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Abstract

A rotator cuff tendon tear is a common shoulder injury with a relatively high rate of

recurrence after surgical repair. In order to reinforce the repair and reduce the risk of

clinical complications, a patch scaffold is typically sutured over the tendon tear to

provide post-surgical mechanical support. However, despite considerable research

effort in this area, a patch scaffold that provides both superior initial mechanical

properties and supports cell proliferation at the same time has not yet been achieved.

In this study, we engineered a collagen/poly(lactic acid) (COL/PLA) hybrid yarn to

leverage mechanical strength of PLA yarn and the bioactivity of collagen. The

COL/PLA yarns were used to fabricate a tissue engineering scaffold using textile

weaving technology. This hybrid scaffold had a tensile strength of 354.0 ± 36.0 N

under dry conditions and 267.2 ± 15.9 N under wet conditions, which was satisfac-

tory to maintain normal tendon function. By introducing COL yarns into the hybrid

scaffold, the proliferation of tendon-derived cells was significantly improved on the

scaffold. Cell coverage after 28-days of in vitro cell culture was noticeably higher on

the COL yarns compared to the PLA yarns as a result of a larger number of cells and

more spread cell morphology on collagen. Cells spread in multiple directions on COL

yarns, which resembled a more natural cell attachment on extracellular matrix. On

the contrary, the cells attached to the PLA filaments presented an elongated mor-

phology along the fiber's axial direction. Combining the mechanical robustness of

PLA and the biological activity of collagen, the woven COL/PLA hybrid scaffold has

shown its potential to be a promising candidate for tendon repair applications.
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1 | INTRODUCTION

The rotator cuff tendon is one of the most frequently injured tendons

due to trauma or long-term overuse of the shoulder. About 27% and

37% of the general population are affected by full and partial rotator

cuff tears, respectively.1 In the United States, there are estimated

75,000 rotator cuff surgical procedures performed every year, and the

number is increasing given the aging population and the demand for

improved independence.2 The management of large and massive rota-

tor cuff tears is always a clinical challenge for the surgeon because of
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tendon-retraction.3 Tear recurrence rates after surgical repair can be

as high as 34%–94%, depending on the patient's age, tear size and

chronicity, muscle atrophy and degeneration, tendon quality, repair

technique, and the postoperative rehabilitation protocol.4–6 For ten-

don tissue of poor quality, graft augmentation is an effective strategy

to reinforce the repair site and provide biomechanical support that

can shield the repaired rotator cuff tendon from extreme external

applied stresses.7

An ideal reinforcement graft for rotator cuff repair should have

mechanical properties similar to native tendon tissue. At the same

time, it should also promote rapid host cell in-growth and tissue heal-

ing. The extracellular matrix (ECM)-based scaffolds can promote ten-

den tissue healing to improve the strength of the repaired tendon and

reduce the clinical rate of recurrence.3,8–10 But opposite reports indi-

cate that ECM-based grafts can cause inadequate initial mechanical

support, loss of structural integrity, severe host immune response and

high post-operative rates of tear recurrence.11–16 On the other hand,

synthetic grafts made from permanent or degradable polymers show

promising clinical outcomes in terms of a stronger mechanical perfor-

mance and a more durable and consistent tendon function in the

long term.5,17–19 However, synthetic grafts are associated with an

adverse foreign-body reaction and poor biological healing in several

animal and clinical studies leading to increased concern and risk of

recurrence.20–22 So neither of these two categories of augmentation

devices possesses both sufficient mechanical properties to maintain

dimensional stability and mechanical integrity, and superior biological

performance for rapid healing and regeneration.

A hybrid tendon scaffold that combines biological and synthetic

components is proposed to be a promising alternative candidate to

provide sufficient mechanical support and promote host tissue healing

at the same time. Collagen in its fibrillar form is the major component

of tendon ECM. It is highly organized and aligned along the axis of the

tendon, providing the load-bearing structure and accounts for approx-

imately 60%–85% of the total dry mass of the tendon's ECM. Type I

and Type III collagen account for about 90%–10% of the entire colla-

gen content, respectively.23 Considering its critical role in the native

tendon tissue, collagen is an ideal biological material for fabricating

tendon scaffolds. However, collagen as a coating material shows con-

flicting cellular responses, which may be due to the insufficient and

inconsistent binding of collagen and the loss of collagen alignment

and natural collagen configuration in the coating solution.24–26 In this

study, we used an electrochemically aligned collagen monofilament

(COL), which is a continuous collagen yarn with axial collagen fibril

alignment, improved mechanical properties, and an extended in vitro

degradation time.27,28 Being aligned by an electrical current, these

COL yarns achieve a more densely packed collagen molecular struc-

ture and a more natural collagen fiber morphology.29 Unlike tradi-

tional collagen coating that degrades fast and lacks bioactivity, the

presence of the collagen yarn is prolonged due to slower degrada-

tion.24,30 The mechanical properties of collagen are also improved in

the COL yarns compared to traditional collagen fabrication methods.

We have reported small-diameter vascular grafts fabricated from COL

yarns, which show equivalent strength and compliance to the

saphenous vein graft and promoted endothelial cell attachment and

proliferation compared to a pure poly-L-lactic acid (PLA) graft.31,32

The fibrous alignment of the collagen yarn is also able to guide the

tenogenic differentiation, which cannot be achieved by a traditional

collagen coating, film and sponge.33 In a pilot study in a rabbit model,

the manually woven COL scaffold has a positive tenogenic response

with the presence of the tendon-specific marker tenomodulin,

procollagen I, collagen I and collagen III.33 However, the mechanical

strength of a collagen yarn is insufficient to withstand the tension and

friction during the high-speed woven manufacturing process, which

hinders scale-up and commercial production of the collagen yarn-

based scaffold. As a result, a combination of COL with PLA yarns is

proposed in this study so as to provide adequate mechanical proper-

ties for high-speed automatic production weaving technology.

PLA has been broadly used in medical devices approved by the

United States Food and Drug Administration and shown to be robust

and consistent in its mechanical properties.34,35 By combining COL

with PLA yarns, we anticipated achieving the benefits of both the

tenogenic potential of collagen and the mechanical properties of the

PLA yarn for high-speed manufacturing.

Woven structures are widely used in commercial medical devices

and studied extensively in tissue engineering applications to produce

scaffolds for the repair of tendons,5,36,37 bone,38–40 cartilage,41–43

heart valves,44,45 and peripheral vascular tissue.46–48 They provide

high mechanical strength and structural stability, and the properties

such as thickness, porosity and strength can be easily adjusted and

modified by altering the woven design pattern and the density of

warp and weft yarns.44 Its superior mechanical performance and flexi-

bility to select a variety of different materials makes a woven patch an

attractive candidate for tendon repair. In a previous study, a woven

PLA scaffold show a tensile stress–strain curve similar to a human or

canine infraspinatus rotator cuff tendon, which is significantly better

than ECM-based scaffolds with regard to mechanical properties.49

Overall, in this study, we propose the combination of hybrid

COL/PLA yarns and a weaving technique to fabricate a tendon repair

patch scaffold with both robust mechanical properties and superior

biological performance. The objective of this study is to develop an

easy-to-scale-up patch scaffold that can promote rapid tendon cell

proliferation for rotator cuff tendon repair. It is the first time that the

continuous collagen yarn spun from extracted rat collagen is fabri-

cated into a tissue engineering scaffold using a high-speed production

weaving approach. The COL threads were combined with PLA multi-

filaments, with the former providing superior biological performance

to improve tissue healing and ingrowth, and the latter supplying the

desired mechanical properties that are necessary for high-speed man-

ufacture of the scaffold using automated weaving technology. The

collagen yarn and PLA filaments were plied together to form hybrid

yarns and woven into a patch by an automated production loom. The

mechanical properties and fatigue resistance of the hybrid woven

patch were characterized and compared to a pure PLA woven control

patch. In addition, the in vitro biological performance of these woven

scaffolds was determined by measuring the proliferation and morphol-

ogy of tendon-derived cells.
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2 | MATERIALS AND METHODS

2.1 | Collagen yarns

The collagen yarn used in this study was fabricated from acid-extracted

rat-tail collagen. The collagen extraction procedure and the method for

spinning collagen yarns by electrochemical alignment have been published

previously.27,28 Briefly, Sprague Dawley rat tail tendons were obtained

from College of Veterinary Medicine at North Carolina State University

and were harvested at the time of the sacrifice of the rats which was

performed in accordance with the Institutional Animal Care and Use

Committee at the North Carolina State University. The tendon fibers were

washed extensively in phosphate buffered saline (PBS) at pH 7.4 and then

transferred to 0.15 M sodium chloride (NaCl) for a 5-minute washing fol-

lowed by another 5-minute immersion in acetone to remove any fat, lipid

and other impurities. The tendon fibers were then incubated in 0.5 M

acetic acid and stirred at 4�C for 48 h and then precipitated in 10% w/v

NaCl for 1 h. The precipitant was then re-dissolved with 0.25 M acetic

acid for 24 h and then dialyzed against 17.5 mM acetic acid to obtain a

final collagen solution with 3 mg ml�1. The acidic collagen solution was

further dialyzed with deionized (DI) water for 24 h before being intro-

duced into the collagen electrochemical alignment device. A syringe and

pump were used to introduce and maintain the flow of the solution

between the anode and the cathode strips of a rotating electrode

device.27 A constant 40V electrical potential was applied to electrochemi-

cally compact the collagen molecules at the isoelectric point between the

two electrodes. As a result, the collagen molecules aggregated into a

thread and were drawn out and collected in a reservoir containing 80%

isopropanol. The collagen thread was then dried in a fume hood at room

temperature and stored in a fridge at 4�C prior to subsequent processing.

2.2 | Collagen/PLA hybrid yarns

In order to improve the yarn's mechanical and structural stability, two col-

lagen threads were first plied and twisted together into a 2-ply yarn with

approximately 150 turns-per-meter in an S twist direction, followed by

chemically crosslinking with 1-ethyl-3-(�3-dimethylaminopropyl) carbo-

diimide hydrochloride (EDC) in 80% ethanol and N-hydroxysuccinimide

(NHS) as the catalyst for 2 h. The molar ratio of collagen: EDC: NHS was

selected to be 1:25:50. A hybrid yarn was then prepared by cabling the

2 ply crosslinked collagen yarn with a 146 denier 72 filament 2 ply PLA

yarn (Xinxiang Sunshine Textile Company Ltd., Henan, China) using a twist

level of 150 turns-per-meter (tpm) on a Model DirecTwist-2A (Agteks Ltd,

Istanbul, Turkey) yarn plying machine. Similarly, 100% PLA warp yarns

were prepared by cabling two 2 ply yarns with 150 tpm.

2.3 | Weaving

Plain woven prototype hybrid structures were fabricated on a

“Muller” multi-position narrow width ribbon shuttle loom (Jakob

Müller AG, Switzerland) from 28 100% PLA-cabled yarns in the warp

direction and the hybrid collagen/PLA yarn in the weft direction. A

100% PLA control woven ribbon was also fabricated from pure PLA-

cabled yarns in both warp and weft directions. In order to visualize the

collagen protein yarns in the woven fabric, both the prototype hybrid

and PLA control ribbons were dyed with Textile Identification Stain

No. 3A for 10 min at 30–40 �C. After staining, the images of the two

types of grafts were captured with a ZEISS Axiovert 100A inverted

microscope (Carl Zeiss Microscopy LLC, NY, USA). Pore size was mea-

sured as the diagonal distance across the rectangular shaped pores at

the warp and weft yarn interlacements in these woven fabrics.

2.4 | Mechanical properties of woven patches

To determine the mechanical properties of the woven patch grafts, we

carried out axial tensile tests and suture retention tests on the

scaffolds under dry and wet conditions. Both properties are essential for

the security and performance of patch grafts for tendon repair applica-

tions. Native tendons are the major load-bearing tissue during movement

and have excellent mechanical properties. In order to provide sufficient

mechanical support at the wound site and prevent recurrence of the tis-

sue tear, excellent tensile properties are necessary. On the other hand, at

the anastomosis, suture security is also dependent on successful integra-

tion of the patch graft into the native tendon tissue.

The uniaxial tensile properties of the hybrid collagen/PLA woven

ribbon (abbreviated as COL/PLA) and pure PLA woven ribbon control

were tested. The patch samples were cut into 30 mm long specimens

and tested on an Instron Model 5584 mechanical tester (Norwood, MA,

USA) with a gauge length of 10 mm and a crosshead speed of 30 mm/

min. The specimens were tested in both dry and wet conditions after

being pretreated in 0.01 M PBS for 2 h. Each group of samples had five

replicates under each condition. The maximum load, elongation at maxi-

mum load and linear stiffness were recorded. The physiologically relevant

properties, such as load at 5 mm elongation and elongation at 50 N, were

also reported, because 5 mm is the estimated maximum permissible

retraction of a tendon after tendon repair and 50 N is the estimated

physiologic load applied to an augmentation graft after tendon repair.50

The suture retention strength of both the COL/PLA hybrid patch

and the PLA ribbon control were tested under dry conditions on the

same Instron Model 5584 mechanical tester. One end of a 20 mm

long rectangular patch sample was sutured with a size 2 FiberWire

suture (Arthrex LLC, Naples, FL) at a distance of 5 mm from the

edge of the patch. The non-sutured end of the sample was fixed by a

flat clamp while the suture end was fixed by a capstan clamp. Five

specimens of each type of patch were tested to failure in the warp

direction at a rate of 200 mm min�1.

2.5 | Biological properties of woven patches—
Tendon-derived in vitro cell culture

To investigate the initial performance of the hybrid patch on promot-

ing tendon cell growth and tendon healing, two different tendons,
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namely the rotator cuff and Achilles tendon, were dissected under sterile

conditions from adult one-month-old Sprague–Dawley rats. After

rinsing with sterile 0.01 M PBS, the sheath and surrounding paratenon

were removed and the tendons were minced into small pieces.

The tendon pieces were then cultured in growth medium [50:50

DMEM:HAM F12, containing 10% fetal bovine serum, 1%

penicillin–streptomycin solution, and 25 μg ml�1 ascorbic acid]

under standard conditions of 37�C in a 95% air/5% CO2 humidified

atmosphere. The culture medium was changed every 3 days. When

the cells in each petri-dish migrated from the tendon explants and

reached confluence, they were trypsinized and subcultured in

75 ml flasks to allow proliferation under the same culture condi-

tions. The third passage of the Achilles tendon-derived cells (ACs)

and the rotator cuff tendon-derived cells (RCs) were used to evalu-

ate the extent of cell growth on the COL/PLA patch and the 100%

PLA control patch. The samples were cut into three 1 � 1 cm

square specimens and placed in a 24-well plate, followed by ethyl-

ene oxide sterilization and pre-wetting in cell growth media.

1 � 104 cells were then seeded on each specimen and cultured in

growth media under standard conditions of 37 �C in a 95% air/5%

CO2 humidified atmosphere for up to 28 days. The culture medium

was changed every other day.

Cell metabolic activity for the ACs and RCs cultured on the COL/PLA

and 100% PLA samples was determined qualitatively after 1, 4, 7 and

28 days. Briefly, the cell seeded patch samples were removed to new

24 well plates and the culture media were replaced with fresh media con-

taining 10% alamarBlue® (AB) (Invitrogen) at each time point. After cultur-

ing for 4 h in the dark at 37�C, 100 μl supernatant from each specimen

was transferred into a 96 well plate and the level of fluorescence was read

using a Tecan Genios microplate reader (Tecan Trading AG, Switzerland).

To visualize the cell proliferation and growth, the cell-seeded

COL/PLA and the 100% PLA patch samples were fixed in 10% forma-

lin (Fisher Scientific, Loughborough, UK) for 10 min and then permea-

bilized by 0.5% Triton-X for10 min. Then, the cells were stained using

100 nM solution of Acti-stain 488 phalloidin (Cytoskeleton Inc., Den-

ver, CO) and 40 ,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher

Scientific, Waltham, MA) in 0.01 M PBS for 30 minutes in the dark at

room temperature. The specimens were viewed and their images were

captured at 100 X magnification using a Zeiss LSM880 laser confocal

microscope (Carl Zeiss MicroImaging, NY).

Scanning electron microscopy (SEM) was also utilized to charac-

terize the level of cell attachment to the patch graft scaffolds. The

cell-seeded specimens were fixed in 10% formalin at room tempera-

ture for 30 min, followed by dehydration through a graded series of

aqueous ethanol solutions, namely 30%, 50%, 70%, and 95% and

finally 100% ethanol for 30 min each at 4 �C. Then, all the specimens

were critical point dried for 15 min in a Samdri-795 critical point dryer

(Tousimis Research Corporation, Rockville, MD) and sputter-coated

with gold/palladium in a Hummer® 6.2 sputter coating system

(Anatech Ltd, CA). The prepared specimens were examined in a JEOL

JSM-5900LV scanning electron microscope (JEOL USA, Inc. Peabody,

MA) at a 15 kV accelerating voltage and the SEM images were

captured at magnifications of 100 X and 300 X.

2.6 | Statistics

Statistical analysis in this study was performed using JMP Pro 13

(JMP, Cary, NC) software. All the experimental results were reported

as mean ± standard deviation (SD). Statistical differences in tensile

properties under dry and wet conditions as well as cell metabolic

activities among different time points were determined by two-way

ANOVA, while the suture retention strength was tested by one-way

ANOVA. Tukey's post hoc multiple comparison test was conducted

between groups if the means were found to be significantly different

by ANOVA. Significant differences were identified when p < 0.05.

3 | RESULTS

3.1 | Fabrication of the COL/PLA woven graft

As shown in Figure 1, the COL/PLA hybrid patch graft was woven by

interlacing pure PLA yarn in the warp direction and COL/PLA hybrid

yarn in the weft direction. The warp direction was used as the load

bearing direction, and thus the pure PLA would be able to provide suf-

ficient strength to the graft. In the weft direction, which is perpendic-

ular to the warp direction, the COL/PLA hybrid yarn was used to

provide cells with adhesion ligands and an ECM-like substrate to

adhere to and proliferate. The pure PLA control patch was woven by

using PLA yarns in both warp and weft directions.

The COL/PLA hybrid and pure PLA woven patch fabrics were

fabricated in a continuous ribbon with a width approximately 17 mm

as shown in Figure 1A. To visualize the collagen component, both the

hybrid and the 100% PLA patch graft were stained with T.I.S Stain

No. 3A (Figure 1B). The collagen yarns were dyed blue in color, while

the PLA filaments were dyed a light shade of pink. When viewing the

structure of the woven grafts at higher magnification under an optical

microscope, the pores in the PLA control appeared to be more uniform

than in the COL/PLA fabric (Figure 1C and 1D). Indeed, the size of the

pores (measured under dry conditions) in the COL/PLA patch was sig-

nificantly larger than those in the 100% PLA woven control

(p = 0.0073). The thickness of the COL/PLA and the 100% PLA patch

grafts were 528 ± 25 μm and 496 ± 28 μm respectively; there being no

statistical difference between the two means (Figure 1E).

3.2 | The mechanical properties of the hybrid
patch graft

Figure 2A shows the typical stress–strain curves of the COL/PLA

patch graft and the pure PLA control sample. All of them had a rela-

tively long toe region under both dry and wet conditions, which was

likely due to the uncrimping of the woven structure under load. How-

ever, these two types of grafts had different tensile properties. The

slope of the elastic region in the stress–strain curve of the PLA patch

was steeper than that of the COL/PLA sample under both dry and

wet conditions. Due to the incorporation of collagen, the COL/PLA
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blended patch graft had a significantly higher maximum load under

dry conditions compared to the wet conditions, with values of 354

± 36 N and 267 ± 16 N, respectively (Figure 2B). No significant differ-

ence was found in the maximum load between the COL/PLA and PLA

patch grafts when tested under dry conditions.

As for the physiologically relevant properties, the PLA patch had

a significantly higher load at 5 mm elongation under dry conditions

compared to the COL/PLA patch (p = 0.0341) as shown in Figure 2C.

Additionally, the difference between the PLA and the COL/PLA

became more significant when the scaffolds were wet, with the PLA

control sample supporting a 22.42 N higher load than the COL/PLA

graft. However, the hybrid patch showed a comparable load perfor-

mance at 5 mm elongation with no significant difference between dry

and wet conditions.

For the elongation at maximum load, the only significant differ-

ence was found between the COL/PLA graft tested in the dry state

compared to the wet state (p = 0.0154) (Figure 2D). The 100% PLA

scaffold had a significantly lower elongation at 50 N compared to the

COL/PLA scaffold both when dry (p = 0.0188), and when wet

(p = 0.0079) (Figure 2E). For the linear stiffness (Figure 2F), the PLA

scaffold had a significantly higher stiffness than the COL/PLA scaffold

under both dry and wet conditions.

An important performance criterion of a patch graft from a clinical

perspective is the suture retention strength, which is directly related

to the security and stability of the repair. The results in this study

showed that by adding the collagen component the suture retention

strength was reduced (Figure 2G). The hybrid patch graft with colla-

gen yarns had significantly lower suture retention strength than the

pure PLA patch graft control (p = 0.0005).

3.3 | Effect of collagen on the in vitro cell-culture
performance

The alamarBlue® fluorescence reading (AB reduction) was positively

related to cell numbers on the scaffold. The rotator cuff tendon cells

(RCs) seeded on the COL/PLA showed a significantly higher AB

reduction compared to that on the PLA control grafts after in vitro cul-

ture for 7 days (p < 0.0001), 14 days (p < 0.0001), and 28 days

(p < 0.0001), as presented in Figure 3A. This indicates that a more

active proliferation of both the RCs as well as the Achilles tendon cells

(ACs) occurred on the COL/PLA scaffold compared to the pure PLA

patch graft over the 28 days of in vitro culture. The cell growth rate

on the COL/PLA graft was much faster than that on the 100% PLA

F IGURE 1 A gross view of
the plain-woven COL/PLA and
100% PLA prototype patches
(A) before staining and (B) after
T.I.S. Stain No. 3A staining on
collagen (blue). The 1/1 plain
woven structures of (C) pure PLA
control and (D) COL/PLA hybrid
patch fabric viewed under an

optical microscope at 40 X
magnification. The warp direction
is shown in the vertical direction.
Results of patch thickness (E) and
pore size (F) of COL/PLA and
PLA prototype grafts.
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graft from Day 7 to Day 14. Similarly, there was a significantly higher

number of AC cells on the COL/PLA patch graft compared to the

100% PLA graft after 7 days (p = 0.0002), 14 days (p = 0.0008), and

28 days (p < 0.0001) of in vitro cell culture, as shown in Figure 3B.

Using a confocal microscope, we further confirmed the support-

ive role of collagen yarn towards AC and RC growth and level of activ-

ity. In Figure 4A-D, the collagen yarn was in the horizontal direction,

which could be easily recognized because of its thicker dimension

compared to the PLA multifilament yarn (Figure 4A and 4C). On Day

28, more RCs and ACs were attached to the collagen yarns in the hor-

izontal direction than to the PLA filaments in the vertical direction,

as observed in Figure 4A and 4C. The observation of such non-

uniform cellular distribution indicates that both the RCs and ACs pre-

ferred to attach and proliferate on the collagen yarns. This difference

of cell distribution in the vertical and horizontal directions was not

observed on the pure PLA patch graft. As shown on the PLA graft

F IGURE 4 Confocal microscopic images of the COL/PLA patch graft after 28 days of culture with (A) rotator cuff tendon cells (RCs) and
(C) Achilles tendon cells (ACs), and of the 100% PLA control graft after 28 days of culture with (B) RCs and (D) ACs. View of the ACs on COL
yarns (E) and PLA multifilament yarns (F), at high magnification. Blue: DAPI stained cell nuclei, Green: Phalloidin stained Actin filaments.
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(Figures 4B and 4D) 2,5 cell distributions on the warp yarns (vertical

direction) were equivalent to those on the weft yarns (horizontal

direction).

By analyzing the confocal and SEM images of the surfaces of

the COL/PLA and PLA patch grafts after 28 days of cell culture in Fig-

ures 4E, 4F and 5, it was clear that there were significant differences

in cell morphology and coverage between these two grafts. The cells

seeded on the collagen yarns spread more extensively with a greater

cell size, indicating closer attachment (Figure 5D). On the contrary,

the cells on the PLA filaments maintained their spherical morphology,

indicating limited attachment (Figure 5C). The surface of the collagen

yarns appeared to be rougher compared to that on the PLA yarns,

which might provide evidence of the newly deposited extracellular

matrix (ECM) (Figure 5C and 5D).

4 | DISCUSSION

In recent years, continuous collagen yarns have been produced by

various advanced extrusion and spinning technologies.28,35,51 Contin-

uous collagen yarn is an attractive material for tissue engineering scaf-

fold fabrication due to its ECM-like anisotropic morphology.27 In

previous studies, a textile scaffold was fabricated by manually weav-

ing the collagen yarns into a plain woven structure.27 The collagen

scaffold promoted tenogenic differentiation for rotator cuff tendon

repair. However, the manual weaving approach limits the ability to

scale-up manufacture of collagen yarn-based scaffolds. Advanced tex-

tile technology and machinery can facilitate the scale-up of scaffold

production. However, the use of textile techniques for scaffold pro-

duction and tissue repair requires high mechanical strength of the

F IGURE 5 SEM images of RCs seeded for 28 days on (A) the COL/PLA patch graft and (B) the 100% PLA control graft at a magnification of
100 X, scale bar: 100 μm. Single RC cells attached to (C) a PLA filament and (D) the collagen yarn at a magnification of 1500 X. Scale bars: 10 μm.
Pseudocolor: red: collagen yarns; blue: PLA yarns, gold: cell secreted extra cellular matrix; green: RCs
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yarn materials.5,52 In order to acquire sufficient mechanical strength,

synthetic materials need to be incorporated to reinforce the collagen

yarn. In this study, the collagen yarn only had an initial tensile strength

of 1.3 ± 0.2 N. After reinforced by the PLA yarn, the initial strength

significantly increased to 8.7 ± 0.2 N.

Not only does the scaffold need initial strength, it also needs to

maintain its integrity and strength for a period of time to allow tissue

healing. By using the hybrid collagen/PLA yarn to fabricate the hybrid

woven graft, we aim at a secure and effective use of the scaffold for

tendon repair applications over a relatively longer period of time.

Given that both PLA and collagen yarns are biodegradable, we mea-

sured the degradation of the collagen yarn and collagen/PLA hybrid

yarn in our previous work.28,32 The mechanical properties of the pure

collagen yarn, including maximum load, extension and stiffness, did

not change significantly during the first 4 weeks of an in vitro degrada-

tion assay. However, the maximum tensile strength of the collagen

yarn decreased from the initial 1.3 ± 0.2 N to 0.3 ± 0.1 N after

8 weeks. When further reinforced by plying with a PLA multifilament,

the maximum load of the collagen/PLA hybrid yarn decreased from

the initial 8.7 ± 0.2 N to 5.3 ± 1.0 N after 8 weeks of in vitro degrada-

tion.32 To simplify the experimental design, we only selected the sim-

plest woven structure, the 1/1 plain weave, with the purpose of

highlighting the effect of materials on the mechanical and biological

properties of the woven patches. When viewing the structure of the

woven patches more closely under an optical microscope, the woven

structure of the COL/PLA patch was less uniform compared to the

100% PLA patch due to the non-uniform thickness of the collagen

yarns.

It is reported that the post-operative recurrence of a repaired

rotator cuff tendon has a high incidence in the range of 20%–68%52

due to (i) anastomotic failure from suture pull-out at the suture–

tendon interface, (ii) tissue degeneration,53 (iii) insufficient healing and

(iv) tension overload,54,55 particularly for large and massive tears. Aug-

mentation scaffolds should have the potential to provide mechanical

support to the repaired tissue and protect the suture site from being

mechanically overloaded. However, the ECM-based tendon repair

scaffolds typically show inferior mechanical properties that are neither

comparable with native tendons nor with synthetic scaffolds. Com-

mercial ECM-based scaffolds are made from decellularized animal or

human tissues, such as the Zimmer Collagen device (porcine dermis),

the Restore device (porcine small intestine submucosa) and the

GraftJacket device (human dermis). They are reported to have an ulti-

mate tensile load less than 50 N.56 In comparison, the COL/PLA patch

graft in this study had an ultimate tensile load of 267 N under the

physiologically relevant condition, which is comparable to the com-

mercial X-repair woven PLLA patch graft57 and superior to previously

reported ECM-based patch grafts.56

The addition of an augmentation graft during rotator cuff repair

shares an estimated 20–35% of the load applied to the repaired

tendon construct.55,58 The supraspinatus tendon typically supports a

maximum load in the range of 88–411 N.59 The maximum load and

load at 5 mm elongation of COL/PLA and PLA prototype grafts

reported in this study fell within this required range under both dry

and wet conditions. When compared to the elongation values at maxi-

mum load reported in the literature, the Zimmer Collagen and Restore

devices have strains around 0.35–0.36, and the GraftJacket device

has strains in the range of 0.7–0.8.56 Native rotator cuff tendons have

an even lower elongation of less than 0.1.49 However, none of the

experimentally fabricated COL/PLA and pure PLA prototype grafts in

this study had an average breaking strain close to native tendons

regardless of whether they were tested under dry or wet conditions.

This is probably due to the fact that the textile structure experiences

an uncrimping period under initial loading prior to the stress being

applied directly to each fiber in the textile construct. Therefore, a

modification on the patch structure is necessary in future studies so

as to match the strain at break to native tendons.

The linear stiffness or elastic modulus is a key measurement to

determine if the artificial graft has an equivalent mechanical perfor-

mance to the native rotator cuff tendon. The native rotator cuff ten-

don may have a linear stiffness as high as 210 N mm�1 and an elastic

modulus of over 600 MPa, depending on the type of tissue, location,

position and direction of movement.1,59–61 The X-Repair scaffold has

a similar mechanical performance to native tendons. However, in this

study, the COL/PLA and PLA scaffolds had a stiffness of about

89 N mm�1 and 115 N mm�1, respectively, lower than the X-Repair

device which is around 195 N mm�1.5 This is probably due to the dif-

ference in thickness between the experimental patch grafts in this

study and the X-repair device, which is a double-layer woven graft

with a thickness of 0.8 mm compared to the single layer woven PLA

scaffolds with a thickness of approximately 0.5 mm.

For rotator cuff tendon repair, the patch scaffold has to survive

not only tendon retraction, but also the movement of the shoulder at

any time post-operatively. To ensure the effectiveness of a repaired

tendon, the combined suture retention strength should be at least

30% of the tissue failure load, which is estimated to be between

100 and 200 N per suture.49 Both the COL/PLA and PLA grafts had a

suture retention strength (39.5 ± 3.0 N and 57.4 ± 3.4 N respectively)

higher than that of the Zimmer Collagen commercial device (about

30.2 ± 7.9 N),56 but lower than the commercial woven X-repair patch

(in a range of 220–400 N) and the human rotator cuff tendon (approx-

imately 250 N).50 The lower suture retention strength of the

COL/PLA and the PLA patch grafts in this study is most likely caused

by raveling of the woven structure along the cut edge, which is likely

to reduce the stress resistance of the weft yarns close to the edge.

And the significant decrease in the suture retention strength of the

COL/PLA woven construct is due to the inferior mechanical proper-

ties of the collagen yarn itself.28

An important objective of incorporating collagen yarn in the patch

graft was to improve the biological performance and promote healing

of torn and repaired tendons. As a key component of ECM, collagen is

well recognized for its capacity to bind to cell receptors and promote

intercellular communication.62 As we expected, by incorporating colla-

gen yarns, the number of tendon derived cells on the COL/PLA patch

graft was significantly higher than on the 100% PLA patch at the end of

the 28-day in vitro cell culture period. The presence of integrin binding

sites on collagen might have contributed to the improvement of cell
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attachment and growth.63 The hydrophilicity of collagen might also

improve its cell adhesion64 compared to hydrophobic synthetic poly-

mers, such as PLA. This probably explains why the patch graft with col-

lagen yarns had significantly improved initial cell adhesion and early cell

growth within the first 2 weeks of in vitro cell culture. At the same time,

PLA may inhibit the growth of tendon cells and osteoblasts due to the

release of lactic acid and other degradation byproducts,51,65 which

motivates the strategy to replace PLA with collagen.

Although PLA is not as biologically attractive as collagen, PLA has

demonstrated its safety in vivo as an extensively used resorbable poly-

mer for medical applications. The in vitro cell response to various rota-

tor cuff repair scaffolds, such as the X-repair PLA woven patch, shows

that synthetic materials have similar long-term biocompatibility in

terms of cell growth to most biological scaffolds made from decellular-

ized porcine or human tissues.24 Intriguingly, in our study, the pure

PLA patch achieved a similar growth rate to that of the collagen

hybrid patch after 28 days, even though the initial cell growth rate

was not comparable to the hybrid patch from Day 1 to Day 14. It is

possible that the PLA multifilaments have a larger surface area, which

can provide cells with more spaces to attach and proliferate.24,66

Therefore, the different cell growth rate between collagen monofil-

mant and PLA multifilaments may not solely depend on different sur-

face chemistries. The dimensional and morphological differences

between them may also contribute to their different performances.

Future studies should compare COL/PLA and PLA scaffolds that share

a similar dimension and surface morphology.

Although the number of cells attached to the PLA patch graft

increased significantly during the period of cell culture, the morphol-

ogy of the cells attached to the PLA filaments was observed to be dif-

ferent compared with those on the collagen yarns. The morphology of

tenocytes on various commercial synthetic scaffolds is oriented and

aligned along the synthetic fiber direction with an extended cell mor-

phology, while those on ECM-based scaffolds spread out randomly in

numerous different directions.24 The fluorescence confocal micro-

scopic images and the SEM images in this study were consistent with

this finding; namely the hybrid patch with its collagen component

gave a more favorable biological response than the pure PLA patch in

terms of cell growth and cell morphology. On the collagen yarns, the

attached cells were flatter, more spread out with extended pseudo-

pods. In contrast, the cell morphology on the PLA filaments appeared

to be in more of a spherical form, aligned along the axis of the PLA

filaments and wrapping around individual filaments.

There are some limitations in this pilot study that need to be

addressed in the future. In this study, we focused on the feasibility of

fabricating the hybrid scaffold using an industrial weaving technology

to facilitate the scale-up manufacture of the COL/PLA hybrid patch.

Upon successful fabrication of the patches with automated technol-

ogy, we further measured their initial mechanical properties. How-

ever, given both the PLA and collagen are biodegradable materials,

any changes in mechanical properties over time are also important to

monitor. Although the degradation of both the collagen and the

hybrid COL/PLA yarn have been evaluated in other studies,28,32 the

impact of degradation on the mechanical properties of the resulting

hybrid patch has not yet been measured. A long-term in vivo degrada-

tion study is recommended in the future to further determine if the

hybrid patch can provide mechanical support until the repaired ten-

don is sufficiently healed. In addition, in the case when cutting is

needed during surgery to adjust the size of the patch for the specific

patient, yarns raveling out the edge of the patch may reduce the

suture retention strength. Such concern will need to be considered

and addressed in the future study by improving the structural design

and fixing or reinforcing the edges of the patch. In this study, we eval-

uated the cytocompatibility of the hybrid patch by measuring the

morphology and proliferation of the seeded tendon-derived cells. It

would be necessary to conduct further in-depth in vitro studies to

determine the tenogenic effect of the patch based on gene expression

and protein production and to perform in vivo studies to validate the

tenogenic potention and the immune host response to the hybrid

patch in clinically relevant animal models.

5 | CONCLUSIONS

In this preliminary study, using a high-speed industry-scale weaving

technology, a collagen/PLA hybrid textile patch was successfully

designed and fabricated. It provided adequate mechanical support for

use as an augmentation or bridging patch graft for tendon repair, and

promoted the proliferation of tendon-derived cells. To the best of our

knowledge, this is the first time that hybrid COL/PLA yarns were woven

into a ribbon scaffold using an industrial-scale automated weaving tech-

nology. Although the tensile properties of the hybrid patch containing

collagen were inferior to the pure PLA control patch graft, particularly

when it was wet, its tensile properties were still comparable with a

native rotator cuff tendon. Additionally, the presence of the collagen in

the hybrid scaffold promoted cell proliferation and an extended cell

morphology compared to those cells attached to the pure PLA scaffold.

It was also observed that the cells grew preferentially on certain regions

of the collagen yarns, while the cells on the PLA scaffold were observed

at a lower density. Based on this preliminary study, we believe that this

hybrid textile scaffold containing collagen yarns is a promising candidate

for long-term mechanical support and tendon tissue regeneration in var-

ious orthopedic applications. In addition, this study has demonstrated

that scale-up of this technology is feasible, thereby facilitating commer-

cialization of the device and enabling translation to the clinic.
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