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Abstract: Defect of the tendon sheath after tendon injury is a main reason for tendon
adhesions, but it is a daunting challenge for the biomimetic substitute of the tendon sheath
after injury due to its multi-layer membrane-like structure and complex biologic functions.
In this study, a multi-layer membrane with celecoxib-loaded poly(L-lactic acid)-polyethylene
glycol (PELA) electrospun fibrous membrane as the outer layer, hyaluronic acid (HA) gel
as middle layer, and PELA electrospun fibrous membrane as the inner layer was designed.
The anti-adhesion efficacy of this multi-layer membrane was compared with a single-layer
use in rabbit flexor digitorum profundus tendon model. The surface morphology showed
that both PELA fibers and celecoxib-loaded PELA fibers in multi-layer membrane were
uniform in size, randomly arrayed, very porous, and smooth without beads. Multi-layer
membrane group had fewer peritendinous adhesions and better gliding than the PELA
membrane group and control group in gross and histological observation. The similar
mechanical characteristic and collagen expression of tendon repair site in the three groups
indicated that the multi-layer membrane did not impair tendon healing. Taken together, our
results demonstrated that such a biomimetic multi-layer sheath could be used as a potential
strategy in clinics for promoting tendon gliding and preventing adhesion without poor
tendon healing.
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1. Introduction

The tendon sheath, which surrounds the tendon in some areas of the hand and foot, is an important
structure for tendon gliding and nutrition. It consists of an outer fibrous sheath and an inner synovial
sheath, which are two thin and serous sheets, the parietal and visceral sheets. These sheets form
a closed duct, including peritendinous fluid (mainly hyaluronic acid, HA) for lubrication [1,2].
Additionally, the tendon sheath itself is a good biological barrier that prevents invasion of peripheral
fibrous tissue and promotes tendon healing [3]. When tendon injury happened, the tendon sheath was
always impaired or defected. Thus, invasion of exogenous fibroblasts allowed the surrounding tissue to
attach to the repair site and resulted in adhesion formation. To avoid the daunting complication,
a tendon sheath-like structure is essential for tendons to perform normally.

Nowadays, a great deal of materials, such as HA and HA-membrane [4-6], solvent dehydrated
bovine pericard [7], and polyvinyl alcohol-hydrogel [8], have been applied for tendon sheath repair
or reducing tendon adhesion. However, none of them were satisfied with a tendon sheath-like
structure, a multi-layer sheath structure. In addition, an ideal substitute for the tendon sheath should
not only mimic the structure of tendon sheath but also inhibit invasion of exogenous fibroblasts and
perform the biological function of secreting synovial fluid, which can decrease adhesion and facilitate
tendon repair.

Electrospinning, as an effective technique, had numerous applications in biomedicine. Many
electrospinning techniques like coaxial electrospinning [9], emulsion electrospinning [10], and mixing
electrospinning [11] have been applied to fabricate polymer nanofibers for tissue repair or
anti-adhesion. However, achieving emulsion electrospinning and coaxial electrospinning was technically
demanding due to the spinneret complexity and potential instability of coaxial flow upon feeding.
Thus, sequential electrospinning may be a simple and reliable technique.

In previous studies, the electrospun poly(L-lactic acid)-polyethylene glycol (PELA) diblock
copolymer fibrous membrane has been reported to prevent adhesions due to its favorable hydrophilic
properties and degradation patterns [12], but its anti-adhesion ability was limited [11]. Celecoxib,
as a kind of selective non-steroidal anti-inflammatory drugs (NSAIDs), can suppress fibroblast
proliferation and collagen expression by inhibiting ERK1/2 and SMAD2/3 phosphorylation [13].
Additionally, in our previous study, a celecoxib-loaded PELA diblock copolymer fibrous membrane
has been fabricated by electrospinning [14]. The results indicated that a burst release was followed by
sustained release from fibrous membranes with high initial celecoxib content. Fewer cells adhered to
and proliferated on the celecoxib-loaded PELA fibrous membrane in vitro and the celecoxib-loaded
PELA fibrous membrane significantly prevented tissue adhesion with impairing tendon healing to
some extent in vivo.

In this study, a multi-layer electrospun membrane-like tendon sheath structure was designed,
the outer layer was celecoxib-loaded PELA electrospun fibrous membrane, the inner layer was PELA
electrospun fibrous membrane, and HA gel was placed between two layers. The purpose of this study
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was to evaluate whether this multi-layer electrospun membrane can prevent adhesion by the outer layer
and promote tendon gliding and healing by HA and the inner layer.

2. Results and Discussion
2.1. Characterization of Multi-Layer Electrospun Fibrous Membrane

Both surface morphology of the multi-layer electrospun fibrous membrane were shown. From
cross-sectional morphology of Figure 1A, we could learn that thicknesses of the multi-layer membrane
were 130 um for the PELA layer and 170 um for the outer celecoxib-loaded PELA layer. As shown in
Figure 1B,C, both PELA and celecoxib-loaded PELA fibers were uniform in size, randomly arrayed,
very porous and smooth, without beads in the fibrous structure.

A  Cross-section of membrane B PELA fibrous layer C Celecoxib-loaded PELA layer

Figure 1. Scanning electron microscopy (SEM) observation for cross-sectional features of
the multi-layer membrane (A) and surface morphological features of the poly(L-lactic acid)-
polyethylene glycol (PELA) electrospun fibers (B) and celecoxib-loaded PELA electrospun
fibers (C).

2.2. In Vivo Animal Study

After three weeks, the animals were killed, the toes were dissected through an incision on the volar
aspect. The wounds appeared macroscopically free of infection or ulcer. The adhesions observed
between the tendon and surrounding tissues were evaluated by the adhesion grading system. In the
control group there were severe peritendinous adhesions around the repair site that required sharp
dissection to separate. Unloaded PELA membrane resulted in small bundles of fibrous tissues bridging
the tendon and the surrounding tissue, but in multi-layer membrane group, few adhesions were
observed between the repaired tendon and the surroundings and a spatula could easily go through
under the tendon (Figure 2A). There were significantly fewer adhesions in the multi-layer membrane
group than in the control group and PELA membrane group (p < 0.05) (Figure 2B).

Work of flexion and maximum tensile strength for evaluating peritendinous adhesions and tendon
healing were summarized in Figure 2. The maximum tensile strength of the control group was higher
than that of the PELA fibrous membrane group and multi-layer membrane group, but there was no
significant difference in maximum tensile strength among three groups (Figure 2C). Work of flexion
was significantly lower in the multi-layer membrane group than the control group and PELA fibrous
membrane group (p < 0.05) (Figure 2D).
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Figure 2. (A) Gross evaluation of the rabbit flexor digitorum profundus (FDP) tendon
model in the untreated control group, PELA membrane group, and multi-layer membrane
group. Tendon (T) is indicated in the figures and adhesion tissue is pointed to using black
arrows. Tendon repair and peritendinous adhesions are evaluated by determining macroscopic
evaluation of tendon adhesions (B), maximum tensile strength (C), and work of flexion (D).
* p < 0.05 compared with control group; © p < 0.05 compared with PELA membrane group.
Data are expressed as mean + SEM for six tendons/group.

The detailed histological findings regarding peritendinous adhesion formation were presented in
Figure 3. In the control group, there were dense adhesions observed between the tendon and the
surrounding vascular granulation tissue. Loose bundles of fibrous tissue bridging the repaired tendon
and the undegraded membrane were shown in the repaired tendon of the unloaded PELA fibrous
membrane group. In comparison, few peritendinous adhesions were detected in most specimens of the
multi-layer membrane group (Figure 3A,B). The decrease in the amount of adhesion tissue in
the multi-layer membrane group was significantly higher compared with the control group and PELA
fibrous membrane group (p < 0.05) (Figure 3C). In addition, tendon healing could be indicated by
histological findings. Invasion of the fibrous adhesion tissue into the repaired tendons could be
observed with poor collagen maturation in the control group. The surfaces of the repaired tendons
wrapped with PELA membrane were also very rough, which indicated partial tendon healing. At the
repaired sites wrapped with the multi-layer membrane, the surfaces of the tendons were smooth, and
well-organized collagen in these tendons was shown, indicating better tendon healing (Figure 3A,B,D).
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Figure 3. HE (A) and Masson (B) staining of untreated repair site, repair sites wrapped
with unloaded PELA fibrous membrane and wrapped with a multi-layer fibrous membrane.
White arrowheads indicate the interface without peritendinous adhesions, while black
arrowheads indicate peritendinous adhesions between the membrane (M) and tendon (T)
(Scale bar = 1 mm). Peritendinous adhesions and tendon repair are evaluated by determining
histological adhesion grade (C) and histological healing grade (D). * p < 0.05 compared with
control group; ¥ p < 0.05 compared with PELA membrane group. Data are expressed as

mean = SEM for six tendons/groups.

2.3. Collagen Expression in Repair Site
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Collagen expression of tendon repair site analyzed by Western blotting assays also indicated the

healing effect of the repair site treated with different membranes. The protein levels of collagen I and
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collagen III in the repair sites after three weeks were examined, with B-actin as protein loading control.
As shown in Figure 4, collagen I and collagen III expression were low in the experimental groups
compared with the control group, but there was no significant difference among three groups.
This meant that multi-layer membrane did not affect the collagen synthesis of tendon healing.

Control PELA Multi-layer
Cotl
B8 Control
Col3 ——— [ S @B PELA
3 Multi-layer
B-actin e C— | —
B 8- c 3
C 6 T : T
£ £ 5
i g
2 4 e
- (2]
° 8 1
O,
0- 0-

Figure 4. Western blotting assay for collagen I and collagen III expression in repair sites
with the untreated group, PELA fibrous membrane group, and multi-layer fibrous
membrane group for three weeks (A). Densitometry of collagen I (B) and collagen III (C)
from Western blot experiment. Data are expressed as mean + SEM for six tendons/group.

2.4. Discussions

In previous studies, many materials and methods, such as hydrogel [15], HA membrane [16], PELA
membrane [11], and human amniotic membrane [17], were used in an attempt to reduce tendon
adhesion. However, these materials and methods were used individually and could not mimic the
structure and function of a tendon sheath, which not only prevented adhesion but also provided tendon the
nutrition, so the ability of anti-adhesion was limited. To avoid the limited ability, some researchers [10]
discovered a electrospun bi-layer membrane consisting of hyaluronic acid-loaded poly(e-caprolactone)
(HA/PCL) fibrous membrane as the inner layer and a PCL fibrous membrane as the outer layer was
fabricated by a combination of sequential and microgel electrospinning technologies. However, emulsion
electrospinning and coaxial electrospinning had some difficulties in the techniques due to the spinneret
complexity and potential instability of coaxial flow upon feeding. Therefore, this method limited its
application. In a previous study, we discovered a celecoxib-loaded PELA electrospun fibrous
membrane and revealed that it prevented tissue adhesion significantly by inhibiting ERK1/2 and
SMAD2/3 phosphorylation, but this strategy partly impaired the intrinsic healing of tendon repair [14].
It has been proven that NSAIDs has potential side effects, such as gastrointestinal side effects, and
renal and arrhythmia risks. However, celecoxib had a greater safety and lower risk than any other
NSAIDs. Furthermore, celecoxib was mixed into PELA with a very low dose and used locally,
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this method minimized the side effect of celecoxib and provided more safety and reliability for further
clinical use.

In this study, in order to discover a strategy, which not only prevents adhesions, but also protects
tendon healing, we fabricated a multi-layer structure with celecoxib-loaded PELA electrospun fibrous
membrane as the outer layer, HA gel as the middle layer and PELA electrospun fibrous membrane as
the inner layer to replace the native tendon sheath. As shown by SEM (Figure 1), such a multi-layer
membrane has a structure mimicking the structure of a native tendon sheath, which consists of an outer
fibrous sheath, peritendinous fluid layer, and inner synovial sheath. There are many advantages for this
discovery. First, sequential electrospinning is a very simple electrospun technology and we can simply
fabricate the multi-layer membrane without considering the spinneret complexity and potential
instability of coaxial flow on microgel electrospinning. Second, the celecoxib-loaded PELA
electrospun fibrous membrane, which is located as the outer layer, can not only prevent cell invasion
like the native fibrous sheath, but also significantly inhibit exogenous fibroblasts proliferation and
collagen synthesis, which the native fibrous sheath does not [14]. The efficiency of the anti-adhesion
effect has been supported by gross view and histological assessments. As the middle layer, on the one
hand, HA gel has a buffer action for preventing celecoxib, which is released from outer layer,
impairing intrinsic healing and, on the other hand, acts as a kind of lubricant and nutrient. The PELA
membrane, as the inner layer, mainly acts as a physical barrier and maintains tendon gliding with its
high hydrophilicity and smoothness. Furthermore, intrinsic tendon healing can be promoted by
diffusion of nutrients from outside the sheath to the repair site through the very small pores of the
PELA membranes (Figure 5). According to the in vivo results of our study, macroscopic and
histological evaluation and work of flexion indicated good gliding, achieved with the HA gel layer and
PELA fibrous layer. In addition, collagen I and collagen III synthesis was a main process in the
remodeling phase of tendon healing after repair [18], thus, the synthesis and remodeling of collagen I
and collagen III was critical to tendon healing. The statistical indifference of maximum tensile strength
and collagen expression of the tendon repair site in the three groups indicated that the multi-layer
membrane had the ability of protecting intrinsic healing.

Exogenous cells
Celecoxib \

Celecoxib-PELA layer
HA layer
PELA layer
)
5 Tendon
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Figure S. Schematic illustration of multi-layer membrane as physical barrier for preventing
tendon adhesions after tendon injury.
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At present, many studies focused on engineered tendon sheath [19-21], although tissue engineering
of a tendon sheath was thought to be an ideal substitute for the native tendon sheath, seeding cells onto
these scaffolds to produce HA-secreting sheaths had limited therapeutic potential because of the
limited supply of seed cells, immunological rejection with allograft cells, and donor site defects in
healthy compartments had to be considered as potential disadvantages for clinical applications.

Our novel multi-layer membrane was very suitable for the clinical reality of anti-adhesion because
no synovial cells for in vitro culture and expansion were required. Restoration of sheath integrity was
considered to provide a smooth gliding surface for tendons [22], decrease peritendinous adhesions, and
preserve nutrition for the tendons, but the tendon sheath was difficult to repair. Consequently, our
“dead” multi-layer membrane provided a therapeutic opportunity, which mimicked the biological function
and structure of the native sheath, especially under the condition of defect of the tendon sheath.
In addition, our sheath membrane could reinforce the ability of anti-adhesion by celecoxib-loaded
PELA fibrous membrane, compared with the native sheath. Although three weeks was the critical
period when tendon healing was achieved and rehabilitation exercises were started in the clinic, and it
was sufficient for a preliminary investigation of such a membrane, the later effects on tendon healing
and anti-adhesion after the complete degradation of the multi-layer membranes have not been proven.
Thus, it will be focused on in our future studies.

3. Experimental Section
3.1. Materials

Celecoxib was purchased from TSZ Co. (Framingham, MA, USA). HA polymer sourced from
human umbilical cords was purchased from Sigma-Aldrich (St. Louis, MO, USA). Other reagent grade
chemicals and solvents except otherwise indicated were purchased from GuoYao Regents Company
(Shanghai, China).

3.2. Electrospinning of Nanofibrous Membranes

Electrospinning was carried out according to our previous report [14]. First, 1 g PELA
(Mw = 40 kDa, E/L = 10/90, Mw/Mn = 1.56) and 0.06 g celecoxib were completely dissolved in a
solvent containing 2.1 g dichloromethane (DCM) and 1.1 g dimethylformamide (DMF) for preparing
the celecoxib-loaded PELA electrospun fibrous membranes. Then, we used a 0.7 mm diameter needle,
fitted to a 2.0 mL glass syringe and a syringe pump, for preparing the celecoxib-loaded PELA
membrane. The mixture was electrospun with the following parameters: applied voltage was 15 kV;
flow rate was 3.0 mL/h; and spin length was 15 cm. The electrostatic force drew the polymeric
solution from the needle tip to reach the collector that was placed away from the needle tip. The outer
layer of the multi-layer electrospun fibrous membrane was first fabricated by co-electrospinning. Then,
1 wt. % HA hydrosols, which were 10 mg HA dissolved in 990 mg distilled water, were covered on
the celecoxib-loaded PELA membrane. Finally, 1 g PELA was dissolved in a solvent containing 2.1 g
DCM and 1.1 g DMF and a PELA membrane was collected on an HA gel membrane by sequential
electrospinning. The fabricated fibrous membranes were dried overnight in a vacuum oven before
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further use. The morphology of the membranes was observed by scanning electron microscopy (SEM,
FEI Quanta 200, Eindhoven, The Netherlands).

3.3. Preliminary Animal Study

Seventy-two adult New Zealand White rabbits (weight range, 2.0-3.0 kg) were used as model
animals (protocol approved by Shanghai Jiao Tong University School of Medicine and the National
Institutes of Health). After being anesthetized with an intravenous injection of pentobarbital sodium
(50 mg/kg), and sterile skin preparation, an elastic tourniquet was applied. The lateral aspect between
the metacarpo-phalangeal and proximal inter-phalangeal joints of the middle digit was exposed by
a 1.5-cm linear skin incision and separation of the subcutaneous tissue. The flexor tendon sheath was
incised, and the flexor digitorum superficialis (FDS) tendon was removed. A full-thickness transverse
tenotomy was made with a number 15 blade on the flexor digitorum profundus (FDP) tendon,
then the ruptured tendon was repaired using a modified Kessler tendon repair with 6-0 prolene suture
(Ethicon Ltd., Edinburgh, UK). The tendon sheath was not repaired. The animals were randomly
divided into three groups (control and two experimental groups) with twenty-four animals per group.
A 1 cm x 1 cm piece of PELA electrospun membrane was wrapped around the repair site of the FDP
tendon of each animal in one experimental group and a multi-layer membrane of the same size was
wrapped around the repair site of the FDP tendon of each animal in the other experimental group,
while the control group received no treatment around the repair site before closure. After the final skin
closure, the extremity was immobilized in a self-made splint.

3.4. Macroscopic Evaluation

The animals were killed after 3 weeks. First, the repaired site was examined for any sign of
inflammation or ulcer. Severity and extent of peritendinous adhesion were scored, respectively. For the
quantitative macroscopic evaluation of the peritendinous adhesions, the adhesion scoring system was
used at a particular area into grade 1-5, based on the surgical findings (grade 1, no adhesions; grade 2,
filmy adhesions easily separable by blunt dissection; grade 3, less than or equal to 50% of the adhesion
areas must be separated by sharp dissection; grade 4, 51%—97.5% of the adhesion areas must be separated
by sharp dissection; and grade 5, more than 97.5% of the adhesion areas must be separated by sharp
dissection) [23]. The adhesion rate was used to quantify the extent of peritendinous adhesions [24].
Adhesions were evaluated by two independent investigators blinded to treatment.

3.5. Histological Evaluation

The middle toes were collected and fixed in 4% paraformaldehyde for 2 days and decalcified
for 1 month with 10% EDTA at room temperature. After being dehydrated in an ascending alcohol
series and embedded in paraffin, 4-um sagittal sections were cut and stained with hematoxylin and
eosin (HE) and Masson’s trichrome. Histologic assessments of adhesions and tendon healing were
performed [25]. Adhesions were quantified into four grades as follows: no adhesions; <33% of the
tendon surface; 33%—-66% of the tendon surface; >66% of the tendon surface [26]. Tendon healing was
quantified into four grades according to Tang et al. as follows: grade 4, poor (separation of the sutured
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parts or mass overgrowth of granulation); grade 3, fair (irregular intratendinous collagen bundles, and
partly interrupted by adhesions); grade 2, good (intratendinous collagen bundles exhibited good repair,
but the epitenon was interrupted by adhesions); or grade 1, excellent (continuity of tendon was
re-established and the epitenon was smooth) [27]. These histological sections were evaluated
microscopically (LEICA DM 4000 B; Leica Microsystems, Bannockburn, IL, USA) by two independent
observers blinded to the treatment.

3.6. Biomechanical Evaluation

The FDP tendon of the middle toe was exposed at the ankle for the biomechanical test. The work of
flexion and maximal tensile strength were measured using a rheometer (Instron 5548, Instron, MA,
USA). The proximal end of the FDP tendon was fixed to a force gauge, and the proximal phalanx of
the toe was attached to a self-made device with K-wires through the distal interdigital joint.
To evaluate the work of flexion, the actuator pulled the tendon at 10 mm/min until the range of
proximal interdigital joint reached 40°. The force and the excursion of the clamp were measured
directly, and the work of flexion was calculated by curve integration. Then, the proximal and distal
ends of the tendon were grasped with the compressive clamp attached to the rheometer. The device
pulled the tendon at 10 mm/min, until the tendon ruptured. The breaking strength at the repair site
represented the maximal tensile strength. In this case, the maximal tensile force was recorded.

3.7. Western Blot Analysis

Western blot was used to quantify protein levels of collagen I and collagen III in the repair site.
Total protein was isolated from tissues of the repair site by homogenization in a buffer containing
200 pL of ice-cold RIPA (Bio-Rad, Hercules, CA, USA) and 1 pL of 200 mM PMSF (Kang Chen
Corp., Shanghai, China) on ice for 60 min. Then, the lysates were centrifuged at 12,000 rpm for
10 min. The supernatants were collected and the total protein content was measured by the BCA protein
assay kit (Thermo, Rockford, IL, USA). Equal amounts of sample proteins were electrophoresed through
an 8% SDS-PAGE gel, and then transferred to a polyvinylidene difluoride membrane (Millipore,
Bedford, MA, USA). After blocking with 5% non-fat milk in TBST buffer (50 mm Tris-HCI,
100 mm NaCl, and 0.1% Tween-20, pH 7.4) at room temperature for 60 min, the membranes were
incubated with antibodies against collagen I (Biorbyt, Cambridge, UK), collagen III (Abbiotec,
San Diego, CA, USA), and B-actin (Abcam, Cambridge, MA, USA) overnight at 4 °C. After washing
with TBST buffer, the membranes were incubated with corresponding horseradish peroxidase-conjugated
IgG (Cell Signaling, Beverly, MA, USA) for 1 h. Then, the membranes was washed with TBST buffer
three times and detected with an enhanced chemiluminescence detection kit (Thermo Pierce) and an
imaging system (Image Quant LAS 4000 mini, GE, Piscataway, NJ, USA). The density of bands was
quantified with Image Pro-plus 6.0 (Media Cybernetics, Bethesda, MD, USA).

3.8. Statistical Analysis

Data were expressed as mean + SEM. Statistical software SPSS 13.0 was performed to analyze the data
using one-way analysis of variance; values of p < 0.05 were considered to be statistically significant.
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4. Conclusions

In this study, a multi-layer membrane with celecoxib-loaded PELA electrospun fibrous membrane
as the outer layer, HA gel as the middle layer, and PELA electrospun fibrous membrane as the
inner layer was fabricated by sequential electrospinning. /n vivo results showed that the outer
celecoxib-loaded PELA layer could reinforce the anti-adhesive function of the outer fibrotic layer,
while the middle HA gel and inner PELA layer can mimic the biological function of HA secretion to
promote tendon healing and gliding. Taken together, these results demonstrated that the multi-layer
membrane prevented tendon adhesion formation effectively without impairing tendon healing, and
may possibly be used as a prophylactic strategy in the management of patients with tendon adhesions.

Acknowledgments
This work was supported by the National Natural Science Foundation of China (81271999).
Author Contributions

Cunyi Fan and Shichao Jiang conceived and designed the experiments; Shichao Jiang and Hede Yan
performed the experiments; Hede Yan and Dapeng Fan analyzed the data; Jialin Song contributed
reagents/materials/analysis tools; and Shichao Jiang wrote the paper.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Kannus, P. Structure of the tendon connective tissue. Scand. J. Med. Sci. Sports 2000, 10, 312-320.

2. Sharma, P.; Maffulli, N. Biology of tendon injury: Healing, modeling and remodeling.
J. Musculoskelet. Neuronal Interact. 2006, 6, 181-190.

3. Peterson, W.W.; Manske, P.R.; Dunlap, J.; Horwitz, D.S.; Kahn, B. Effect of various methods of
restoring flexor sheath integrity on the formation of adhesions after tendon injury. J. Hand Surg.
1990, 15, 48-56.

4. Isik, S.; Ozturk, S.; Gurses, S.; Yetmez, M.; Guler, M.M.; Selmanpakoglu, N.; Gunhan, O.
Prevention of restrictive adhesions in primary tendon repair by ha-membrane: Experimental
research in chickens. Br. J. Plast. Surg. 1999, 52, 373-379.

5. Akasaka, T.; Nishida, J.; Araki, S.; Shimamura, T.; Amadio, P.C.; An, K.N. Hyaluronic acid
diminishes the resistance to excursion after flexor tendon repair: An in vitro biomechanical study.
J. Biomech. 2005, 38, 503-507.

6. Momose, T.; Amadio, P.C.; Sun, Y.L.; Zhao, C.; Zobitz, M.E.; Harrington, J.R.; An, K.N. Surface
modification of extrasynovial tendon by chemically modified hyaluronic acid coating. J. Biomed.
Mater. Res. 2002, 59, 219-224,



Int. J. Mol. Sci. 2015, 16 6943

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sungur, N.; Uysal, A.; Kocer, U.; Karaaslan, O.; Gumus, M.; Sokmensuer, L.K.; Sokmensuer, C.
Prevention of tendon adhesions by the reconstruction of the tendon sheath with solvent dehydrated
bovine pericard: An experimental study. J. Trauma 2006, 61, 1467-1472.

Kobayashi, M.; Toguchida, J.; Oka, M. Development of polyvinyl alcohol-hydrogel (PVA-H)
shields with a high water content for tendon injury repair. J. Hand Surg. Br. 2001, 26, 436—440.
Zhao, S.; Zhao, J.; Dong, S.; Huangfu, X.; Li, B.; Yang, H.; Cui, W. Biological augmentation of
rotator cuff repair using bFGF-loaded electrospun poly(lactide-co-glycolide) fibrous membranes.
Int. J. Nanomed. 2014, 9, 2373-2385.

Liu, S.; Zhao, J.; Ruan, H.; Tang, T.; Liu, G.; Yu, D.; Cui, W.; Fan, C. Biomimetic sheath
membrane via electrospinning for antiadhesion of repaired tendon. Biomacromolecules 2012, 13,
3611-3619.

Liu, S.; Hu, C.; Li, F.; Li, X.J.; Cui, W.; Fan, C. Prevention of peritendinous adhesions with
electrospun ibuprofen-loaded poly(L-lactic acid)-polyethylene glycol fibrous membranes. Tissue Eng. A
2013, 79, 529-537.

Yang, D.J.; Chen, F.; Xiong, Z.C.; Xiong, C.D.; Wang, Y.Z. Tissue anti-adhesion potential of
biodegradable PELA electrospun membranes. Acta Biomater. 2009, 5, 2467-2474.

Li, F.; Liu, S.; Ouyang, Y.; Fan, C.; Wang, T.; Zhang, C.; Zeng, B.; Chai, Y.; Wang, X. Effect of
celecoxib on proliferation, collagen expression, ERK1/2 and SMAD2/3 phosphorylation in
NIH/3T3 fibroblasts. Eur. J. Pharmacol. 2012, 678, 1-5.

Jiang, S.; Zhao, X.; Chen, S.; Pan, G.; Song, J.; He, N.; Li, F.; Cui, W.; Fan, C. Down-regulating
ERK1/2 and SMAD2/3 phosphorylation by physical barrier of celecoxib-loaded electrospun
fibrous membranes prevents tendon adhesions. Biomaterials 2014, 35, 9920-9929.

Ishiyama, N.; Moro, T.; Ohe, T.; Miura, T.; Ishihara, K.; Konno, T.; Ohyama, T.; Kimura, M.;
Kyomoto, M.; Saito, T.; et al. Reduction of peritendinous adhesions by hydrogel containing
biocompatible phospholipid polymer mpc for tendon repair. J. Bone Jt. Surg. Am. 2011, 93, 142—149.
Liu, Y.; Skardal, A.; Shu, X.Z.; Prestwich, G.D. Prevention of peritendinous adhesions using
a hyaluronan-derived hydrogel film following partial-thickness flexor tendon injury. J. Orthop. Res.
2008, 26, 562—569.

Ozboluk, S.; Ozkan, Y.; Ozturk, A.; Gul, N.; Ozdemir, R.M.; Yanik, K. The effects of human
amniotic membrane and periosteal autograft on tendon healing: Experimental study in rabbits.
J. Hand Surg. Eur. 2010, 35, 262-268.

Sharma, P.; Maffulli, N. Tendon injury and tendinopathy: Healing and repair. J. Bone Jt. Surg. Am.
2005, 87, 187-202.

Ni, M.; Rui, Y.F.; Tan, Q.; Liu, Y.; Xu, L.L.; Chan, K.M.; Wang, Y.; Li, G. Engineered scaffold-free
tendon tissue produced by tendon-derived stem cells. Biomaterials 2013, 34, 2024-2037.

Ozturk, A.M.; Yam, A.; Chin, S.I.; Heong, T.S.; Helvacioglu, F.; Tan, A. Synovial cell culture
and tissue engineering of a tendon synovial cell biomembrane. J. Biomed. Mater. Res. A 2008, 84,
1120-1126.

Baymurat, A.C.; Ozturk, A.M.; Yetkin, H.; Ergun, M.A.; Helvacioglu, F.; Ozkizilcik, A.;
Tuzlakoglu, K.; Sener, E.E.; Erdogan, D. Bio-engineered synovial membrane to prevent tendon
adhesions in rabbit flexor tendon model. J. Biomed. Mater. Res. A 2015, 103, 84-90.



Int. J. Mol. Sci. 2015, 16 6944

22.

23.

24.

25.

26.

27.

Gelberman, R.H.; Vande Berg, J.S.; Lundborg, G.N.; Akeson, W.H. Flexor tendon healing and
restoration of the gliding surface. An ultrastructural study in dogs. J. Bone Jt. Surg. Am. 1983, 65,
70-80.

Cashman, J.; Burt, H.M.; Springate, C.; Gleave, J.; Jackson, J.K. Camptothecin-loaded films for
the prevention of postsurgical adhesions. Inflamm. Res. 2004, 53, 355-362.

Ishiyama, N.; Moro, T.; Ishihara, K.; Ohe, T.; Miura, T.; Konno, T.; Ohyama, T.; Kimura, M.;
Kyomoto, M.; Nakamura, K.; et al. The prevention of peritendinous adhesions by a phospholipid
polymer hydrogel formed in situ by spontaneous intermolecular interactions. Biomaterials 2010,
31,4009-4016.

Gudemez, E.; Eksioglu, F.; Korkusuz, P.; Asan, E.; Gursel, I.; Hasirci, V. Chondroitin sulfate-coated
polyhydroxyethyl methacrylate membrane prevents adhesion in full-thickness tendon tears of rabbits.
J. Hand Surg. 2002, 27, 293-306.

Siddiqi, N.A.; Hamada, Y.; Ide, T.; Akamatsu, N. Effects of hydroxyapatite and alumina sheaths
on postoperative peritendinous adhesions in chickens. J. Appl. Biomater. 1995, 6, 43-53.

Tang, J.B.; Shi, D.; Zhang, Q.G. Biomechanical and histologic evaluation of tendon sheath
management. J. Hand Surg. 1996, 21, 900-908.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



