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Fibrin Gels Exhibit Improved Biological, Structural,
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The prevalence of tendon and ligament injuries and inadequacies of current treatments is driving the need for
alternative strategies such as tissue engineering. Fibrin and collagen biopolymers have been popular materials
for creating tissue-engineered constructs (TECs), as they exhibit advantages of biocompatibility and flexibility
in construct design. Unfortunately, a few studies have directly compared these materials for tendon and
ligament applications. Therefore, this study aims at determining how collagen versus fibrin hydrogels affect the
biological, structural, and mechanical properties of TECs during formation in vitro. Our findings show that
tendon and ligament progenitor cells seeded in fibrin constructs exhibit improved tenogenic gene expression
patterns compared with their collagen-based counterparts for approximately 14 days in culture. Fibrin-based
constructs also exhibit improved cell-derived collagen alignment, increased linear modulus (2.2-fold greater)
compared with collagen-based constructs. Cyclic tensile loading, which promotes the maturation of tendon
constructs in a previous work, exhibits a material-dependent effect in this study. Fibrin constructs show trending
reductions in mechanical, biological, and structural properties, whereas collagen constructs only show improved
tenogenic expression in the presence of mechanical stimulation. These findings highlight that components of the
mechanical stimulus (e.g., strain amplitude or time of initiation) need to be tailored to the material and cell type.
Given the improvements in tenogenic expression, extracellular matrix organization, and material properties
during static culture, in vitro findings presented here suggest that fibrin-based constructs may be a more suitable
alternative to collagen-based constructs for tissue-engineered tendon/ligament repair.

Introduction Creating effective tissue-engineered constructs (TECs)
requires knowledge of normal tendon and ligament structure
and function during growth and development. Tendons and
ligaments begin developing about embryonic day 10 on

induction of the tissue-selective transcription factor Scler-

NEW TREATMENT MODALITIES are needed for frequent
and costly tendon and ligament injuries given that
conventional treatments often lead to nonfunctional re-

pairs. These injuries account for more than one-third of all
musculoskeletal medical treatments annually in the United
States.! Surgeons typically treat these injuries with tissue
allografts or autografts to enable patients to quickly return
to normal activities of daily living. However, recent evi-
dence suggests that these procedures do not dramatically
improve long-term patient outcomes.”™ Tissue engineer-
ing is an alternative approach that seeks to promote func-
tional healing through the design and implantation of
constructs containing stem/progenitor cells seeded in a
biocompatible scaffold.

axis (Scx), which continues to be expressed throughout
tendon development, growth, and maturation.®” SCX has
been shown to regulate expression of extracellular matrix
(ECM) proteins that are critical to tendon and ligament
function.*'" During later stages of development, the ECM
matures and is composed mostly of aligned type I collagen
fibrils, which function to transmit large and impulsive me-
chanical loads that affect joint movement. In addition, these
tissues are mechanosensitive, requiring external forces to
properly mature.'*'* Tendon and ligament progenitor (TLP)
cells respond to these mechanical stimuli by enhancing SCX
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expression and other ECM proteins.”'*"'® These cell-lECM
interactions during development are important in defining
the composition and organization of these tissues. Similarly,
understanding how cell-material interactions affect TEC
formation will lead to more effective strategies for soft
tissue repair.

Various biocompatible materials have been used in TEC
designs. Type I collagen gels have been extensively stud-
ied, because they provide a compliant three-dimensional
environment that supports cellular remodeling of TECs
in vitro'™'® and can serve as a cell delivery vehicle for
surgical implantation.'®*° Cells in collagen gels tension the
extracellular material and further respond to mechanical
stimulation by expressing tendon-specific markers.”!*?!
Previous studies in our lab have shown that these TECs
improve the stiffness and modulus of repairs in vivo,?**?
and mechanical stimulation of these TECs before implan-
tation further enhances repair biomechanics.”*** Alter-
natively, fibrin gels have been recently proposed for creating
tissue constructs in vitro, as fibrin promotes greater collagen
synthesis than collagen gels and more readily remodels
according to the ;)h;/sical boundary conditions of the con-
struct apparatus.>>~>’ Cells in fibrin gels also appear to re-
capitulate aspects of native tendon development in vitro**
and exhibit improved cell-derived collagen organization in
response to mechanical stimulation.*>*' However, research
has not yet been conducted that directly compares how col-
lagen and fibrin materials affect the ability of TLPs to re-
spond to mechanical stimuli and produce an organized ECM.

In this study, we evaluated how the scaffold material and
cyclic mechanical stimulation affect the biological, struc-
tural, and mechanical properties of TECs in vitro. Given the
aforementioned benefits of fibrin gels to remodel and pro-
mote collagen synthesis, we expected fibrin-based TECs to
exhibit improved formation compared with collagen TECs.
Here, we tested the hypotheses that for approximately 14
days in culture, murine TLPs in fibrin TECs will exhibit
significantly increased (1) tenogenic gene expression, (2)
collagen alignment, and (3) TEC linear modulus compared
with collagen TECs. Furthermore, we hypothesized that
mechanically stimulating fibrin TECs will result in even
greater increases in these measures compared with me-
chanically stimulated collagen TECs.

Fibrin

Collagen

FIG. 1.
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Materials and Methods
Experimental design

TLP cells were isolated from ScxGFP mice kindly pro-
vided by Dr. Ronen Schweitzer.>> ScxGFP + cells (referred
to as TLPs) were harvested and pooled from embryonic day
17.5 (E17.5) litters (Supplementary Fig. S1A, B; Supple-
mentary Data are available online at www.liebertpub.com/
tea), as these cells are actively differentiating and poised
for the significant matrix production that occurs after
birth.'®"'3 Four separately pooled litters were used to
create TECs to account for any biological variability, and
technical replicates were created across these biological
replicates to achieve sample sizes at each time point de-
scribed next and shown in Supplementary Figure SIC.
TECs were evaluated for approximately 2 weeks in cul-
ture, as fibrin-based TEC mechanical properties plateau by
this time.?® Fibrin and collagen TECs were allowed 6 days
to initiate matrix formation around dish posts before ini-
tiating mechanical stimulation, as TECs begin to plateau in
their contraction kinetics by this time (Fig. 1). Quantitative
real-time polymerase chain reaction (QPCR) (n=4) was
used to assess cellular phenotype (relative to normal TLPs)
for chondrogenic (Sox9) and osteogenic (Runx2) tran-
scription factors as well as for tenogenic genes (Scx, Mkx,
Egrl, Tnmd, Collal, Col3al, Fmod, and TnC) known to
be important in the development and maintenance of ten-
don tissue (see qPCR methods below for gene nomencla-
ture).'*!' 437 ScxGFP expression and collagen organization
were analyzed using multi-photon (MP) fluorescence mi-
croscopy, and immunohistochemistry (IHC) was performed
to evaluate localization and organization of ECM proteins
COL1, COL3, and TNC (n=2). TECs were failed in tension
to determine the temporal changes in biomechanical prop-
erties (n=12) during TEC formation and maturation be-
tween days 6 and 14, as TECs were far too fragile to be
reliably tested in tension on day 2 or earlier. Only linear
stiffness and linear modulus were measured, as TECs failed
at the testing grips, thus precluding analysis of failure
properties. Transmission electron microscopy (TEM) was
used to quantify collagen fibril diameter and fibril area
fraction (FAF, n=2), which have been previously corre-
lated to biomechanical properties.>*~°

==

TEC contraction shows differences in early formation of fibrin and collagen TECs. Fibrin and collagen TECs
show the greatest changes in contraction over the first 6 days in culture. At day 2, fibrin TECs show a more translucent, less
dense matrix compared with the collagen TECs at day 2. By day 6, however, the density of fibrin TECs increased between
the posts. Collagen TEC density also increased between days 2 and 6, but these differences were not as extensive as for
fibrin. Note that both fibrin and collagen TECs contracted around silicone dish posts, resulting in reduced cross-sectional
area over time, but retained their full length by continuing to anchor between the silicone dish posts between days 6 and 14.
TEC, tissue-engineered construct. Color images available online at www.liebertpub.com/tea
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Cell isolation and expansion

All reagents were purchased through Life Technologies
(Carlsbad, CA) unless otherwise indicated. Impregnated
heterozygous ScxGFP+ females were euthanized with CO,
and cervical dislocation according to procedures approved
by the University of Cincinnati IACUC (Supplementary Fig.
S1A). E17.5 ScxGFP+ embryos were isolated and geno-
typed using a fluorescent lamp (460-495nm; BLS Ltd.,
Budapest, Hungary) and goggles (500-550nm; BLS Ltd.)
for GFP expression. Limbs and tails were dissected from
ScxGFP+ and ScxGFP - pups, dissociated at 37°C in 0.25%
trypsin for 30 min followed by centrifugation with 1x phos-
phate-buffered saline (PBS). Tissue was then digested in
collagenase D (3 mg/mL; Fisher Scientific, Pittsburgh, PA)
and dispase (2 mg/mL) in cell culture medium (MEM a, 10%
fetal bovine serum [FBS], and 1% antibiotic/antimycotic) for
30min. at 37°C. Resulting cell suspension was prepared for
fluorescence-activated cell sorting (FACS) in buffer con-
sisting of 1% heat-inactivated FBS, 2.5mM HEPES solu-
tion, | mM EDTA, and 1% penicillin/streptomycin in 1x Mg/
Ca-free phosphate-buffered saline. Instrument voltages (BD
FacsAria II) were set using ScxGFP — control cells, and
ScxGFP + cells were subsequently collected for cell culture.
TLPs were suspended in culture medium (MEM o, 10%
FBS, and 1% antibiotic/antimycotic), plated in monolayer
(passage 0, P0), grown to 90% confluency, and passaged
every other day until P4 to obtain sufficient cell numbers for
generating TECs.

Three-dimensional TEC generation

TLPs were encapsulated at a density of 0.5¢° cells/mL in
fibrin or collagen gel. A total of 1.4 mL of cell-gel mixture
was pipetted into each well of custom-made silicone dishes,*’
yielding a TEC that initially measured 12.0x 11.0X5.2mm
(gage length x width X thickness). Collagen gels (bovine hide;
Life Technologies) were created according to the manufac-
turer’s protocol at a final collagen concentration of 2.4 mg/
mL. Fibrin gels were created as previously described®® at a
final concentration of 3.4 mg/mL bovine fibrinogen (Sigma-
Aldrich; St. Louis, MO) and 4U/mL bovine thrombin
(Sigma). TECs were fed every 2 days with culture medium
(MEM a, 10% FBS, and 1% antibiotic/antimycotic) supple-
mented with 200 uM l-ascorbic acid 2-phosphate (Sigma) and
20ng/mL TGFp-3 (Peprotech; Rocky Hill, NJ) to stimulate
collagen synthesis*' ™ and incubated at 37°C, 5% CO,, and
95% relative humidity.

Mechanical stimulation

TECs were stimulated in displacement-limited control
using a custom-made, pneumatically controlled mechanical
stimulation system?® and a previously optimized stimulation
regime of 2.4% peak strain (1 Hz stretch, 0.12 Hz rest) for
3000 cycles per day.*

RNA isolation and qPCR

RNA was isolated in TriReagent and extracted according
to the manufacturer’s specifications. RNA was quantified
using a UV spectrophotometer and converted to cDNA
using the High-Capacity RNA-to-cDNA kit (4387406; Ap-
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plied Biosystems, Grand Island, NY). Real-time reactions
(10ng) were performed using Tagman® Gene Expression
Mastermix (4369510; Applied Biosystems) and Taqman
probes (assay ID is indicated in parentheses for each gene)
for scleraxis (Scx, Mm01205675_m1), Mohawk homeobox
(Mkx, Mm00617017_m1), early growth response 1 (Egrl,
MmO00656724_m1), tenomodulin (Tnmd, Mm00491594_m1),
type I collagen a1 chain (Collal, Mm00801666_gl), type III
collagen a1 chain (Col3al, Mm01254476_m1), fibromodulin
(Fmod, Mm00491215_m1), tenascin-C (TnC, Mm00495662_
ml), runt-related transcription factor 2 (Runx2, Mm00501584 _
ml), and SRY-box 9 (Sox9, Mm00448840_m1). The relative
amount of mRNA for each gene of interest was computed
using delta Ct values normalized to ribosomal RNA, /8S
(Hs99999901 _s1), which was found to be stably expressed
across treatments within this study. Gene expression was
normalized to freshly FACS sorted (“normal”) E17.5 ScxGFP
cells using the delta-delta Ct method. While expression of
these markers varies during development, we elected to use
“normal” E17.5 TLPs to benchmark in vivo expression levels
and evaluate how gene expression of TLPs in TECs could be
compared with their initial in vivo condition.

MP fluorescence and immunohistochemical imaging

Sample preparation. TECs were fixed in 4% parafor-
maldehyde for 1.5h at 4°C, washed in 1x PBS for 10 min,
preserved in 30% sucrose for 1h, embedded in OCT media
(Andwin Scientific, Addison, IL), and stored at —80°C. To
prepare samples for IHC, TECs were cryosectioned longi-
tudinally using cryofilm (Type 2C; Hiroshima, Japan)*® at
150-200 pm from the top surface of the TECs. Sections
were hydrated in 1x PBS, blocked (Power Block; Biogenix,
Fremont, CA) for 30 min at room temperature (RT). Sec-
tions were then incubated in separate primary antibodies for
type I collagen (1:100, AB758; Millipore, Billerica, MA),
type III collagen (1:200, AB7778; Abcam, Cambridge,
MA), and tenascin-C (1:500, AB6346; Abcam) overnight at
4°C. Sections were then washed thrice in 1xX PBS for 15 min
and incubated in secondary antibodies for 1 h at RT. Finally,
sections were washed and counterstained with Hoechst
33352 (Life Technologies) in 50% glycerol. To prepare
whole-mount samples for MP imaging, TECs were thawed,
washed with 1x PBS for 10min at RT, and then cut longitu-
dinally to expose the interior of the TEC. TECs were whole-
mounted on glass slides in 1x PBS just before imaging.

Imaging technique. For IHC imaging, sections were
imaged on a Zeiss Axio Imager Z1 fluorescence microscope
(Jena, Germany) using filters for DAPI, ScxGFP, Cy3, and
CyS5 secondary antibodies. Images were captured at 5X and
20x magnification with equal exposure times across all
treatment groups. For MP imaging, the interior, longitudinal
face of TECs was imaged using a TiSapphire laser and a
Nikon A1R upright MP laser scanning microscope (Mel-
ville, NY) to assess localization of ScxGFP-expressing cells
and collagen organization using second harmonic generation
(SHG).* Images were captured in galvanometric mode
using a 25X water-immersion objective for ScxGFP (525—
575nm) and SHG signal (400—450nm), and laser settings
were held constant across all treatment groups. This tech-
nique yielded images with ~500-um wide field of view
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along the thickness (top to bottom) of each TEC through a
100-um depth using a 2-pum step size. Image files were
imported into FIJI (v. 1.47) using the Bio-Formats plug-in
(v. 449), and images were generated using maximum-
intensity z projections.

Transmission electron microscopy

Sample preparation. TECs were prepared for TEM as
previously described.?®

Imaging and sampling technique. TEC transverse cross-
sections were imaged on an FEI Tecnai 12 Twin Trans-
mission Electron Microscope using a 2k X2k cooled CCD
camera (F214A; Tietz Video and Image Processing Sys-
tems, Gauting, Germany). A thorough sampling of each
section was performed on at least three sections from each
sample. Magnifications of 11,000 x were used to measure
fibril diameter and FAF, resulting in 30 views per sample.
Image calibration was completed with a cross-grating rep-
lica grid (2160 lines/mm; Agar Scientific, Stansted, United
Kingdom).

Image quantification. Gray-scale images were imported
into FIJI for image quantification and processed to compute
fibril diameters and FAF as previously described.*’*®
Briefly, gray-scale images were thresholded into binary
images; then, FIJI’s analyzed particle function was used to
compute fibril diameter from the minor axis of the best-fit
ellipse around each fibril. Diameters of poorly aligned fibrils
were further separated based on their major:minor axis ratio
exceeding 2:1. FAF was calculated as the percentage of
matrix area occupied by collagen fibrils (irrespective of fi-
bril orientation) according to the formula FAF = Z%, where
A; is the cross-sectional area (CSA) of an individual fibril
and A is the CSA of the total ECM in the image.

Biomechanical testing

TECs were loaded in a tensile failure system (Model
100R; TestResources, Inc., Shakopee, MN), gripped at the
interior edges of the loop ends by fine-grit sand paper, and
tensioned under minimal load (~5 mN). TEC gage length
(grip-to-grip distance), width, and thickness were calculated
from the average of three measurements taken across the
TEC using calibrated digital images and FIJI. Elliptical CSA
was computed from averaged thickness and width mea-
surements. TECs were failed in tension at a moderate strain
rate (10%/s) in the same tensile system, and stiffness and
modulus were calculated from the linear region of the fail-
ure curve.”

Statistical analysis

Data were normal and homoscedastic, and all values re-
ported in this article are (mean+SEM) unless otherwise
indicated. Due to the high-dimensional data produced by
examining expression of numerous genes, principal com-
ponent analysis (PCA) was used to identify trends in gene
expression patterns across treatments using the R statistical
package.*” PCA is a statistical method that reduces data
dimensionality into independent, linear combinations (prin-
cipal components [PCs]) of the original data in which each
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component describes a proportion of variability in the da-
taset.*”>' The PCs that combined for the majority of vari-
ability in the data were statistically tested using analysis of
variance (ANOVA) methods, and results were interpreted
by evaluating which genes significantly (p <0.01) and strongly
correlated (R >0.6) with each of these components.

Due to the unbalanced design created by delaying the
onset of mechanical stimulation, two statistical designs were
evaluated: (1) PC scores, TEC dimensions, biomechanical
parameters, and FAF of the statically cultured TECs were
tested via two-way ANOVA with material and time as fixed
factors (p <0.05); (2) to evaluate the effects of mechanical
stimulation, these measures were tested via three-way
ANOVA with material, stimulation, and time as fixed fac-
tors for days 10 and 14 only (p <0.05). Delta Ct values were
similarly tested via multivariate analysis of variance (MAN-
OVA). Collagen fibril diameter distributions of each treat-
ment replicate were pooled for analysis. Since fibril diameter
distributions are non-Gaussian in nature, treatment groups
were analyzed via Mann—Whitney U tests. In both statistical
designs, multiple post hoc comparisons were made using
Fisher’s protected least significant difference (p <0.05). Bi-
variate linear regression analyses were independently per-
formed for each TEC material (p <0.05) to identify potential
relationships between biological/structural measurements and
mechanical properties.

Results
TEC contraction and dimensions

Material and time in culture significantly affected TEC
width, thickness, and CSA (p<0.05, Fig. 1 and Table 1).
However, gage length was not affected by material (p=
0.073) or time (p=0.949). Although both materials showed
decreased CSA over time, fibrin TECs ranged from 34% to
47% smaller in CSA compared with collagen TECs across
all time points. Mechanical stimulation did not significantly
affect width (p=0.243), thickness (p=0.864), or CSA
(p=0.389), but it significantly reduced the gage length of
both TEC materials (p<0.05, Table 1).

TEC tenogenic expression

PCA, which was used to summarize gene expression data
and to characterize the phenotype of TLPs relative to normal
E17.5 TLPs, revealed that fibrin enhances the tenogenic
phenotype of TLPs for longer culture periods than collagen
(Fig. 2). The first (PC1) and second principal (PC2) com-
ponents accounted for 54% and 20% of the data variability,
respectively. Subsequent components accounted for less
than 6% each and were not further analyzed. PC1 scores
strongly correlated with most genes investigated (Scx, Mkx,
Collal, Col3al, Tnmd, TnC, Fmod, and Sox9), whereas
PC2 described expression of Runx2 and Egrl (Supplemen-
tary Table S1). Time in culture significantly affected PC1
scores (p <0.01), material significantly affected PC2 scores
(p<0.05), and both PC1 and PC2 scores showed significant
interactions between material and time (p <0.05). Although
expression levels for each material approached those of
normal ScxGFP cells for the PCl-associated genes, each
material exhibited distinctly different temporal patterns
(Fig. 2). While PC1 scores for fibrin TECs (-4.0t1.1)
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TABLE 1. TiSSUE-ENGINEERED CONSTRUCT DIMENSIONS AND BIOMECHANICS
Treatment Response measure
Time Linear Linear Gage Cross-
point stiffness modulus length* Width* Thickness* sectional
Stimulation  Material (days) (N/mm) (MPa) (mm) (mm) (mm) area (mm~)
Static Fibrin 6 0.09%£0.02 0.27£0.05 7.03+0.18 2.83+0.11% 1.17£0.08" 2.66+0.26"
10 0.19£0.02*° 0.64+£0.05*°  7.32+0.21° 2.48+0.06 1.11£0.07* 2.18+0.18"
14 027+0.02°" 1.34+0.19%"™ 7.5740.23° 1.85+0.12*">" 1.154£0.07* 1.71+£0.19**"
Collagen 6 0.05£0.01 0.09£0.02 791£0.22 3.65+0.12° 1.55£0.04* 4.44+0.19*
10 0.12+0.02*° 0.26+0.04*°  7.55+0.24 2.84+0.14°  1.48+0.10 3.31+0.26*"
14 0.24+0.02°° 0.60+0.09*"*® 7.44+0.23° 2.51+0.18*" 1.67+0.05* 3.25+0.19*"
Mech. Fibrin 10  0.19+0.02 0.65+0.08 6.63£0.26° 2.45+0.10 1.07£0.05 2.08%0.16
stimulated 14 0.21%+0.03 0.95+0.17 6.89+0.27° 2.22+0.14 1.04+£0.06 1.85+0.20
Collagen 10 0.22£0.02 0.43£0.05 741£0.15 2.94%014 1.65+£0.02 3.82%0.18
14 0.27+0.01 0.59+0.06 6.73£0.24° 2.54+0.20 1.62+£0.06 3.16%0.15

*Initial tissue-engineered construct dimensions were ~12.0x11.0x5.2 mm (gage length x width X thickness).
“Significantly different w.r.t. material at corresponding time point ( p <0.05).

"Significantly different w.r.t. at day 6 (p<0.05).
®*Significantly different w.r.t. at day 10 (p<0.05).

“Significantly different w.r.t. mechanical stimulation (corresponding material and time point, p <0.05).

exhibited initial expression patterns different from normal
(2.0£0.6, p<0.01) at day 2, these scores continually in-
creased over the 2-week culture period, achieving normal
expression by day 14 (1.9+0.4, p=0.949). Conversely, PC1
scores for collagen TECs (—1.3%1.1, p<0.01) increased
more rapidly than for fibrin, reaching near normal levels by
day 6 (1.6x£0.2, p=0.713). However, these scores then
decreased back toward day 2 levels with additional time in
culture, becoming significantly different from normal by day
14 (-0.910.9, p<0.05). PC2 scores revealed significant
deviation for two genes, which was caused by the significant
upregulation of Runx2 (p<0.05) and significant down-
regulation of Egrl (p<0.01) in all TEC conditions when
compared with normal cells by MANOVA (Supplementary
Table S1). Fibrin TECs also exhibited significant upregu-
lation of tenogenic markers (Scx, TnC, and Fmod) relative to
collagen TECs at day 14 (Supplementary Table S1). Collal,
Col3al, and TnC expression was significantly down-
regulated relative to normal for both fibrin and collagen
TECs (Fig. 3). While these markers also illustrated temporal
increases, only Collal and TnC achieved normal expression
levels by day 14 or earlier.

There was a significant interaction between material and
mechanical stimulation for PC1 (p<0.05), indicating a
material-dependent response to mechanical stimulation (Fig.
2). Although the expression patterns did not appear to ma-
ture toward normal in fibrin TECs exposed to mechanical
stimulation, this effect did not reach statistical significance
(p=0.08). Conversely, collagen TECs appeared to benefit
from mechanical stimulation, as their PCl-associated gene
expression patterns remained similar to normal for approx-
imately 14 days in culture (0.9t 1.3, p=0.444).

Cellular and matrix organization

Fibrin TECs exhibited improved collagen alignment
compared with collagen TECs at later time points in culture
(Figs. 4-6). Staining for COL1, COL3, and TNC proteins
revealed differences in ECM composition and organization

between fibrin and collagen TECs (Fig. 3A). Collagen TECs
had more type I collagen present under all conditions. While
collagen TECs showed temporal increases in COL3 and
TNC (mostly at the TEC surfaces), all three proteins were
better aligned throughout the full width of fibrin TECs at
days 6 and 14 (Fig. 4). Furthermore, fibrin TECs showed
increased expression of COL3 and TNC toward the center of
the constructs. MP imaging revealed Scx-expressing cells
homogenously distributed through the depth of TECs in
both materials at day 2 (Fig. SA, E). Although cells and
collagen showed better alignment at the surface of both
materials over longer culture periods, fibrin TECs showed
better collagen alignment compared with collagen TECs at
greater depths from the surface (Fig. 5C, G). There were no
observed effects of mechanical stimulation on the organi-
zation of COL1, COL3, or TNC in either collagen- or fibrin-
based TECs as revealed by IHC (Fig. 4); however, there was
an apparent reduction in the thickness of the layer of
ScxGFP cells at the surface of mechanically stimulated
TECs compared with static controls (Fig. 5C, D; G, H).
TEM images additionally revealed improvements in col-
lagen fibril alignment and packing density (Fig. 6). Collagen
fibrils that were aligned parallel to the axis of tension were
sectioned at right angles to the fibril axis and were, there-
fore, recognized by their circular cross-sectional profile. In
contrast, fibrils that were poorly aligned with the axis of
tension were sectioned obliquely. Both materials exhibited
improvements in the alignment of collagen over time, al-
though fibrin TECs appeared to have better alignment overall.
Average fibril diameters for both fibrin (36.8 £0.12 nm) and
collagen (39.02£0.32nm) TECs decreased over time (35.19t
0.07 and 31.10£0.20 nm, respectively; p <0.05). However,
mechanical stimulation reduced this effect in both fibrin
(37.49£0.10nm; p<0.01) and collagen (36.27+0.21 nm;
p<0.01) by day 14. Fibrin TECs exhibited reduced FAF
compared with collagen at day 6 (8.8% +0.4% vs. 11.2% *
0.5%, respectively; p<0.01). However, fibrin TECs expe-
rienced significant increases in FAF by day 14 (15.8%
0.7%; p<0.01), unlike collagen TECs (12.54% +0.6%; p =
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FIG. 2. Collagen TECs show improved tenogenic ex-
pression patterns early, but fibrin TECs exhibit continual
improvement in expression patterns over the 14-day culture
period. Shown are the temporal changes in the first (PC1)
and second (PC2) principal component (PC) scores for fibrin
and collagen under static (S) and mechanically stimulated
(MS) conditions (see text for description of principle com-
ponent analysis). Note that PC1 correlates to the expression
of most tenogenic genes, whereas PC2 correlates to Runx2
and Egrl expression (Supplementary Table S1). Treatment
groups are compared with the expression patterns of normal
E17.5 Scx-expressing cells (graph origin). At day 2, PC1
scores for static collagen TECs are initially closer to E17.5
values than for fibrin TECs. Although quickly ‘‘maturing”
to normal tenogenic expression patterns by day 6, PCl
values for collagen TECs then decline toward day 2 values
by day 14. By contrast, PC1 scores for static fibrin TECs
continually increase toward normal tenogenic expression
values by day 14. Initiating mechanical stimulation at day 6
slows the increase in PC1 score for fibrin TECs, whereas
stimulation of collagen TECs slows the reduction in PCI
scores away from normal tenogenic expression. PC2 scores
for all TEC conditions significantly differ from normal,
primarily caused by significant downregulation of Egrl
(tenogenic) and significant upregulation of Runx2 (osteo-
genic) levels in vitro. Mean PC scores are shown beginning
at day 2 with subsequent arrowheads corresponding to days
6, 10 and 14, respectively. Col, collagen; Fib, fibrin; MS,
mechanically stimulated; S, static.

0.413). Mechanical stimulation also had a material-dependent
effect on FAF, as stimulated fibrin TECs showed decreased
FAF (12.03% £ 0.5%; p <0.01), whereas stimulated collagen
TECs did not (13.4% £ 0.8%; p=0.946).

TEC mechanical properties

Material and time in culture significantly affected TEC
biomechanics, and both materials exhibited significant in-
creases in linear stiffness and modulus over time (p <0.05;
Fig. 7 and Table 1). Although fibrin TECs (0.19+0.02 N/
mm) showed increased linear stiffness compared with col-
lagen TECs at day 10 (0.12£0.02N/mm; p<0.05), both
fibrin and collagen TECs approached similar stiffness values
by day 14 (0.27+0.02 vs. 0.24+0.02 N/mm, respectively;
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p=0.326). Fibrin TECs exhibited a 2.2-fold greater linear
modulus compared with collagen TECs by day 14 (1.34*
0.19 vs. 0.60£0.09 MPa, respectively; p<0.01). Failure
curves showed that by day 14, both TEC materials devel-
oped toe and linear regions during early deformation that are
characteristic of viscoelastic tendon tissues. Mechanical
stimulation did not significantly affect linear stiffness
(p=0.23) or modulus (p=0.471) (Table 1). However, ma-
terial and mechanical stimulation showed significant inter-
actions for linear stiffness (p<0.01). Linear regression
analysis did not reveal any genes or fibril characteristics that
significantly correlated with TEC biomechanical properties
across all treatment groups (p >0.05).

Discussion

This study compared how fibrin and collagen hydrogels
influence cellular phenotype, ECM organization, and bio-
mechanical properties in TECs created using TLPs. Our
results suggest that fibrin-based TECs more appropriately
regulate the tenogenic phenotype compared with collagen-
based TECs over extended culture periods, as they exhibited
a continued progression toward the tenogenic expression
patterns of normal E17.5 Scx-expressing TLPs. The tem-
poral changes in tenogenic markers during development are
only recently becoming elucidated. Scx is initially expressed
in the limb mesenchyme of TLPs as early as E10.° As
tendon further develops, these cells begin producing an or-
ganized ECM (composed of collagens, proteoglycans, and
glycoproteins).* ! In fact, mid-embryonic tendon develop-
ment is marked by dramatic temporal increases in the ex-
pression of numerous collagens and collagen-regulating
transcription factors (e.g., Egrl),"" which appears to persist
during matrix production in late embryonic and early post-
natal development.** The expression of more mature tendon
markers such as Mkx, Fmod, and Tnmd subsequently follows
these earlier developmental events.***>%>°3 TLPs in fibrin
TECs also show a temporal increase in Scx expression over
the 2-week culture period, followed by enhanced expression
of Collul, Col3ul, Mkx, Fmod, and Tnmd by later time
points (Fig. 3 and Supplementary Table S1). While ex-
pression of these markers also initially increased in collagen
TECs, they actually declined by day 14 to levels well below
normal tenogenic expression (Fig. 2). However, despite
these improvements of fibrin over collagen, it is important to
note that a number of genes investigated (e.g., Egrl, Tnmd,
and Runx2) were misregulated compared with normal.
These data suggest that TLPs were either lacking some
appropriate signals or receiving inappropriate cues, and
further research is warranted to identify how to more ef-
fectively regulate the expression of these markers in vitro.
Nevertheless, such temporal differences in tenogenic ex-
pression between fibrin and collagen suggest that these
materials might differentially affect ECM composition and
organization and, ultimately, TEC biomechanical properties.

The initial composition of the TEC material had a sig-
nificant effect on collagen organization with fibrin-based
TECs producing a more aligned ECM than collagen-based
TECs. Fibrin appeared to be greatly degraded by day 14
(Supplementary Fig. S2A, B). In fact, rapid loss of fibrin-
based constructs was evident in the absence of TGFf sup-
plementation (Supplementary Fig. S2C); however, acellular
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fibrin TECs remain intact and are minimally degraded over
the 2-week culture period (data not shown). These findings
are consistent with other reports showing that smooth
muscle cells can actively degrade fibrin even in the presence
of a fibrinolytic inhibitor.*>> In our study, TLPs counter-
acted the degrading fibrin matrix by synthesizing and or-
ganizing their own ECM. This cell-derived ECM showed
improved packing of aligned collagen through the full TEC
thickness by day 14 (Figs. 4 and 5A-C). Taken together,
these findings suggest that the cell-derived matrix was lar-
gely responsible for the mechanical function of fibrin-based
TECs at the end of culture. By contrast, collagen TECs
retained the exogenous collagen matrix at each time point,
showing an abundance of amorphous collagen (Figs. 4 and
5E-H) and larger diameter fibrils (> 60 nm), which were not
found in the fibrin TECs at any time point (Fig. 6). These
results suggest that the mechanical properties of collagen-
based TECs depend on both cell-derived matrix and the
exogenous, residual collagen still present from the initial
material. Furthermore, our results show that collagen
alignment only appreciably improved at the surfaces of
collagen TECs (Figs. 4 and 5G). TNC is a protein associated
with tissue remodeling during development and heal-
ing,33’50 56 and our data illustrate that the interior of fibrin-
based TECs showed greater expression of this marker
compared with collagen under all treatment conditions (Fig.
4). However, TNC expression was increased at the edges of
collagen TECs by day 14, thus suggesting that greater ma-
trix remodeling occurred in the collagen TEC periphery.

Moreover, small-diameter (presumably cell-derived) colla-
gen fibrils adjacent to the cell membrane in collagen TECs
were less well aligned with the tension axis than corre-
sponding fibrils in fibrin TECs (Fig. 6), consistent with
findings that the presence of disorganized collagen in the
ECM hinders subsequent deposition of organized cell-
derived collagen.’” Although previous reports have illustrated
positive correlations between the average fibril diameter
and biomechanical properties of tendon tissues,>®® this was
not evident in our TECs. In fact, average fibril diameter ac-
tually decreased over time (Fig. 6), whereas linear modulus
and stiffness increased (Fig. 7). The reduction in average
fibril diameters was caused by the increased prevalence of
smaller-diameter fibrils (15-30 nm) present at day 14 (Fig. 6).
In the case of fibrin-based TECs, this increased prevalence
of fibrils (in concert with matrix contraction) led to increases
in fibril packing density (i.e., FAF), which has also been
shown to positively affect the mechanical properties of ten-
don tissues.* Since the alignment and packing of collagen
along the loading axis is critical for the mechanical func-
tion of tendons and ligaments, our results strongly suggest
that the improved density of collagen, aligned along the
axis of tension, contributed to the greater than 2.2-fold
increased linear modulus of fibrin TECs compared with
collagen TECs at day 14 (Fig. 7B). Although the small size
of tendons/ligaments from which TLPs were harvested
precludes measurement of tissue mechanics in the embry-
onic mouse, TEC modulus at day 14 (~ 1 MPa) approxi-
mates the modulus of developing embryonic and postnatal
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FIG. 4. Fibrin TECs show improved alignment of extracellular matrix (ECM) proteins compared with collagen TECs.
Immunostaining of longitudinal cryosections (~200um from the top surface) shows the localization and organization
of ECM proteins for fibrin- (left column) and collagen-based (right column) TECs. 5 X magnification images show COL1
(gray), and 20 x magnification insets show COL1, COL3, or TNC (red, as indicated), ScxGFP-expressing cells (green), and
cell nuclei (DAPI, blue) at the edges (yellow boxes) and center (blue boxes) of TECs. Collagen TECs show greater presence
of COL1 throughout their entire width than fibrin TECs at all time points, due in part by the staining of the bovine collagen
in the gel. Both materials show a greater intensity of COL1, COL3, and TNC at the TEC edges; however, fibrin TECs show
increases in COL3 and TnC at the TEC center compared with collagen TECs. Despite the increased presence of COL1 in
collagen TECs, all markers are better aligned in fibrin TECs. Mechanical stimulation did not create any notable effects on
ECM proteins. 5 X, scale bar=1mm. 20X, scale bar=200 pm.

Day 14 MS

Fibrin

Collagen

FIG. 5. Fibrin TECs exhibit temporal improvements in collagen alignment throughout the TEC thickness, whereas
collagen TECs show only minimally improved alignment at the TEC surface. Shown in Z-projections (100 pm thick optical
sections) at the center of TECs are spatiotemporal changes in the localization of Scx-expressing cells (green) and alignment
of collagen (gray; second harmonic generation, SHG) in fibrin (A-D) and collagen (E-H) TECs. Vertically aligned, yellow
box insets correspond to a magnified (300 x 300 um) region as depicted at the TEC surface, illustrating ScxGFP, SHG, or
ScxGFP/SHG (merged images), respectively. Scx-expressing cells elongate along the axis of tension (left to right in images)
and are relatively homogenously distributed by day 2 in both fibrin (A) and collagen (E) TECs. Higher numbers of Scx-
expressing cells are concentrated at the surface by day 14 with fewer cells located toward the center of the TECs (C, G).
SHG signal illustrates that collagen is aligned along the axis of tension throughout the depth of fibrin TECs (C), whereas
collagen TECs only exhibit alignment of collagen near their surface (G). Mechanical stimulation reduces the thickness of
the Scx-expressing cell layer at the surface of fibrin (D) and collagen (H) TECs.
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FIG. 6. Fibrin TECs exhibit improved alignment and increased packing density of collagen fibrils compared with collagen
TECs by day 14. The relative frequencies of fibril diameters (nm) are shown for fibrin (left column) and collagen (right
column) for static TECs at days 6 and 14 and for mechanically stimulated TECs at day 14 (note that mechanical stimulation
was initiated at day 6). These fibril diameter distributions illustrate how material, time, and mechanical stimulation affect
both aligned (white vertical bars) and poorly aligned (black vertical bars) collagen fibrils. Micrograph insets depict
representative images of each treatment group, including gray bars that represent the fibril area fraction (FAF, relative to
full scale of 20%). Fibrin TECs show a more aligned and narrower distribution of fibril diameters compared with collagen
TECs for all treatment conditions. Although collagen TECs include larger-diameter fibrils (>65nm) not seen in fibrin
TECs, many of these collagen fibrils are poorly aligned. Average fibril diameter for both materials decreases slightly over
time, although mechanical stimulation slows this reduction. FAF, indicative of collagen fibril packing density, increases
79.5% in fibrin TECs with little change seen for collagen TECs. Inset scale bar =200 nm.



MATERIAL EFFECTS ON TENDON GEL CONSTRUCTS

447

FIG. 7. Fibrin TECs show
increased material properties
compared with collagen TECs
by day 14. Linear stiffness
(explicitly shown in A and
computed from the slope of
the curve in C) increases with
time in culture for both ma-
terials. While fibrin TECs do
have significantly greater
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stiffness than collagen TECs
at day 10, this effect is no
longer apparent by day 14.
However, fibrin TECs show
significantly greater increases
in linear modulus (B, D) due
to their smaller cross-sec-
tional areas at all time points
(Fig. 2 and Table 1). The sub-
failure load-displacement (C)
and stress-strain (D) curves
illustrate that both materials
developed the toe, linear, and
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Displacement (mm)

tendons as measured in studies of chick tenogenesis (ranging
from ~0.1 to 2.0MPa during mid- to late-stage develop-
ment).”>*° While moduli of tendons rapidly increase for ap-
proximately three orders of magnitude during postnatal
maturation,”’ " we and others have shown that implanting
TECs in vivo increases their linear modulus 2-3 orders of
magnitude,>**%* suggesting that these TECs may be suitable
for injury repair.

Since efficient transduction of mechanical stimuli in
tendon depends on an organized ECM, we also evaluated
how our TECs responded to mechanical stimulation and
found a significant interaction between material and me-
chanical stimulation for linear stiffness, PCl-associated
gene expression, and FAF. Our findings indicate that col-
lagen rather than fibrin TECs respond positively to me-
chanical stimulation. While pilot data showed that both
materials reach ~85% contraction by day 6 during static
culture, the cell-derived collagen matrix in statically cul-
tured fibrin TECs improves in density and alignment
between days 6 and 14 (Fig. 5B, C). Therefore, we hy-
pothesize that the cell-derived collagen matrix in fibrin
TECs at day 6 is not yet sufficient to appropriately respond
to this stimulus and that delaying the onset of mechanical
stimulation might prove beneficial. However, other studies
have shown that peak strains for approximately 10% are
required to increase collagen production and mechanical
properties of fibrin-based TECs,***"%° suggesting that the
2.4% peak strain used in our study may have been too low to
stimulate beneficial effects. By contrast, mechanical stimu-
lation improved tenogenic expression patterns in collagen
TECs, as they retained near normal expression for approx-
imately 14 days in culture. Mechanical stimulation has been
found to upregulate tenogenic markers in other progenitor
cells in collagen TECs,14’21’66 illustrating that such a stim-
ulus can regulate tenogenic expression when appropriately

failure regions, which is
characteristic of normal ten-
don tissue. *Significance with
regard to material (p<0.05).

Strain (mm/mm)

applied. Future research will examine how modifying the
mechanical stimulus (e.g., time of initiation, strain ampli-
tude, and frequency) differentially affects fibrin and colla-
gen TECs.

This study is not without limitations. (1) Due to the small
size of embryonic mice, we were not able to harvest tendon/
ligament tissue alone. Instead, we sorted for cells that
express the tendon/ligament-selective transcription factor
Scleraxis. While we verified that these cells reside in the
tissues of interest during late embryonic development
(Supplementary Fig. S1B), other non-Scx-expressing cell
populations might also contribute to tendon and ligament
formation. (2) The initial protein concentrations of collagen
and fibrin were not equal but selected to be consistent with
numerous previous studies, >%26:28:30.31.67 However, other
studies have illustrated that varying the concentrations of
these materials can affect parameters such as collagen
synthesis, cell proliferation, TEC contraction, and biome-
chanics.**~%%® Systematically varying the concentration of
collagen or fibrin used in future studies will be necessary to
evaluate whether the effects measured here have been
influenced by these differences. (3) We stimulated TECs
with TGFf-3 supplemented medium, because fibrin TECs
failed to form and collagen TECs failed to contract without
this growth factor. Since TGFp-3 reggulates collagen syn-
thesis and other tendon markers,***7% its presence may
have affected interactions among material and time or masked
the effects of mechanical stimulation. Future research will
focus on how TGFp-3 and other growth factors influence
expression of such tenogenic markers in progenitor cells. (4)
Evaluating TECs for approximately 14 days in culture may
have missed longer-term maturation effects. While this
endpoint corresponds to previous in vitro and in vivo TEC
studies using these materials,>**?® further research may be
warranted to understand how fibrin-based TECs respond to



448

longer culture periods. For instance, do they retain their
normal tenogenic expression and improve mechanically or
do they lose their normal tenogenic expression similar to
collagen TECs at day 14?

By comparing fibrin and collagen biopolymers for ten-
don/ligament tissue engineering, this study has identified
that fibrin TECs exhibit improved tenogenic expression
patterns, collagen alignment, and linear modulus compared
with collagen TECs for approximately 2 weeks in culture.
Although these findings suggest that fibrin may be a more
suitable scaffold material than collagen to create TECs for
tendon and ligament repair, unanswered questions remain.
Do these in vitro improvements in TEC formation translate
to improved tendon repairs in vivo? We previously found
that TEC linear stiffness and linear modulus were posi-
tively correlated with in vivo tendon repair stiffness and
modulus, respectively.”>** However, it is not yet clear
whether the quantity (stiffness) or the quality (modulus) of
the collagenous matrix implanted at surgery is more crit-
ical for improving tendon repair. Although fibrin-based
TECs clearly show improved collagen organization and
linear modulus relative to collagen TECs at day 14, col-
lagen TECs are larger and exhibit similar linear stiffness to
fibrin TECs during the culture period. Furthermore, we do
not know how the phenotype of the cells at implantation
affects subsequent healing. Does promoting tenogenic
differentiation in vitro improve the repair? Although we
have identified in vitro improvements in fibrin-based
TECs, these findings have not been evaluated using a more
mature, clinically relevant stem/progenitor cell source.
However, research using adult cells in fibrin suggests that
stimulation with growth factors can be used to signiﬁcantly
enhance collagen deposition and mechanics,”’' which
could be used to generate TECs sufficient for implantation.
Clearly, the debate about which material is more effective
for tissue-engineered repairs has only just begun, and fu-
ture research should identify the extent to which enhancing
in vitro properties of fibrin- and collagen-based TECs
improves tendon repair. Significant advancements in tissue
engineering strategies will be made as we identify how
in vitro modulation of TEC biological, structural, and
mechanical properties contributes to positively affecting
repair in vivo.
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