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Abstract

Background Tendon-bone healing after rotator cuff repair
occurs by fibrovascular scar tissue formation, which is
weaker than a normal tendon-bone insertion site. Growth
factors play a role in tissue formation and have the
potential to augment soft tissue healing in the perioperative
period.

Questions/purposes Our study aim was to determine if
rhPDGF-BB delivery on a collagen scaffold can improve
tendon-to-bone healing after supraspinatus tendon repair
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compared with no growth factor in rats as measured by (1)
gross observations; (2) histologic analysis; and (3) bio-
mechanical testing.

Methods Ninety-five male Sprague-Dawley rats under-
went acute repair of the supraspinatus tendon. Rats were
randomized into one of five groups: control (ie, repair
only), scaffold only, and three different platelet-derived
growth factor (PDGF) doses on the collagen scaffold.
Animals were euthanized 5 days after surgery to assess
cellular proliferation and angiogenesis. The remaining
animals were analyzed at 4 weeks to assess repair site
integrity by gross visualization, fibrocartilage formation
with safranin-O staining, and collagen fiber organization
with picrosirius red staining, and to determine the biome-
chanical properties (ie, load-to-failure testing) of the
supraspinatus tendon-bone construct.

Results The repaired supraspinatus tendon was in conti-
nuity with the bone in all animals. At 5 days, rhPDGF-BB
delivery on a scaffold demonstrated a dose-dependent
response in cellular proliferation and angiogenesis com-
pared with the control and scaffold groups. At 28 days,
with the numbers available, rhPDGF-BB had no effect on
increasing fibrocartilage formation or improving collagen
fiber maturity at the tendon-bone insertion site compared
with controls. The control group had higher tensile loads to
failure and stiffness (35.5 + 8.8 N and 20.3 & 4.5 N/mm)
than all the groups receiving the scaffold, including the
PDGF groups (scaffold: 27 £ 6.4 N, p = 0.021 and
13 £ 5.7 N/mm, p = 0.01; 30 pg/mL PDGF: 26.5 + 7.5
N, p = 0.014 and 13.3 £ 3.2 N/mm, p = 0.01; 100 pg/mL
PDGF: 25.7 &£ 6.1 N, p = 0.005 and 11.6 £ 3.3 N/mm,
p = 0.01; 300 pg/mL PDGF: 27 £ 6.9 N, p = 0.014 and
12.7 £ 4.1 N/mm, p = 0.01).

rhPDGF-BB delivery on a collagen scaffold
enhanced cellular proliferation and angiogenesis during the

Conclusions
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early phase of healing, but this did not result in either a
more structurally organized or stronger attachment site at
later stages of healing. The collagen scaffold had a detri-
mental effect on healing strength at 28 days, and its
relatively larger size compared with the rat tendon may
have caused mechanical impingement and extrinsic com-
pression of the healing tendon. Future studies should be
performed in larger animal models where healing occurs
more slowly.

Clinical Relevance Augmenting the healing environment
to improve the structural integrity and to reduce the retear
rate after rotator cuff repair may be realized with continued
understanding and optimization of growth factor delivery
systems.

Introduction

Rotator cuff repair surgery is one of the most common
surgical procedures performed by orthopaedic surgeons,
accounting for nearly 250,000 cases yearly in the United
States alone. Although the surgery is performed routinely,
prior studies have reported a relatively high rate of failure
of tendon healing after repair [3, 11, 12, 14]. Previous basic
science work has shown that the native supraspinatus ten-
don-bone insertion site is not recreated after a rotator cuff
repair [4, 13, 24]. Instead, the tendon heals to the bone with
fibrovascular interface scar tissue, which has inferior bio-
mechanical properties compared with native tissue. The
observation may explain the high percentage of patients
who experience recurrent rotator cuff tears after repair [10].
Given the poor healing response, attention has turned to
methods to augment the biologic response after rotator cuff
repair to decrease the retear rate after surgery and improve
patient satisfaction and clinical outcomes.

Because cytokines play an important role in cell pro-
liferation, differentiation, chemotaxis, and matrix synthesis
through autocrine or paracrine signaling, cytokines have
the potential to improve rotator cuff tendon-bone healing.
A recent study reported expression of transforming growth
factor-B, insulin-like growth factor-1, basic fibroblast
growth factor, and platelet-derived growth factor (PDGF)
in a rabbit supraspinatus tendon full-thickness defect model
[18]. There was sequential expression of the factors in
fibroblasts, blood cells, and vascular endothelial cells, and
it was found that PDGF was mildly expressed between
Days 7 and 14 postsurgery. The data demonstrated that
cytokines have a role in tissue formation and support the
potential for growth factors to improve tendon-to-bone
healing.

PDGF-BB is of particular interest because it is the one
isoform that is a universal ligand for the PDGF-tyrosine

kinase receptors [27]. PDGF-BB has been found to act as a
mitogen and chemotactic cytokine that can potentially
enhance ligament and tendon healing in small animal
models [5, 16, 22]. In a rat model of rotator cuff repair,
delivery of cells expressing PDGF-BB with a polyglycolic
acid scaffold showed restoration of normal crimp pattern-
ing and collagen bundle alignment compared with suture
repair only [28]. The studies demonstrate that improved
healing with PDGF depends on dosage, timing, and
delivery vehicle used.

We sought to determine whether thPDGF-BB delivery
on a collagen scaffold could improve tendon-to-bone
healing after supraspinatus tendon repair in rats compared
with no growth factor as measured by (1) gross observa-
tions; (2) histological analysis; and (3) biomechanical
testing.

Materials and Methods
Study Design

We chose the rat rotator cuff to study tendon-to-bone
healing based on previous work demonstrating anatomic
similarities with the human shoulder [25]. The Institutional
Animal Care and Use Committee approved the protocols
for animal experimentation described in our study. Ninety-
five mature, male Sprague-Dawley rats underwent unilat-
eral detachment followed by immediate transosseous repair
of the right supraspinatus tendon. In the preoperative
holding area, the animal technicians randomly assigned the
rats into one of five groups (n = 19 per group): control
(transosseous repair), scaffold only (Type I collagen scaf-
fold placed at the repair site), and three PDGF doses
(30 pg/mol/L, 100 pg/mol/L, 300 pg/mol/L) on the colla-
gen scaffold. The rats were euthanized at 5 days (n = 3 per
group; 15 total rats) and 28 days (n = 16 per group;
80 total rats) after surgery, and tissue was allocated for
either histologic analysis or biomechanical testing. The
project manager (DK) randomly assigned the animals to
either histological analysis or biomechanical testing at the
conclusion of every operative day.

Surgical Technique

All surgical procedures were performed using a previously
described protocol [8]. Briefly, a longitudinal incision was
made on the anterolateral aspect of the shoulder and the
deltoid was split. The supraspinatus tendon was sharply
transected from its insertion site at the greater tuberosity
and a Mason-Allen stitch was placed through the cut end of
the tendon. The tuberosity was decorticated until bleeding
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Fig. 1A-B (A) Identification of the supraspinatus tendon and
(B) fixation of a collagen patch on the bursal surface of the tendon-
bone insertion site is shown.

was noted, and the insertion site was débrided of all soft
tissue and fibrocartilage. Two bone tunnels were created at
the anterior and posterior portions of the insertion site in a
crossed fashion using a 22-gauge needle. The suture ends
from the tendon were passed through the bone tunnels and
tied over the humeral cortex to ensure reapproximation of
the repaired tendon to the bone. The repair site was irri-
gated with saline before application of the Type I collagen
scaffold with or without thPDGF-BB solution at varying
doses.

Under sterile conditions, the hPDGF-BB was prepared
on the day of surgery with 20 mmol/L sodium acetate
buffer and rhPDGF-BB stock concentration of 300 pg/mol/
L. For the high-dose PDGF group (300 pg/mol/mL or 6 ng
PDGF), 20 pL of rhPDGF-BB stock solution was adsorbed
onto the scaffold before placement and fixation onto the
repair site. For the medium-dose PDGF group (100 pg/mol/
mL or 2 ng PDGF), 66 pL of 20 mmol/L sodium acetate
and 34 pL of 300 pg/mol/L thPDGF-BB were mixed in a
sterile Eppendorf tube and a 20-pL aliquot of the solution
was prepared for adsorption onto the scaffold. For the low-
dose PDGF group (30 pg/mol/mL or 0.6 pg PDGF), 90 uL
of buffer was mixed with 10 pL. of 300 pg/mol/L rthPDGF-
BB, and then a 20-pL aliquot of the solution was adsorbed
onto the collagen sponge. For the scaffold group (0 pg
PDGF), 20 pL of the buffer was adsorbed onto the sponge
before placement and fixation onto the repair site.

The rhPDGF-BB delivered with a Type I collagen
scaffold (BioBlanket Surgical Mesh; Kensey Nash, Exton,
PA, USA) was placed and fixed on the bursal surface of the
repaired tendon-bone insertion site with two simple,
interrupted stitches using 4-0 Ethibond suture (Ethicon,
Somerville, NJ, USA) (Fig. 1). This collagen scaffold is
v-irradiated, noncrosslinked bovine collagen sponge that is
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FDA-approved for the reinforcement and repair of soft
tissue [9]. The sponge was sized to a circular patch (5-mm
diameter, 1.8-mm thickness) with a punch biopsy to cover
the repaired enthesis and greater tuberosity repair site. As
described, three doses of thPDGF-BB were administered
locally through the collagen scaffold (30 pg/mL, 100 pg/mL,
and 300 pg/mL), representing three experimental groups.
The fourth experimental group received only the Type I
collagen scaffold carrier without hPDGF-BB, whereas the
control group only underwent tendon repair. Postopera-
tively, the rats were allowed ad libitum cage activity after
surgery.

Histologic Analysis

A total of 35 animals (n = 7 per group) were allocated for
histologic analysis with 15 rats (n = 3 per group) eutha-
nized at 5 days postsurgery and 20 rats (n = 4 per group)
euthanized at 28 days postsurgery. Tissue specimens were
fixed in 10% neutral-buffered formalin for 48 hours. After
fixation, tissues were decalcified in Immunocal® (Decal,
Tallman, NY, USA) for 24 hours and washed in phosphate-
buffered saline solution. The tissues were subsequently
dehydrated and embedded in paraffin. Five-micrometer-
thick sections of the repaired supraspinatus tendon-greater
tuberosity construct were cut in the coronal plane. The
5-day tissue sections, from both the tendon-bone insertion
site and the tendon midsubstance, were stained with
hematoxylin and eosin as well as immunohistochemical
localization for proliferating cell nuclear antigen (PCNA)
and Factor VIII to qualitatively assess cellular proliferation
and angiogenesis, respectively. Qualitative assessments
were determined by assigning a histologic grade corre-
sponding to the number of cells per high-power field
immunolocalized to the tendon-bone insertion site and
tendon midsubstance as O cells (none), one to three cells
(low), four to six cells (moderate), or more than seven cells
(high). Three observers (DK, LVG, SAR) performed the
immunohistochemical assessments together as a group and
arrived at a consensus. The 28-day tissue sections were
stained with hematoxylin and eosin, safranin-O, and
picrosirius red.

Using light microscopy (Eclipse E800; Nikon, Melville,
NY, USA), 28-day tissue sections stained with safranin-O
were analyzed to determine the total area of new fibro-
cartilage formation at the supraspinatus tendon-bone
interface. Digital images of the stained tissue sections were
taken using a SPOT RT camera (Diagnostic Instruments,
Sterling Heights, MI, USA). Image J (National Institutes of
Health, Bethesda, MD, USA) software was used to deter-
mine the area of new fibrocartilage formation by manually
outlining the metachromasia at the tendon-bone repair site
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on the safranin-O-stained slides at a total magnification of
x 40 on three sequential coronal sections. Total area of
metachromasia was recorded for each specimen as squared
micrometers and the mean £ SD for each group was
determined [19].

Using polarized light microscopy, 28-day tissue sections
were stained with picrosirius red for semiquantitative
analysis of collagen fiber continuity and organization at the
tendon end adjacent to the repaired supraspinatus tendon-
bone insertion site. By quantifying the collagen birefrin-
gence under polarized light, differences in collagen
deposition and maturation in the healing tendon could be
detected. Measurements were taken as described in work
previously done in our laboratory [8].

Biomechanical Testing

Sixty animals were euthanized 28 days postsurgery and
allocated for biomechanical testing (n = 12 per group). Of
the 60 specimens, 58 were tested to characterize the
structural properties of the supraspinatus tendon-bone
constructs. Two of the specimens were unavailable for
tensile testing, one because of a proximal humerus fracture
noted before the 28-day observation period and another as
a result of tissue damage during dissection. Each shoulder
was removed from the —80° C freezer and thawed at room
temperature on the day of biomechanical testing. The
supraspinatus tendon attached to the humerus was care-
fully dissected from surrounding tissues, and the
supraspinatus muscle belly was removed from the tendon.
The specimen was placed in a custom-designed uniaxial
testing system. The tendon was secured in a screw clamp
using sandpaper and cyanoacrylate, whereas the humerus
was secured in a vise grip to prevent fracture through the
physis. The specimen was preloaded to 0.1 N and then
loaded to failure at a rate of 14 pm/sec corresponding to
approximately 0.4% strain per second. The ultimate load at
failure and the failure site were recorded. Displacement
was measured using a 1-pm resolution micrometer system
attached to the linear stage. The linear region of the load-
displacement curve was used to calculate stiffness for each
specimen.

Data Analysis

The primary outcome for our investigation was biome-
chanical testing of tendon attachment strength with
secondary outcomes of histomorphometric analysis. A
power study was performed before conducting the inves-
tigation, which was based on prior work evaluating rotator
cuff tendon healing in rats [8]. Cohen et al. [8] reported an

average stiffness of 14.9 N/mm at 28 days after repair with
a SD of 5.0 N/mm for rats undergoing transosseous repair
of the supraspinatus tendon. In our study, a 40% increase
in stiffness would be considered clinically important, and
so we set this as the difference we wished to be able to
detect. Using these estimations, a power of 0.80 is
achieved using 12 specimens per group with alpha set at
0.05 for biomechanical testing. The power calculation was
performed using SigmaStat™ software (Systat Software,
San Jose, CA, USA), and the numbers were consistent
with other studies using biomechanical testing of rat soft
tissues.

Statistical analysis of total area of metachromasia, col-
lagen birefringence, and structural properties was
performed using two-way analysis of variance with
appropriate post hoc testing with the Holm-Sidak method.
Significance was set at p < 0.05.

Results
Gross Observations

At 5 days, there was poorly organized tissue between the
tendon-bone insertion site in all groups with the scaffold
groups, including the PDGF-treated groups, exhibiting
white, fibrous tissue at the repair site compared with the
control group. At 28 days, the tendon-bone interface tissue
in the scaffold group and three PDGF groups exhibited
more fibrous tissue compared with the control group,
making it difficult to dissect out the supraspinatus tendon
and the enthesis from the biceps tendon and infraspinatus
tendon without the use of a dissecting microscope. The
scaffold was not visible and appeared well incorporated
with the native tissue. No tendons in any group had failed
to heal because the repaired tendon was in continuity with
the bone in all animals.

Histologic Analysis

At 5 days postsurgery there was a dose-dependent
response in both cellular proliferation and angiogenesis at
both the tendon-bone insertion site and tendon midsub-
stance in groups receiving rthPDGF-BB on a Type I
collagen scaffold (Fig. 2). The 300-pg/mol/L PDGF group
had both the greatest number of actively dividing cells
localized with PCNA immunohistochemistry and more
endothelial cells localized with Factor VIII immunohis-
tochemistry compared with all other experimental groups
(Figs. 2, 3, 4). At 28 days postsurgery, thPDGF-BB
delivery on a collagen scaffold did not increase the area
of glycosaminoglycan staining at the tendon-bone
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5-day Immunohistochemistry Results
(— None; + Low; + + Moderate; + + + High)

Insertion/Midsubstance

Control  Scaffold 30 pg/mL 100 ygmbL 300 pg/mL

PNCA
+/+ +/+ ++/+ ++/++ A+
(n=3)
Factor VIII
++ +/+ ++/++ ++/++
(n=3)

Fig. 2 At early time points, a dose-dependent increase in both
cellular proliferation and angiogenesis at the enthesis and tendon
midsubstance occurred with the delivery of thPDGF-BB on a Type 1
collagen scaffold.

Control (PCNA IHC 10x).

- i
B e

Fig. 3A-D Actively dividing cells were localized with PCNA
immunohistochemistry (IHC) at both the tendon-bone insertion site
and tendon midsubstance to assess cellular proliferation 5 days after
surgery. Representative histologic sections (total magnification,
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"30 pg/mL (PCNA IHC 10x)

interface. Although the 300-pg/mL PDGF group had a
mean total area of metachromasia of 147,786 £ 138,704
pm? compared with 84,649 4 76,500 um? for the scaffold
group (p = 0.58), the large variability among specimens
within each group resulted in no differences with the
numbers available (Fig. 5). Some of the specimens in the
high-dose PDGF group (ie, 300 pg/mL) contained large
areas of newly formed fibrocartilage at the healing
attachment site (Fig. 6). At 28 days postsurgery, there was
no difference in collagen birefringence between the con-
trol group (107 £ 21 gray-scale units [GSU]) and all
groups receiving the scaffold, including the PDGF groups
(scaffold: 118 £ 7 GSU, p =0.77; 30 pg/mL PDGEF:
111 &£ 19 GSU, p = 0.58; 100 pg/mL PDGF: 104 £+ 9
GSU, p = 0.67; 300 pg/mL PDGF: 121 £ 36 GSU,
p = 0.86) (Fig. 7).
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x 100) of the (A) repair, (B) low-dose PDGF, (C) medium-dose
PDGF, and (D) high-dose PDGF groups are provided. T = tendon;
B = bone; IF = interface.
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“Control (Factor VI IHC 10x)  /Scaffold (Factor VIll IHC 10x)

T 5 _ - : | T ' | .A: 5

| B .;'s‘fl
300 pg/mL (Factor VIII IHC 10x)
T A =

IF

b
C ' D
Fig. 4A-D Endothelial cells localized with Factor VIII immunohis- Representative histologic sections (total magnification, x 100) of the
tochemistry (IHC) at both the tendon-bone insertion site and tendon (A) repair, (B) scaffold, (C) low-dose PDGF, and (D) high-dose
midsubstance were used to assess angiogenesis 5 days postsurgery. PDGF groups. T = tendon; B = bone; IF = interface.
Fig. 5 At 28 days postsurgery, Area of Proteoglycan Staining (Metachromasia)
rhPDGF-BB delivery on a colla- )
gen scaffold did not improve the 350,000
area of new fibrocartilage forma- -
tion at the enthesis compared with “E 300,000 -
the repair group. =
©
& 250,000
g O Control
5 200,000 -
& Scaffold
°
= 150,000 - E30 pg/mL
3
© B 100 pg/mL
1}
= 100,000 -
< W 300 pg/mL
]
2 50,000 _ _
4 Weeks
Time After Surgery
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Fig. 6A-D Representative images (total magnification, x 100) of the (A) repair, (B) scaffold, (C) low-dose PDGF, and (D) high-dose PDGF
groups stained with safranin-O (Saf-O) to assess fibrocartilage formation at the enthesis.

Fig. 7 At 28 days postsurgery,
rhPDGF-BB delivery on a colla-
gen scaffold did not improve
collagen fiber continuity and ori-
entation at the enthesis compared
with the repair and scaffold-only
groups.

@ Springer
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Fig. 8 The control group had a
significantly higher ultimate load-
to-failure than all groups receiv- 50 -
ing the scaffold, including those 45 -
treated with rhPDGF-BB.

40 -
35 -
30 -
25 -

Load (N)

20 -
15 -
10 -

Fig. 9 Stiffness of the supraspi-
natus tendon-bone constructs was 30 -

significantly reduced in all groups
receiving the scaffold compared
with controls. 25 |
T 20 -
E
£
o 15
0
g
£
& 10 1
5 -
0

Biomechanical Testing

The control group, which underwent detachment and
transosseous repair, had higher load-to-failure and stiffness
(355 £ 8.8 N and 203 = 4.5 N/mm) than all groups
receiving the scaffold, including those treated with
rthPDGF-BB (scaffold: 27 £ 6.4 N, p=0.021 and
13 £ 5.7 N/mm, p = 0.01; 30 pg/mL PDGF: 26.5 £ 7.5
N,p = 0.014 and 13.3 £ 3.2 N/mm, p = 0.01; 100 pg/mL
PDGF: 25.7 £ 6.1 N, p = 0.005 and 11.6 & 3.3 N/mm,
p = 0.01; 300 pg/mL PDGF: 27 £ 6.9 N, p = 0.014 and
12.7 £ 4.1 N/mm, p = 0.01) (Figs. 8, 9). The ultimate
load-to-failure for all groups receiving the scaffold was
24% lower compared with the control group, and stiffness

Tensile Strength

OControl
Scaffold
@30 pug/mL

@100 pg/mL

m300 pg/mL

4 Weeks
Time After Surgery

Stiffness

oControl
Scaffold
@30 pg/mL

@100 pg/mL

m300 pg/mL

a
4 Weeks
Time After Surgery

was 34% lower compared with the control group. Fifty of
the 58 specimens failed at the tendon-bone insertion site
during biomechanical testing, and the remaining eight
specimens failed at the supraspinatus tendon midsubstance.
Only the specimens that failed at the enthesis are reported.

Discussion

Biologic augmentation of the healing tendon-bone inser-
tion site using growth factors holds promise for improving
the structural integrity and reducing the retear rate after
rotator cuff repair. In our rat rotator cuff repair model, we
found that thPDGF-BB delivery on a Type I collagen
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scaffold demonstrated a dose-dependent response in cel-
lular proliferation and angiogenesis compared with control
(ie, repair only) and scaffold (ie, Type I collagen sponge
only) groups by 5 days postsurgery. However, by 28 days
postsurgery, thPDGF-BB had no effect on the area of
fibrocartilage, collagen fiber maturity and orientation at the
tendon-bone interface, or biomechanical properties com-
pared with the control group (ie, repair only). In fact, the
scaffold may have had a detrimental effect on healing
strength at 28 days. One plausible explanation for the
superior attachment strength in the control group is that the
size of the scaffold (5-mm diameter, 1.8-mm thickness)
may have been too large relative to the size of the rat
supraspinatus tendon (3.06 £ 0.6 mm) and thus acted as a
barrier to tendon-bone healing. However, using a smaller
patch was not surgically feasible, and thus the relatively
large scaffold may have caused mechanical impingement
and extrinsic compression of the healing tendon [26].
There are several limitations to this study. First, we used
an acute injury and repair model to study the healing of
rotator cuff tendons rather than in a chronic, degenerative
state, which is typically seen in the human condition. The
acute, traumatic environment represents an idealized sce-
nario for determining whether biologic augmentation of a
rotator cuff repair is possible, and this was our rationale for
delivering PDGF in this setting. The growth factor may not
augment healing in an acute repair model as a result of the
favorable healing potential in this setting; rather, PDGF
may have a more positive effect in an environment where
the healing response is impaired (ie, chronic condition).
Second, application of the scaffold as an onlay graft (ie,
scaffold over repair site) rather than as an interpositional
graft (ie, scaffold between tendon and bone at repair site)
may not have allowed for optimal growth factor delivery.
The scaffold was used as an onlay graft because this is how
the scaffold technology has been designed, approved by the
FDA, and used in clinical situations. Third, the immuno-
histological assays used at early time points to assess cell
proliferation and angiogenesis were qualitative in nature.
This may have led to possible assessor bias because we did
not perform any intra- or interobserver reliability tests of
these measurements. A fourth limitation is that the histo-
morphometric assays at later time points (ie, fibrocartilage
formation and collagen organization) were likely to be
underpowered to detect meaningful differences with such a
small sample size (n = 4 per group) and the wide vari-
ability between specimens. One way to address this issue is
to allocate additional animals for histomorphometric ana-
lysis. Another limitation of our study is the unknown
release kinetics of hPDGF-BB from the scaffold. Elution
studies were not performed to demonstrate how long the
growth factor would be present during the healing process.
However, in vitro studies on the effect of PDGF on repair
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of meniscal defects have demonstrated that diffusion of
PDGF from an absorbable collagen sponge was rapid with
approximately 50% being released from the collagen
sponge within the first hour [2]. After 5 days of incubation,
8% of the PDGF was present in the meniscus, 11% in the
collagen sponge, and 62% in the culture medium. In light
of these data, it is possible that there was an inadequate
concentration of thPDGF-BB to augment healing in our
model.

In vivo effects of PDGF-BB on tendon and ligament
healing have been mixed, most likely because various doses
of PDGF have been administered with different delivery
vehicles to augment healing in either intraarticular or
extraarticular environments. After medial collateral liga-
ment rupture in rabbits, 20 pg of PDGF-BB with fibrin
sealant delivered on the ligamentous surface demonstrated
greater cellularity and vascularity, increased cross-sectional
area, and greater ultimate load and energy absorbed to failure
at 6 weeks postsurgery compared with the fibrin sealant
group [16]. In a rat patellar tendon-defect model, a single
bolus injection of 1 pg PDGF into the wound site led to
greater cellular proliferation at 2 weeks for early supple-
mentation and increased peak load, cross-sectional area, and
pyridinoline content for later supplementation [5]. In con-
trast, in a rabbit model of partial anterior cruciate ligament
(ACL) laceration treated with 20 pg of PDGF in fibrin
sealant applied to the injured ligament at the time of surgery,
there was significantly decreased maximum load and stiff-
ness of the femur-ACL-tibia complex, by 56% and 41%,
respectively, compared with no treatment to the injured ACL
[20]. After ACL reconstruction with flexor tendon autograft
in sheep, 60 pg of PDGF mixed with poly(D, L-lactide),
coated on sutures at the time of surgery, increased failure
load at early time points compared with the control group
[31]. At 12 and 24 weeks postsurgery, no difference in
failure load was seen between groups. The absence of an
effect of PDGF on healing in these intraarticular models may
be attributable, at least in part, to the presence of synovial
fluid and inadequate vascularity.

The location of the patch may impede healing from the
bursal side by preventing infiltration of fibroblasts and small
vessels from the subacromial bursa to the repair site [29].
Recent work in a large animal model (sheep) of rotator cuff
repair demonstrated improved healing based on histology
and ultimate load to failure when the scaffold device was
used as an interpositional graft rather than as an overlay graft
to deliver PDGF [15]. The finding supports our claim that
bursal patch placement may have been detrimental to heal-
ing in the rat shoulder, and a larger animal model may be
preferable where the healing environment is slower, longer,
and similar to the human condition.

The scaffold device in our study was observed to
incorporate favorably with the host tissue by 4 weeks.
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However, the resulting host repair tissue deposition and
remodeling did not lead to strengthened repair with or
without thPDGF-BB delivery. Only two prospective, ran-
domized controlled studies have been performed using any
of the FDA-approved scaffold devices with variable heal-
ing rates being observed depending on the scaffold
material. The first clinical trial investigating repair of large
and massive chronic rotator cuff tears with porcine small
intestinal submucosa (Restore Orthobiologic Implant;
DePuy, Warsaw, IN, USA) augmentation did not improve
the rate of tendon-bone healing compared with the non-
augmented repair group (27% [four of 15] versus 60% [nine
of 15]) [17]. Rather, 20% (three of 15) of the patients in the
scaffold augmentation group had a severe, sterile, postop-
erative inflammatory reaction. A more recent clinical trial
that investigated the use of human dermis (GraftJacket;
Wright Medical, Arlington, TX, USA) for augmentation of
chronic two-tendon tears found that patients who received
an augmented repair had better healing rates at 2-year fol-
lowup than those who underwent repair only (85% [17 of
20] versus 40% [six of 15]) [1]. No adverse events related to
the human dermis scaffold were observed. Despite favorable
graft-host tissue incorporation, scaffold technology has not
been optimized to consistently improve healing and function
after rotator cuff repair, and additional basic science and
clinical trials are needed to better understand the safety,
mechanism of action, efficacy, and surgical indications for
the numerous commercial scaffold devices currently FDA-
approved for rotator cuff repair.

Another possible reason for lack of improvement in
structural properties may be insufficient doses of rhPDGF-
BB and the inappropriate temporal availability of this
growth factor. The highest dose in our study was three
times less than the dose previously reported in studies
investigating the effects of PDGF-BB on soft tissue healing
[16, 20]. A recent study investigating growth factor
expression profile after rotator cuff surgery in a rabbit
model noted that PDGF-BB expression was most promi-
nent during Days 7 through 14 postsurgery [18]. If an
insufficient dose of rhPDGF-BB was administered too
early in the healing process, then the growth factor may
have been unavailable at later time points to adequately
promote matrix synthesis to augment the repair.

Our study demonstrates the two major technical chal-
lenges of growth factor delivery in in vivo models: (1) how
to temporally and spatially apply different growth factors
for best effect; and (2) how to deliver therapeutic mole-
cules to target cells in a specific and sustained manner.
Two strategies that hold promise for improving tendon-
bone healing include gene transfer of PDGF-BB into
tenocytes that can then be delivered to the repair site [23,
30] and the design of new biodegradable material carriers
for local and sustained delivery of cytokines at the healing

enthesis [6, 7, 21]. Further studies, in larger animal models,
where the healing environment is slower, are needed to
optimize the delivery of this potentially useful growth
factor to possibly augment structural healing and reduce
the retear rate after rotator cuff repair.
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