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Hypoxic Culture and Insulin Yield Improvements
to Fibrin-Based Engineered Tissue
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We examined the effect of insulin supplementation and hypoxic culture (2% vs. 20% oxygen tension) on collagen
deposition and mechanical properties of fibrin-based tubular tissue constructs seeded with neonatal human
dermal fibroblasts. The results presented here demonstrate that constructs cultured under hypoxic conditions
with insulin supplementation increased in collagen density by approximately five-fold and both the ultimate
tensile strength (UTS) and modulus by more than three-fold compared with normoxic (20% oxygen tension),
noninsulin supplemented controls. In addition, collagen deposited on a per-cell basis increased by approxi-
mately four-fold. Interaction was demonstrated for hypoxia and insulin in combination in terms of UTS and
collagen production on a per-cell basis. This interaction resulted from two distinct processes involved in collagen
fibril formation. Western blot analysis showed that insulin supplementation alone increased Akt phosphory-
lation and the combined treatment increased collagen prolyl-4-hydroxylase. These molecules are distinct reg-
ulators of collagen deposition, having an impact at both the transcriptional and posttranslational modification
stages of collagen fibril formation that, in turn, increase collagen density in the tissue constructs. These findings
highlight the potential of utilizing insulin supplementation and hypoxic culture in combination to increase the

mechanical strength and stiffness of fibrin-based engineered tissues.

Introduction

TATISTICS FROM the American Heart Association show

that over 448,000 coronary artery bypass graft (CABG)
procedures were performed in 2006." Autologous blood
vessels are often used for CABG surgery but they are not
always available due to previous harvest, anatomical limi-
tations, or disease progression. The field of cardiovascular
tissue engineering has attempted to produce a clinically vi-
able synthetic conduit by using a variety of in vitro ap-
proaches that combine living cells either seeded on a
synthetic biodegradable polymer or into a biopolymer-based
scaffold.” Synthetic scaffolds are chosen for mechanical
strength, range of processing methods, and ability to tailor
properties such as the degree of cross-linking; however,
synthetic materials often induce gradients of potentially
detrimental degradation products. In contrast, biopolymer-
based scaffolds allow the potential for a completely biologi-
cal vascular conduit, but do not always achieve the degree of
mechanical strength required for in vivo use.**

A fibrin scaffold, in particular, possesses several ad-
vantages over alternative approaches. Cell-induced fiber
alignment during in vitro tissue development,”® enhanced
cell-binding properties,” collagen synthesis,*® and the ability

to be remodeled via intrinsic cellular enzymatic processes’

present motivation for utilizing fibrin as the scaffold. How-
ever, fibrin has been only able to achieve adequate strengths
required for reliable use in vivo in conjunction with advanced
bioreactors.'”'* Enhancing the production of extracellular
matrix (ECM) components, primarily collagen, is necessary
to increase the mechanical strength of fibrin-based en-
gineered tissues. Previous research in our lab with such tis-
sues has shown the ability of insulin supplementation to
enhance collagen produc’cior1.8'13 More recently, Balguid et al.
have demonstrated the advantage of culturing in a 7% O,
environment with and without insulin supplementation to
increase collagen density and mechanical properties in
model tissues where fibrin was used in conjunction with a
synthetic polymer scaffold."*

Though most in vitro cell and tissue culture experimenta-
tion is conducted near atmospheric oxygen concentrations
(pO, typically 20% which equals a concentration of dissolved
oxygen (DO)=193nmol/mL), an environment that presents
cells with a low O, tension is more physiologically relevant.
In vivo, the oxygen concentration of inspired air falls below
atmospheric levels due to increased temperature and hu-
midification before reaching the blood stream. Aortic oxygen
levels have been found to be ~110nmol/mL at the lumenal
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surface and fall to 20nmol/mL at distances of 150 pm into
the tissue.'>® Other tissues, such as articular cartilage can
reach lower levels of DO without being damaged.'” Dermal
wound healing responses have also been described as hyp-
oxic environments,'®'” leading to increased collagen depo-
sition and fibrosis.

There is conflicting evidence, however, regarding the ef-
fects of hypoxia on cells both in vitro and in vivo, as the effects
of low O, typically vary depending on the cell type or species
in question.” For example, chondrocytes benefit from low
oxygen tension (2%) to help maintain a glycolytic versus an
oxidative phenotype®" but have higher proliferation rates
with increased oxygen tensions.”> Ocular cells also have been
shown to have varied metabolism in low oxygen environ-
ments.?® In contrast, smooth muscle cells have shown varied
results. Ray et al. demonstrated increased proliferation at an
oxygen tension of 3%, but greater levels of apoptosis at 1%,
suggesting a balance between hypoxic and severely hypoxic
pO; levels for this cell type.15 Dermal fibroblasts, the focus of
this study, have demonstrated increased collagen deposition
and increased secretion of a range of collagen production-
inducing growth factors when cultured in environments
with oxygen tensions at or below 2%.'%%*

In this study, we evaluated collagen production and me-
chanical properties of fibrin-based tubular tissue constructs
cultured in an environment with low oxygen tension (2% pO,).
Preliminary investigations conducted at 5% pO, showed no
substantial increases in mechanical properties and collagen
deposition; thus, experimentation was conducted using 2%
pO,, similar to work conducted by Falanga et al.,'® which
demonstrated increased collagen content with hDFs cultured at
this pO,. In addition, previous work in our lab,*%% demon-
strated the benefits of insulin supplementation at 2 pg/mL on
collagen deposition and increased mechanical strength and
stiffness. The effects of 2% pO, and insulin supplementation
were further investigated by Western blot analysis of key reg-
ulators of collagen fibril production to gain insight into changes
in signaling and collagen posttranslational processing. Speci-
fically, Akt,*® extracellular signal-regulated kinase (ERK),lO’27
and collagen prolyl-4-hydroxylase (P4H)** were investigated.
A mathematical analysis of the predicted DO profile in the
tissue was also performed to evaluate the possibility of anoxic
conditions (0% pO,) in constructs statically cultured versus
continuously mixed in presumed hypoxic conditions.

Materials and Methods
Cell culture

Neonatal human dermal fibroblasts (nhDFs; Clonetics)
were maintained in 50:50 Dulbecco’s modified Eagle Med-
ium (DMEM)/F12 (Invitrogen) containing 15% fetal bovine
serum (FBS) and 100 U/mL penicillin, 100 pg/mL strepto-
mycin (Invitrogen) on tissue culture plastic in a 5% CO,,
37°C, humidified incubator. Cells were passaged at con-
fluency and harvested for use at passage 9.

Tissue construct preparation and culture

Fibrin-based tubular constructs were prepared as previ-
ously described.® Briefly, bovine fibrinogen (Sigma), cells,
and thrombin (Sigma) were mixed in a 4:1:1 ratio to achieve a
final concentration of 3mg/mL fibrin and 0.5x 10° cells/mL.
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This mixture was then injected into a tubular mold housing a
2mm glass mandrel pretreated with Pluronic F-127 (Sigma)
to minimize gel adhesion. Gels were allowed to vertically
form for 30 min before mold removal and transferred into a
15ecm culture dish. Culture medium consisted of DMEM
(Gibco) supplemented with 10% FBS (Hyclone), 50 ug/mL L-
ascorbic acid, 100 U/mL penicillin, 100 pg/mL streptomycin,
and 0.25 pg/mL amphotericin-B. Insulin was absent or sup-
plemented at 2 ug/mL (the insulin concentration in the FBS
reported by the supplier is ~300 pg/mL).

Fibrin gel hemispheres were employed for protein analysis
by Western blot. The hemispheres were formed using a
similar solution as described above except the solution was
cast into circular scores made in each well of 12-well plates,
similar to the method used by Tuan and Grinnell.”® The same
medium as that employed for culturing tubular constructs
was used for hemisphere culture. After casting, both tubular
and hemisphere constructs were maintained in a standard 5%
CO; incubator for the first 24h to allow for initial gel com-
paction. After this initial incubation period, constructs were
either maintained in a standard 5% CO, incubator or moved
to a nitrogen-purged incubator with a pO, set point of 2%.

While care was taken to minimize the exposure time to
ambient oxygen conditions, the hypoxic culture treatment
group was briefly subjected to oxygen concentrations above
the 2% pO, setpoint when the culture medium was replaced.
At a frequency of three times per week, this treatment group
experienced a pO, increase from 2% up to ambient levels,
then back down to 2% over the course of ~1h.

Measurement of oxygen consumption rate

Oxygen consumption rate (OCR) was measured for
cultured nhDFs using a stirred microchamber and an
oxygen-monitoring system as previously described.”*" The
microchamber (Instech Labs, Inc.) consisted of a water-
jacketed titanium cup sealed with a glass plug. A fluorescence-
based oxygen sensor was mounted inside, which was linked
via fiber optics to a fluorescence lifetime instrument (Presens
Precision Sensing, GmbH). The system monitored oxygen
concentration in the medium at 1s intervals over the course
of the tests. These data were exported to MATLAB to extract
the sample OCR and Michaelis-Menten kinetic parameters
as previously described.”” Measurements taken using this
system provided changes in DO due to metabolic oxygen
consumption inside the chamber. OCR was obtained on a
per-cell basis after quantification of the number of cells and
qualitative assessment of viability by trypan blue staining.

Mathematical model for DO transport and parameters

DO profiles were predicted using the finite element
method software package COMSOL Multiphysics (version
3.5, COMSOL, Inc.), which accounted for nonlinear
(Michaelis-Menten) consumption kinetics and DO diffu-
sion.”>*"*> The model was idealized using an axisymmetric
domain for a tubular construct incubated on a solid mandrel
of infinite length as previously described.”” The model was
used to predict oxygen gradients in static culture by setting
the incubator pO, as a boundary condition at the air-culture
medium interface with flux continuity at the culture
medium-tissue interface and no flux at all other bound-
aries. For the mixed cases, the problem was simplified by
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effectively enforcing the incubator pO, as the boundary
condition at the ablumenal surface of the tissue, thus as-
suming that the system was perfectly mixed. The cell density
was assumed to be uniform throughout the tissue. Addi-
tional detail regarding the model and boundary conditions is
provided in the Appendix. The model was solved using the
UMFPACK stationary solver with a convergence tolerance of
10~° and a minimum damping factor of 10~ *.

Uniaxial tensile testing

Dimensions of tissue rings were measured before me-
chanical loading. Widths and lengths were determined with
digital calipers (Mitutoyo). Thicknesses were measured us-
ing a 50-g force probe attached to a displacement transducer.
The rings were placed onto a T-bar apparatus that was
submerged in PBS and uniaxially stretched using a Micro-
bionix Testing System (MTS Systems) to obtain circumfer-
ential tensile mechanical properties. Rings were straightened
with a 5 mN load to serve as the reference length. Mechanical
testing was conducted with six cycles of 0%-10% strain
preconditioning followed by stretch to failure at 2 mm/min.
True strain was calculated based on the change in length of
the rings during the test, whereas engineering stress was
calculated as measured force divided by initial cross-
sectional area. The modulus was determined by linear-
regression of a portion of the stress-strain curve taken from
after the toe region to the point of tissue failure. Samples
were also mechanically tested in a similar fashion subsequent
to a 30-min incubation in 0.05% sodium azide in Hank’s
buffer solution with an inhibitor cocktail of 10 mM EDTA,
2 pg/mL pepstatin and 1 ug/mL aprotinin, to kill cells within
the construct, which allowed measurement of mechanical
properties with minimal influence by cellular traction forces.

Protein and cell quantification

A modified ninhydrin-based assay was used to quantify
total protein.®® Collagen content was determined by mea-
suring 4-hydroxyproline, assuming 7.46¢g of collagen per
gram of 4-hydroxyproline.** Construct cellularity was de-
termined using a modified Hoechst assay for DNA, assum-
ing 7.6 pg DNA per cell.*® Reported collagen and cell density
values are on a per-volume of tissue basis. Dimensions of the
tissue were obtained as listed for mechanical testing. For cell
viability assessment after azide treatment, constructs (control
and treated) were immersed in PBS and incubated in DMEM
with 2uM Calcein AM and 4 pM Ethidium homodimer-1
(Invitrogen) for 30 min. The constructs were immersed in
PBS for 5min and then imaged using epi-fluorescence
(Olympus IX70) with a 10x objective and excitation and
emission wavelengths according to the manufacturer’s
standard protocol. Multiple fields were imaged and cell
counts were used to evaluate percentage of live cells.

Western blots

Western blots were utilized to probe cellular pathways
involved in collagen deposition, namely phosphatidylinositol-
3-kinase/ Akt (PI3K/Akt), ERK, and P4H. Relative amounts
of phosphorylated and total Akt (pAkt and tAkt, re-
spectively), phosphorylated and total ERK (pERK and tERK,
respectively), and P4H were determined.
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All chemicals were obtained from Sigma-Aldrich unless
noted otherwise. Hemisphere samples were lysed using son-
ication in buffer containing 25 mM Tris, 225 mM NaCl, 25 mM
NaF, 5% glycerol, 0.5% NP-40, 1 mM EDTA. Halt™ protease
and phosphatase inhibitor cocktail (Pierce) was added. For
each sample, 20 ug of whole cell lysate were boiled in reducing
sample buffer and separated by SDS/PAGE using a 4%—-20%
acrylamide gradient gel (Bio-Rad Laboratories) with Tris/
Glycine running buffer. Two samples from each treatment
group were run in parallel. Following gel separation, proteins
were transferred to nitrocellulose membranes (Whatman) us-
ing wet transfer buffer (10% methanol, 2.2 g/L 3-(cyclohex-
ylamino)-1-propanesulfonic acid, pH11). Blots were incubated
in blocking solution (Superblock, Pierce, and 0.1% Tween-20)
for 1h and then incubated with primary antibody overnight at
4°C. Blots were then incubated with species-matched horse-
radish peroxidase-conjugated secondary antibodies (Jackson)
and developed using electrochemiluminescence. Antibodies
were removed using stripping buffer (Pierce) and membranes
were reprobed for additional molecules. The pERK to tERK
and pAkt to tAkt ratios was determined by densitometry of
scanned autoradiograms using Image] (NIH). Relative com-
parisons of levels of P4H within different treatment groups
were made through normalization to B-actin. Anti-ERK and
anti-Akt antibodies were purchased from Cell Signaling
Technologies, anti-P4H was purchased from Abcam, and anti-
B-actin was obtained from Sigma-Aldrich.

Pyridinium cross-link quantification

Pyridinium cross-links, pyridinoline (PYD) and deox-
ypyridinoline cross-links were measured using an enzyme
immunoassay (EIA) kit, MicroVue PYD EIA (Quidel Cor-
poration). Samples were hydrolyzed for 22-24h at 110°C in
6N HCI containing a solubilizing agent (Quidel). Following
hydrolysis, the samples were dried in a SpeedVac (Savant),
then dissolved in the EIA Assay Buffer to 200 pg/mL or less
total protein, and the pH adjusted to 7-8 with NaOH. The
samples were then used in the EIA following the manufac-
ture’s standard protocol.

Histology

Constructs were fixed with 4% paraformaldehyde for 3h,
rinsed, infiltrated overnight with a solution of 30% sucrose,
5% dimethyl sulfoxide (DMSO) in phosphate buffered saline
(PBS), and frozen in OCT. The tissue was then sectioned into
9um sections and stained using Lillie’s trichrome. After
staining, images were taken with 10x or 20 x objectives with
transmitted light.

Statistical analysis

Reported results were obtained from duplicate or tripli-
cate experiments as noted in figure captions, depending on
the response variable measured. All data are presented as
mean+SEM with sample size denoted in figure captions.
Statistical significance was determined by one-way analysis
of variance (ANOVA) or general linear model ANOVA.
Significance versus a control treatment (20% oxygen without
insulin supplementation) was conducted with a Dunnett’s
comparison test. Significance of treatments was conducted
using a Bonferroni comparison test. Two-way ANOVA was
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also conducted on P4H Western blot densitometry data to
evaluate significance of the interaction between insulin
supplementation and hypoxic culture. All statistical analyses
were conducted using Minitab 15 and a calculated p-value of
0.05 or less was considered significant.

Results
Michaelis—-Menten parameters determined for nhDF

Data from the stirred microchamber and oxygen moni-
toring system were used to calculate the Michaelis-Menten
parameters for nhDFs. Samples consisted of ~1x10° cells in
150 pL. Vi, =1.66£0.05 fmol/min/cell (mean+standard
deviation) and K,,=15.8+2.1nmol/mL were determined
from O, consumption rate curves.

Mathematical analysis of hypoxic culture conditions

The predicted DO profile across the tissue was calculated
to understand concentration gradients and to determine the
minimum DO in the tissue for different possible experi-
mental configurations. Figure 1 shows the model parameters
and resulting DO profile through the thickness of the tissue
when cultured in 2% versus 20% pO, and for well mixed
versus static culture. For the cell densities measured in these
experiments, mixed versus static culture did not impact the
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OCR when cultured in 20% pO,, as evidenced by the parallel
lines (open circles and open triangles) in Figure 1C. Cultur-
ing in 2% pO,, however, resulted in a flattened DO profile
due to a decreased consumption rate since DO was less than
K. The mixed culture had a peak DO of 19.3nmol/mL at
the ablumenal surface (R,) and decreased to ~2nmol/mL at
the lumenal surface (R;). The static culture had a similar
flattened profile; however, the maximum DO at R, was
similar to the minimum of the mixed culture at 2nmol/mL
and further decreased to 0.1 nmol/mL at R;.

Uniaxial tensile testing

Figure 2A, B shows the results of insulin supplementation
and hypoxic culture on tensile mechanical properties after 5
weeks of culture. Considering the 20% pO,, noninsulin
supplemented group as the control group, increased UTS
was observed for all treatment groups and the modulus in-
creased under hypoxic conditions. A 6.2-fold increase in UTS
and a 4.8-fold increase in modulus occurred in the hypoxic
group with insulin compared with controls. These data,
collected over three independent experiments, demonstrate
that culture in 2% pO, can increase both the strength and
stiffness of fibrin-based tissue constructs.

Constructs were tested to examine the cellular contribu-
tion to mechanical strength and stiffness (Fig. 2C, D).

A

Variable Description Value
R,-R; Tissue thickness 200 pm
Poall Cell density 100 -200 x 108 cell/mL
Vo, ax Michaelis-Menten parameter 1.66 fmol - min-! - cell!
K Michaelis-Menten parameter 15.8 nmol/mL
D, Effective O, diffusivity in tissue 1.06 x 105 cm?s
D, Effective O, diffusivity in medium 3.83x 10° cm?s
., O, % air saturation (gas phase) 2-20 % air-sat.
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Mathematical model for DO transport. (A) Model parameters used to estimate the DO profile through the tissue for

mixed and static cases and 20% versus 2% pO,. (B) Schematic of model system (not to scale). (C) Predicted DO profiles
through the tissue from the lumenal surface (R;) to the ablumenal surface (R,). Closed circles=mixed, 2% pO,. Open
circles=mixed, 20% pO,. Closed triangles=static culture, 2% pO,. Open triangles=static culture, 20% pO,. DO, dissolved

oxygen.
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FIG. 2. Uniaxial tensile test results for tissue constructs after 5 weeks of culture. (A) Ultimate tensile strength (UTS). Both
hypoxic culture (2% pO,) and insulin supplementation (2pg/mL) alone yielded an increase in UTS. Hypoxia and insulin
together yielded a substantially higher UTS compared with all other groups. (B) Modulus. The modulus increased only under
hypoxic conditions. n=12 for each bar (three independent experiments). The effect of insulin on modulus was marginally
significant (p=0.08). (C) UTS and (D) Modulus for tissue cultured under 20% O, with insulin, treated with (hatched bars) and
without (solid bars) sodium azide to kill the cells in the construct, indicating no contribution of live cells to the mechanical
properties of the tissue. *p <0.05 compared with control (20% pO,, no insulin group). ’p <0.05 compared with all other groups.

Comparison was made between untreated and azide treated
samples, both incubated with insulin at 20% oxygen. Control
samples had more than 90% live cells (94% +13%), while
azide treatment reduced this level to less than 10% (7% £2%),
with extensive vacuole formation and loss of typical elon-
gated cell morphology. No difference was observed in UTS
or modulus.

Table 1 summarizes the fold-increase calculated from the
ANOVA main effects due to insulin and oxygen tension.
Evaluation of the means shows that for UTS, a 1.7-fold in-
crease was observed due to insulin and a 3.4-fold increase
was observed due to hypoxia. A 6.2-fold increase was ob-
served when comparing the combined hypoxia and insulin
treatment to the control group (20% pO, without insulin).
The ANOVA indicates an interaction between hypoxia and
insulin for UTS. A 3.2-fold increase was observed in the
modulus due to hypoxia; there was no increase due to in-
sulin.

Cell, collagen, and pyridinium density quantification

Cell density and collagen density both increased for con-
structs cultured in a hypoxic environment. Figure 3 shows
over a two-fold increase in cell density and nearly a four-fold
increase in collagen density for tissues cultured in 2% pO,
versus 20% pO, (final tissue volumes at harvest were com-
parable among all groups (data not shown)). Evaluation of
the amount of deposited collagen per cell revealed an in-

crease for the insulin treated samples, and the combination of
2% pO, with insulin yielded more collagen per cell versus
20% pO, and insulin. Thus, it is likely that the collagen
density for the hypoxia treatment alone was higher due to
the higher cell density. As highlighted in Table 1, the inter-
action term was statistically significant according to the
ANOVA.

TABLE 1. ANOVA MAIN EFFECTS SUMMARY
(WitH PROPAGATED ERROR). THE FOLD-INCREASE
Was DETERMINED WITH TREATMENT MEANS
FROM A Two-Way ANOVA

Fold-increase summary

Treatment urs (kPa) E (kPa) Collagen/cell (pg)
Insulin 1.7£0.2% 1.4£0.2 2.7+0.5°
2% O, 3.4£0.6" 3.2+0.8% 1.8+0.4°
Combined 6.2+0.7° 48+0.9 44+0.8°

The combined fold-increase was calculated by comparing 2% pO2
with insulin to the control group.

“Indicates a significant effect, p <0.05.

PFor the combined treatment indicates a significant interaction
(p<0.05) according to the ANOVA analysis, indicative of an
interdependent effect. Three independent experiments were ana-
lyzed for UTS and modulus, and two independent experiments for
collagen/cell

ANOVA, analysis of variance; UTS, ultimate tensile strength.
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FIG. 3. Cell and protein density results for tissue constructs after 5 weeks of culture. (A) Cell density. Hypoxic culture (2% pO,)
resulted in an increase in the cell density. (B) Collagen density. Hypoxic culture resulted in a 4.5-fold increase in collagen density.
(C) Per-cell collagen deposition. Insulin supplementation (2 pg/mL) resulted in a significant increase in collagen deposition, with
an additional increase under hypoxic conditions. (D) Pyridinium density for hypoxic tissues. No difference was observed between
insulin and noninsulin supplemented tissues. 11=38 for each cell and collagen density bar (two independent experiments); =3 for
each pyridinium bar. *p <0.05 compared with control (20% pO,, no insulin group). “p <0.05 compared with all other groups.

Pyridinium cross-link density was measured by an EIA in
constructs cultured in hypoxic conditions (2% pO,) with and
without insulin supplementation to evaluate collagen cross-
link formation and its potential impact on mechanical
properties. No difference was observed in the pyridinium
cross-link concentration between the two groups, as shown
in Figure 3D.

Histology

Histological analyses with Lillie’s trichrome, as shown in
Figure 4, provided a qualitative comparison to the cell and
collagen density data that are shown in Figure 3. The highest
cell and collagen densities were obtained by 2% pO, with
insulin treatment and the darkest relative staining was ob-
served in the same treatment group as shown in Figure 4A.
Conversely, the lowest cell and collagen densities were
measured in the 20% pO, without insulin group, which ex-
hibited different staining compared with the other groups
(Fig. 4D). Red staining with Lillie’s trichrome is indicative of
noncollagenous protein, which appeared more abundant in
this case.

Western blots

Western blots were used to examine collagen production
pathways in an effort to gain insight into potential expla-
nations for the observation that the combined hypoxia and

insulin treatment improved tissue mechanical properties.
Blots for pAkt, tAkt, pERK, tERK, and procollagen P4H were
examined by densitometry and normalized to the 20% pO,
without insulin group. Figure 5 shows that there was an
increase in the pAkt:tAkt ratio in the insulin-supplemented
groups. This result was not affected by DO, indicating that
Akt was activated in the presence of insulin regardless of
ambient oxygen tension. Though Akt was found to be acti-
vated, the pERK:tERK ratio did not differ among the treat-
ment groups. Levels of P4H were increased in the presence
of insulin and two-way ANOVA further showed an inter-
action between pO, and insulin supplementation. In partic-
ular, the increased P4H induced by insulin supplementation
was further increased in hypoxic culture.

Discussion

This study demonstrates that hypoxia with insulin sup-
plementation can lead to increased collagen deposition that
in turn yields greater strength and stiffness of tissue con-
structs made from nhDF-remodeled fibrin after 5 weeks of
culture. Increased cell proliferation was also observed under
hypoxic conditions, as previously reported for dermal fi-
broblasts on tissue culture plastic by Balin and Pratt.*®

Further examination of these data (Figs. 2 and 3) revealed
that hypoxia alone did not increase collagen deposition on
a per-cell basis; however, hypoxia and insulin supple-
mentation together yielded substantially greater collagen
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FIG. 4. Lillie’s trichrome-stained sections of the fibrin-based tissue cultured under different treatment groups for 4 weeks.
Collagen stains blue-green while noncollagenous proteins stain red. (A) 2% pO,with 2 ng/mL insulin, (B) 2% pO, without
insulin, (C) 20% pO, with insulin, and (D) 20% pO, without insulin. All sections were obtained from tissue cultured during a
single experiment, fixed similarly, and sectioned to the same thickness. Scale bar=200 um. Color images available online at
www.liebertonline.com/tea
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FIG.5. Western blot analysis of signaling mechanisms implicated in hypoxic tissue development. The control group in each
set is 20% pO, without insulin, which is normalized to a relative intensity of 1.0 (£ SEM). (A) P4H, scaled to B-actin, was
substantially elevated in the presence of insulin and 2% pO, compared with all other treatment groups. (B) Insulin sup-
plementation led to increased Akt phosphorylation at serine-473. (C) ERK activation was unaffected by the treatment
conditions evaluated. P4H, prolyl-4-hydroxylase; ERK, extracellular signal-regulated kinase. *p <0.05.
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deposition per cell. The effect of increased collagen density is
also qualitatively apparent in Figure 4, whereby more in-
tense collagen staining is shown among tissues of similar
thickness. These results are consistent with previous studies
demonstrating the impact of insulin supplementation on
increased UTS, modulus, and collagen densi’cy.g’14

Since hypoxia and insulin could act to increase tissue and
strength by means other than increased collagen density,
additional experiments were performed to eliminate some
alternatives. Constructs treated with sodium azide to kill the
cells exhibited no difference in mechanical properties com-
pared to nonazide treated samples, which indicates that
there was no cellular contribution to the measured strength
and stiffness. Sodium azide in the presence of protease in-
hibitors to kill cells was used for this assessment versus de-
tergents to remove cells because detergents can cause loss of
ECM components,® although we have found decellulariza-
tion results in negligible change in tensile properties as well
(data not shown). Furthermore, the density of pyridinium, a
mature collagen cross-link,®® was not different between in-
sulin and noninsulin supplemented constructs cultured un-
der hypoxic conditions. These measurements imply that an
increase in deposited collagen and resultant increase in col-
lagen density, induced by the combined treatment of hyp-
oxia and insulin supplementation, largely explain the
increase in strength and stiffness of the engineered tissue.

Preliminary investigations conducted at 5% pO, showed
no increase in mechanical properties or collagen deposition
(data not shown). Further experimentation was conducted
using 2% pO,, similar to work conducted by Falanga et al.,'®
which demonstrated increased collagen content with hDFs
cultured at this pO,. Given the low level of oxygen available,
the theoretical DO profile was calculated to understand the
minimum DO experienced by cells throughout the tissue. As
shown in Figure 1, the DO profile for 2% pO, when cultured
under static conditions is very near 0 nmol/mL throughout
the tissue, with a minimum of 0.2nmol/mL at the lumenal
surface. Oxygen concentrations at this level cannot support
aerobic respiration.'” Static cultures subjected to 2% pO,
resulted in unremodeled fibrin and cell death (data not
shown). The mathematical model revealed that mixing the
culture helps to maintain the profile above 2nmol/mL
throughout the tissue. Despite this low value (corresponding
to 0.2% pO,), the observation of increased collagen deposi-
tion at these oxygen tensions indicates it was sufficient to
maintain the reactions involved in collagen posttranslational
modifications requiring molecular oxygen, namely proline
hydroxylation. Since the Michaelis-Menten parameters were
obtained for fibroblasts in suspension, after trypsinization,
the cells were stressed before testing and not in their normal
elongated and adherent state. This could affect their OCR, as
has been shown for chondrocytes,” and therefore the model
predictions.

An interesting result of this study is the interdependent
effects of the treatment groups on UTS and collagen depos-
ited per cell (Table 1), which has not been previously shown.
For these responses, the ANOVA indicated a statistically
significant interaction term. These data suggest that hypoxia
and insulin supplementation act in concert to promote in-
creased collagen deposition and tensile strength and ob-
served for samples exposed to both modes of stimulation.
Inspection of tensile testing results for noninsulin supple-
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mented samples would suggest that hypoxia alone had an
effect; however, this result can be attributed to the increased
cell density in these samples.

Balguid et al. conducted a comparable study using human
saphenous vein cells, although the pO, was 7% rather than
2%.'* Rectangular strips of tissue were constructed using a
scaffold consisting of a porous degradable synthetic polymer
and fibrin gel to deliver and retain cells within the pores. The
authors found that 7% pO, yielded tissues with greater
strength and stiffness; however, the magnitude of the effect
was lower than reported here and the effect of insulin was
not apparent. This could be due to cell type differences or the
degradable polymer scaffold they used.

Western blotting was employed to examine the impact of
hypoxia and insulin on collagen signaling pathways. One
pathway of interest involves PI3K/Akt. Goldstein et al.
demonstrated that both insulin and insulin-like growth fac-
tor-I (IGF-I) supplementation in lung fibroblast monolayers
led to increased collagen mRNA via the IGF-I receptor,40
consistent with binding of insulin to the IGF-1 receptor.*!
Gillery et al.** extended these results with IGF-I supple-
mentation in 3D collagen and fibrin gels. One downstream
effect of IGF-I activation is increased Akt phosporylation,***
with pAkt being linked to increased collagen deposition in
human dermal fibroblasts.** Western blots from this study
(Fig. 5) show an increased pAkt:tAkt ratio with insulin
supplementation with no effect due to pO,. Further, ERK
was found to remain largely unchanged with hypoxia and/
or insulin supplementation. These findings together agree
with separate literature studies evaluating the impact of IGF-
I*° or bleomycin supplementation®® on PI3K/Akt and ERK
activation. In the latter case, it was shown that observed
increases in collagen production in lung fibroblasts were a
response from activation of the PI3K-Akt pathway, not the
ERK pathway. The results presented herein agree with these
findings, as ERK phosphorylation did not differ between the
treatment groups evaluated.

Posttranslational modification of procollagen by P4H was
also of interest as proline hydroxylation in procollagen is
critical to the stability and proper assembly of collagen fi-
bers.*® Horino et al. demonstrated that collagen deposition is
accelerated by culturing lung fibroblasts in hypoxic condi-
tions.** Their studies indicated that prolonged hypoxia (up
to 9 days) resulted in no change of collagen mRNA levels,
but increased levels of deposited collagen occurred due to
increased levels of collagen P4H, which served to accelerate
posttranslational modification. Takahashi ef al. showed that
the increased levels of P4H were directly due to hypoxia.*’
Herein, Western blot analysis indicated hypoxia led to sub-
stantially elevated P4H, but only in the presence of insulin
supplementation, being nearly two-fold greater than that
observed for the next highest treatment group (20% pO, with
insulin). These data suggest an interdependence of insulin
signaling and hypoxic conditions leading to increased P4H
that subsequently improved the mechanical properties ob-
served in these samples. The cause for differences reported
here compared with Takahashi et al. are unclear, but could be
due to the differences in cell type or 3D culture in remodeled
fibrin compared with tissue culture plastic. Other biochem-
ical pathways that could lead to increased collagen deposi-
tion involve decreased matrix metalloproteinase (MMP)
degradation. However, several researchers have found that
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MMP-1 (collagenase) is actually upregulated at the tran-
scriptional and secretion levels in dermal fibroblasts when
cultured under hypoxic conditions.**>° It was also found
that tissue inhibitor of metalloproteinase-1 expression was
not changed.* Thus, though increased collagen was depos-
ited in the experiments presented here, there also exists the
potential of increased turnover due to a simultaneous in-
crease in collagen fibril assembly and degradation. Other
hypoxia signaling mechanisms, such as production of hyp-
oxia inducible factor and vascular endothelial growth factor
have been reported®”* and may also be important in this
system, including effects on collagen cross-linking and col-
lagen synthesis.*’

Conclusions

In this study, we examined the effect of insulin supple-
mentation (2 pug/mL) and hypoxic culture (2% pO,) on col-
lagen deposition and mechanical properties of tubular tissue
constructs made from nhDF-remodeled fibrin. The results
presented here demonstrate that insulin-supplemented tis-
sues cultured under hypoxic conditions exhibited increased
collagen density, which served to increase the mechanical
strength and stiffness three to four-fold over controls. Wes-
tern blot analysis showed that the combined treatments in-
creased Akt phosphorylation and P4H, temporally distinct
factors promoting collagen transcription and posttransla-
tional modification, respectively, consistent with the afore-
mentioned effects of hypoxia and insulin supplementation.
These findings highlight the potential of utilizing insulin
supplementation and hypoxic culture to increase the me-
chanical strength and stiffness of fibrin-based engineered
tissues.
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Appendix

The mathematical model for static culture of the tubular
constructs was developed to understand the severity of
dissolved oxygen (DO) gradients without any mixing during
incubation in a culture dish. The general species balance
equation for DO in tissue is shown in Equation 1:

aCo,

5 T VCo, = Do, : V*Co, — Ro, (1)

where Do, ; is the diffusivity of oxygen in tissue, Cp, is the
DO concentration, v is the velocity vector, and R, is the
oxygen consumption rate. Simplifying for steady-state, dif-
fusion-only DO transport, and assuming Michaelis-Menten
kinetics for oxygen consumption within the tissue yields
Equation 2:

VOZ max COZ

Do, V*Co, =
Oy, t 0> = Peell Km"‘COz

@)

where p cell is the cell density, and Vo, max and K, are
the Michaelis-Menten parameters. The system consisted
of two subdomains—-the tissue and the culture medium
surrounding the tissue as illustrated in Figure 1B. Equation
2 was solved with the boundary conditions shown in
Equations 3-5:

COZ =abP 00 (3)

795
aCo,
=0 4
or | 4)
Jo,, tissue =Jo,, fuid )
r=R, r=R,

where o is the Bunsen solubility coefficient for oxygen in
37°C cell culture medium,” P., is the surrounding air oxy-
gen tension, and Jo, represents the oxygen flux. Equation 4
represents a zero flux boundary at the construct lumen since
culture is on a glass mandrel, assumed impermeable to O,.
Similarly, a zero flux boundary was prescribed at x=0, as
shown in Figure 1B.

A well-mixed assumption was used to simplify the model
for mixed cultures. In this case, the concentration throughout
the liquid domain was assumed to be equal to the value
provided by Equation 3. Thus, the boundary conditions for
the well-mixed case were simplified to:

Co, =a Py 6)
r=R,
oCo, 0 -
or r=R;

These equations were then input to COMSOL and solved
to provide the tissue DO concentration profiles illustrated in
Figure 1C.



