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Abstract

Tendon injuries often require surgical intervention and even then result in poor outcomes due to
scar formation and repeated failure. Biomaterial implants offer the potential to address multiple
underlying concerns preventing improved tendon repair. Here, we describe modifications to the
composition of an anisotropic collagen—glycosaminoglycan (CG) scaffold biomaterial,
incorporating amniotic membrane (AM)-derived matrix to alter the inflammatory response and
establish conditions for improved regenerative repair. We explored two methods of AM matrix
incorporation to address multiple concerns associated with tendon repair. Amniotic membrane-
derived matrix was incorporated directly into the scaffold microstructure during fabrication to
form a C/AM composite. Alternatively, decellularized amniotic matrix was wrapped around the
traditional collagen—chondroitin sulfate (C/CS) scaffold to form a core—shell composite (C/CS
plus AM wrap) in a manner similar to current collagen membrane wraps used in rotator cuff and
Achilles tendon surgeries to improve the mechanical strength of the repair. Human mesenchymal
stem cells (MSCs) cultured within these materials were evaluated for metabolic health and
immunomodulatory gene expression in response to inflammatory media challenge of interleukin 1
B and tumor necrosis factor a. The scaffolds were able to maintain MSC metabolic activity in all
media conditions over the course of a 7 day culture. Expression of genes encoding for pro-
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inflammatory cytokines were down-regulated in AM containing scaffolds, suggesting the potential
to employ AM-maodified CG scaffolds for tendon-repair applications.
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INTRODUCTION

While the human body is capable of repairing minor tendon injuries, native repair processes
often result in a loss of structural integrity and mechanical strength due to the formation of
poorly organized granulation tissue (scars).! In cases of massive tissue tears or degeneration
due to chronic conditions, surgical intervention is frequently required. A range of suturing
techniques have been developed to facilitate tendon-to-tendon reattachment or tendon graft
insertion;2 however, despite improvements in surgical techniques these large injuries also
result in diminished tendon functionality and a high incidence of repeated tearing. The
implantation of biomaterial scaffolds offers a promising avenue for the promotion of tendon
repair and regeneration in vivo. At the most basic level, biomaterial implants can be used to
mechanically stabilize the surgical reconnection. A range of commercial products have been
studied in vitro34 and used in the clinic for rotator cuff>~’ and Achilles tendon tears.82 As
wraps around tendon repairs, these materials provide mechanical support to the injured area,
promote retention of surgically placed sutures, and provide a matrix for cellular and vascular
ingrowth.10 However, they only provide a two-dimensional shell around the existing tendon
and do not contain internal support of the tendon body.

The inflammatory response following injury also plays a significant role in the ultimate
healing of a tissue.1! Pro-inflammatory cytokines (such as IL-1/) have been shown to
induce the expression of inflammatory enzymes and matrix degradation factors in tendon
cells, which leads to tendon destruction and loss of biomechanical integrity.12 Additionally,
by blocking the activity of pro-inflammatory cytokine tumor necrosis factor a (TNFa),
increased biomechanical strength in a rat rotator cuff model has been observed.13
Modulating this early phase of wound healing through tissue-engineering strategies
(materials, cells, and soluble factors) offers the exciting potential to alter scar formation and,
ultimately, improve healing outcomes. The immunomodulatory properties of the amniotic
membrane (AM), the innermost layer of a placenta, have contributed to its success as a
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wound matrix in the treatment of a range of tissues (cornea,14-16 skin, 1718 oral mucosa,®
and others).20:21 |n an injectable form, the delivery of amniotic membrane-derived proteins
and cytokines has slowed the progression of osteoarthritis?2 and enhanced the mechanical
properties of Achilles tendons following injury repair in rats.23 In its early use as a intact
membrane sheet, the AM has been suggested to reduce scar formation following digital
flexor tendon repair.24 In more-recent tendon repair studies, the amniotic membrane has
been used as a two-dimensional support in animal models of tendon repair,2%26 highlighting
the membrane’s ability to enhance the mechanical properties of the repair without
addressing its potential role in the inflammatory process.

Collagen—glycosaminoglycan (CG) scaffolds are three-dimensional extracellular matrix
mimics that have been developed for a range of tissue engineering applications.2’-33 Their
mechanism of regeneration is based on their ability to inhibit myofibroblast recruitment to
the wound site34 and, therefore, the contraction and scar formation that follows.3° To mimic
the tendon’s native structural alignment, our group recently described a directional
solidification method to fabricate a class of anisotropic CG scaffolds containing aligned
tracks of ellipsoidal pores.3¢ Here, the aligned scaffold structure has been shown to promote
transcriptomic stability of primary tenocytes3”-38 and is sufficient to promote ROCK1
activation and pro-tenogenic differentiation of stem cells in the absence of traditional
growth-factor supplements.3° To introduce inflammation modulation into these collagen
scaffolds, AM-derived matrix components have been incorporated into the chemical
composition of the scaffold during fabrication.%? The selective addition of AM matrix to the
collagen scaffold promoted fibroblast metabolic activity and tempered pro-inflammatory
gene expression in vitro in response to an inflammatory challenge in the form of IL-14.40
However, the mode of the AM’s immunomodulatory activity is still unknown, suggesting
new studies to examine the effects of its unique matrix composition,?:41 range of soluble
factors,18:42 or a combination of the two.

Considering the need for tendon regeneration platforms that address concerns of mechanical
strength and role of inflammatory processes in wound healing, we explore two alternate
strategies for integrating AM-derived matrix into a CG scaffold to enhance the mesenchymal
stem cell (MSC) response to inflammatory challenge. The first relies on the incorporation of
AM matrix particles into the bulk of the collagen scaffold (C/AM) during fabrication.*3 We
also test an CG-AM composite formed from a conventional micro-structurally aligned
collagen: chondroitin sulfate scaffold wrapped with a decellularized AM sheet to create a
core— shell composite (C/CS plus AM). We examine mechanical reinforcement and
immunomodulatory effect of the AM matrix when incorporated in this core—shell system
and employ the MSC activity and gene expression of immunomodulatory interleukin-6
(IL-6) and interleukin-8 (IL-8) to evaluate the cellular response to an inflammatory
challenge.

MATERIALS AND METHODS

Isolation and Characterization of Human Amniotic Membranes.

Amniotic-Membrane Isolation.—Human placentas were obtained following
uncomplicated vaginal births (Carle Foundation Hospital, Urbana, IL). The amniotic
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membrane matrix components were isolated from these placentas as previously described.
40.44 Briefly, the AM was mechanically separated from the placenta, washed, and
decellularized via incubation in thermolysin (125 pg/mL).%> Following decellularization, the
membranes were rinsed in phosphate-buffered saline (PBS) with shaking to remove cellular
debris and then stored in PBS at 4 °C. The spongy layer of the AM was allowed to swell for
24-48 h before it was separated from the AM and discarded. The matrix was lyophilized in a
sheet and stored in a desiccator until further use.

Characterization of Factor Release from Dried Amniotic-Membrane Sheets.—
Sheets of dried amniotic membrane were cut into samples measuring 25 mm x 15 mm (n=
3). Each sheet was submerged in 2.5 mL of PBS in separate wells of an ultra-low attachment
6-well plate (Fisher, Waltham, MA). Following a 24 h incubation at 37 °C, the PBS was
collected and immediately assayed for released factors using RayBiotech’s Human Cytokine
Array C1000 (Norcross, GA) per the kit’s instructions. Kit membranes were imaged using
Image Quant LAS 4010, and Image Studio Lite was used to acquire pixel density values
from the membrane images. The values were normalized to both in-membrane negative
controls and values from an assay membrane exposed only to PBS. Fold changes of each
selected factor released from amniotic membrane compared with PBS controls are reported
here.

Fabrication of CG Scaffolds.

Preparation of Collagen Suspension.—For C/CS scaffolds and the core of C/CS plus
AM scaffolds, type | collagen from microfibrillar collagen (Collagen Matrix, Oakland, NJ)
was homogenized in 0.5 M acetic acid with chondroitin sulfate from shark cartilage (Sigma-
Aldrich, Saint Louis, MO). For C/AM scaffolds, the lyophilized amniotic membrane (as
collected above) was homogenized into particles (Figure S1) prior to being combined with
microfibrillar collagen in 0.5 M acetic acid. A collagen-to-chondroitin sulfate (C:CS) ratio
of 11:1 was used, and C/ AM suspensions were made at a 5:1 w/w ratio due to the high
collagen content of the AM. Each suspension was made with a total density of 0.5% wiv,
stored at 4 °C, and degassed prior to use.*

Fabrication of Anisotropic Scaffolds via Freeze-Drying.—Collagen scaffolds were
fabricated as previously described.36 Briefly, collagen suspensions were added to cylindrical
molds made of polytetrafluoroethylene (PTFE) sides and a copper bottom. When placed on
a precooled (-10 °C) freeze-dryer shelf (VirTis, Gardiner, NY), unidirectional heat transfer
through the copper bottom promotes the growth of elongated ice crystals. The suspensions
were frozen at =10 °C for 2 h prior to the sublimation of the resulting ice crystals at 0 °C and
200 mTorr. Molds of 8 mm diameter and 20 mm in height were used for cell-culture
experiments.

Fabrication of Wrapped, Anisotropic Collagen-Based Scaffolds via Freeze-
Drying.—Scaffold-amniotic membrane core-shell constructs (C/CS + AM) were fabricated
using a method previously described to integrate a high-density collagen membrane around a
CG scaffold core.*® Briefly, a dry sheet of AM was cut to size and placed along the
circumferential surface of the cylindrical PTFE—copper mold (8 mm diameter; 15 mm height
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for cell culture samples, 30 mm height for samples undergoing mechanical testing). The
CI/CS suspension was then pipetted into the center of the mold and allowed to hydrate the
AM membrane. Subsequently, a freeze-drying cycle identical to the one described above for
the C/CS and C/AM anisotropic scaffolds was used to fabricate the core—shell scaffold
composites.

Cross-Linking of CG and C/CS plus AM Core-Shell Scaffolds.—Scaffolds were
sterilized and dehydrothermally cross-linked under vacuum in a vacuum oven (Welch, Niles,
IL) at 105 °C for 24 h.28 Sections 5 mm long were cut from the scaffold and used for all in
vitro culture experiments.36 Scaffolds were hydrated in 100% ethanol overnight and washed
in two changes of PBS over 36 h. Chemical cross-linking was applied to strengthen the
scaffolds against contraction by seeded cells.4”48 Scaffolds were immersed in a solution of
1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide hydrochloride (EDC) and A-
hydroxysulfosuccinimide (NHS) at a molar ratio of 5:2:1 EDC/NHS/COQH. Scaffolds were
cross-linked for 1.5 h under shaking at room temperature. Scaffolds were washed with PBS
prior to storage in fresh PBS at 4 °C.

SEM Analysis.

The cross-sectional microstructure of dry, un-cross-linked scaffolds was visualized using
scanning electron microscopy (SEM). Samples were imaged with a Philips XL30 ESEM-
FEG scanning electron microscope under high vacuum. Methods for preparation and
imaging of the amniotic membrane particles included in the C/AM scaffolds are found in the
Supporting Information file.

Mechanical Testing of Collagen and Amniotic-Membrane Scaffold Variants.

Scaffolds from each formulation were cut to a length of 25 mm, and each end was embedded
into custom 3D-printed end blocks with polydimethylsiloxane (PDMS, Fisher). Briefly,
PDMS was mixed at a mass ratio of 4:1 monomer to initiator and pipetted into the hollow
openings of the end blocks. The PDMS cured for 40 min in a 37 °C incubator before one
scaffold end was inserted vertically into the viscous solution. This was cured overnight in
the incubator before the process was repeated for the opposite end of the scaffold.
Mechanical testing was completed using an Instron 5943 Mechanical Testing System with a
100 N electromechanical load frame. Dry samples were mounted by their end blocks and
strained at a rate of 1 mm/min until failure. Elastic moduluswas determined from the linear
region of the stress—strain curve for each sample.

Factor Release from AM-Containing Scaffolds.

The release of IL-8 from the C/CS and C/AM anisotropic scaffolds was monitored over 7

days using a sandwich ELISA kit (R&D Systems, Minneapolis, MN). A total of three dry

scaffolds were placed with PBS (2 mL) in each well of a 24-well plate. Replicates (/7= 3)

were prepared for each time point. Following soaks of 12 h, 24 h, and 2, 3, and 7 days, the
PBS was assayed for IL-8 concentration per kit instructions.
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Human Mesenchymal Stem-Cell Culture.—Bone marrow-derived human
mesenchymal stem cells (Lonza, Switzerland; 20 year old male) were cultured in standard
culture flasks in low-glucose Dulbecco’s modified Eagle medium supplemented with 10%
MSC FBS (Invitrogen, Carlsbad, CA), 1% L-glutamine (Invitrogen, Carlsbad, CA), and 1%
antibiotic—antimycotic (Invitrogen, Carlsbad, CA). Media was changed every 3 days, and the
cells were cultured to confluence at 37 °C and 5% CO». Cells were used at passage 6.

Scaffold Seeding and Culture Conditions.—Hydrated, cross-linked scaffolds were
soaked in growth media overnight at 37 °C before being tapped dry on a Kimwipe and
placed in ultralow attachment 6-well plates (Fisher, Waltham, MA). Confluent h(MSCs were
trypsinized and resuspended in growth media at a concentration of approximately 78 000
cells per 20 £ in preparation for static seeding.36 Ten microliters of the cell suspension
were added to one side of the scaffolds. Then the scaffolds were incubated for 15 min at
37 °C and flipped, and another 10 zi_ of cell suspension was added. To allow for initial cell
attachment, scaffolds were placed in the incubator for 2 h before additional growth media
was added. Scaffolds were incubated at 37 °C and 5% CO, for 24 h before the media was
exchanged for one of three inflammatory challenge media formulations that was then
replaced every 3 days throughout the experiment: (1) control, growth media; (2)
inflammatory, media supplemented with 0.1 ng/mL of the pro-inflammatory factor
interleukin-1 B (IL-18) and 1 ng/mL tumor necrosis factor a (TNFa); (3) highly
inflammatory, media supplemented with 1 ng/ mL of IL-18and 10 ng/mL TNFa.

Metabolic Activity Quantification.

A non-destructive alamarBlue assay (Invitrogen, Carlsbad, CA) was used to measure the
metabolic activity of the MSCs within the collagen scaffolds.36:46 At the start of the
experiment, a metabolic activity standard curve was created by culturing a known number of
cells (ranging from 25 to 300% of the total cells seeded) for 2 h in a 1x alamarBlue solution
supplemented with cytokines from each of the three media variants. At each experimental
time point (days 1, 4, and 7), scaffolds were removed from culture, rinsed in PBS, and
incubated under gentle shaking at 37°C for 2 h in a 1x alamarBlue solution containing the
media variant of the primary culture. Using a fluorescent spectrophotometer, resorufin
fluorescence was measured (excitation of 540 nm and emission of 590 nm). Metabolic
activity was interpolated to the standard curve and reported as a percentage of the total
number of seeded cells.

Gene Expression Analysis through RNA Isolation and Real-Time PCR.

RNA was isolated from scaffolds with an RNeasy Plant Mini kit (Qiagen, Valencia, CA).
The scaffolds were rinsed in PBS to remove any dead or unattached cells, cut in half with a
razor, and immersed in the kit’s lysis buffer for 5 min on ice.*® RNA was isolated following
the kit’s instructions and total RNA was quantified using a Nanodrop. The RNA was
reverse-transcribed using a QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA) and
a Bio-Rad S1000 thermal cycler. Real-time polymerase chain reaction (PCR) was performed
with an Applied Biosystems 7900HT Fast Real-Time PCR System (Carlsbad, CA) to
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measure gene expression levels for IL-6 (/L6 forward:
TCAATATTAGAGTCTCAACCCCCA and reverse: TTCTCTTTCGTTCCCGGTGG), IL-8
(CXCLS, forward: ACTGAGAGTGATTGAGAGTGGAC and reverse:
AACCTCTGCACCCAGTTTTC), collagen | (Coll, COL1AZ, forward:
TGACCTCAAGATGTGCCACT and reverse: ACCAGACATGCCTCTTGTCC), collagen
I11 (Collll, COL3A1, forward: GCTGGCATCAAAGGACATCG and reverse:
TGTTACCTCGAGGCCCTGGT), tenascin-C (TNC, 7NC, forward:
TTCACTGGAGCTGACTGTGG and reverse: TAGGGCAGCTCATGTCACTG), and
scleraxis (SCX, SCXB, Qiagen QuantiTect Primer Assay Kit, no sequence available).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH: forward:
AAGGTGAAGGTCGGAGTCAAC and reverse: GGGGTCATTGATGGCAACAATA) was
used as a housekeeping gene. The expression of IL-6 and IL-8 was evaluated at days 1, 4,
and 7 post-challenge, and Col I, Col I1l, TNC, and SCX were only reported at day 7 for
early-term tenogenesis, consistent with recent literature from our group examining MSC
tenogenic differentiation in collagen scaffolds.3%59 All results were expressed as fold
changes relative to expression levels of cells cultured in scaffolds at the same time point with
no (pro- or anti-) inflammatory stimuli (C/CS scaffolds in control media).

Statistical Analysis.

RESULTS

One-way analysis of variance (ANOVA) followed by Tukey-HSD post-hoc test was
performed on the mechanical analysis data as well as the gene expression data at each time
point. The metabolic activity was analyzed using a two-way, repeated-measures ANOVA
followed by Tukey-HSD post-hoc test. A pvalue of <0.05 was used for significance. All
analyses were based on a minimum of 77 = 4 scaffolds unless otherwise noted. Error is
reported as the standard error of the mean in the figures.

Soluble Factors Released from Amniotic Membrane.

The factors released from sheets of amniotic membrane were semiquantitatively analyzed
using a cytokine array. The fold change in spot intensity of factors of interest, those active in
the wound healing cascade compared to a blank control are presented in Table 1. The release
of pro-proliferative factors such as PDGF and VEGF is low. There is heightened release of
anti-inflammatory factors (IL-10, IL-1RA, and TIMP-1/2) and large increases in the release
of factors associated with pro-inflammatory processes (IL-18, IL-8, and TNF-a). We
subsequently monitored the release kinetics of a single factor of interest (IL-8) from the
decellularized C/AM versus control C/CS scaffolds over time via an ELISA assay (Figure
1). While conventional C/CS scaffolds showed no IL-8 release, C/AM scaffolds released a
significantly (p < 0.0001) larger amount of cytokine (approximately 250 pg/mL).
Furthermore, the cumulative release of 1L-8 increased with time until day 3, which showed
significantly greater IL-8 release compared with the results from 12 and 24 h (p < 0.05).

Cell Metabolic Activity under Pro-Inflammatory Media Conditions.

We subsequently tracked the metabolic health of human MSCs within each scaffold variant,
comparing the metabolic health prior to the pro-inflammatory challenge (day 0) with that
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observed at subsequent time points in response to inflammatory challenge (days 1, 4, and 7)
(Figures 2A and5A). While increases in metabolic health per construct over time suggests
cell expansion, there were no statistically significant differences in the metabolic activity of
cells within these scaffold groups over the course of the entire 7 day experiment, regardless
of whether the scaffolds were in control media (Figure S2), inflammatory media (Figure
2A), or highly inflammatory media (Figure 5A).

Gene Expression of MSCs Cultured in 3D Scaffolds under Pro-Inflammatory Conditions.

We then examined the expression of genes encoding for pro-inflammatory cytokines IL-6
and IL-8 as a function of scaffold environment in inflammatory media (Figure 2B,C).
Following inflammatory challenge with IL-15and TNFa, IL-6 expression is elevated in
CI/CS scaffolds but not significantly greater than that of the control or the expression in
scaffolds containing amniotic membrane (Figure 2B). Conversely, in response to
inflammatory challenge, IL-8 expression is significantly (p < 0.05) higher in C/CS scaffolds
(compared to the control media) at all time points (days 1, 4, and 7). Interestingly, MSCs
cultured in C/ AM scaffolds show significantly lower expression of IL-8 than those in
challenged CS scaffolds at day 4 of the experiment. Furthermore, IL-8 expression at days 1
and 4 for MSCs challenged with inflammatory media in the C/AM scaffolds was no
different than IL-8 expression levels for MSCs in CS scaffolds in control media (Figure 2C).

Structural and Mechanical Performance of the CG-AM Core—Shell Composite.

SEM images of dry, core—shell C/CS plus AM composites show that there is consistent
union between the scaffold core and the amniotic membrane (indicated with an arrow)
without evidence of delamination, confirming that the membrane is well-integrated with the
bulk of the material (Figure 3A). A similar microstructure is seen in the C/CS and C/AM
scaffolds (Figure S3). Following hydration, the AM shell swells (arrow) but remains in
contact with the core scaffold (Figure 3B). Tensile mechanical testing (representative curves
in Figure 4C) revealed a single layer of AM wrap around the CG scaffold was insufficient to
significantly increase the elastic modulus (Figure 4A) of the core—shell composite as
compared with C/CS and C/AM scaffolds alone. All scaffolds performed as low-density
open cell foams, with maximum strain at failure occurring at less than 25% applied strain
(Figure 4B,C).

Cellular Response of MSCs Cultured in Core—Shell Amnion Scaffolds.

We subsequently compared the response of MSCs to highly inflammatory challenge media
when cultured in conventional C/CS scaffolds, C/AM scaffolds that incorporate the AM
matrix into the scaffold structure, or core—shell composite composed of a C/CS scaffold core
and an AM membrane shell (C/CS plus AM). Consistent with the Cell Metabolic Activity
under Pro-Inflammatory Media Conditions section results for C/CS and C/AM scaffolds in
inflammatory media, MSCs did not exhibit significant difference in metabolic activity under
highly inflammatory media challenge (Figure 5A). Examining IL-6 and IL-8 gene
expression levels under highly inflammatory challenge, MSCs in C/CS plus AM scaffolds
showed a trend of higher expression at day 1 but then a drop in expression at later time
points (days 4 and 7; Figure 5B,C). Furthermore, while IL-6 expression was increased in
MSCs in the C:CS scaffolds compared to control media after 4 days of inflammatory
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challenge, IL-6 expression levels were significantly reduced in MSCs in C/AM scaffolds and
CICS plus AM wrap composites (p < 0.05, compared to C/CS scaffolds) (Figure 5B). By
day 7, only the MSCs in the C/CS plus AM scaffolds show a significant decrease in IL-6
expression compared with those cultured in CS scaffolds in highly inflammatory media
(Figure 5B). While MSCs in the C/CS plus AM wrap composite and the C/AM scaffold
showed reduced IL-8 expression compared with MSCs in the C/CS scaffolds at day 4, the
effect was only significant in the C/CS plus AM composites at day 7 (p < 0.05; Figure 5C).

Tenogenic Phenotype of MSCs Cultured in Core—Shell Amnion Scaffolds.

Due to recent evidence that the aligned nature of these collagen-based scaffolds supports
tenogenic differentiation of mesenchymal stem cells,39:°0 the expression of key tenogenic
genes was evaluated; here, under inflammatory challenge. The expression of collagen type |
(Col I) under inflammatory conditions was not significantly different across all scaffold
types and control conditions (Figure 6A). However, MSCs in the scaffolds containing
amniotic membrane matrix (C/AM and C/CS plus AM) under the highly inflammatory
challenge showed significantly (p < 0.05) lower expression of Col | compared with cells in
C/ CS scaffolds receiving no inflammatory challenge (control) (Figure 6A). There were no
significant differences in collagen type 111 (Col 111) expression (Figure 6B). The C/CS plus
AM scaffolds supported increased expression of the tendon marker tenascin-C (TNC) over
C/AM scaffolds in inflammatory media conditions (Figure 6C). While MSC expression of
scleraxis (SCXB) in both C/AM and C/CS plus AM scaffolds in inflammatory media was no
different from the aligned C/CS scaffolds cultured without inflammatory media, C/CS
scaffolds under inflammatory conditions were not able to sustain the expression of this
marker of tenogenic differentiation (Figure 6D).

DISCUSSION

In the treatment of massive tendon tears, biomaterials provide an exciting opportunity for
improved healing over native healing cascades and surgical reattachment techniques. Current
technologies often do not address inflammatory and repair-mediated signaling cascades,
which can lead to scar formation, decreased mechanical properties, and high rates of
repeated failure.?! Particularly important is the understanding that the material implant is
likely to experience the body’s native inflammatory response to the initial injury. Extended
inflammation can have detrimental effects on healing outcomes.! Facilitating the transition
from the inflammatory phase of healing to one of proliferation and remodeling is a strategy
that may have advantages in preventing scar formation.52-55

Our efforts were inspired by two orthogonal technologies that have demonstrated promise
regarding promotion of regenerative healing and the potential to alter host inflammatory
response. First, collagen—glycosaminoglycan (CG) scaffolds are biodegradable, bioactive,
three-dimensional materials that mimic the composition and microstructure of the
extracellular matrix. Studied for an array of applications,2’-33 they promote regeneration by
preventing myofibroblast-initiated contraction and subsequent scar tissue formation.343% A
microstructurally aligned (anisotropic) CG scaffold variant has recently been introduced as a
platform for tendon-repair applications.36-38:56.57 The second technology, human amniotic
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membrane, has also been suggested to promote regenerative healing but is typically
employed as a two-dimensional decellularized sheet to temper the inflammatory response at
the injury site.1”21 Together, these materials offer both a tendon-mimicking structure and a
source of immunomodulatory matrix and soluble molecules to alter cellular response in
tendon regeneration applications. In the body, MSCs travel to sites of injury and
inflammation as part of the tissue repair and regeneration process. Their complex
immunomodulatory role in wound healing has been extensively studied, and while it is not
completely clear how MSCs regulate the body’s immune response, their response to the
local environment of soluble factors can direct macrophage phenotype.>8

This work demonstrates that amniotic membrane matrix can be incorporated into the bulk of
a collagen scaffold but also as a membrane wrap around the scaffold to form a core—shell
composite. We employ a directional solidification approach to create an anisotropic pore
architecture within the scaffold phase to mimic the anisotropic characteristics of native
tendon. Previous studies using these anisotropic CG scaffolds have shown that scaffold
architecture is sufficient to maintain a tenocyte phenotype of primary equine tenocytes3”:38
and to enhance Smad2/3 expression and subsequent MSC differentiation toward a tenogenic
phenotype.38:56:57 Our alternative incorporation of AM matrix as a membrane wrap to form
a core—shell composite design is inspired by modern surgical techniques that use
commercially available tendon wraps.3# We previously showed that multiple layers of a
high-density collagen membrane could be stably incorporated around a CG scaffold core to
tune the mechanical competence of the resultant core—shell composite for tendon
applications.*6:59 In the current study, the amniotic membrane did not significantly improve
the scaffold strength. This could be due to potential points of weakness introduced by the
physical manipulation of the membrane during isolation, drying, and scaffold fabrication or
delamination of the AM during testing as a result of incomplete integration with the core
scaffold. This could be improved by increasing the number of AM layers used for wrapping
and the time allowed for the collagen suspension to soak into the AM prior to lyophilization.
While, for this study, we only used a single layer of AM, this alone provides the ability to
incorporate a larger amount of AM matrix per scaffold (3.4 times in mass) than in the
traditional C/AM scaffold format.

The amniotic membrane has been shown to promote anti-inflammatory, scarless wound-
healing processes in vivo.2! This tissue is biologically active and contains a host of growth
factors and cytokines that play essential roles in tissue development in utero and as a wound
dressing.50 In this study, the growth factor content of the amniotic membrane was evaluated
with a cytokine array. While it was expected that the amniotic membrane would release anti-
inflammatory factors such as I1L-10, it was a surprise to see the extent to which pro-
inflammatory signals were also released from the membrane (Table 1). We speculate that
these factors may be important in priming the wound healing cascade and, in combination
with anti-inflammatory signals, may expedite the transition to pro-healing processes. Further
work characterizing the AM’s growth factor/cytokine release kinetics as well as
inflammatory responses in vivo needs to be completed to confirm this. When the release of
pro-inflammatory 1L-8 from AM-containing scaffolds was quantified, we report cytokine
concentrations on the order of 300 pg/mL, suggesting that the release of biomolecules from
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the AM content of the scaffolds may contribute to the immunomodulatory responses
observed for both the C/AM and C/CS plus AM scaffold variants.

Mesenchymal stem and stromal cells are multipotent progenitor cells,52 found primarily in
bone marrow or adipose tissue,52 which offer favorable characteristics in the form of self-
renewal5! and capacity to differentiate toward specialized cells of the musculoskeletal
system, including tenocytes.63 While they can be added exogenously to a tissue-engineering
scaffolds, MSCs often also accumulate at sites of injury, making it essential to evaluate MSC
activity in response to inflammatory challenge.54.65 We first evaluated the bioactivity of
MSCs within our C/CS versus C/AM scaffold variants using an alamarBlue metabolic
activity assay. MSCs showed similar responses in terms of overall metabolic activity in each
scaffold variant (C/CS, C/AM, and C/CS plus AM) under all media condition: control
(Figure S2), inflammatory (Figure 2A), and highly inflammatory (Figure 5A). Metabolic
activity was normalized to the activity of the population of MSCs initially seeded into the
scaffolds. Thus, while constructs showed metabolic activities initially less than 100% at
experiment Day 0 (1 day post-seeding when inflammatory media was first added), this is
consistent with previous findings in CG scaffolds. Not all cells seeded into the scaffold will
attach, and cell attachment is directly related to scaffold microstructure.32 The uniformity in
initial MSC metabolic activity between groups is consistent with our previous finding that
the incorporation of AM matrix into the scaffold does not alter scaffold pore structure.*3
Most importantly, MSC metabolic activity increased over time, showing all AM-
functionalized scaffold variants support the cellular activity of the MSCs. Even though high
levels of 1L-1/ have been previously shown to negatively affect MSC proliferation,®® there
were no significant differences associated with inflammatory media challenge in any
scaffold variant. Because age and sex are factors in MSC behavior, future studies would
benefit from testing MSCs from multiple donors.

Several MSC secreted factors have been identified as key immunomodulators in the wound-
healing cascade.8 Of these, this manuscript discusses the gene expression for pro-
inflammatory cytokines IL-6 and IL-8. When MSCs are applied therapeutically to a
cutaneous wound site, decreased inflammation and improved healing is correlated with
decreases in the overall secretion of 1L-6.57 The same is seen in the case of MSC treatment
for corneal injuries.® 1L-6 can also promote the migration of immune cells and fibroblasts
to the wound site and is correlated with the stimulation of wound healing.® Similarly, the
presence of IL-8 in normal wound healing environments leads to keratinocyte migration in
vitro’%.71 and enhanced wound healing in mice,”273 although excessive inflammation and
IL-8 production can lead to delayed wound closure.”* Studies have shown that by
introducing MSCs to a myocardial injury, the overall expression of IL-8 is reduced along
with the extent of inflammation, leading to improved cardiac function.”® In the current work,
the expression levels of IL-6 and IL-8 in MSCs were moderately down-regulated (Figures 2
and 5) when the cells were cultured in collagen scaffolds containing amniotic membrane
matrix (either C/AM or C/CS plus AM scaffolds). General trends in the study of tenogenic
markers here show an inhibition of tenogenesis in MSCs as a result of pro-inflammatory
media conditions. AM-containing scaffolds only perform marginally better than C/CS
scaffolds compared with their controls. A study that combines anisotropic C/AM or C/ CS
plus AM scaffolds with mechanical strain stimuli, which we have previously shown to
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enhance MSC tenogenesis in C/CS scaffolds,? would be informative in evaluating what
factors are primed to make an impact in pro-inflammatory conditions. In both
immunomodulatory genes and the genes associated with tenogenic function, protein
expression to confirm the MSC response at later time points will be a critical consideration
moving forward.

Future work considering MSC culture in conjunction with inflammatory cells found in early
tendinopathy (e.g., macrophages and T cells)?6 will also be critical for investigating the
downstream effects of scaffold-induced immunomodulation. Additionally, in the scope of
tendon regeneration, there are additional factors that should be considered in future works
such as the mediation of IL-17A on tissue remodeling’’ and the activation of inflammatory
pathways particular to tendon disease.”® It is unclear if the modulation of 1L-6 and IL-8
expression will have positive or negative implications on long-term Kinetics of macrophage
activity, matrix remodeling, and improved healing, all of which are the subject of ongoing
efforts in our laboratory. However, recent results in the literature demonstrated aligned
substrates can induce more predominant M2-like responses in the absence of cytokines.”® As
a result, AM-modified CG scaffolds, which exhibit both aligned matrix elements along with
biomolecular features of the AM, may be particularly beneficial for modulation of
macrophage phenotype. Ongoing efforts are also investigating the role amniotic membrane
scaffolds play in cell recruitment, macrophage response, and early metrics of wound healing
in vivo.

CONCLUSIONS

The amniotic membrane serves as a powerful source of immunomodulatory material. While
it has been conventionally used as a two-dimensional membrane or as a micronized powder
for tissue regeneration or altered healing applications, the potential benefits developing fully
three-dimensional biomaterials based on AM matrix remains underexplored. In this
manuscript, AM matrix was incorporated into 3D collagen biomaterial under development
of tendon repair applications via two means: bulk incorporation to form a porous collagen—
AM scaffold or as a membrane wrap surrounding a collagen— glycosaminoglycan scaffold to
form a core—shell composite. We examined the metabolic activity and immunomodulatory
response of human mesenchymal stem cells within these scaffolds in response to an
inflammatory media challenge. Expression profiles of immunomodulatory genes IL-6 and
IL-8 suggest that while MSCs exhibit a response to media challenge, MSCs within AM-
functionalized collagen scaffolds show a varied response in early stages after inflammatory
challenge. These results, along with the potential to utilize the amniotic membrane as a wrap
to increase the mechanical performance of the resultant composite while also maintaining
the beneficial immunomodulatory effect of the AM matrix, suggest a robust path for
incorporating amniotic membrane matrix to create three-dimensional biomaterials to
enhance tendon regeneration potential.
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Refer to Web version on PubMed Central for supplementary material.
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Release of IL-8 from scaffolds
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Figurel.

Cumulative release of 1L-8 from un-cross-linked C/CS and C/AM scaffolds into PBS over
the course of a week. Single asterisks denote statistical significance (o < 0.05) between the
groups indicated. Double asterisks indicate statistical significance (p < 0.05) from the CS

scaffolds at corresponding time points.
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Figure2.
Human mesenchymal stem-cell activity. (A) Metabolic activity in each scaffold variant was

completed using alamarBlue in 3D culture media supplemented with 0.1 ng/mL of the pro-
inflammatory factor interleukin-1 g (IL-18) and 1 ng/mL tumor necrosis factor a (TNFa)
(inflammatory group). The expression of pro-inflammatory cytokines (B) IL-6 and (C) IL-8
was also evaluated in this inflammatory media condition. Expressed as fold change
internally normalized to GAPDH and externally normalized to the expression of cells
cultured in CS scaffolds in control media (non-inflammatory control group). C/CS,
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collagen—chondroitin sulfate scaffolds; C/AM, collagen—amniotic membrane scaffolds.
Asterisks denote statistically significant (p < 0.05) differences between groups, while the
upward caret indicates a significant difference (p < 0.05) between the group indicated and
the expression in corresponding non-inflammatory control group.
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Figure 3.
Images of amniotic membrane-wrapped scaffolds. (A) Scanning electron microscopy of

core-shell scaffolds with a collagen—chondroitin sulfate core and amniotic membrane shell
(white arrow). The scale bar is 200 um. (B) Macro image showing hydrated scaffolds in the
well of a 6-well plate; the amniotic membrane indicated by a white arrow.
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Figure4.
Mechanics of dry, three-dimensional scaffolds. (A) Elastic modulus. (B) Maximum strain.

(C) Representative stress—strain curves for each scaffold type. C/CS, collagen—chondroitin
sulfate scaffolds; C/AM, collagen—amniotic membrane scaffolds; C/CS +AM: core—shell
scaffolds with a collagen—chondroitin sulfate core and amniotic membrane shell.
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Release of IL-8 from scaffolds
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Figure5.
Comparison of cellular response of MSCs in C/CS and C/ AM scaffolds to those cultured in

C/CS plus AM scaffolds in highly inflammatory media conditions (1 ng/mL of IL-18and 10
ng/mL TNFa). (A) Metabolic activity assayed using alamarBlue. Gene expression is
reported as fold change internally normalized to GAPDH and externally normalized to the
expression of cells in the non-inflammatory control for both (B) IL-6 and (C) IL-8. Asterisks
denote statistically significant (p < 0.05) differences between groups, while upward carets
indicate a significant difference (p < 0.05) between the group indicated and the expression in
the corresponding control.
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Tenogenic gene expression of MSCs cultured in C/CS, C/AM, or C/CS plus AM scaffolds
under inflammatory or highly inflammatory media conditions. Gene expression is reported
as fold change internally normalized to GAPDH and externally normalized to the expression
of cells in the non-inflammatory control. Asterisks denote statistically significant (v < 0.05)
differences between groups, while the downward caret indicates a significant difference (p <

0.05) between the group indicated and the expression in the corresponding control.
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Factors Released from Sheets of Amniotic Membrane and Assessed with a Cytokine Arraya

Table 1.

Page 25

Factor Role Folo Change | Key
Platelet-derived growth factor (PDGF-BB) Immunomodulatory: stimulates chemotaxis and ECM production <2
Vascular endothelial growth factor (VEGF) Proliferative: angiogenic <5
Interleukin 10 (IL-10) Anti-inflammatory, anti-fibrotic <10
Interleukin | receptor antagonist (IL-IRA) Anti-inflammatory: blocks activity of 1L-1 >10

Tissue inhibitor of metalloproteinase 1 (TIMP-1)

Anti-inflammatory: inhibits MMP induced degradation

Tissue inhibitor of metalloproteinase 2 (TIMP-2)

Anti-inflammatory: inhibits MMP induced degradation

Basic fibroblast growth factor (bFGF)

Proliferative: enhances fibroblast proliferation, angiogensis

Interferon gamma (IFNy)

Immunomodulatory: activates macrophages

Interleukin 1 alpha (IL-1a)

Pro-inflammatory

Interleukin 1 beta (IL-1B)

Pro-inflammatory

Interleukin 8 (IL-8)

Pro-inflammatory: enhances cell migration

Transforming growth factor beta 1 (TGF-f3)

Immunomodulatory: angiogenic

1 ‘umor necrosis factor alpha (TNF-a)

Pro-inflammatory

Tumor necrosis factor beta (TNF-B)

Pro-inflammatory

a, .
Select factors are shown here, normalized to a blank control, and reported as fold changes.
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