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Properties of Biologic Scaffolds and Their Response to
Mesenchymal Stem Cells

Knut Beitzel, M.A., M.D., Mary Beth McCarthy, B.S., Mark P. Cote, P.T., D.P.T.,
Ryan P. Russell, M.A., John Apostolakos, B.S., Daisy M. Ramos, B.S.,

Sangamesh G. Kumbar, Ph.D., Andreas B. Imhoff, M.D., Robert A. Arciero, M.D., and
Augustus D. Mazzocca, M.S., M.D.
Purpose: The purpose of this studywas to examine, in vitro, the cellular response of humanmesenchymal stemcells (MSCs) to
sample types of commercially available scaffolds in comparison with control, native tendon tissue (fresh-frozen rotator cuff
tendon allograft). Methods: MSCs were defined by (1) colony-forming potential; (2) ability to differentiate into tendon,
cartilage, bone, and fat tissue; and (3)fluorescence-activated cell sorting analysis (CD73,CD90,CD45). Sampleswere taken from
fresh-frozen human rotator cuff tendon (allograft), human highly cross-linked collagenmembrane (Arthroflex; LifeNet Health,
Virginia Beach, VA), porcine nonecross-linked collagen membrane (Mucograft; Geistlich Pharma, Lucerne, Switzerland), a
human platelet-rich fibrin matrix (PRF-M), and a fibrin matrix based on platelet-rich plasma (ViscoGel; Arthrex, Naples, FL).
Cellswere counted for adhesion (24hours), thymidineassay for cell proliferation (96hours), and live/dead stain for viability (168
hours). Histologic analysis was performed after 21 days, and the unloaded scaffolds were scanned with electron microscopy.
Results: MSCs were successfully differentiated into all cell lines. A significantly greater number of cells adhered to both the
nonecross-linked porcine collagen scaffold and PRF-M. Cell activity (proliferation) was significantly higher in the nonecross-
linked porcine collagen scaffold compared with PRF-M and fibrin matrix based on platelet-rich plasma. There were no signif-
icant differences found in the results of the live/dead assay. Conclusions: Significant differences in the response of human
MSCs to biologic scaffolds existed. MSC adhesion, proliferation, and scaffold morphology evaluated by histologic analysis and
electron microscopy varied throughout the evaluated types of scaffolds. Nonecross-linked porcine collagen scaffolds showed
superior results for cell adhesion and proliferation, as well as on histologic evaluation. Clinical Relevance: This study enables
the clinician and scientist to choose scaffold materials according to their specific interaction with MSCs.

he primary biomechanical strength of rotator cuff recent years. However, healing of repaired RC tendon
T(RC) repair has been continually improved over
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Arthroscopy: The Journal of Arthroscopic and Related S
often results in the formation of fibrovascular scar tissue
between the tendon and the bone.1-3 This formation
has been shown to diminish the mechanical properties
of the repair, thereby making it prone to structural
failure, which may negatively affect the clinical
outcome.1,4 The addition of human mesenchymal stem
cells (MSCs) and growth factors to the repair zone may
improve healing in RC repairs.5-9

MSCs have the potential to undergo self-renewal; can
differentiate into bone, tendon, cartilage, and ligament
(i.e., multipotency); and can prolong the release of
growth factors.6,10,11 These properties may be beneficial
for re-establishing the physiologic tendon-to-bone
interface. Current studies have shown methods for
safe and rapid “onsite” harvesting and isolation of MSCs
with a specific focus on RC repair.12,13

The application of MSCs usually requires integration of
a biologic carrier (scaffold) into the repair construct to
localize and maintain cells in the area of tendon-to-bone
healing.5,14 Such biologic carriers are defined by Derwin
et al.15 as temporary scaffolds intended to enhance and
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accelerate the biology of tissue repair. To date, clinical
research regarding the use of biologic scaffolds in RC re-
pairs is limited.16 Most of this research is primarily
focused on the use of scaffolds as mechanical bridging
constructs for irreparable tears of the RC.17-19 However,
recent biomechanical studies have shown the possibility
of scaffold integration into the repair zone without
jeopardizing the repair construct’s biomechanical prop-
erties.20 These studies have also highlighted the 2 prin-
cipal methods of scaffold augmentation for RC repair:
either as a biomechanical reinforcement of the repair site
with the focus on improved load distribution or as a
biologic augmentation with the aim of enhanced tissue
healing. Research using scaffolds as biologic carriers for
cell application is limited to few in vivo animal
studies.8,21,22 To evaluate the potential for scaffolds as cell
carriers in RC repair, basic science research regarding the
in vitro behavior of MSCs in combination with these
scaffolds is needed to develop a basis for further
controlled in vivo studies. Because various types of bio-
logic scaffolds exist, it is important to evaluate the entire
spectrum to allow the surgeon distinctive utilization ac-
cording to their biologic capacities.
The purpose of this study was to examine, in vitro,

the cellular response of human MSCs to sample types of
commercially available scaffolds in comparison with
control, native tendon tissue (fresh-frozen RC tendon
allograft). Our hypothesis was that currently available
biologic scaffolds would be suitable for cell application
but would show significant differences in MSC adhe-
sion, proliferation, and viability, as well as differences in
their microstructure.

Methods

Experimental Rationale
The study was performed in close accordance to

methods previous published by Shea et al.23 Each of the
scaffolds was examined by 5 experimental methods: (1)
cell adhesion, (2) cell proliferation, (3) live/dead assay,
(4) histologic analysis, and (5) scanning electron mi-
croscopy. The sample size was limited to 4 per assay.23

To accomplish successful integration of the scaffold into
the host tissue, the MSCs must attach to the scaffold,
proliferate, produce matrix, and ultimately, migrate
into the scaffold. The use of the different assays was
intended to evaluate this broad spectrum of MSC re-
actions to the biologic scaffold. As a control, 2 samples
of each scaffold that were not loaded with MSCs were
incubated and treated according to the procedure for
scaffolds loaded with MSCs.

Bone Marrow Aspiration and MSC Culture
Previous studies showed that, with regard to age and

gender, bone marrow aspirated from the proximal
humerus gave consistently uniform results in terms of
the number of colony-forming units and prevalence
of MSCs.12,13,24 Therefore, to minimize variability ac-
cording to various donors, bone marrow was aspirated
from the proximal humerus during arthroscopic RC
surgery from one 54-year-old male patient following
previously published methods12 (institutional review
board No. 06 577 2).
After centrifugation, the top layer containing the

nucleated cells and the MSCs was drawn up and brought
to the laboratory for cellular counting.12 Nucleated cells
were plated on 100-mm2 Primaria dishes (BD Labora-
tories, Franklin Lakes, NJ) at a concentration of 5 � 105

cells/9.6 cm2 into control media containing phenol red
free a-minimum essential medium (Invitrogen, Carls-
bad, CA), 10% fetal bovine serum (Atlanta Biologicals,
Atlanta, GA), and 0.1% penicillin/streptomycin (Invi-
trogen). After 7 to 10 days, non-adherent cells were
removed, and colony-forming units were counted. MSCs
were grown to confluence and expanded. Only
second-passage cells were used for experimentation.
According to current literature, the isolated MSCs
were defined by their (1) colony-forming potential; (2)
adhesion to tissue culture plastic; (3) ability to differ-
entiate into tendon, cartilage, bone, and fat tissue; and
(4) fluorescence-activated cell sorting (FACS) analysis
for surface markers.12,25-28

FACS Analysis
FACS was used to ensure that cells obtained from the

proximal humerus had surface markers characteristic of
stem cells. Cells were trypsinized in 0.25% trypsin/
EDTA at confluence, rinsed, and centrifuged. The pellet
was resuspended in staining buffer containing 1% hu-
man serum, 1% bovine serum albumin, and 1% fetal
bovine serum in phosphate-buffered saline solution.
Cells were incubated with either phycoerythrin or
fluorescein isothiocyanate antibodies, washed with
staining buffer, and analyzed with a FACSCalibur sys-
tem (BD Biosciences, San Jose, CA). To identify MSCs,
phycoerythrin-conjugated mouse monoclonal anti-
CD73 immunoglobulin G (IgG), anti-CD90 IgG, and
fluorescein isothiocyanateeconjugated antimouse CD45
monoclonal IgG were obtained from BD Biosciences.
These were chosen in correlation with the suggestions of
the International Society for Cell Therapy.25 All anti-
bodies were reactive against human antigens. Testing
with negative and positive controls confirmed the spec-
ificity of these antibodies.

Biologic Scaffolds
Scaffolds were chosen to represent the ends of the

broad spectrum of commercially available products.16,29

The biomechanical properties of specific scaffolds have
been tested in a previous study to ensure that these
materials can be integrated into the repair zone without
jeopardizing the construct’s biomechanical properties.20
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Representatives of highly cross-linked human dermis
scaffolds, nonecross-linked collagen scaffolds, and fibrin
matrices were selected. Native tissue collected from a
human RC tendon (fresh-frozen allograft) was used as a
control. The fresh-frozen allograft tissue, which was used
as a control, was obtained from a 41-year-old female
tissue donor (Musculoskeletal Transplant Foundation,
Edison, NJ). To represent a highly cross-linked human
dermis allograft scaffold, the Arthroflex decellularized
human dermis patch (LifeNet Health, Virginia Beach,
VA) was used.30 A bilayer collagen matrix (Mucograft;
Geistlich Pharma, Lucerne, Switzerland) consisting of
type I and III porcine collagen served as a representative
of nonecross-linked collagen scaffolds.31,32 As a repre-
sentative of fibrin matrices, a combination of a platelet-
rich plasma (PRP) product, a gelling agent (ViscoGel;
Arthrex, Naples, FL), and a platelet-rich fibrin matrix
(PRF-M) were used.33 For both the PRP gel and the
PRF-M, 40 mL of peripheral blood was harvested from
one donor, a 24-year-old man (institutional review
board No. 10-204-2). For the production of the PRP gel,
20 mL of peripheral blood was centrifuged at 1,500 rpm
for 5 minutes and the platelet-rich suspension was
drawn up. This suspension was then mixed at a ratio of
10:1 with thrombin and calcium chloride solution to
create the PRP gel. For platelet-rich fibrin (PRF) pro-
duction, 2 glass tubes were each filled with 10 mL of
peripheral blood and centrifuged at 3,000 rpm for 10
minutes, which produced the PRF-M.33 According to the
classification of Dohan Ehrenfest et al.,34 the PRP gel is a
representative of the “pure platelet-rich fibrin” group
because of the absence of leukocytes and high content of
platelets. Because the PRF-M contents include a high
number of platelets as well as leukocytes, it is classified as
leukocyte- and platelet-rich fibrin.35

Cell Adhesion Assay
Four 5 � 5emm samples of each of the 7 scaffold de-

vices were placed into tissue culture plates (BD Bio-
sciences), andMSCswere pipetted onto each sample at a
concentration of 450,000 cells/0.1 mL. Cells were
allowed to adhere to each scaffold for 30 minutes before
the addition of media to the well. Samples were incu-
bated for 24 hours and removed from the well. The
adherent cells were removed from the samples by
incubatingwith 0.5mL of trypsin for 20minutes at 37�C.
The cells from each sample were counted 3 times each in
a Coulter counter (Coulter Electronics, Hialeah, FL).23

Cell Proliferation Assay
After culturing of the scaffold samples for 24 hours,

proliferating cells were labeled with 5 Ci/mL of tritium-
labeled ([3H]) thymidine (NEN, Boston, MA), which
incorporates and binds to nuclear DNA. At 48 hours, the
samples were removed and washed twice for 5 minutes
with 10% trichloroacetic acid to remove insoluble
[3H]-thymidine. Cells were lysed for 10 minutes in
0.5N sodium hydroxide. The radioactive thymidine
was incorporated into the DNA of dividing cells, and
therefore an increase in radioactivity above the nega-
tive control directly correlates to cellular prolifera-
tion.36 Radioactivity was measured in the lysates with
a liquid scintillation counter (Packard Instrument,
Downers Grove, IL), and this was repeated 3 times for
consistency.23,36

Live/Dead Assay
Each sample was stained with 2-mmol/L calcein-

AM and 4-mmol/L ethidium homodimer-1 in sterile
phosphate-buffered saline solution for 30 minutes after
7 days of cell culture (Molecular Probes [Invitrogen],
Eugene, OR). Samples were mounted in staining
solution in glass-bottom micro-well dishes (MatTek,
Ashland, MA) and examined for cell viability and
cytotoxicity with a confocal microscope (LSM 510; Carl
Zeiss, Jena, Germany). Viable cells were stained green,
whereas dead cells were stained red.

Histologic Analysis
Four 5 � 5emm samples of each scaffold were

incubated for 21 days. Increasing concentrations of
ethanol were used to dehydrate the specimens, and
after clearing them in xylene, they were embedded in
paraffin. Five-micrometer-thick cross sections of each
sample were obtained and stained with hematoxylin-
eosin. An Optiphot Nikon microscope (Nikon, Mel-
ville, NY) at a magnification of 10� and a handheld
counter were used to determine the number of MSCs
that had migrated into the scaffold. All samples were
evaluated in an unbiased, blinded manner by 3 inde-
pendent examiners. A standardized box (0.5 mm2) was
created for each slide of each biomaterial, and cells
were counted within that box.

Scanning Electron Microscopy
Samples of each scaffold were sputter coated with

gold/palladium for 20 seconds with a Polaron E5100
SEM Coating Unit (Quorum Technologies, Laughton,
UK). Images were obtained with a JEOL JSM-6335F
field emission scanning electron microscope (JEOL,
Peabody, MA), by use of an accelerating voltage of 10 to
15 kV, at various magnifications.

Statistical Analysis
Means and standard deviations of the 4 measures per

group and assay were comparedwithin each experiment.
One-way analysis of variance was used to compare group
means for experiments, followed by Tukey post hoc tests
for experiments with a statistically significant difference
in means. P � .05 was used to determine statistical sig-
nificance. All statistical analyses were performed with
SPSS software (IBM, Armonk, NY).



Fig 1. Results of adhesion assay showing significantly more
cell adhesion for nonecross-linked (N-CL) collagen matrix
and PRF-M. (ECM, extracellular matrix; H-CL, highly cross-
linked; PRP-M, fibrin matrix based on PRP.)

Fig 2. Results of proliferation assay showing significantly more
proliferation (disintegrations per minute) for nonecross-linked
(N-CL) collagen. (ECM, extracellular matrix; H-CL, highly
cross-linked; PRP-M, fibrin matrix based on PRP.)
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Results

MSC Culture
Before their use in this study, MSCs were success-

fully differentiated into cartilage, bone, tendon, and
fat cells. The results of FACS analysis showed a high
percentage of CD73 (93.2% � 2.3%) and CD90
(88.4% � 4.2%) surface markers and a minimal
amount of CD45 markers (0.23% � 1.2%), used as the
negative control.

Cell Adhesion Assay
Figure 1 and Table 1 show the number of cells that

adhered to the scaffold samples in 24 hours. A signif-
icantly greater number of cells adhered to the
nonecross-linked collagen scaffold (24,425 � 7,521
cells) and the PRF-M (38,500 � 10,663 cells)
compared with all other scaffolds and the native RC
Table 1. Cell Adhesion and Proliferation Data According to Scaff

MSC Adhesion (Number of Cells)*

Mean SD

95% CI

Lower Upper

NC collagen 24,425 7,521 12,458 36,392
PRF-M 38,500 10,663 21,533 55,467
HC collagen 7,213 4,781 �3,956 14,821
Native RC 5,800 4,107 �735 12,335
PRP-M 5,375 892 3,955 6,795

CI, confidence interval; HC, highly cross-linked; NC, nonecross-linked; N
*Analysis of variance showed a statistically significant difference for adh
yAnalysis of variance showed a statistically significant difference for pro
tendon (5,800 � 4,107 cells) (P � .05). No significant
difference was seen when the other scaffolds were
compared (Table 1).

Cell Proliferation Assay
Figure 2 and Table 1 show the results of cell prolifer-

ation. Data are expressed as radioactive disintegrations
per minute to describe the relative amounts of [3H]-
thymidine incorporated into cellular DNA as a measure
of cell division and proliferation. Cell proliferation was
significantly higher in the nonecross-linked collagen
scaffold compared with the PRF-M and the PRP matrix
(P � .05). There were no significant differences when
compared with the other scaffolds (Table 1).

Live/Dead Assay
The live/dead assay was performed after 7 days of

cell incubation on the scaffold. Figure 3 shows
old Type

MSC Proliferation (Disintegrations per Minute)y

Mean SD

95% CI

Lower Upper

3,159 74 3,042 3,276
ND ND ND ND

1,507 1,881 �1,485 4,500
1,869 1,594 �2,089 5,828
ND ND ND ND

D, not detectable; PRP-M, fibrin matrix based on platelet-rich plasma.
esion: P < .001.
liferation: P ¼ .004.



PROPERTIES OF BIOLOGIC SCAFFOLDS 293
representative confocal microscopic images of the re-
sults of the live/dead assay. When we compared the cell
viability (live/dead) of the MSCs cultured on the evalu-
ated scaffolds, no significant differences were found (P >
.05). Cell viability of 100% � 0% was found on both
fibrin matrices, as well as the nonecross-linked collagen
scaffold. After 7 days, 72% � 38% of cells on the highly
cross-linked collagen scaffold and 77%� 37% of cells on
the native RC tendon were viable.

Histologic Analysis
MSCs were detected on the borders of all scaffolds (Fig

4). The structure of the nonecross-linked as well as the
highly cross-linked collagen membranes allowed cells to
migrate into the structure of the scaffold. The highest
number of cells was found in the nonecross-linked
collagen scaffold (51 � 5.6 cells/0.5 mm2), and this
was significantly higher than in all other scaffolds (P <
.001). The mean number of MSCs counted in the RC
allograft was 28.3 � 3 cells/0.5 mm2. This was signifi-
cantly higher compared with the highly cross-linked
collagen (14.3 � 4.5 cells/0.5 mm2, P ¼ .01), the PRP
Fig 3. Confocal microscopic images of life/dead assay. (A) Nati
scaffold. (C) Nonecross-linked (NC) collagen scaffolds. (D) PRF-M
matrix (11 � 2.6 cells/0.5 mm2, P ¼ .002), and the PRF-
M (9.7 � 2.1 cells/0.5 mm2, P ¼ .001). No significant
differences were found when we compared the 3 other
scaffolds with each other (P > .99) (Figure 5).

Electron Microscopy
The morphology of native human RC tissue was

found, on average, to have a porosity range of 20% to
30% by use of a porosimeter. The nonecross-linked
collagen scaffold had a more open porous structure,
with porosity in the 60% to 70% range. The porosity of
the highly cross-linked collagen scaffold and fibrin
matrices was in the same range as the native RC tissue.

Discussion
We observed significant differences in the reaction of

human MSCs to biologic scaffolds in comparison with
native tendon tissue (fresh-frozen allograft), which was
used as a control. MSC adhesion, proliferation, and
scaffold morphology evaluated by histologic analysis and
electron microscopy also varied throughout the evalu-
ated types of scaffolds. These findings are in agreement
ve human RC tissue. (B) Highly cross-linked (HC) collagen
. (E) PRP matrix (PRP-M). (Magnification, �10.)



Fig 4. Representative hematoxylin-
eosinestained sections (magnification,
�4) of each scaffold sample. MSCs were
detected on the borders of all scaffolds.
(Arrows, MSCs; HC, highly cross-linked;
NC, nonecross-linked; PRP-M, PRP
matrix.)
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with our hypothesis and suggest that obvious structural
differences of scaffolds also result in differences in
cellular properties and biological performance when
loaded with MSCs.
There have been a number of previous reports on the

in vivo data of each of the previously described scaffold
groups.5-7,9,17,19,21,37 However, most of these studies
were performed in animal models, and clear data on
the behavior of human MSCs on the various types
of scaffolds are still lacking. Furthermore, the use of
human MSCs permits detailed evaluation of species-
specific reactions to the scaffold material. To allow for
adequate and consistent examination of a variety of
biologic scaffolds, bone marrow was harvested and
isolated from only 1 single donor and a multistep lab-
oratory testing protocol was performed to isolate MSCs.
We believe that combining MSCs from more than 1
donor may confound the interaction between the cells
and the MSCs. Testing for colony formation, tissue
culture plastic adhesion, and multipotency and evalu-
ation with FACS confirmed that the isolated cells were
characteristic of MSCs.12,25-28 Such methods for
defining that cells are MSCs have been previously
published, and it is generally agreed that they are
indicative for this cell type.14,25,28

The evaluation of multiple assays (adhesion, prolif-
eration, live/dead, histologic analysis, electron micro-
scopy) was used to represent a wide spectrum of
biologic properties of the evaluated scaffolds. Currently,
no agreement exists on which assay is the most
important indicator of successful integration of MSCs
into the scaffold or for their application in in vivo
studies. We used previously published methods and
established techniques for our experimental setup to
allow for comparability of our results across studies.23

However, the determination of a favorable response by



Fig 5. Results of cell count of scaffold samples showing mean
number of cells/0.5 mm2. (HC, highly cross-linked; NC,
nonecross-linked; PRP-M, fibrin matrix based on PRP.)

PROPERTIES OF BIOLOGIC SCAFFOLDS 295
the MSCs may be a summation of all experimental
values. Finally, these “biological” properties have to be
seen in correlation with the “biomechanical” proper-
ties known for these scaffolds if surgeons intend to
integrate these scaffolds into the repair zone of an RC
reconstruction.
Cell adhesion is based on a complex interaction be-

tween the scaffold microstructure and different types of
cell surface receptors, namely integrins.38 Establishment
of functional transmembrane contacts with the scaffold’s
matrix is considered vital for MSC survival, prolifera-
tion, and eventual differentiation.29 Integrins are a key
component of MSC interaction with the scaffold, forming
focal adhesion complexes that influence cytoskeletal dy-
namics and initiate various signaling cascades regulating
MSC adhesion andmigration on the scaffold.39 This entire
process is also dependent on the volume of cell suspen-
sion initially absorbed by the scaffold, which is regulated
by the scaffold’s microstructure (porosity).16We observed
significantly greater amounts of cell adhesion with the
nonecross-linked collagen scaffold (Mucograft). Thismay
be because of the high content of type I collagen,
whichdalong with fibronectindfacilitates MSC adhe-
sion.38 In addition, these scaffolds showed a porous
structure with wide pore sizes on electron microscope
evaluation. This characteristic permits for a rapid and
more quantitative infusion of the cell suspension into the
scaffold and therefore results in higher loads of initially
loaded cells.16 Suchnonecross-linked scaffolds have been
previously used as resorbable carriers in animal in vivo
studies.9,40

We are aware of the current American Academy of
Orthopaedic Surgeons guidelines on optimizing the
management of RC repair.41 The guidelines suggest that
surgeons with a moderate recommendation not use a
nonecross-linked porcine small intestine submucosal
xenograft patch to treat patients with RC tears. This
recommendation was based on the results of 2 studies
performed by Iannotti et al.42 (Level II) and Walton
et al.43 (Level III), who showed less favorable outcomes
with the use of such grafts (Restore Orthobiologic
Implant; DePuy Orthopaedics, Warsaw, IN) for the
treatment of irreparable RC tears. They reported a hy-
persensitivity reaction rate of approximately 20% to
30% in their small groups of 10 and 16 patients.
The Restore Orthobiologic Implant consists, according to

the manufacturer’s information, of approximately 90%
porcine collagen as well as porcine lipids and a small
amount of carbohydrate. This is in contrast to the
nonecross-linked scaffold used in our study (Mucograft),
which consists of purified collagen obtained from pigs to
avoid antigenic reactions. The clinical results of in vivo
studies of the use of a very comparable scaffold (Chondro-
Gide; Geistlich Pharma) for the treatment of cartilage de-
fects in humans make us believe that immunologic re-
actions of the host might occur less than for the scaffolds
containing animal lipids and carbohydrates. Such purified
collagen scaffolds have been used for the treatment of
cartilage defects in humans (autologous matrixeinduced
chondrogenesis) routinely and have shown promising
results.44,45 Further animal and human studies need to be
performed to evaluate the individual immunologic re-
actions of these purified scaffolds. However, the significant
limitation of the current basic science study is the inability
to show immunologic reactions of the human host against
the evaluated scaffolds, and this prohibits any conclusions
on these questions.
The native RC tendon and the highly cross-linked

collagen scaffold have a dense collagen structure with
little matrix; this may be the reason for the less favor-
able results in terms of cell adhesion. Electron micro-
scopy also showed the differences in porous structure of
these scaffolds. Highly cross-linked collagen scaffolds
produced from decellularized human dermis such as
the Flexigraft (LifeNet Health), as well as other com-
parable patches, have been primarily used to mechan-
ically augment RC repairs.19,30,46 Snyder et al.47

published histologic results of a biopsy specimen ob-
tained 3 months after augmentation of an RC repair
with an acellular dermis patch (GraftJacket Matrix-
MaxForce Extreme; Wright Medical Technology,
Arlington, TN). They were able to show that there was
only little inflammatory response, but collagen fibers
and blood vessel ingrowth showed that the graft
exhibited a biological remodeling process. These scaf-
folds are produced from a densely structured decellu-
larized human dermis, which results in increased
biomechanical stability in comparison with nonecross-
linked collagen scaffold.37 The highly dense structure
may have impeded MSC migration into the scaffold and
possibly prevented MSC proliferation. Shea et al.23

described similar observations for the migration of
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tenocytes into scaffolds. Despite these findings, such
scaffolds are used throughout the current in vivo
studies mainly because of their biomechanical proper-
ties. Some authors have also reported on cell migration
into the scaffold over time in certain in vivo experi-
ments.16,19,37 Surgeons have to be aware of the fact that
such types of scaffolds allow for higher biomechanical
stability but may have less ability to promote cellular
migration compared with the nonecross-linked
collagen scaffolds.
Fibrin matrices have been shown previously to be

viable carriers for MSC application in tendon repair
models.7,48 The advantages of these scaffolds include
their viscous structure and rapid resorption, as well as
the additional growth factor content.49 In contrast to
the other scaffolds, fibrin-based matrices can be pro-
duced in an autologous onsite procedure from the pa-
tient’s peripheral blood by an economically reasonable
process. These scaffolds also have a high concentration
of growth factors, as known from PRP products. Alto-
gether, the previously mentioned factors make fibrin
scaffolds interesting for the surgeon. However, the
specific structure of these types of scaffolds makes them
more attractive for the biological enhancement of the
repair rather than biomechanical augmentation. Barber
et al.50 found lower retear rates on magnetic resonance
imaging for RC repairs augmented with a PRF-M
construct than without the augmentation. However,
clinical scores failed to show significant differences
except for the Rowe score. Interestingly, the fibrin
scaffolds evaluated in our study allowed only non-
detectable amounts of MSC proliferation. Although
proliferation in the loaded scaffold was detected by the
initial assay, no MSC proliferation was detectable when
the results were corrected by subtracting the “back-
ground noise” of the unloaded scaffold. Bensaid et al.51

reported that MSCs adhere, spread, and proliferate
when loaded into fibrin scaffolds, provided that
the concentration of fibrinogen was not higher than 18
mg/mL. If the fibrin concentration was higher, MSCs
failed to further proliferate. Because of our setup, we
were not able to evaluate the fibrin concentration of
our scaffolds. However, the fibrin content of the scaf-
folds may have had such an effect on the MSCs.
Together, the high amount of MSC adhesion and the
known content of growth factors are seen as the main
advantageous factors for the clinical use of such scaf-
folds, although the absence of biomechanical augmen-
tation of the initial repair has to be expected.49

Limitations
This study has several limitations. The in vitro

behavior of the evaluated cells may not mimic the
in vivo environment of degenerated RC tears. This
study was intended to give adhesion, proliferation, and
histologic data on the utility of currently available
scaffolds as carriers for MSCs. MSCs obtained from a
single donor were isolated and cultured to allow for a
very standardized evaluation of the different scaffolds.
On the one hand, this allows for a very controlled
experimental setup and comparable results, but on the
other hand, donor-specific effects could not be ruled
out entirely. The MSCs acquired from concentrated
bone marrow after cell culture represented a hetero-
geneous cell population, and the determination of the 4
standardized characteristics of MSCs (colony formation,
tissue culture plastic adhesion, differentiation potential,
and FACS) distinguished the cell types.12,25-28 This
controlled that the cells obtained showed commonly
accepted criteria for MSCs. Furthermore, this study
was specifically planned to show the in vitro behavior
of MSCs loaded on different available types of biologic
scaffolds. Our purpose was to evaluate the ends of the
spectrum of available scaffold types. We are aware of
the numerous variations of biologic scaffolds that are
commercially available. The intention of this study was
to evaluate vastly different scaffolds that represent the
spectrum of commercially available types. Including
more samples would have been beyond the scope of
our study. However, the data generated by this eval-
uation allow surgeons to better characterize these
scaffolds and distinguish between the intended bio-
logical and biomechanical properties for integration
into the RC repair. Evaluation of inflammatory re-
sponses of the host to the scaffold was not possible
because of the study setup. This would be an inter-
esting question to answer because previous authors
have reported on immunologic reactions after the
application of porcine scaffolds in the repaired RC.
Overall, the potential of biological treatments using
such combinations of scaffolds and MSCs requires
further in vivo investigation. In this regard, the data
resulting from our study may form the basis for future
studies.

Conclusions
Significant differences in the response of human MSCs

to biologic scaffolds existed. MSC adhesion, proliferation,
and scaffold morphology evaluated by histologic analysis
and electronmicroscopy varied throughout the evaluated
types of scaffolds. Nonecross-linked porcine collagen
scaffolds showed superior results for cell adhesion and
proliferation, as well as on histologic evaluation.

References
1. Duquin TR, Buyea C, Bisson LJ. Which method of

rotator cuff repair leads to the highest rate of structural
healing? A systematic review. Am J Sports Med 2010;38:
835-841.

2. Mazzocca AD, Bollier MJ, Ciminiello AM, et al. Biome-
chanical evaluation of arthroscopic rotator cuff repairs
over time. Arthroscopy 2010;26:592-599.

http://refhub.elsevier.com/S0749-8063(13)01246-2/sref1
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref1
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref1
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref1
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref2
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref2
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref2


PROPERTIES OF BIOLOGIC SCAFFOLDS 297
3. Park MC, Tibone JE, ElAttrache NS, Ahmad CS, Jun BJ,
Lee TQ. Part II: Biomechanical assessment for a footprint-
restoring transosseous-equivalent rotator cuff repair
technique compared with a double-row repair technique.
J Shoulder Elbow Surg 2007;16:469-476.

4. Zumstein MA, Jost B, Hempel J, Hodler J, Gerber C. The
clinical and structural long-term results of open repair of
massive tears of the rotator cuff. J Bone Joint Surg Am
2008;90:2423-2431.

5. Cheung EV, Silverio L, Sperling JW. Strategies in biologic
augmentation of rotator cuff repair: A review. Clin Orthop
Relat Res 2010;468:1476-1484.

6. Gulotta LV, Kovacevic D, Ehteshami JR, Dagher E,
Packer JD, Rodeo SA. Application of bone marrow-
derived mesenchymal stem cells in a rotator cuff repair
model. Am J Sports Med 2009;37:2126-2133.

7. Gulotta LV, Kovacevic D, Packer JD, Deng XH, Rodeo SA.
Bone marrow-derived mesenchymal stem cells trans-
duced with scleraxis improve rotator cuff healing in a rat
model. Am J Sports Med 2011;39:1282-1289.

8. Gulotta LV, Kovacevic D, Packer JD, Ehteshami JR,
Rodeo SA. Adenoviral-mediated gene transfer of human
bone morphogenetic protein-13 does not improve rotator
cuff healing in a ratmodel.AmJ SportsMed2011;39:180-187.

9. Rodeo SA, Potter HG, Kawamura S, Turner AS, Kim HJ,
Atkinson BL. Biologic augmentation of rotator cuff
tendon-healing with use of a mixture of osteoinductive
growth factors. J Bone Joint Surg Am 2007;89:2485-2497.

10. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage
potential of adult human mesenchymal stem cells. Science
1999;284:143-147.

11. Caplan AI, Dennis JE. Mesenchymal stem cells as trophic
mediators. J Cell Biochem 2006;98:1076-1084.

12. Mazzocca AD, McCarthy MB, Chowaniec DM, Cote MP,
Arciero RA, Drissi H. Rapid isolation of human stem cells
(connective tissue progenitor cells) from the proximal
humerus during arthroscopic rotator cuff surgery. Am J
Sports Med 2010;38:1438-1447.

13. Beitzel K, McCarthy MB, Cote MP, et al. Comparison of
mesenchymal stem cells (osteoprogenitors) harvested
from proximal humerus and distal femur during
arthroscopic surgery. Arthroscopy 2013;29:301-308.

14. Arinzeh TL. Mesenchymal stem cells for bone repair:
Preclinical studies and potential orthopedic applications.
Foot Ankle Clin 2005;10:651-665, viii.

15. Derwin KA, Baker AR, Spragg RK, Leigh DR, Iannotti JP.
Commercial extracellular matrix scaffolds for rotator cuff
tendon repair. Biomechanical, biochemical, and cellular
properties. J Bone Joint Surg Am 2006;88:2665-2672.

16. Longo UG, Lamberti A, Maffulli N, Denaro V. Tendon
augmentation grafts: A systematic review. Br Med Bull
2010;94:165-188.

17. Audenaert E, Van Nuffel J, Schepens A, Verhelst M,
Verdonk R. Reconstruction of massive rotator cuff lesions
with a synthetic interposition graft: A prospective study of
41 patients. Knee Surg Sports Traumatol Arthrosc 2006;14:
360-364.

18. Encalada-Diaz I, Cole BJ, Macgillivray JD, et al. Rotator
cuff repair augmentation using a novel polycarbonate
polyurethane patch: Preliminary results at 12 months’
follow-up. J Shoulder Elbow Surg 2011;20:788-794.
19. Adams JE, Zobitz ME, Reach JS Jr, An KN, Steinmann SP.
Rotator cuff repair using an acellular dermal matrix graft:
An in vivo study in a canine model. Arthroscopy 2006;22:
700-709.

20. Beitzel K, Chowaniec DM, McCarthy MB, et al. Stability
of double-row rotator cuff repair is not adversely affected
by scaffold interposition between tendon and bone. Am J
Sports Med 2012;40:1148-1154.

21. Kovacevic D, Rodeo SA. Biological augmentation of ro-
tator cuff tendon repair. Clin Orthop Relat Res 2008;466:
622-633.

22. Yin Z, Chen X, Chen JL, Ouyang HW. Stem cells for
tendon tissue engineering and regeneration. Expert Opin
Biol Ther 2010;10:689-700.

23. Shea KP, McCarthy MB, Ledgard F, Arciero C,
Chowaniec D, Mazzocca AD. Human tendon cell response
to 7 commercially available extracellular matrix materials:
An in vitro study. Arthroscopy 2010;26:1181-1188.

24. Beitzel K, McCarthy MB, Cote M, et al. Rapid isolation of
human stem cells (connective progenitor cells) from the
distal femur during arthroscopic knee surgery. Arthroscopy
2012;28:74-84.

25. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position state-
ment. Cytotherapy 2006;8:315-317.

26. Muschler GF, Nitto H, Boehm CA, Easley KA. Age- and
gender-related changes in the cellularity of human bone
marrow and the prevalence of osteoblastic progenitors.
J Orthop Res 2001;19:117-125.

27. Nishida S, Endo N, Yamagiwa H, Tanizawa T,
Takahashi HE. Number of osteoprogenitor cells in human
bone marrow markedly decreases after skeletal matura-
tion. J Bone Miner Metab 1999;17:171-177.

28. Chamberlain G, Fox J, Ashton B, Middleton J. Concise
review: Mesenchymal stem cells: Their phenotype, dif-
ferentiation capacity, immunological features, and po-
tential for homing. Stem Cells 2007;25:2739-2749.

29. Derwin KA, Badylak SF, Steinmann SP, Iannotti JP.
Extracellular matrix scaffold devices for rotator cuff
repair. J Shoulder Elbow Surg 2010;19:467-476.

30. Rotini R, Marinelli A, Guerra E, et al. Human dermal
matrix scaffold augmentation for large and massive rotator
cuff repairs: Preliminary clinical and MRI results at 1-year
follow-up. Musculoskelet Surg 2011;95(suppl 1):S13-S23.

31. Herford AS, Akin L, Cicciu M, Maiorana C, Boyne PJ. Use
of a porcine collagen matrix as an alternative to autoge-
nous tissue for grafting oral soft tissue defects. J Oral
Maxillofac Surg 2010;68:1463-1470.

32. Fuss M, Ehlers EM, Russlies M, Rohwedel J, Behrens P.
Characteristics of human chondrocytes, osteoblasts and
fibroblasts seeded onto a type I/III collagen sponge under
different culture conditions. A light, scanning and trans-
mission electron microscopy study. Ann Anat 2000;182:
303-310.

33. Dohan DM, Choukroun J, Diss A, et al. Platelet-rich fibrin
(PRF): A second-generation platelet concentrate. Part I:
Technological concepts and evolution. Oral Surg Oral Med
Oral Pathol Oral Radiol Endod 2006;101:e37-e44.

34. Dohan Ehrenfest DM, Bielecki T, Mishra A, et al. In search
of a consensus terminology in the field of platelet

http://refhub.elsevier.com/S0749-8063(13)01246-2/sref3
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref3
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref3
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref3
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref3
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref4
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref4
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref4
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref4
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref5
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref5
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref5
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref6
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref6
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref6
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref6
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref7
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref7
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref7
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref7
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref8
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref8
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref8
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref8
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref9
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref9
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref9
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref9
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref10
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref10
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref10
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref11
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref11
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref12
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref12
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref12
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref12
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref12
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref13
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref13
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref13
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref13
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref14
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref14
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref14
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref15
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref15
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref15
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref15
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref16
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref16
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref16
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref17
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref17
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref17
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref17
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref17
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref18
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref18
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref18
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref18
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref19
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref19
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref19
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref19
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref20
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref20
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref20
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref20
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref21
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref21
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref21
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref22
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref22
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref22
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref23
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref23
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref23
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref23
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref24
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref24
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref24
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref24
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref25
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref25
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref25
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref25
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref26
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref26
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref26
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref26
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref27
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref27
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref27
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref27
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref28
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref28
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref28
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref28
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref29
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref29
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref29
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref30
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref30
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref30
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref30
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref31
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref31
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref31
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref31
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref32
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref32
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref32
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref32
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref32
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref32
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref33
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref33
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref33
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref33
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref34
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref34


298 K. BEITZEL ET AL.
concentrates for surgical use: Platelet-rich plasma (PRP),
platelet-rich fibrin (PRF), fibrin gel polymerization and
leukocytes. Curr Pharm Biotechnol 2012;13:1131-1137.

35. Dohan Ehrenfest DM, Del Corso M, Diss A, Mouhyi J,
Charrier JB. Three-dimensional architecture and cell
composition of a Choukroun’s platelet-rich fibrin clot and
membrane. J Periodontol 2010;81:546-555.

36. Ng KW, Leong DT, Hutmacher DW. The challenge to
measure cell proliferation in two and three dimensions.
Tissue Eng 2005;11:182-191.

37. Aurora A, McCarron J, Iannotti JP, Derwin K. Commer-
cially available extracellular matrix materials for rotator
cuff repairs: State of the art and future trends. J Shoulder
Elbow Surg 2007;16:S171-S178.

38. Hidalgo-Bastida LA, Cartmell SH. Mesenchymal stem
cells, osteoblasts and extracellular matrix proteins:
Enhancing cell adhesion and differentiation for bone tis-
sue engineering. Tissue Eng Part B Rev 2010;16:405-412.

39. Schwartz MA, DeSimone DW. Cell adhesion receptors in
mechanotransduction. Curr Opin Cell Biol 2008;20:551-556.

40. Young RG, Butler DL, Weber W, Caplan AI, Gordon SL,
Fink DJ. Use of mesenchymal stem cells in a collagen
matrix for Achilles tendon repair. J Orthop Res 1998;16:
406-413.

41. Tashjian RZ. AAOS clinical practice guideline: Optimizing
the management of rotator cuff problems. J Am Acad
Orthop Surg 2011;19:380-383.

42. Iannotti JP, Codsi MJ, Kwon YW, Derwin K, Ciccone J,
Brems JJ. Porcine small intestine submucosa augmenta-
tion of surgical repair of chronic two-tendon rotator cuff
tears. A randomized, controlled trial. J Bone Joint Surg Am
2006;88:1238-1244.

43. Walton JR, Bowman NK, Khatib Y, Linklater J,
Murrell GA. Restore orthobiologic implant: Not
recommended for augmentation of rotator cuff repairs.
J Bone Joint Surg Am 2007;89:786-791.

44. Gille J, Behrens P, Volpi P, et al. Outcome of autologous
matrix induced chondrogenesis (AMIC) in cartilage knee
surgery: Data of the AMIC Registry. Arch Orthop Trauma
Surg 2013;133:87-93.

45. Niemeyer P, Lenz P, Kreuz PC, et al. Chondrocyte-seeded
type I/III collagen membrane for autologous chondrocyte
transplantation: Prospective 2-year results in patients with
cartilage defects of the knee joint. Arthroscopy 2010;26:
1074-1082.

46. Bond JL, Dopirak RM, Higgins J, Burns J, Snyder SJ.
Arthroscopic replacement of massive, irreparable rotator
cuff tears using a GraftJacket allograft: Technique and
preliminary results. Arthroscopy 2008;24:403-409.e1.

47. Snyder SJ, Arnoczky SP, Bond JL, Dopirak R. Histologic
evaluation of a biopsy specimen obtained 3 months after
rotator cuff augmentation with GraftJacket Matrix.
Arthroscopy 2009;25:329-333.

48. Chong AK, Ang AD, Goh JC, et al. Bone marrow-derived
mesenchymal stem cells influence early tendon-healing in
a rabbit Achilles tendon model. J Bone Joint Surg Am
2007;89:74-81.

49. Dohan Ehrenfest DM, Rasmusson L, Albrektsson T.
Classification of platelet concentrates: From pure platelet-
rich plasma (P-PRP) to leucocyte- and platelet-rich fibrin
(L-PRF). Trends Biotechnol 2009;27:158-167.

50. Barber FA, Hrnack SA, Snyder SJ, Hapa O. Rotator cuff
repair healing influenced by platelet-rich plasma construct
augmentation. Arthroscopy 2011;27:1029-1035.

51. Bensaid W, Triffitt JT, Blanchat C, Oudina K, Sedel L,
Petite H. A biodegradable fibrin scaffold for mesen-
chymal stem cell transplantation. Biomaterials 2003;24:
2497-2502.

http://refhub.elsevier.com/S0749-8063(13)01246-2/sref34
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref34
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref34
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref35
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref35
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref35
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref35
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref36
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref36
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref36
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref37
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref37
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref37
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref37
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref38
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref38
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref38
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref38
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref39
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref39
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref40
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref40
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref40
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref40
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref41
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref41
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref41
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref42
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref42
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref42
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref42
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref42
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref43
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref43
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref43
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref43
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref44
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref44
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref44
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref44
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref45
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref45
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref45
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref45
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref45
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref46
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref46
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref46
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref46
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref47
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref47
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref47
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref47
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref48
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref48
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref48
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref48
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref49
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref49
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref49
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref49
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref50
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref50
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref50
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref51
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref51
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref51
http://refhub.elsevier.com/S0749-8063(13)01246-2/sref51

	Properties of Biologic Scaffolds and Their Response to Mesenchymal Stem Cells
	Methods
	Experimental Rationale
	Bone Marrow Aspiration and MSC Culture
	FACS Analysis
	Biologic Scaffolds
	Cell Adhesion Assay
	Cell Proliferation Assay
	Live/Dead Assay
	Histologic Analysis
	Scanning Electron Microscopy
	Statistical Analysis

	Results
	MSC Culture
	Cell Adhesion Assay
	Cell Proliferation Assay
	Live/Dead Assay
	Histologic Analysis
	Electron Microscopy

	Discussion
	Limitations

	Conclusions
	References


