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Abstract

Purpose: To create a viable, mechanically expanded autograft long head biceps tendon (LHBT)
scaffold for biologically augmenting the repair of torn rotator cuffs.

Methods: The proximal aspect of the tenotomized LHBTSs were harvested from patients during
rotator cuff repair surgery and were mechanically formed into porous scaffolds using a surgical
graft expander. LHBT scaffolds were evaluated for change in area, tensile properties, and tenocyte
viability before and after expansion. The ability of endogenous tenocytes derived from the LHBT
scaffold to promote tenogenic differentiation of human adipose derived mesenchymal stromal cells
(ADMSCs) was also determined.

Results: Autograft LHBTSs were successfully expanded using a modified surgical graft expander
to create a porous scaffold containing viable resident tenoctyes from patients undergoing rotator
cuff repair. LHBT scaffolds had significantly increased area (length: 24.91mm [13.91, 35.90] x
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width: 22.69mm [10.87, 34.50]; p=0.011) compared to the native LHBT tendon (length: 27.16mm
[20.70, 33.62] x width: 6.68mm [5.62, 7.74]). The structural properties of the autograft were
altered including the ultimate tensile strength (LHBT scaffold: 0.56MPa [0.06, 1.06] vs. native
LHBT: 2.35MPa [1.36, 3.33]; p=0.002) and tensile modulus (LHBT scaffold: 4.72MPa [-0.80,
10.24] vs. native LHBT: 37.17MPa [24.56, 49.78]; p=0.001). There was also a reduction in
resident tenocyte percent viability (LHBT scaffold: 38.52% [17.94, 59.09] vs. native LHBT:
68.87% [63.67, 74.37]; p=0.004). Tenocytes derived from the LHBT scaffold produced soluble
signals that initiated ADMSC differentiation into an immature tenocyte-like phenotype, as
indicated by an 8.7x increase in scleraxis (p=0.040) and a 3.6x increase in collagen type 111
MRNA expression (p=0.050) compared to undifferentiated ADMSC controls.

Conclusions: The ability to produce a viable autologous scaffold from the proximal biceps
tendon having dimensions, porosity, mechanical characteristics, native ECM components, and
viable tenocytes that produce bioactive signals conducive to supporting the biologic augmentation
of rotator cuff repair surgery has been demonstrated.
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INTRODUCTION

It is estimated that two million people seek medical attention each year for rotator cuff
pathology in the United States and approximately 460,000 undergo surgery.: Over the last
20 years, there have been numerous strides in surgical fixation techniques with introduction
of the double row and suture bridge techniques that give greater load to failure and higher
footprint contact pressure.2-> Despite these advances, Galatz et al. found a 94% retear

rate after surgery for large and massive rotator cuff tendon tears in their series of patients
between 1997 and 2000.8 Current studies still demonstrate re-tear rates of approximately
20% for all tears and over 40% in massive tears.’~ The retear rate remains unacceptably
high despite the advances in mechanical stability at the time of repair.

Rather than insufficient mechanical stability, the damaged tendon may be biologically
insufficient for healing and biologic augmentation may be necessary.19-11 Biologic
augmentation during rotator cuff repair surgery has been recently popular, and various
products have been proposed. Extracellular matrix (ECM)-based acellular grafts have

been proposed to provide structural support while allowing tissue in-growth.12 Autologous
protein solutions, such as platelet rich plasma, have been proposed to promote cell-mediated
regeneration.13-17 However, limitations remain with these approaches. The grafts do not
provide the microarchitecture of the native tendon, may elicit immune reactions, and

do not contain viable cells which could contribute to tissue regeneration.18:12 Protein
solutions often contain anabolic and catabolic growth factors that have short half-lives,
providing ‘mixed signals’ to local cells and thus may not significantly improve clinical
outcomes.1” Engineered tendon constructs composed of scaffolds,14:20-22 alternative cell
sources (e.g. mesenchymal stromal cells; MSCs),23-2° and specific growth factors have

Arthroscopy. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colbath et al.

Page 3

demonstrated more promise. However, the clinical benefits of these expensive modalities
remains equivocal in the current literature.26-29

Ideal biologic augmentation for rotator cuff tendon repair would provide favorable micro-
architectural cues and biologic signals while not eliciting a severe immune response. While
commercially available scaffolds may meet these criteria, their cost remains a limitation.
Biceps tendonitis is often concurrently treated at the time of rotator cuff repair. With its
long length, the proximal aspect of the LHBT can be harvested as a free graft with an
arthroscopic or open technique. The distal aspect of the tendon can be used for tenodesis
per surgeon discretion. The harvested proximal LHBT can provide a “no-cost”, technically
straightforward, readily available graft that does not trigger an immune response and
possesses the desired highly organized parallel-oriented collagen architecture. Depending
on the clinical needs, the graft could also serve as a carrier for supplemented MSCs for use
in tears with a higher risk of post-operative retear.

Ideally, grafts or scaffolds used to augment rotator cuff repair would cover the entirety of
the diseased tendon. The LHBT graft at its original size would only cover smaller tears.
Since many of the tears at high risk are larger, the LHBT graft needs to be enlarged to

fit the size of the defect. The purpose of this study was to create a viable, mechanically
expanded autograft long head biceps tendon (LHBT) scaffold for biologically augmenting
the repair of torn rotator cuffs. A skin graft mesher was used to mechanically expand the
LHBT similarly to how it would be used during a skin grafting procedure. The specific
objectives of the studies herein were to determine: (1) the ability to form an expanded
porous scaffold using LHBT, (2) the effect of the meshing process on the mechanical
properties and tenocyte viability of the LHBT scaffold, (3) the ability of soluble mediators
released by tenocytes derived from LHBT scaffolds to induce tenogenic differentiation of
adipose derived MSCs (ADMSCs), and (4) the ability of scaffolds to support ADMSCs
alignment and acquisition of a tenocyte-like morphology. It was hypothesized that a novel
low morbidity, reproducible autograft scaffold that supports MSC differentiation could be
created by mechanically expanding LHBT from patients undergoing rotator cuff repair.

METHODS
LHBT SCAFFOLD FORMATION

To complete objective 1, a single human cadaveric LHBT specimen was harvested and cut
perpendicular to the long axis of the tendon yielding 25mm segments (n=4) (Figure 1).

The LHBT segments were longitudinally bisected with a scalpel to near full diameter to
“butterfly” the graft (Figure 1). The butterflied segments were then placed on a 1.1mm thick
polymer carrier tray and perforated using a skin graft mesher (Zimmer Biomet, Warsaw,
Indiana) with a 2:1 expansion ratio cutter. Average length, width, and thickness of each
graft was determined by measuring at three different locations along the grafts using a
digital caliper having a resolution of a one-hundredth of a millimeter. Measurements were
taken prior to butterflying, after butterflying, and after meshing the tendon to determine
how dimensions changed with each step. Area was calculated as length x width. Percent
change in area was calculated using the following equation: (final area - initial area) / initial
dimensions x 100.
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LHBT SCAFFOLD TENSILE PROPERTIES

To complete objective 2, human cadaveric LHBT specimens were harvested and cut
perpendicular to the long axis of the tendon yielding 20mm segments (n=10). LHBT
scaffolds (n=5) and native LHBT segments (n=5) were clamped having their long axis
aligned with the actuator of an MTS mechanical testing machine fitted with a 1L000N load
cell. Sample hydration was maintained throughout testing by using a room temperature
physiological saline bath. Prior to testing, the distance between the tissue clamps was
measured with digital calipers and was input as the gauge length into the test software for
use in subsequent strain calculations. Additionally, segment width (W) and thickness (T)
was measured using calibrated calipers and original cross-sectional area was calculated by
W x T and expressed in square millimeters. Samples were pre-conditioned to 10% strain
(i.e. segments were stretched to 10% of their original gauge length) for five cycles prior to
undergoing uniaxial tensile testing to failure at a rate of 10mm/min. Load and displacement
data were recorded in the units of Newtons and millimeters, respectively. Engineering stress
and strain were calculated with TestWorks 4 software (City, State) using the original cross-
sectional area and gauge length of the segments, respectively. The ultimate tensile strength
(UTS) was calculated by dividing the maximum applied force by the original cross-sectional
area of the segment (N/mm? = Megapascal (MPa)). Tensile modulus was calculated as the
slope of the linear region of the engineering stress versus strain graph and is expressed in
the units of Megapascal. Peak tensile strain was calculated as the change in gauge length at
failure divided by the original gauge length of the segment and is expressed in the units of
millimeters / millimeters.

VIABLE HUMAN LONG HEAD BICEPS TENDON PROCUREMENT

Human LHBT samples were obtained via tenotomy from 6 consenting patients (68 + 3.4
years: 4 males, 2 females) undergoing elective shoulder surgery to repair large (n = 4)

or massive (n = 2) rotator cuff tears (Table 1). Tenotomy was performed based on the
surgeon’s assessment that pathology was present. The gross appearance of the LHBTS
ranged from normal to hour-glass shape with evidence of fraying and synovitis. Thus, the
isolated tendons were not considered to be normal healthy tendons. LHBT samples were
transported to the lab within two hours of harvest in sterile specimen vials containing 50ml
of pre-warmed Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine
serum (FBS) and 2% Antibiotic/Antimycotic (Ab/Am) solution. Samples were placed in
6-well plates in standard culture conditions (37°C, 5%CO,, 20% O,) for 48 hours prior to
use in experiments to confirm the absence of microbial contamination. These samples were
used to complete objectives 2 and 3.

TENOCYTE VIABILITY WITHIN LHBT SAMPLES AND SCAFFOLDS

To complete objective 2, viable LHBT samples (n=3) were bisected perpendicular to the
long axis of the tendon yielding a total of six segments. One segment from each sample
was formed into a scaffold while the other remained intact. Each segment was immediately
rinsed in sterile phosphate buffered saline and incubated in Live/Dead staining solution

in independent wells in a 6-well culture plate according to manufacturer’s instructions.
Subsequently, confocal microscopy (Leica SPE; laser wavelengths of 488nm and 635nm)
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was used to capture (600Hz capture speed) three-dimensional images throughout the depth
of a 50um z-stack of the tissues. Three representative images were obtained at 400X total
magnification from each segment and percent tenocyte viability was calculated as the
number of live tenocytes divided by the total number of tenocytes (both live and dead)
multiplied by 100.

TENOGENIC DIFFERENTIATION OF ADMSCs VIA LHBT SCAFFOLD TENOCYTE
CONDITIONED MEDIA

To complete objective 3, viable LHBT samples (n=3) were bisected perpendicular to the
long axis of the tendon under aseptic conditions yielding a total of six segments. One
segment from each patient was formed into a scaffold while the other remained intact.
Each segment was placed in 6-well plates containing 3ml of DMEM with 10% FBS and
1% Ab/Am and cultured for up to 28 days using aseptic technique in standard culture
conditions (37°C and 5% CO5). Media was refreshed every three days. After 14, 21, and
28 days, LHBT samples were moved to new wells and tenocytes that had migrated out

of the samples, presumably due to enhanced nutrient availability in the culture media, and
attached to the adjacent well-plate were collected. Subsequently, the tenocytes obtained from
the native LHBT or LHBT scaffold segments were pooled by their respective sources (e.g.
native LHBT or scaffold) and cryopreserved in DMEM containing 20% FBS, 1% Ab/AM
and 10% dimethyl sulfoxide at a density of 2x106 cells/ml.

Cryopreserved tenocytes were culture expanded to passage 4. Tenocytes (2x10°) from
LBHT scaffolds were seeded into each of three T-25 flasks and cultured for up to 21

days. Every three days, the culture media conditioned by the tenocytes were collected,
pooled and sterile filtered through at 0.22um filter. Subsequently, this conditioned media
was mixed in a 1:1 volumetric ratio with fresh DMEM containing 10% FBS and 1%
Ab/Am. This media was used to feed passage 4 human ADMSCs (Invitrogen) that were
seeded into six T-25 flasks (2x10° cells / flask) and cultured for up to 21 days. Every

three days, culture media was refreshed with conditioned media generated by tenocytes
derived from LHBT scaffolds. Subsequently, RNA was isolated from ADMSCs (n=3 flasks /
time-point) after day 14 and 21 of culture in conditioned media using an RNEasy Mini

Kit (Qiagen) in accordance with the manufacturer’s protocol. For comparison, RNA was
also isolated from undifferentiated ADMSCs (negative control) and tenocytes isolated from
intact LHBT (positive control). RNA quantity and quality from each sample was evaluated
using a Nanodrop spectrophotometer (ThermoFisher). A total of 500ug of RNA was reverse
transcribed using a RETROscript kit (Ambion) according to manufacturer’s instructions.
Resulting cDNA was amplified using a Rotogene 3000 thermocycler. Reaction products
were detected using validated human primer sequences (Integrated DNA Technologies:
Table 2) in conjunction with a QuantiTect SYBRgreen (Qiagen) polymerase chain reaction
kit. Relative change in gene transcript (NRNA) expression was Calculated as. 272Ct, where
ACt = (Ct Gene of interest - Ct Gapdh internal housekeeping gene)- EXpression of a putative

gene transcript marker profile indicating a tenocyte phenotype was used to evaluate
differentiation of ADMSCs cultured in conditioned media compared to positive and negative
controls. These markers included those expressed during early tendon development and
repair, including the transcription factor scleraxis and the ECM protein collagen type 3,
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respectively.30:31 Additionally, collagen type 1 and tenascin-c expression were evaluated as
they are ECM components found in the mature tendon.32

ADMSC ALIGNMENT AND MORPHOLOGY ON LHBT SCAFFOLDS

To complete objective 4, the ADMSC alignment on LHBT scaffolds was assessed

by fluorescently labeling ADMSCs with PKH26 (Sigma) according to manufacturer’s
instructions. Cells were then seeded at a density of 2x106 cells / scaffold (n=3/time-point)
for up to 7 days. Culture was performed in DMEM containing 10% FBS and 1% Ab/Am
under standard conditions (37°C and 5% CO,). Two hours and 7 days post-seeding,
fluorescent imaging was performed using a Zeiss AxioVert microscope was used to visualize
PKH26 labeled ADMSC alignment in relation to the scaffold fiber direction (visually
confirmed via polarized light microscopy) and cell morphology. Three representative images
were obtained for each scaffold captured at 400x total magnification.

STATISTICAL ANALYSIS

Statistical analysis of the data was performed using GraphPad Prism 7 software. Results
are represented as means and 95% Confidence Intervals [lower interval, upper interval].
Statistical comparisons between study groups were performed using a Students t-test of
equal variance. Significance was defined as p < 0.05.

RESULTS
LHBT SCAFFOLDS CAN BE RELIABLY FORMED USING A SURGICAL GRAFT EXPANDER

Completion of objective 1 demonstrated that cadaveric human LHBT scaffolds had
significant increases in width (p=0.027) and area (p=0.011) compared to native LHBT
(Figure 1A thru D). There was a concomitant decrease in thickness (p=.008) compared to
native LHBT (Figure 1E). Average percent change in LHBT tendon area after butterflying
and meshing was 62.53% and 196.28%, respectively, resulting in average areas of
296.03mm?2 [197.4, 394.7] (L: 29.48mm [23.57, 35.39] x W: 9.98mm [8.23, 11.72]) and
551.18mm? [235.10, 867.20] (L: 24.91mm [13.91, 35.90] x W: 22.69mm [10.87, 34.50]),
respectively.

LHBT SCAFFOLD TENSILE PROPERTIES

Completion of objective 2 demonstrated that the LHBT scaffold tensile properties were
significantly different compared to native LHBT. The uniaxial tensile testing performed on
native LHBT and LHBT scaffolds in the longitudinal axis (e.g. along the fiber direction)
(Figure 2A) demonstrated that scaffold formation resulted in a 66.4% reduction in ultimate
tensile strength and an 87.3% reduction in tensile modulus compared to native LHBT
(Figure 2B&C). Conversely, scaffold formation resulted in a 113.5% increase in peak tensile
strain compared to native LHBT (Figure 2D).

VIABILITY OF ENDOGENOUS TENOCYTES WITHIN LHBT SCAFFOLDS

Completion of objective 2 also illustrated that viable tenocytes were found throughout
the native LHBT and LHBT scaffold samples via LIVE/DEAD staining (Figures 3A&B,
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respectively). Negative controls contained no viable cells (Figure 3C). Percent viability
was significantly different (p=0.004) comparing tenocytes in native LHBT (68.87% [63.37,
74.37]) compared to tenocytes in LHBT scaffolds (38.52% [17.95, 59.09]) (Figure 3D).

TENOGENIC DIFFERENTIATION OF ADMSCS CULTURED IN MEDIA CONDITIONED BY
LHBT SCAFFOLD TENOCYTES

Completion of objective 3 demonstrated that tenogenic differentiation of ADMSCs was
initiated by culturing them in the presence of media conditioned from tenocytes originating
from the LHBT scaffolds. Scleraxis expression was 8.67-times higher (p=0.040) in
ADMSCs cultured in conditioned media at Day 21 compared to undifferentiated ADMSC
controls (Figure 4A). Additionally, collagen type 3 expression was 3.63- (p=0.042) and
4.25-times (p=0.034) higher at Days 14 and 21 in ADMSCs cultured in condition media
compared to undifferentiated ADMSCs and 3.08- (p=0.026) and 3.61-times (p=0.048)
higher at Days 14 and 21 in ADMSCs cultured in conditioned media compared to LHBT
tenocyte controls (Figure 4B). The expression of collagen type | increased in ADMSCs
cultured in conditioned media as time progressed but did not reach levels observed in
tenocyte positive controls (Figure 4C). Tenascin C expression in ADMSCs cultured in
conditioned media was comparable to tenocyte controls at 14 and 21 days (Figure 4D).

LHBT SCAFFOLDS SUPPORT ADMSC ALIGNMENT AND ACQUISITION OF A TENOCYTE-
LIKE MORPHOLOGY

Completion of objective 4 demonstrated that ADMSCS were aligned along collagen fibers
in LHBT scaffolds. Two hours after seeding (e.g. Day 0) on LHBT scaffolds, ADMSCs were
found on the scaffold and exhibited a rhombohedral morphology (Figure 4E). This indicated
that the cells were able to attach to the ECM of the LHBT scaffold but had yet to align.
Following seven days of culture on LHBT scaffolds, ADMSC morphology was elongated,
and the cell bodies were aligned parallel to the direction of collagen fibers found within

the LHBT (Figure 4F). Together, imaging illustrated a change in ADMSC morphology
indicative of cell attachment and alignment over time.

DISCUSSION

This study has established that: 1) LHBT from patients undergoing rotator cuff repair

can be formed into porous autograft scaffolds, 2) scaffolds exhibited reduced mechanical
properties and viable autologous tenocytes compared to native LHBT, 3) tenocytes from
LHBT scaffolds produced cytokines that promoted the initiation of tenogenic differentiation
in ADMSCs, and 4) LHBT scaffolds supported ADMSC alignment and acquisition of a
tenocyte-like morphology.

The LHBT is often released from the labrum during rotator cuff repair surgery,33 as the
proximal portion of the tendon is thought to be a source of pain.34 The proximal segment of
LHBT can potentially be harvested, processed, and used as an autograft. Autologous LHBT
grafting has been described for the primary repair of massive rotator cuff tears.3> Various
techniques including interpositional grafting for retracted cuff tears,36 and incorporation via
weaving or overlay for large and massive cuff tears have demonstrated clinical utility.36-39
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However, due to its narrow dimensions (5-6mm diameter)#° the LHBT must often be split
in half length-wise (e.g. “butterflied”) to create a graft width that could adequately cover
the surface area of large tendon tears.4142 Herein, the current technique uses the LHBT

to create autologous porous scaffold for biologically augmenting rotator cuff repair. The
first major finding was that a surgical skin graft meshing device could be used to create

a LHBT scaffold with a uniform thickness and a footprint that will adequately cover

the insertion of the supraspinatus tendon which has a mean anterior-posterior dimension

of 25mm.#3 In addition to its dimensional characteristics, the LHBT was found to have
favorable biological and mechanical properties. It contained intact collagen fibers at the
microscopic level, similar to the native tendon, while having full-thickness porosity to allow
cell infiltration and tissue integration as well as a low tensile modulus. These characteristics
have been proven to promote tendon tissue repair and regeneration.*445 More specifically,
a similar approach has been taken to promote tendon regeneration and integration using

a 2mm thick sheet of bovine collagen having a defined fiber alignment, high (85-90%)
porosity and low tensile modulus. These characteristics are proposed to allow for improved
cell alignment, infiltration, tissue integration and handling properties.#6 Indeed, Bokor et al.
showed the generation of 2-3mm of new tendon-like tissue over repaired rotator cuff tendons
and promising early clinical results using this construct as a biological adjunct for rotator
cuff repair.#6 Similar results were also confirmed histologically in an ovine model of rotator
cuff repair.*’ However, the LHBT scaffold described herein has advantages compared to the
bovine scaffolds studied previously, namely its autologous source, lower cost, and lack of
immunogenicity.

Another significant finding from this study was the viability of human tenocytes within

the LHBT scaffold following mechanical expansion. Initial viability of the LHBT tenocytes
was approximately 70% and this viability decreased following tissue manipulation and
expansion. This could have been the result of many factors including the pathological state
of the tendon and the older patient population. Additionally, the mechanical damage induced
during the graft expansion process and thus new methods of expansion could be explored
which reduce damage to cells and increase their viability. Regardless, the viable cells may
contribute to tendon healing and regeneration when the LHBT scaffold is incorporated

at the repair site. Additionally, this study suggests that tenocytes originating from LHBT
which reside within a shoulder joint having pathological changes,*8-29 maintain an ability to
respond to local biochemical cues as evidenced by their ability to migrate out of the meshed
LHBT tissue during media conditioning (described in the methods section for objective 3).
Thus, therapeutic strategies targeting migration and/or ECM anabolism by resident tenocytes
at the repair site may also represent a feasible approach to improving tendon healing. Further
study of this phenomenon is warranted.

It was also demonstrated that tenocytes from within LHBT scaffolds derived from patients
undergoing rotator cuff repair were able to promote the initiation of tenogenic differentiation
of ADMSC:s via paracrine (e.g. growth factor / cytokine) signaling. Progressive tenogenic
differentiation of ADMSCs following culture with LHBT scaffold tenocyte conditioned
media was illustrated via increased expression levels of tenogenic markers. These markers
included increased expression of scleraxis and collagen type 3 compared to undifferentiated
ADMSCs. Scleraxis is the master transcription factor controlling tenogenesis,®1>2 and
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collagen type 3 is a primary ECM component initially deposited during tendon repair
prior to deposition of mature collagen type 1.53 Tenascin-c is a matricellular glycoprotein
that modulate cell-ECM interaction and is expressed in tendon areas that undergo high
force transmission (e.g. osteotendinous and myotendinous regions).>#:55 However, it does
appear at the time-points investigated that ADMSCs were not fully differentiated (i.e.

did not achieve a mature tenocyte phenotype) as their collagen type 1 expression was
significantly lower compared to positive controls (e.g. native tenocytes). However, it is
plausible that the expression levels of mature tenocyte markers, including collagen type 1,
could continue to increase with more time in culture. Furthermore, it is also unclear if a
specific threshold exists regarding the ratio of tenocytes and ADMSCs required to promote
tenogenic differentiation and ultimately tissue repair / regeneration in vivo.58 Additionally,
direct contact co-culture of tenocytes and ADMSCs could have resulted in enhanced
differentiation as there would be no “dilution’ effect on the soluble signals due to mixing
conditioned media with fresh media as was performed in the current study. While direct
contact co-culture methods have been shown to improve MSC differentiation compared

to indirect methods,> it can challenging to elucidate cell-specific responses without first
sorting the cells — a process that may influence cell behavior and make interpretation

of results difficult. Regardless, others have shown similar results in co-culture studies of
healthy (uninjured) tenocytes and MSCs together using direct and indirect cultures,58-60

Of note, while tenocytes from degenerative tissue have been previously shown to have

an altered phenotype which could impact their ability to promote differentiation,5? this
was not observed here possibly due to the mutually beneficial paracrine crosstalk that has
been observed previously between ADMSCs and tenocytes.52 From a clinical application
perspective, this data demonstrates the potential that MSC fate can be controlled without
in vitro manipulation and pre-differentiation prior to use. ADMSCs were used in this
study due to their greater abundance,?3:53 and the ease by which an enriched population
of ADMSCs can be obtained from lipoaspirate via a 30-minute centrifugation period
prior to shoulder surgery.54 However, it should be noted that centrifuged stromal vascular
fraction is not a pure isolation of ADMSCs, and that their numbers may be limited in

a point of care application. Moreover, ADMSC isolation from fat requires enzymatic
techniques. Further, other MSC or orthobiologic sources, including bone marrow aspirate
concentrate (BMAC),%5 PRP,%6 or bursal tissue cells®” may be alternative options for cellular
augmentation of the repair at the point of care.

Finally, the propensity ADMSCs seeded on LHBT scaffolds to attach and align along the
collagen fibers was noted. This suggests that the LHBT scaffolds provide topographical cues
that guide the organized arrangement of cells which will ultimately direct the deposition

of ECM for tendon repair. This was evidenced by ADMSCs exhibiting a transition in

cell morphology from a rhombohedral-shape two hours after seeding, to an elongated /
spindle-shape (similar to that observed in native tenocytes) after 7 days of culture. If

the ADMSCs were not able to attach and spread out, they would have remained round.
Others have demonstrated that maintenance of an elongated cell morphology is essential for
achieving and supporting an appropriate tenocyte-like gene transcript expression profile.58
Taken together, LHBT scaffolds appear to promote a cellular morphology that is conducive
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to supporting a tenocyte-like phenotype which may ultimately contribute to improved tendon
regeneration.

Limitations

As with any laboratory study, several limitations were noted. First, meshing was performed
on cadaveric tendons to determine changes in dimensional characteristics, however prior
pilot studies using fresh autograft yielded the similar results and thus the results herein can
be extrapolated to live tendons. Another limitation was that /n7 vitro expansion of ADMSCs
prior to the study was performed which would not be feasible in a point of care approach.
However, the tenocyte to ADMSC ratio (1:1) and the respective quantities used to generate
conditioned media and undergo differentiation, respectively, were based on conservative
estimates of the number of tenocytes and ADMSCs that can be harvested clinically using the
proposed technique without having to undergo in vitro expansion.8469 A third limitation was
that the harvested tendons used in the studies were degenerate, however this could represent
a relevant clinical scenario. Finally, this model of cell culture likely underestimates the
complexity of an in vivo microenvironment (e.g. in the presence of inflammatory cytokines,
growth factors and mechanical cues as would be expected at the healing repair site) and

thus re-evaluation of these cell studies in a culture system that mimics the in vivo repair
microenvironment is warranted in addition to in vivo studies.

CONCLUSIONS

The ability to produce a viable autologous scaffold from the proximal biceps tendon having
dimensions, porosity, mechanical characteristics, native ECM components, and viable
tenocytes that produce bioactive signals conducive to supporting the biologic augmentation
of rotator cuff repair surgery has been demonstrated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance:

This biologically active construct may help to improve the quality of healing and
regeneration at the repair site of rotator cuff tears, especially those at high risk for re-tear.
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Native LHBT

Butterflied LHBT

LHBT Scaffold

Average Thickness (mm)

2.94 [1.88, 4.00]

2.32[1.36, 3.28]

1.59* [1.28,1.89]

Average Length (mm)

27.16 [20.70, 33.62]

29.48 [23.57, 35.39]

24.91 [13.91, 35.90]

Average Width (mm)

6.68 [5.62, 7.74]

9.98* [8.23, 11.72]

22.69* [10.87, 34.50]

Average Area (mm?)

182.81 [115.6, 250.0]

296.03* [197 .4, 394.7]

551.18* [235.1, 867.2]

* Indicates statistically significant difference compared to Native LHBT (p<0.05).

Figure 1. Long head biceps tendons can be formed into porous scaffolds using a surgical graft

expander.

A) Native human LHBT segments (25mm in length) were isolated, B) held between forceps
and butterflied using a #10 scalpel prior to C) placing them on a 1.1mm thick polymer
carrier (lower panel) and processing through a graft expander (upper panel) which resulted
in a D) porous LHBT scaffold with E) significantly increased width and area and reduced
thickness compared to the native LHBT. * Indicates statistical difference (p<0.05) compared
to native LHBT. Data represented as a mean and 95% confidence intervals [lower limit,

upper limit].
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Figure 2. Scaffold formation results in altered tensile mechanical properties compared to native
long head biceps tendon.

A) Uniaxial tensile testing set-up for evaluating the mechanical properties of human LHBT
prior to and following scaffold formation (red arrow indicates longitudinal direction).
Resultant tensile mechanical properties of LHBT scaffolds and relative percent change in
B) ultimate tensile strength, C) tensile modulus and D) peak tensile strain compared to
native LHBT. Horizontal lines indicate a statistical difference (p<0.05) compared to native
LHBT. Graphed data represent means and 95% confidence intervals.
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Figure 3. Scaffold formation resulted in decreased viability of resident long head biceps tendon
tenocytes.
Representative 3-D confocal z-stack LIVE/DEAD images (400x total mag.) of A) native, B)

meshed, and C) ethanol treated (negative control) LHBT samples depicting viable (green)
and dead (red) tenocytes within two hours of harvest or expansion. D) Quantitative analysis
of LHBT tenocyte viability from LIVE/DEAD images illustrating a significant reduction

in resident LHBT tenocyte viability within two hours after LHBT scaffold formation.
Horizontal lines indicate a statistical difference (p<0.05) compared to native LHBT. Graphed
data represent means and 95% confidence intervals.
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Figure 4. Soluble factors produced by tenocytes derived from lon

g head bicep tendon scaffolds

promote tenogenic differentiation of ADMSCs and scaffolds themselves support ADMSC

alignment and a tenocyte-like morphology.

Gene transcript (MRNA) expression of A) scleraxis, B) collagen type 3, C) collagen type

1 and D) tenascin c relative to GAPDH for ADMSCs cultured

in media conditioned by

tenocytes from LHBT scaffolds for 14 (“ADMSC D14) and 21 (“AMSC D21”) days
illustrating up-regulation of tenogenic markers Scleraxis and Collagen Type 11l compared to

undifferentiated ADMSC negative controls (“ADMSC Contro

I”). + and * indicate statistical

differences (p<0.05) compared to LHBT tenocyte positive controls (*Tncyte Control”) and
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undifferentiated ADMSC negative controls, respectively. Graphed data represent means and
95% confidence intervals. Fluorescent imaging of ADMSCs cultured on LHBT scaffolds at
E) Day 0 (i.e. 2 hours post-seeding) and F) Day 7 illustrating progressive cell alignment
and development of spindle-shape morphology along the direction of collagen fibrils (white
arrows) in scaffolds. Scale bar = 400um.
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Summary of patient demographics.

Patient# | Male/Female | Age Diagnosis
1 M 74 Rotator cuff tear
2 M 75 Rotator cuff tear
3 F 75 Rotator cuff tear
4 M 54 Rotator cuff tear
5 F 66 Rotator cuff tear
6 M 64 Rotator cuff tear
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Summary of target genes, primer sequences, and polymerase chain reaction amplification protocol for gene

transcript analysis.

Table 2.

Target Gene Name

Primer Sequences (F: Forward, R: Reverse)

PCR Amplification Protocol

F:5-GGC GAG AGA GGT GAA CAA GG-3’

Collagen Type 1

R:5"-GGC GAG AGA GGT GAA CAA GG-3’

F:5-AGA AGG CCC TGA AGC TGA TG-3’

Collagen Type 3

R:5'-TGT TTC GTG CAA CCATCC TC-3’

F:5-TTC AGG AAC CCA GAG GAA GC-3’

Tenascin C
R:5'-TCC GGT TCG GCT TCT GTA AC-3’
F:5’-CTG GCC TCC AGC TAC ATC TC-3’
Scleraxis B
R:5'-CTT TCT CTG GTT GCT GAG GC-3’
F:5’-CCC ACT CCT CCA CCT TTG AC-3’
GAPDH

R:5-CCA CCA CCC TGT TGC TGT AG-3’

Activation:

95°C for 15 minutes

Cycling (45 cycles):

1) Denaturation: 94°C for 15 seconds.
2) Anneal: 51°C for 30 seconds.

3) Extension: 72°C for 30 seconds.
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