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Abstract

Annulus fibrosus (AF) damage commonly occurs due to intervertebral disc (IVD) degeneration/

herniation. The dynamic mechanical role of the AF is essential for proper IVD function and thus it 

is imperative that biomaterials developed to repair the AF withstand the mechanical rigors of the 

native tissue. Furthermore, these biomaterials must resist accelerated degradation within the 

proteolytic environment of degenerate IVDs while supporting integration with host tissue. We 

have previously reported a novel approach for developing collagen-based, multi-laminate AF 

repair patches (AFRPs) that mimic the angle-ply architecture and basic tensile properties of the 

human AF. Herein, we further evaluate AFRPs for their: tensile fatigue and impact burst strength, 

IVD attachment strength, and contribution to functional spinal unit (FSU) kinematics following 

IVD repair. Additionally, AFRP resistance to collagenase degradation and cytocompatibility were 

assessed following chemical crosslinking. In summary, AFRPs demonstrated enhanced durability 

at high applied stress amplitudes compared to human AF and withstood radially-directed biaxial 

stresses commonly borne by the native tissue prior to failure/detachment from IVDs. Moreover, 

FSUs repaired with AFRPs and nucleus pulposus (NP) surrogates had their axial kinematic 

parameters restored to intact levels. Finally, carbodiimide crosslinked AFRPs resisted accelerated 

collagenase digestion without detrimentally effecting AFRP tensile properties or 

cytocompatibility. Taken together, AFRPs demonstrate the mechanical robustness and enzymatic 

stability required for implantation into the damaged/degenerate IVD while supporting AF cell 

infiltration and viability.
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1. Introduction

Intervertebral discs (IVD) support axial compressive loading of the spine while allowing for 

flexibility and a defined range of motion during activities of daily living. IVD’s are 

comprised of two distinct regions: the central gelatinous core known as the nucleus pulposus 

(NP) which is circumferentially constrained by the annulus fibrosus (AF). The NP is a 

highly-hydrated tissue composed primarily of collagen type II and aggrecan, which provides 

load support due to its low permeability and the generation of intradiscal pressure (IDP). 

The AF is a highly organized lamellar structure consisting of 15–25 sheets of collagen type I 

with fibers aligned in alternating orientations of ±28–43° to the transverse axis of the spine 

yielding an ‘angle-ply’ architecture [1]. The AF functions to circumferentially confine the 

NP and resist tensile strains experienced during rotational and bending spinal motions [2,3].

Annually, over 5.7 million Americans are diagnosed with IVD disorders including IVD 

degeneration (IVDD) and herniation (IVDH) which ultimately compromise the structural 

integrity of the AF [4]. This results in a loss of IVD height, impaired IVD mechanical 

function, patient pain, and disability [5–11]. Accordingly, discogenic low back pain (LBP) 

affects approximately 80% of the adult population during their lifetime resulting in a 

diminished quality of life [4,12–14], and estimated healthcare expenditures exceeding $85.9 

billion [15,16]. Surgical treatments for late-stage IVDD include spinal fusion and total disc 

replacement, however these methods suffer from significant drawbacks [17]. Newer 

technologies, including NP replacement (NPR) are being developed as interventional 

strategies to mitigate IVDD progression [18,19]. Such devices have not yet realized clinical 

utility, due in part to the lack of a mechanically robust AF repair method. Additionally, the 

nearly 500,000 patients undergoing discectomies annually to remove protruding/herniated 

NP tissue may benefit from a biomaterial that can restore AF integrity following the 

procedure. Studies demonstrate that conservative discectomies (i.e. those removing minimal 

NP material) often result in maintenance of IVD height, biomechanics and improved patient 

outcomes; however these patients are at increased risk for re-herniation, and incur significant 

reoperation costs [20–29]. These detrimental consequences may be moderated via utilization 

of an AF repair method.

Accordingly, there has been a recent increase in the development of AF repair strategies 

ranging from simple mechanical closures to biomaterial scaffolds. While many biomaterials 

developed for AF repair have been assessed for their ability to promote tissue regeneration in 
vitro [30–34], few have undergone thorough testing to evaluate their mechanical competency 

required for implantation into the spine [34–37]. Moreover, even fewer have been assessed 

for their contribution to restoring functional spinal unit (FSU) kinematics following injury 

and repair; arguably one of the most important functional outcomes of any motion 

preserving/sparing spinal implant. Finally, biomaterials to be implanted into a damaged IVD 

must demonstrate resistance to accelerated degradation as investigations have illustrated 

increased concentrations of destructive proteases which could jeopardize their mechanical 

integrity [38–40]. This is of particular importance for biomaterials composed of extracellular 

matrix (ECM) components, which often have to be chemically crosslinked to impart 

resistance to accelerated enzymatic degradation, yet should demonstrate cytocompatibility. 

Taken together, a critical need exists to create an effective AF repair biomaterial, which 
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demonstrates the ability to survive in the mechanical, and biochemical environment of the 

damaged IVD and which will allow for eventual integration or regeneration of healthy AF 

tissue. The development of such a biomaterial may reduce the rate of IVD re-herniation, 

improve patient outcomes, and delay the need for spinal fusion procedures [41].

We have previously reported the development of a novel collagen sheet-based annulus 

fibrosus repair patch (AFRP) biomaterial derived from decellularized porcine pericardium, 

which has been assembled using a simple, scalable, and repeatable process. The resulting 

AFRPs have been shown to mimic the multi-laminate angle-ply (i.e. layered) architecture 

and basic tensile mechanical properties of the human AF [42]. Herein we aimed to further 

mechanically evaluate this biomaterial for its tensile fatigue strength, resistance to impact 

loading, attachment strength to IVDs, and its ability to assist in restoring axial kinematics 

following repair of injured FSUs. Additionally, we have assessed the ability of various 

crosslinking chemistries to render AFRPs resistant to accelerated protease degradation and 

evaluated their effects on AFRP tensile properties. Finally, considering the long-term goal of 

using this biomaterial in conjunction with autologous or allogenic cells to regenerate healthy 

AF tissue, we evaluated the ability of the AFRP to support AF cell viability and infiltration.

2. Materials & methods

2.1. Fabrication of annulus fibrosus repair patches (AFRPs)

Multi-laminate angle-ply AFRPs were developed and assembled from decellularized porcine 

pericardium as previously described by McGuire et al. [42]. AFRPs were maintained in a 

phosphate buffered saline storage solution containing protease inhibitor at 4 °C for up to two 

weeks prior to testing.

2.2. Preparation of functional spinal units

Bovine tails from 2 to 3-year-old calves were obtained from a local abattoir and transported 

on wet ice to the lab within an hour. Excess tissue surrounding the vertebral bodies and 

intervertebral discs were removed via dissection and functional spinal units (FSUs: 

vertebrae-IVD-vertebrae) were isolated via shears. Three FSUs were harvested from three 

caudal levels (cc1-2 to cc3-4: IVDs closest to the rear end) and were potted using wood 

screws and urethane potting resin to prevent slippage of the samples during testing. In 

general, bovine IVDs have been shown to have similar swelling pressure, geometry and 

resting stress compared to human lumbar IVDs [43]. Prior to testing, FSUs were wrapped in 

gauze saturated with storage solution and stored at −20 °C. Samples were thawed within the 

sealed zip-lock bag, which was submerged for four hours in PBS at ambient temperature 

thus not allowing tissue swelling.

2.3. Biomechanical evaluations of non-crosslinked multi-laminate AFRPs

2.3.1. Biaxial impact burst strength of AFRPS—Biaxial impact burst strength testing 

was modeled after ASTM D1709: “Standard Test Methods for Impact Resistance of Plastic 

Film by the Free-Falling Dart Method” with modification. Representative samples of AFRPs 

(2-, 3-, and 6-ply; n = 5/group; AFRP dimensions: 2-ply; 12 mm (L) × 12 mm (W) × 0.5 mm 

(T), 3-ply; 12 mm (L) × 12 mm (W) × 0.75 mm (T), 6-ply: 12 mm (L) × 12 mm (W) × 1.5 
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mm (T)) were tested using a custom designed free-fall impact testing drop-tower 

(Supplemental Fig. 1A). The base platform of the drop-tower consisted of a tissue holding 

clamp and four vertical rails, which guided a free-falling platform. The tissue holding 

apparatus consisted of two stacked blocks lined with course-grit sandpaper each having an 

aligned thru-hole of 6.25 mm diameter. AFRPs were sandwiched between the two blocks 

centered over the two thru-holes. Subsequently, a 6 mm steel ball attached to a 3-inch 

pushrod was placed in contact with the AFRP via the thru-hole in the superior block. 

Various weights ranging from 0.18 to 0.58 kg were stacked on the free-fall platform, which 

were then dropped from a constant height of 0.254 m. Impact energy (E) was calculated 

using the equation for kinetic energy, , where m = mass and v = velocity. The 

resultant ball-burst pressure was calculated given the maximum force at rupture and its 

relationship with ball-burst pressure and geometric constraints according to established 

procedures [42,44,45]. AFRPs were kept moist throughout testing via saline spray.

2.3.2. Tensile fatigue strength of AFRPs—Tensile testing was performed using the 

methods described by Green et al. with minor modification [46]. Testing was performed 

using a Bose ElectroForce 3200 series (model 3220), fitted with a 100-lb. load cell in test 

chamber filled with PBS and protease inhibitor solution at ambient temperature. Three-ply 

AFRPs (n = 16; AFRP dimensions: 7 mm (L) × 7 mm (W) × 0.75 mm (T)) were pre-

conditioned using 5 cycles of 10% strain applied at a rate of 10 mm/min prior to initiation of 

fatigue testing. Varying stress amplitudes ranging from 0.95 to 2.66 MPa (i.e. stress values 

typically observed in the lumbar spine during activities of daily living [46]) were applied at a 

frequency of 0.5 Hz; the number of cycles to failure at each applied stress for each sample 

was recorded and plotted to develop an S-N curve. Testing was stopped if failure did not 

occur prior to achieving 10,000 loading cycles, which was defined as a run-out. 

Displacement, load, total testing time, cycle count, and location of material failure were 

recorded for all samples.

2.3.3. Strength of non-crosslinked AFRP attachment to IVDs—The strength of 

attachment of the AFRP to the IVDs was performed using a ball-burst test modeled after 

ASTM D3786/D3786M: “Standard Test Method for Bursting Strength of Textile Fabrics – 

Diaphragm Bursting Strength Tester Method” with modification (Supplemental Fig. 1B). 

Laterally directed thru-holes were drilled through the center of bovine tail IVDs using a 6.25 

mm drill bit to simulate a large herniation or implantation pathway for a pre-formed NPR. 

AFRP’s (n = 6; AFRP dimensions: 7 mm (L) × 7 mm (W) × 0.75 mm (T)) were then 

secured to the FSUs over the center of the defect. Attachment included that application of a 

topical adhesive (Dermabond Advanced) to temporarily secure the AFRP while it was being 

sutured (4–0 FiberWire; Arthrex) in place at the four corners of the AFRP with the suture 

inserted 1– 2 mm from the edge of the AFRP with throws directed perpendicular to the 

surface of the AF tissue. Testing was performed on an Instron mechanical testing system 

with a 1000 N load cell. A 3-inch long pushrod with a 6 mm steel ball was placed in the 

Instron’s upper grip and force was directed radially through the IVD and perpendicular to 

AFRP (i.e. load was applied perpendicular to collagen fiber alignment in the AFRP similar 

to radial forces applied to the native intact AF by the NP) at a constant rate of 300 mm/min. 
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Displacement and load were recorded until failure of the attachment occurred, and the 

resultant ball-burst pressure was calculated given the maximum force at rupture and its 

relationship with ball-burst pressure according to established equations [42,44,45]. AFRPs 

were kept moist throughout testing via saline spray.

2.4. FSU kinematic testing following repair with non-crosslinked AFRPs and NPRs

Axial kinematic testing was performed on a Bose ElectroForce 3200 series, model: 3220, 

fitted with a 100-lb. load cell in a test chamber filled with PBS and protease inhibitor 

solution at ambient temperature. The loading methodology and analysis were adapted from 

previous reports [33,36]. Briefly, each FSU (n = 5) was tested sequentially as follows: Intact, 

Annulotomy, Discectomy, and Repair (Fig. 1A). An annulotomy was performed by 

perforation of the IVD using a 6 mm biopsy punch (7 mm depth) and the subsequent 

removal of the AF tissue. Aggressive discectomy was performed by removing 1.0 ± 0.2 mL 

of NP tissue through the previously formed aperture remaining after annulotomy. The repair 

group consisted of replacing the excised tissue with an equal volume of a biologic NPR 

(termed ABNP – developed and described previously by our lab [19]) prior to closure with 

the AFRP (n = 5; AFRP dimensions: 7 mm (L) × 7 mm (W) × 0.75 mm (T)) which was 

secured initially with topical adhesive prior to suturing. Suturing of the AFRP consisted four 

corner suturing with sutures being passed through the AFRP 1–2 mm from the edge of the 

AFRP with throws directed in alignment with the ±30° collagen fibrils in the AFRP such 

that the fibers were captured within the knot. Prior to test initiation, samples were preloaded 

to a mean stress of −0.125 MPa; a physiologically relevant stress magnitude borne by the 

IVD in vivo. Between each test, IVD samples were equilibrated in the saline bath for 

approximately 5 min before test initiation. FSUs were then subjected to three consecutive 

loading regimes: 1) a 1-h creep period at −0.5 MPa, 2) immediately followed by 35 cycles of 

tension-compression between 0.25 MPa and −0.5 MPa at 0.1 Hz, and 3) ending with a 

constant slow-ramp to −0.5 MPa at a rate of 1 N/s. The testing rate of 0.1 Hz has been 

shown to represent normal physiological spinal frequency (Fig. 1B) [33,47].

The force-displacement curve (Fig. 1C) for the unloading phase of the 35th cycle was used 

to analyze the cyclic loading data as previously described to ensure dynamic equilibrium 

was achieved [36]. Tensile and compressive stiffness were calculated via linear fit of the 

force-displacement curve from 60% to 100% of the respective peak loads. Axial range of 

motion (RoM) was defined as the total peak-to-peak displacement of the IVD. Neutral zone 

(NZ) length was determined by fitting a third-order polynomial to the data and finding the 

maxima and minima with the correlating range between the peaks. Creep data (Fig. 1D) was 

analyzed using a non-linear constitutive model fit to the data using R statistical software as 

described previously [36]. Step displacement was defined as the initial deformation that 

occurred until the target load was achieved, while the creep displacement was the 

displacement that occurred after the step displacement. A four-parameter rheological model 

equation:  was fit to the creep displacement data, 

where Ψi represents the elastic response and ηi represents the viscous response. Short-term 

and long-term creep time constants (τ1 and τ2, respectively) were derived from constitutive 

Borem et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



model coefficients using the equation: . The constant-rate slow-ramp compression 

stiffness was determined using a linear fit of the slow-ramp load-displacement response.

2.4.1. Compression to failure of FSUs repaired with non-crosslinked AFRPs 
and NPRs—Following kinematic testing of FSUs, samples were transferred to an Instron 

mechanical testing system fitted with a 10kN load cell. Samples were compressed to failure 

at a rate of 300 mm/min until FSU failure (i.e. contact of the adjacent vertebral end plates 

and/or AFRP failure/NPR herniation). Sample load and initial cross-sectional area of the 

IVDs were determined to calculate the engineering compressive stress applied to the IVD. 

Digital video was used to record mode and time of failure (Supplemental Video).

2.5. AFRP crosslinking studies

2.5.1. crosslinking procedures—Crosslinking of AFRPs using various concentrations 

of either carbodiimide-or glutaraldehyde-based chemistries were evaluated. Carbodiimide-

based crosslinking was carried out using either 6 mM or 30 mM 1-Ethyl-3-(3-

dimethylaminopropyl) Carbodiimide HCl (EDC) with 1.2 mM or 6 mM N-

hydroxysuccinimide (NHS), respectively while buffered in 50 mM 2-(N-morpholino) 

ethanesulfonic acid (MES) (pH 5.5) at ambient temperature. Glutaraldehyde (GLUT) treated 

AFRPs were prepared using 0.2% or 0.6% GLUT in 50 mM 4-(2-hydroxyetheyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (pH 7.4) at ambient temperature. Following 

24 h of crosslinking, all AFRPs were rinsed and placed in storage solution for a maximum of 

3 days at 4 °C prior to testing.

2.5.2. Collagen stability of crosslinked AFRPs—Thermal denaturation temperature 

(Td) was used as a measure of collagen stability of non-crosslinked and crosslinked (6 mM 

and 30 mM EDC, 0.2% and 0.6% GLUT) AFRPs in addition to native bovine AF tissue for 

comparison (n = 3 non-crosslinked AFRPs and fresh AF) (n = 4/crosslinked group). Briefly, 

a differential scanning calorimeter (DSC: Model Q1000) was used to determine Td which 

was defined as the maximum value of the endothermic peak (thermal transition midpoint). 

Heating of each sample was performed from 20 to 120 °C at a rate of 10 °C/minute in 

accordance with previous literature [48,49].

2.5.3. Crosslinked AFRP resistance to accelerated collagenase degradation—
The resistance to accelerated collagenase degradation was assessed for non-crosslinked and 

crosslinked (6 mM and 30 mM EDC, 0.2% and 0.6% GLUT) AFRPs (n = 5/group) in 

addition to native bovine AF tissue (n = 3/group per time point). Samples were rinsed in 

TRIS buffer, blotted dry, frozen at −80 °C, lyophilized, weighed, and rehydrated in TRIS 

buffer. Samples were then incubated in 2 mL of 33.6 U/mL collagenase type I at 37 °C for 

up to 7 days. Sample mass loss was determined by comparing the dry mass of each sample 

before and after enzymatic digestion. At Day 7, samples were further incubated for an 

additional 7 days in an increased concentration of collagenase, 336 U/mL, to ensure full 

tissue degradation.
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2.5.4. Tensile properties of crosslinked AFRPs—To define the effect of crosslinking 

on AFRPs, tensile testing was performed using an MTS mechanical system using methods 

previously described by Green et al. with minor modification [46]. Crosslinked AFRPs (n = 

5/group; AFRP dimensions: 14 mm (L) × 14 mm (W) × 0.75 mm (T)) were affixed between 

two tensile grips such that the fiber alignment of the AFRPs was oriented ±30° to the axis of 

applied tension. AFRPs were preconditioned for 5 cycles to 10% strain at 10 mm/min and 

tested to failure at 240 mm/min to determine elastic modulus (EM: linear region of the 

stress-strain curve), ultimate tensile strength (UTS: maximum peak load divided by the 

initial cross-sectional area of the sample) and maximum tensile strain at failure (TSF: % 

strain at AFRP failure).

2.6. Cell seeding studies on crosslinked AFRPs

2.6.1. Isolation and expansion of bovine AF cells—Primary bovine AF cells 

(bAFCs) were enzymatically isolated from freshly isolated bovine tail caudal IVDs (n = 4 

IVDs from different donors). Briefly, the NP was removed first via an 8 mm biopsy punch to 

ensure harvest of only AF tissue. The AF tissue was then removed, minced via scalpel, and 

transferred to a 50 mL conical tube with 25 mL of collagenase solution (1% Ab/Am, 0.2% 

Collagenase Type I (125 units/mg) and Dulbecco’s Modified Eagle Medium (DMEM). 

Following overnight (~18 h) digestion at 37 °C, and the digested tissue was filtered through 

a 100 μm cell strainer and the filtered cell suspension was centrifuged at 1000 rpm for 5 min. 

The supernatant was removed and the cells were re-suspended in cell culture media (CCM), 

pooled and expanded. CCM consisted of DMEM (with L-glutamine, 1 g/l glucose and 

sodium pyruvate) containing 10% fetal bovine serum (FBS) and 1% antibiotic/antimycotic 

(Ab/Am). Passage 3 (P3) bAFCs were used for all studies.

2.6.2. Preperation and seeding of crosslinked AFRPs—Prior to cell seeding, all 

AFRPs (n = 5/group; AFRP dimensions: 7 mm (L) × 7 mm (W) × 0.75 mm (T)) were 

sterilized in 0.1% neutral buffered (pH 7.4) peracetic acid for two hours on an orbital shaker 

at 150 rpm, rinsed in sterile PBS (3×: 1 h/wash), and neutralized (50% FBS/48% DMEM 

+2% Ab/Am) while agitated on an orbital shaker at 150 rpm at ambient temperature. AFRPs 

were then seeded on the surface of each ply with bAFCs (9 × 106 cells/cm3) via dropwise 

addition. To cell seed the surface of the interior ply, a 21G needle was used to puncture 

through the edge of the AFRP immediately adjacent to the suture line and cells were 

injected. Cell seeded AFRPs were cultured under standard culture conditions at 37 °C for up 

to 14 days.

2.6.3. Cytocompatbility of crosslinked AFRPs—Cytotoxicity of crosslinked AFRPs 

was assessed following bAFC seeding via a lactate dehydrogenase assay (LDH; n = 3/time-

point/group) performed on the CCM. Positive death controls consisted of AFRPs seeded 

with bAFCs, which were allowed to culture in parallel with the experimental groups. 

Subsequently, three days prior to LDH analysis on crosslinked AFRPs, the corresponding 

positive death controls were snap frozen and placed back in culture for the remainder of 

three days so LDH could accumulate. LDH values are expressed as a percentage of the 

positive (100%) cell death control.
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2.6.4. Cell infiltration into crosslinked AFRPs—To determine the effect of AFRP 

crosslinking on bAFC infiltration depth, histological analysis was used to quantify cell 

infiltration and distribution on 3-ply AFRPs (n = 5/group; AFRP dimensions: 7 mm (L) × 7 

mm (W) × 0.75 mm (T)). Following seeding and culture, AFRPs were fixed in 10% neutral 

buffered formalin for 24 h prior to paraffin embedding and sectioning to 5 μm followed by 

staining with Hematoxylin and Eosin (H&E). A Zeiss Axio Vert.A1 microscope with 

AxioVision SE64 Rel. 4.9.1 software was used for imaging slides. Additionally, ImageJ 

1.50b software was used to quantitatively define cellular infiltration depth via imaging three 

random locations per AFRP (n = 3/group) at 200 × total magnification and averaging the 

bAFC infiltration depth of the 20 deepest cell nuclei from the outer edge of the respective 

ply.

2.6.5. Sonication of crosslinked AFRPs—To determine if sonication would assist in 

improving bAFC infiltration depth into crosslinked AFRPs, a Branson ultrasonic cleaner 

(model 2800; 40 kHz) was used to physically disrupt 6 mM EDC crosslinked AFRPs for 1-, 

5-, and 10-min, respectively.

2.6.6. Tensile properties of crosslinked & sonicated AFRPs—To define the effect 

of sonication on mechanical properties of 6 mM EDC crosslinked AFRPs (n = 5/group), 

tensile testing was performed as outlined above in section 2.5.4.

2.6.7. Cell infiltration into crosslinked & sonicated AFRPs—To define the effect of 

sonication on cell infiltration within 6 mM EDC crosslinked AFRPs (n = 5/per group), 

histological analysis was performed as outlined above in section 2.6.4.

2.7. Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism 7 software. Results are 

represented as mean ± standard error of the mean (SEM) and were statistically compared via 

a one-way ANOVA followed by a Tukey’s (Biaxial Impact Burst Strength, Tensile Fatigue 

Strength, IVD Attachment Strength, and Compression to Failure) or Dunnet’s (Collagen 

Stability, Resistance to Collagenase Degradation, Cytocompatibility-LDH Assay, Cell 

Infiltration, and Tensile Properties of Crosslinked and Sonicated AFRPs) post hoc statistical 

analyses. FSU kinematic data was evaluated with a one-way repeated measures ANOVA 

followed by Dunnet’s post hoc analysis. Significance was defined as (p < 0.05).

3. Results

3.1. Non-crosslinked AFRPs withstand physiologically relevent impact stresses

Multi-laminate AFRPs underwent biaxial impact burst strength to evaluate its resistance to 

failure during sudden changes in IDP. Mean burst strength of 2-, 3-, and 6-ply AFRPs was 

0.94 ± 0.01 MPa, 1.51 ± 0.06 MPa, and 3.42 ± 0.09 MPa, respectively (Fig. 2A). 

Additionally, the average kinetic energy absorbed by 2-, 3-, and 6-ply AFRPs was 0.32 

± 0.003 J, 0.51 ± 0.02 J, and 1.16 ± 0.03 J, respectively. Expectedly, burst strength increased 

with increasing number of plies; the burst strength of 6-ply AFRPs was statistically greater 

than 2-(p = 0.0003) and 3-ply (p = 0.0006) AFRPs.
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3.2. Non-crosslinked AFRPs fatigue strength IS comparable to human AF tissue

Tensile fatigue failure was evaluated to determine the endurance limit of AFRPs by 

measuring the cycles to failure across three different applied stress amplitude ranges (low: 

1.5–2 MPa, moderate: 2–2.5 MPa, and high: 2.5–3 MPa) which represent 25–80% of the 

UTS range of native posterolateral human AF (Fig. 2B) [46]. The average number of cycles 

to failure when exposed to low and moderate stress amplitude ranges for AFRPs was 6932 

± 946 and 4068 ± 1055 cycles, respectively which were not statistically different from the 

number of cycles to failure reported for native human AF tissue (7959 ± 2041 and 2536 

± 1076 cycles, respectively). However, at higher applied stress amplitudes, the number of 

cycles endured prior to failure by AFRPs (1155 ± 75 cycles) was significantly greater (p = 

0.0443) compared to native human AF tissue (447.5 ± 252.5 cycles).

3.3. Attachment of non-crosslinked AFRPs to IVDs can resist physiologically relevant 
pressures

The attachment strength of 3-ply AFRPs following suturing to bovine tail caudal IVDs was 

determined using a modified ball-burst test. The average biaxial attachment strength of 3-ply 

AFRPs was 1.45 ± 0.08 MPa (Fig. 3). Macroscopic evaluation of AFRPs following testing 

illustrated three primary failure modes: AFRP rupture (1 of 6 AFRPs), failure by suture 

break (4 of 6 AFRPs), and a combination of suture breakage and AFRP rupture (1 of 6 

AFRPs) (Fig. 3G–I). Together, these results illustrated that the 4–0 suture used to attach the 

AFRP commonly failed prior to the AFRP itself. The UTS of a single loop of suture was 

also determined to be 21.24 ± 1.87 N via suture pull-out strength testing from a 3-ply; no 

AFRP failure occurred during these tests again confirming that the suture was primary 

failure location.

3.4. Non-crosslinked AFRPs contirbute to the restoration of FSU kinematics

Following injury (i.e. aggressive annulotomy and discectomy) of bovine caudal IVDs, 

changes were noted in each mechanical testing parameter evaluated. Results were 

subsequently normalized to the corresponding intact control; these ratios are shown in Fig. 

4. In summary, implantation of both the ABNP and the AFRP demonstrated their ability to 

restore most mechanical parameters to intact values (Tables 1 and 2). A representative axial 

force-displacement curve from the cyclic tension-compression testing are shown in (Fig. 

1C). Cyclic testing demonstrated a significant increase (p = 0.0475) in the range of motion 

(RoM) between the discectomy (4.62 ± 0.18 mm) and intact groups (4.18 ± 0.17 mm); 

however, the RoM was restored to intact levels following implantation of the AFRP and 

ABNP (4.42 ± 0.2 mm; p > 0.05) as was indicated by a lack of statistical difference 

comparing between the two groups. Furthermore, trends towards achieving restoration to 

intact values of compressive and tensile stiffness values and neutral zone length (NZ) (intact: 

1120.9 ± 48.6 MPa, 319.6 ± 31.0 MPa, and 1.63 ± 0.1 mm, respectively) were observed in 

the group repaired with AFRP and ABNP (1093.2 ± 44.0 MPa, 315.79 ± 20.6 MPa, and 1.74 

± 0.1 mm, respectively). Slow ramp compressive stiffness of the intact FSUs (527.2 ± 20.9 

MPa) demonstrated a significant decrease (p = 0.0001) following discectomy (325.0 ± 12.9 

MPa); however the compressive stiffness following annulotomy and repair (412.13 ± 46.7 
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MPa and 350.7 ± 52.7 MPa, respectively) were not statistically different compared to the 

intact condition thus indicating restoration.

A representative creep rate curve was determined from the average curve fit parameters of 

the test groups developed from a four-parameter exponential model as shown in (Fig. 1D). 

The overall step displacement followed a graded response with the largest step displacement 

observed in the discectomy group (2.89 ± 0.46 mm). This large step displacement was 

associated with the subsequent statistically smaller (p = 0.0040) creep displacement (1.04 

± 0.1 mm) compared to intact values. Following repair, step and creep displacement values 

(1.61 ± 0.4 mm and 1.5 ± 0.1 mm, respectively) demonstrated a restoration to intact values 

(1.22 ± 0.3 mm and 1.45 ± 0.1 mm, respectively; p > 0.05) as was indicated by a lack of 

statistical difference comparing between the two groups. Early viscoelastic creep response 

coefficients, Ψ1 and η1, were significantly lower for both the discectomy (Ψ1: 663.9 ± 65.9; 

p = 0.0137 and η1: 6.8 ± 0.9; p = 0.0343, respectively) and repair (Ψ1: 445.2 ± 55.3; p = 

0.0070 and η1: 4.9 ± 0.9 p = 0.0087, respectively) groups compared to the intact testing 

condition. Viscoelastic coefficients reflecting late creep response, Ψ2 and η2, demonstrated 

significant increases in the annulotomy (Ψ2: 215.6 ± 15.4; p = 0.0011 and η2: 72.3 ± 5.3; p 

= 0.0108, respectively) and discectomy (Ψ2: 254.2 ± 21.9; p = 0.0002 and η2: 73.2 ± 5.2; p 

= 0.0056, respectively) groups compared to intact controls. The Ψ2 of the repaired group 

(Ψ2:197.1 ± 12.7; p = 0.0108) was significantly different compared to intact values whereas 

the long-term creep parameter η2 was not statistically different from intact which 

demonstrated restoration in the repair group (η2: 47.9 ± 2.86).

3.5. Non-crosslinked AFRPs prevent NPR herniation from IVDs

Compressive failure strength of the repaired FSUs was assessed under axial compression 

testing concomitant with visually assessing for AFRP attachment failure and/or ABNP 

herniation. Testing to failure in all cases was stopped once an average compressive stress of 

4.74 ± 0.43 MPa and compressive displacement of 3.0 ± 0.21 mm was achieved. At this 

point, video recordings (Supplemental Video) illustrated that the vertebral endplates 

contacted each other and axial load was no longer applied. Macroscopic and video analysis 

illustrated that although outward bulging of the AFRP was noted, no failure was observed in 

that the AFRP did not rupture, nor did herniation/extrusion of ABNP occur.

3.6. Collagen stability of AFRPs is enchanced by crosslinking

DSC analysis illustrated Td values of 73.61 ± 1.93 °C, 67.22 ± 0.14 °C, and 64.86 ± 0.29 °C 

for the native bovine AF, fresh and decellularized porcine pericardium, respectively. Td 

values increased for AFRPs crosslinked with 6 mM and 30 mM EDC and 0.2% and 0.6% 

GLUT: 78.66 ± 0.31 °C, 86.0 ± 0.37 °C, 87.5 ± 0.26 °C and 90.28 ± 2.0 °C, respectively. 

Compared to native AF and pericardial tissue, these increases were significant (p = 0.0001 

for all groups) for the EDC and GLUT treated AFRPs.

3.7. Crosslinked AFRPs resist accelerated collagenase degradation

AFRPs were subjected to accelerated collagenase digestion to assess AF resistance to the 

degradative environment associated IVDD (Supplemental Fig. 2). Following 1 day in 

digestion solution, non-crosslinked controls lost 46.3 ± 7.1% of their dry mass, while EDC 
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and GLUT crosslinked AFRP groups experienced statistically lower (p = 0.0001 for all 

groups) mass loss (6 mM EDC: 2.0 ± 1.0%, 30 mM EDC: 3.8 ± 1.0%, 0.2% GLUT: 1.3 

± 1.0%, and 0.6% GLUT: 2.0 ± 1.7%, respectively). Subsequently, by day 7 a statistical 

increase in mass loss for non-crosslinked controls (80.8 ± 4.5% average mass loss) occurred 

compared to day 1 values. However, mass loss did not significantly progress in the EDC or 

GLUT treated AFRPs compared to their respective day 1 values. After subjecting AFRPs to 

an enzyme solution containing a 10-fold increase in collagenase, day 14 samples 

demonstrated a significant increase in collagenase induced mean mass loss for EDC and 

GLUT samples (6 mM EDC: 10.0 ± 2.3%; p = 0.029, 30 mM EDC: 9.5 ± 1.9%; p = 0.008, 

0.2% GLUT: 7.0 ± 0.8%; p = 0.0097, and 0.6% GLUT: 6.8 ± 1.0% p = 0.0447, 

respectively), but these values were significantly lower (p = 0.0001) than non-crosslinked 

controls (100 ± 0.0% average mass loss). Additionally, significant difference in mass loss 

comparing between EDC and GLUT treated AFRPs was not evident by day 14, indicating 

both crosslinking methods imparted similar levels of collagen protection.

3.8. AFRP tensile properties are not altered by crosslinking

Tensile testing of crosslinked 3-ply AFRPs demonstrated that crosslinking itself had 

minimal effects on AFRP tensile mechanical properties. EM for non-crosslinked controls 

(18.73 ± 1.56 MPa) was not statistically different from EDC (6 mM EDC: 16.05 ± 2.15 

MPa, 30 mM EDC: 15.63 ± 2.4 MPa) or GLUT (0.2% GLUT: 14.73 ± 2.37 MPa, and 0.6% 

GLUT: 17.06 ± 1.11 MPa) crosslinked groups (Fig. 5A–C). Additionally, UTS of non-

crosslinked controls (7.09 ± 0.48 MPa) was not statistically different from 6 to 30 mM EDC 

or 0.2% and 0.6% GLUT (7.83 ± 0.43 MPa, 5.71 ± 1.02 MPa, 5.85 ± 0.93 MPa, and 6.65 

± 0.55 MPa, respectively). However, tensile strain at failure (TSF) of these groups 

demonstrated an increasing trend, 77.71 ± 6.9%, 92.69 ± 15.81%, 101 ± 14.9%, and 92.96 

± 11.87%, respectively versus non-crosslinked controls (70.74 ± 3.21%). Additionally, all 

groups retained comparable mechanical properties to values reported for native human AF 

(EM: 19.8 MPa, UTS: 5.9 MPa, and TSF: ~65%, respectively) [34,46,50].

3.9. Crosslinked AFRPs support AF cell viability

LDH content of culture media from non-crosslinked AFRPs after 3, 6, and 12 days of 

culture was 21.5 ± 1.2%, 39.6 ± 3.7%, and 35.0 ± 1.1%, respectively as compared to positive 

death control values at each respective time point (Fig. 6B). Both 6 mM and 30 mM EDC 

treated AFRPs demonstrated low levels of LDH (6 mM: 26.4 ± 1.3%, 41.3 ± 1.7%, and 34.1 

± 1.4%; 30 mM: 39.2 ± 2.1%, 36.5 ± 2.3%, and 37.7 ± 1.7%, respectively) which were not 

significantly different from non-crosslinked controls. Additionally, non-crosslinked and 

EDC treated AFRPs illustrated no statistical increase in cytotoxicity between days 3, 6, and 

12 within each group. Thus, indicating there was no increase in cell death with increasing 

time in culture. However, both 0.2% and 0.6% GLUT treated AFRPs demonstrated 

significantly higher (p = 0.0001 for all groups) cytotoxicity across each respective time point 

(0.2% GLUT: 159.4 ± 5.5%, 97.9 ± 2.6%, and 74.7 ± 9.3%; 0.6% GLUT: 104.5 ± 8.1%, 

152.8 ± 8.2%, and 84.6 ± 3.0%, respectively) compared to non-crosslinked controls. 

Furthermore, high levels of cytotoxicity for GLUT samples were further validated with the 

relative absence of cells within histological samples (Fig. 6C) obtained at each respective 

time point.

Borem et al. Page 11

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.10. AF cell infiltration is limited within crosslinked AFRPs

Cellular migration within tissue engineering scaffolds is required for tissue ingrowth and 

regeneration. Therefore, 3-ply AFRPs were evaluated histologically for average bAFC 

infiltration depth (defined as the average infiltration depth of bAFCs from the seeded ply 

surface) (Fig. 7). Representative sections of non-crosslinked AFRPs demonstrated an 

average bAFC infiltration depth of 105 ± 4.8 μm (71.1 ± 3.2% overall relative tissue 

thickness [RTT] by day 12), and a maximum bAFC infiltration depth (defined as the farthest 

bAFC distance from the seeded ply surface) of 141 μm (95.6% overall RTT). However, 

following EDC crosslinking bAFCs were found forming a monolayer on the outer seeded 

edge surfaces of the AFRP plies with minimal infiltration observed. At day 12, 6 mM EDC 

crosslinked AFRPs illustrated a bAFC infiltration depth of 3.62 ± 0.2 μm (1.4 ± 0.1% 

overall RTT) and a maximal infiltration depth of 4.7 μm (1.7% overall RTT) which was 

statistically lower (p = 0.0058) compared to non-crosslinked controls. Similarly, 30 mM 

EDC crosslinked AFRPs demonstrated an average bAFC infiltration depth of 14.9 ± 2.9 μm 

(6.8 ± 1.3% overall RTT) and a maximum infiltration depth of 35.7 μm (16.4% overall 

RTT), which was statistically greater (p = 0.0089) compared to 6 mM EDC crosslinked 

AFRPs, however infiltration depth was statistically lower (p = 0.0001) compared to non-

crosslinked controls.

3.11. Sonication of crosslinked AFRPs enchances AF cell infiltration and does not 
detrimentally alter tensile properties

To increase cellular infiltration into the optimized 6 mM EDC crosslinked AFRPs, 3-ply 

samples were sonicated for various times. Sonication has been demonstrated to disrupt 

fibrous tissue architecture and promote cell infiltration. Representative histological sections 

subjected to 1-, 5-, and 10-min sonication periods illustrated an increased average bAFC 

infiltration depth of 149 ± 31.6 μm (27.4 ± 5.8% overall relative tissue thickness), 234.7 

± 37.8 μm (50.6 ± 8.2% overall RTT), and 98.0 ± 19.3 μm (33.4 ± 6.6% overall RTT), 

respectively by day 14 (Fig. 8). The maximum bAFC infiltration depth of 1-, 5-, and 10-min 

sonicated crosslinked AFRPs was 333.9 μm (72.0% overall relative tissue thickness), 416.3 

μm (89.7% overall RTT), and 272.9 μm (93% overall RTT), respectively. Overall, 

histological analysis following 7 and 14 days of cell culture illustrated AFRPs subjected to 

5- and 10-min sonication periods demonstrated improved cell presence on the middle ply of 

the AFRPs and enhanced bAFC infiltration within all plies. All sonicated testing groups 

demonstrated a significant increase (1- vs. 5-min: p = 0.0058; 1- vs 10-min: p = 0.0009) in 

maximum cell infiltration depth compared to non-sonicated controls. Additionally, AFRPs 

sonicated for 5-min demonstrated a significant increase (p = 0.0001) in maximum bAFC 

infiltration depth compared to a 1-min sonication period.

Based on histological results of improved bAFC infiltration, tensile testing of 6 mM EDC 

crosslinked 3-ply AFRPs was performed following 5- and 10-min sonication periods to 

evaluate the effect of sonication times on AFRP tensile mechanical properties. Following 

sonication, the EM for 5- and 10-min sonicated 6 mM EDC treated AFRPs (17.36 ± 1.88 

MPa and 11.42 ± 1.78 MPa, respectively) were not statistically different from non-sonicated 

6 mM EDC treated AFRPs (16.05 ± 2.15 MPa) (Supplemental Fig. 3). However, the EM of 

10-min sonicated AFRPs was significantly lower (p = 0.0083) than AFRPs subjected to 5-
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min sonication. Additionally, 5- and 10-min sonication periods did not significantly alter the 

UTS of 6 mM EDC treated AFRPs (6.07 ± 0.95 MPa and 6.38 ± 1.19 MPa, respectively) 

compared to non-sonicated 6 mM EDC treated AFRPs (7.83 ± 0.43 MPa). However, tensile 

strain at failure (TSF) tended to be lower (not statistically) for the 6 mM EDC treated 

AFRPs exposed to 5- and 10-min sonication periods (63.31 ± 1.77% and 74.17 ± 11.57%, 

respectively) versus non-sonicated 6 mM EDC treated AFRPs (77.71 ± 6.9%).

4. Discussion

To date, few biomaterials developed for AF repair have been extensively evaluated for their 

mechanical characteristics and ability to restore FSU kinematics. Likipanichkul et al. 

describe the mechanical evaluation of a cytocompatible fibrin-based injectable hydrogel for 

inner AF repair which demonstrated resistance to expulsion following dynamic compression 

and restoration of compressive stiffness following implantation into bovine FSUs [33]. More 

recently, the fibrin-based hydrogel was combined with a synthetic NP scaffold and a 

polyurethane membrane sutured to the outer AF to repair FSUs. Biomechanical evaluations 

of the repaired FSUs commonly demonstrated NP scaffold herniation/extrusion from the 

IVDs when physiological loading was applied [35]. In this investigation, we have 

demonstrated an in-depth mechanical characterization of a collagen-based, multi-laminate 

angle-ply AF repair patch (AFRP) biomaterial that illustrated its ability to mimic the static 

and dynamic biomechanical characteristics of the native human AF. Additionally, a second 

major finding of this study demonstrated that the use of the AFRP could prevent herniation 

of an NPR and aids in the restoration of axial kinematics of FSUs following aggressive 

discectomy and application of physiologic loading. A third major finding of this study 

confirmed that chemical crosslinking of AFRPs rendered them resistant to accelerated 

collagenase degradation without detrimentally impacting AFRP tensile mechanical 

properties or AF cell viability.

The AF is composed of an angle-ply architecture which exhibits unique material properties 

which are dependent on orientation (axial, circumferential, or radial), hierarchical structure 

(single lamellae or multi-laminate), and anatomic location (anterior, posterior, inner, or outer 

AF) [34,51]. The primary role of the AF is to mechanically confine the NP by providing 

resistance to IDP through the generation of tensile hoop stresses, while resisting tensile 

stretching and torsional rotations. Human lumbar IVDs can experience axial compressive 

loads ranging from 340 to 1200 N during activities of daily living and up to 2350 N during 

strenuous activities which can result in the generation of IDPs ranging from 0.1 to 2.3 MPa 

that must be endured by the AF [52–54]. The tensile material properties of the AF, including 

its UTS (3.8 MPa), EM (12–24 MPa), and TSF (~65% in fully flexed position) allow for it to 

bear such stresses [37,41,46], in addition to allowing the AF to withstand varying applied 

strain rates arising from complex intradiscal deformations and strain patterns [3]. 

Considering this, an effective AF repair device must recapitulate these material parameters 

to function and survive within the mechanical environment of the IVD.

Accordingly, AFRPs were evaluated for several mechanical characteristics. First, we 

evaluated the ability of AFRPs to absorb energy and resist impact loading as sudden 

variations in applied force with respect to time (i.e. ‘jerk’ or ‘force-jerk’ loading) can occur 

Borem et al. Page 13

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



when missing a step for falling on your buttocks [55–57], which results in increased IDPs 

[58,59], and can lead to AF rupture [60]. The AFRP demonstrated the ability to withstand up 

to 3 g-force (equivalent to a rollercoaster ride) prior to failure. Second, considering that 

lumbar IVDs undergo millions of loading cycles over the life of the patient, AFRPs were 

evaluated for their tensile fatigue strength. Previous reports by others have demonstrated that 

human lumbar AF promptly fails following the application of cyclic tensile stress amplitudes 

ranging from 2.5 to 3 MPa, whereas application of moderate amplitudes (reminiscent of 

those experienced during activities of daily living) result in years of functionality [46]. 

Under similar test conditions, the AFRP illustrated a S-N curve profile comparable to full-

thickness human lumbar AF when subjected to low stress amplitudes (1.5–2 MPa); however, 

AFRPs demonstrated enhanced durability compared to native AF tissue tested at moderate 

and high stress amplitude ranges (2–3 MPa). Finally, the attachment strength of the AFRP to 

IVDs were investigated as many clinical studies have demonstrated this to be an ‘Achilles 

heel’ of current AF repair devices causing them to fail at stresses approaching 1.5 MPa 

[20,21,61–65]. Herein, we utilized a simple suturing technique using 4–0 FiberWire suture. 

Burst strength testing of the AFRP attachment to the IVD demonstrate that the suturing 

technique employed can withstand physiologically relevant stresses without failure. 

Although suturing in the confined space of the posterolateral spine using minimally invasive 

spine surgery techniques can be challenging, nervous tissue can be gently retracted and 

suture can be placed in the four corners of the AFRP prior to introducing it down a tubular 

retractor.

The primary function of the IVD is to allow for flexibility of the spine and thus together, the 

healthy NP and AF help maintain normal spinal kinematics. Two primary kinematic 

parameters are often used to define spinal motion: 1) NZ (i.e. the absolute measure of joint 

laxity around the neutral position demonstrating minimal internal resistance), and 2) RoM 

(i.e. the entire range of the physiological spinal segment motion). Reported NZ and RoM 

values for healthy human lumbar spine segments are 10.4° and 7.6°, 1.5° and 3.8°, 1.6° and 

6.6°, and 0.7° and 2.4° in flexion, extension, lateral bending, and torsion, respectively [66]. 

During IVDD these parameters often change [66,67]. The primary goal of NPR and AF 

repair devices is to restore normal spinal kinematics to healthy (intact) values. In general, 

when used together our ABNP and AFRP were able to restore axial FSU kinematics 

following repair.

Creep displacement of the IVD is thought to be dominated by the NP in the short-term, and 

by the AF in the long-term [36]. This was supported by the testing herein of annulotomized 

FSUs which resulted in significant changes in the long-term creep parameters. In addition, 

FSUs that subsequently underwent aggressive nucleotomy demonstrated persistent long-

term changes in creep parameters in addition to imparting detrimental effects in the short-

term creep parameters. Repair of the IVD with the ABNP and AFRP helped restore these 

values. However, the short-term creep response remained significantly lower in the repaired 

group as compared to intact, likely due to the swollen and porous nature of the ABNP 

leading to increase fluid diffusivity and a reduced capacity to resist compressive loading. 

Cyclic testing data demonstrated statistical increases in RoM following discectomy and 

subsequent restoration towards intact values following repair with the AFRP and ABNP 

biomaterials. There was no significant difference observed in the constant slow ramp 
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compressive stiffness comparing intact and repaired FSUs, however compressive stiffness of 

injured IVDs was significantly lower compared to the intact condition.

Subsequent to kinematic testing, compression to failure testing was used to evaluate AFRP 

repair strength under extreme axial loading conditions [52,53]. The strength of attachment of 

the AFRP exceeded values obtained during biaxial ball-burst testing. It was also noted that 

no ABNP material extruded but that the vertebral end-plates eventually contacted each other. 

This is likely explained by two potential phenomena; 1) the nucleotomy space may have not 

been completely filled with ABNP and/or 2) when the ABNP was compressed at 

supraphysiological loads (>2.5 MPa) the water within the ABNP was driven out effectively 

depressurizing the material thus allowing the end-plates to make contact.

Disc degeneration is best defined as an aberrant cell-mediated process that results in ECM 

degradation eventuating in the structural demise of the IVD. Increasing grades of IVDD 

have been positively correlated with increasing concentrations of proteases. More 

specifically, mean concentrations of MMP-1 (collagenases type I) have been shown to 

increase with increasing grades of IVDD (grade III: 133 pg/ml, grade IV: 279 pg/ml, grade 

V: 319 pg/ml) [40]. Therefore, any ECM-based biomaterial placed in this caustic 

environment must resist accelerated degeneration so that it can maintain its mechanical 

integrity and function. To prevent collagen degradation, AFRPs were crosslinked using well-

established chemistries and were evaluated for accelerated mass loss following incubation in 

collagenase concentrations that were 1000–10,000 times the concentrations typically found 

in the degenerative IVD. Minimal degradation was observed in EDC and GLUT crosslinked 

AFRPs that may be advantageous allowing for prolonged mechanical function of the 

biomaterial and eventual tissue remodeling and regeneration. The tensile mechanical 

properties of AFRPs did not change significantly following crosslinking; this was likely due 

to the testing rate used to assess the AFRPs. Jang et al. has previously demonstrated that 

when pericardium tissue is tested under high tensile strain rates (>100 mm/min; similar to 

testing rates of native AF tissue) the viscoelastic nature of the tissue predominates the effect 

of different crosslinking chemistries on its mechanical properties [68].

Tissue remodeling and regeneration are in large part influenced by cytotoxicity of the 

biomaterial and the ability of cells to infiltrate into the AFRP. Previous studies by others 

have demonstrated the cytocompatibility of EDC when used as a collagen crosslinker [36]. 

Conversely, while GLUT crosslinking has been shown to effectively stabilize tissue 

engineered scaffolds, it significantly reduces cell viability likely due to the toxicity of 

unreacted side-groups [69,70]. Herein, we examined the effects of EDC and GLUT 

crosslinking chemistries on AF cell cytotoxicity and infiltration into the AFRP. Non-

statistical differences were observed comparing between non-crosslinked and EDC treated 

AFRPs demonstrating their cytocompatibility. However, AF cell infiltration was 

significantly hampered as has been previously observed by others [69], likely due to the high 

density of ‘zero-length’ crosslinks created between collagen molecules. Thus, 

ultrasonication; a procedure previously demonstrated to increase porosity and thus cell 

infiltration depth, was used to mechanically disrupt the AFRPs [71]. Subsequent mechanical 

testing of AFRPs demonstrated that the tensile properties of the biomaterial were not 

detrimentally altered following 5-min sonication periods, yet bAFC infiltration depth was 
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statistically increased. Together, these results suggest the AFRP is cytocompatible and will 

allow endogenous or exogenous cells to infiltrate and potentially remodel the AFRP.

5. Limitations

As with any study, the authors acknowledge some limitations within this study. First, fatigue 

testing was only run to a maximum of 10,000 cycles despite the spine undergoing millions 

of cycles over the lifetime of an individual. However, there are only a limited number of 

daily activities (i.e. those involving bending at the waist) which would create the stress 

amplitudes evaluated herein. Therefore, the AF may only be subjected to these stresses a few 

times per day and thus achieving 10,000 cycles of fatigue would represent years to a decade 

of in vivo use [46]. The authors also recognize that the full-thickness human AF constitutes 

a gradient of ECM components and material properties while the AFRP described herein 

anatomically represents only the outer AF. Despite this, our results demonstrate that the 3-

ply AFRP has the tensile strength typically observed for a full-thickness segments of human 

posterolateral AF [46]. Moreover, the authors recognize that inclusion of an additional 

testing group (i.e. repaired annulotomy) within the kinematic study may have more clearly 

delineated the exact contribution of the AFRP and ABNP to FSU kinematics; however, we 

did not want to induce excessive damage to the native AF via repeated attachment and 

detachment of the AFRP following annulotomy and discectomy. It should also be noted that 

the AFRPs were sterilized using 0.1% peracetic acid, however further study is warranted to 

evaluate other commonly used medical device sterilization techniques and their effect on 

AFRP mechanical properties and cytocompatibility. Finally, the authors also recognize that 

the laboratory based mechanical testing performed herein do not reflect the potential 

changes in AFRP or suture strength or accumulation of damage over time when implanted in 
vivo.

6. Conclusion

In conclusion, the AFRP has demonstrated its mechanical appropriateness for implantation 

into the mechanically demanding environment of the spine while illustrating its biologic 

functionality supporting IVD cell activity. Utilization of this biomaterial may allow for the 

implementation of interventional strategies thereby potentially improving clinical outcomes 

for a significant number patients suffering from IVD degeneration and/or herniation. On-

going work includes evaluating the ability of the AFRP and ABNP to support stem cell 

differentiation and tissue regeneration in vitro and their ability to mitigate IVD degeneration 

in a large animal model.
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Statement of Significance

The quality of life for millions of individuals globally is detrimentally impacted by IVD 

degeneration and herniation. These pathologies often result in the structural demise of 

IVD tissue, particularly the annulus fibrosus (AF). Biomaterials developed for AF repair 

have yet to demonstrate the mechanical strength and durability required for utilization in 

the spine. Herein, we demonstrate the development of an angle-ply AF repair patch 

(AFRP) that can resist the application of physiologically relevant stresses without failure 

and which contributes to the restoration of functional spinal unit axial kinematics 

following repair. Furthermore, we show that this biomaterial can resist accelerated 

degradation in a simulated degenerate environment and supports AF cell viability.
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Fig. 1. 
Study design for in vitro kinematic testing using AFRP and ABNP repair biomaterials. A) 

Representative images of assigned testing groups and schematic of preparation for kinematic 

testing of bovine caudal functional spinal units (FSUs). B) Loading scheme for FSU testing 

depicting creep, axial cyclic tension-compression, and slow constant-rate ramp tests. C) 

Representative axial force-displacement curve from axial tension-compression loading and 

its post-test analysis. D) Representative creep displacement curves from a single FSU. 

(Methods used to generate data within this figure are described in section 2.4).
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Fig. 2. 
Biomechanical evaluations of non-crosslinked multi-laminate AFRPs subjected to biaxial 

impact burst and tensile fatigue. A) Representative graph of the average maximum 

calculated impact burst strength withstood by 2-, 3-, and 6-ply AFRPs. Solid lines 

connecting different groups on graph indicate a significant difference (p < 0.05). B) S-N 

curve illustrating the fatigue strength of 3-ply AFRPs, in comparison of native human AF 
(Dotted horizontal line indicates 70% UTS [46] of measured human AF. Open diamonds 

and triangles indicate specimens with no mechanical failure observed (i.e. run-out to 10,000 

cycles). (Methods used to generate data within this figure are described in sections 2.3.1 and 

2.3.2).
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Fig. 3. 
Strength of non-crosslinked AFRP attachment to IVDs. A–C) Representative images of one 

test specimen illustrating the eventual burst of a 6 mm stainless steel ball through an AFRP 

(Arrow represents direction of force applied by the ball and rod against the AFRP). D-F) 

Evaluation of failure mechanism prior to removal of the AFRP (Scale bar = 10 mm). G-I) 

AFRPs illustrating representative failure modes including; G) AFRP rupture, H) failure by 

suture break, and I) combined failure modes of suture break and AFRP rupture. (Methods 

used to generate data within this figure are described in section 2.3.3).
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Fig. 4. 
Kinematic testing results normalized to intact controls. Comparison between groups for A) 

compressive stiffness and tensile stiffness, B) slow constant-rate slow ramp stiffness C) axial 

range of motion, D) neutral zone length, and creep parameters E) elastic damping 

coefficients and F) viscous damping coefficients (i.e. normalized to the intact IVD (dotted 

black line at y = 1) for each test). Axial biomechanical parameters were partially or 

completely restored to Intact levels for the AFRP + ABNP repair groups. # and & on graph 
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indicates a significant difference (p < 0.05) compared to the intact or discectomy groups, 

respectively. (Methods used to generate data within this figure are described in section 2.4).

Borem et al. Page 26

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Tensile testing of crosslinked AFRPs compared to native human AF lamellae. A-C) 

Representative graphs illustrating mean elastic modulus (EM), ultimate tensile strength 

(UTS), and tensile strain at failure (TSF) for crosslinked AFRPs. (Dotted horizontal line 

indicates human AF tensile properties reported in literature) [34,46,50]. (Methods used to 

generate data within this figure are described in section 2.5.4).
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Fig. 6. 
Cytotoxicity of crosslinked AFRPS. A) Representative image of bovine AF cells (bAFCs) 

(P2) (100×) harvested and isolated from skeletally mature bovine caudal IVDs (Insert: 

Representative image of AF cell fibroblast-like phenotype (400×)). B) Graph illustrating 

percent lactate dehydrogenase (LDH) produced by bAFC seeded 3-ply AFRPs following 

seeding and culture of 3, 6, and 12 days relative to a positive cell death control (i.e. bAFC 

seeded 3-ply AFRPs subjected to snap freezing with liquid nitrogen to induce 100% cell 

death). Solid lines with (#) connecting different study groups on graphs indicate a significant 

difference (p < 0.05) from non-crosslinked controls. C) Representative H&E images (200×) 

of 0.2% and 0.6% GLUT crosslinked AFRPs illustrating minimal to no cell presence at 

respective time points. (Black arrow head indicates cell nuclei). (Methods used to generate 

data within this figure are described in section 2.6.3).

Borem et al. Page 28

Acta Biomater. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Cell infiltration in crosslinked AFRPS. Representative H&E images (200×) of non-

crosslinked, 6 mM EDC, and 30 mM EDC AFRPs following cell seeding. Crosslinked 

samples illustrate minimal cell infiltration into AFRPs in contrast to non-crosslinked 

samples at respective time points (Insert: Magnified image highlighting representative region 

of interest outlined by dotted-line). (Black arrow head indicates cell nuclei). (Methods used 

to generate data within this figure are described in section 2.6.4).
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Fig. 8. 
Cell infiltration of bAFCs into crosslinked and sonicated AFRPS. A) Representative H&E 

images (200×) of 6 mM EDC crosslinked AFRPs following 1-, 5-, and 10-min of sonication 

at the respective time points. (Insert: Magnified image highlighting representative region of 

interest outlined by dotted-line). (Black arrow head indicates cell nuclei). B–C) 

Representative graphs of the average cell infiltration depth. Solid connecting lines indicate 

significant difference (p < 0.05). (Methods used to generate data within this figure are 

described in section 2.6.7).
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