provide distinct
and important signaling information to both the
adherent podocytes and endothelial cells.'*2%* In this
regard, one advantage of T-gelatin is that the cross-
linking chemistry can be applied to intact proteins,
protein fragments or peptides that contain tyrosine
residues. The phenolic side chain of tyrosine is identi-
cal to tyramine, and thus, coating or impregnating the
T-gelatin with tyrosine-containing peptides before
cross-linking would permit covalent attachment of
these peptides into the final hydrogel scaffold. For
example, to better approximate the unique composi-
tion of the glomerular BM, peptides containing
important cell adhesion domains of laminin 521 and
type IV collagen a304a5 could be integrated into the
T-gelatin matrix. Similarly, incorporating larger
molecules, such as sulfated glycosaminoglycans, into
the hydrogel scaffolds to replicate contributions by
the BM heparan sulfate proteoglycan will be another
important consideration, as these charged moieties
appear to be important in the filtration barrier
function,” and like hyaluronan, are also amendable
to inclusion via the tyramine cross-linking chemis-
try.6

Another advantage of this cell culture system is that
it uses a hydrogel without rigid supports, providing a
unique substrate for culturing cells that permits anal-
ysis of cellular responses to important physical forces
such as stretch, tension, and compression. Information
on how these mechanical forces signal to cells and alter
their behavior is just beginning to emerge,*'® and are
clearly an integral component of the in vivo environ-
ment, as the capillary wall is constantly under shear
and hydraulic forces. In addition, little is known about
the combined structural architecture of the tissue with
regard to the integration of cellular cytoskeleton with
the extracellular matrix proteins that networks the
structural components of the cells into the structural
components of the matrix.'”** Thus, the complete cell
culture device may provide an integrated system that
can evaluate not only the individual components of the
filtration barrier, but also their integrated structure
and physiological responses to environmental changes
or disease.

In the specific application of the T-gelatin hydrogel
scaffolds to the study of the kidney capillaries and the
blood filtration barrier, the diffusion and bulk flow
results of the T-gelatin hydrogel appeared to be
consistent with gel sieving properties typical of cross-
linked macromolecules.!' In addition, our observations
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were similar to the known restrictions on macromo-
lecular diffusion as the native glomerular BM, which is
a barrier to leukocytes and larger proteins with
approximate molecular weight restriction near the size
of albumin."® Our T-gelatin hydrogel system exhibited
some diffusion of larger molecules, and the bulk flow
of water most closely approximated dialysis tubing of
50 kDa molecular weight cut off. For future studies
using the cell culture device in the perfusion chamber,
the thin hydrogel scaffolds was also found to be strong
enough to withstand physiological forces typical of the
in vivo pressures acting in the kidney glomerular cap-
illaries. Thus, the application of the T-gelatin hydrogel
scaffold here has the potential to provide a new cell
culture platform to investigate unique aspects in kid-
ney cell responses to physical forces involved in blood
filtration.

In summary, we have developed a method to form
stable hydrogels using gelatin and a cell culture system
that supports seeding and long term culture of
opposing monolayers of cells. It is simple to fabricate,
is amenable to standard imagining techniques, and has
potential applications to a variety of specialized cap-
illary structures. The novel aspects of the system will
provide for unique opportunities in evaluating cell—cell
and cell-matrix responses, and also the in vivo physi-
ological forces that will permit the investigation of not
just individual cellular responses, but the integrated
dynamics of a multi-cellular tissue.
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