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1 Introduction

Lower back pain is the leading cause of global disability [1,2]

Design Requirements for
Annulus Fibrosus Repair:
Review of Forces,
Displacements, and Material
Properties of the Intervertebral
Disk and a Summary of
Candidate Hydrogels for Repair

There is currently a lack of clinically available solutions to restore functionality to the
intervertebral disk (IVD) following herniation injury to the annulus fibrosus (AF). Micro-
discectomy is a commonly performed surgical procedure to alleviate pain caused by her-
niation; however, AF defects remain and can lead to accelerated degeneration and
painful conditions. Currently available AF closure techniques do not restore mechanical
functionality or promote tissue regeneration, and have risk of reherniation. This review
determined quantitative design requirements for AF repair materials and summarized
currently available hydrogels capable of meeting these design requirements by using a
series of systematic PubMed database searches to yield 1500+ papers that were screened
and analyzed for relevance to human lumbar in vivo measurements, motion segment
behaviors, and tissue level properties. We propose a testing paradigm involving screen-
ing tests as well as more involved in situ and in vivo validation tests to efficiently identify
promising biomaterials for AF repair. We suggest that successful materials must have
high adhesion strength (~0.2 MPa), match as many AF material properties as possible
(e.g., approximately 1 MPa, 0. 3 MPa, and 30 MPa for compressive, shear, and tensile
moduli, respectively), and have high tensile failure strain (~65%) to advance to in situ
and in vivo validation tests. While many biomaterials exist for AF repair, few undergo
extensive mechanical characterization. A few hydrogels show promise for AF repair since
they can match at least one material property of the AF while also adhering to AF tissue
and are capable of easy implantation during surgical procedures to warrant additional
optimization and validation. [DOI: 10.1115/1.4032353]

to accelerated IVD degeneration [10-14]. Disruptions to the AF
can also result in detrimental nerve and vascular ingrowth [15],

and is commonly associated with IVD herniation, where nucleus
pulposus (NP) tissues extrude through defects in the AF resulting
in back pain, leg numbness, and weakness. Discectomy or micro-
discectomy procedures are a well-indicated intervention for radic-
ular pain resulting from herniation and are the surgical standard of
care with improved outcomes compared to nonoperative manage-
ment [3-6]. Discectomy removes the offending herniation tissue
but does not repair the remaining annular defect or restore IVD
function. The lack of effective AF closure techniques results in a
5-25% rate of complications involving reherniation or recurrent
pain at the same level [7-9]. Unrepaired AF defects result in
altered tissue and motion segment biomechanics and can also lead
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which are implicated in discogenic back pain [16]. There remains
a need for clinical solutions to repair AF defects.

Currently available procedures for AF closure are designed to
prevent reherniation and do not restore mechanical functionality
or promote repair of the injured AF. Suture techniques were
unable to restore IVD intradiscal pressures in animal models [17].
More recently improved and simplified suturing techniques for
AF closure (e.g., Xclose, Anulex Technologies, Inc., Minnetonka,
MN) do not significantly reduce reherniation rates [18]. AF
implants such as the Barricaid® (Intrinsic Therapeutics, Woburn,
MA) prevented NP tissue reherniation [19,20] and reduced facet
joint pressure [21]. However, neither this promising device nor
sutures restored mechanical behaviors of the motion segment or
promoted tissue regeneration so long-term follow-up results will
be important to assess. Tissue engineering strategies offer promise
for cell and drug delivery to promote tissue repair and may also be
able to address the needs of preventing herniation and restoring
motion segment mechanical behavior.
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Many experimental tissue engineered hydrogels have been
investigated to repair damaged AF because they can be modified
to act as sealants, adhesives, and scaffolds by modifying the large
variety of biomaterial, composition, and structural forms that are
available.

This review informs tissue engineering of the human AF by
addressing three objectives: (1) to review reported values for
intradiscal pressures, strains in the IVD of the human spine, and
material properties of the AF in order to develop quantitative
design criteria for modulus, strain at failure, and adhesive strength
for hydrogels for AF repair; (2) to summarize currently available
hydrogels and assess their potential based on these criteria; and
(3) to outline a testing paradigm for AF repair strategies. Several
important reviews on IVD tissue engineering and AF repair exist
[12,22-26]. Nerurkar et al. provided an important review on
design criteria for IVD tissue engineering [26], yet several recent
papers exist and there lacks a clear consensus on the quantitative
design criteria for AF repair, and these design criteria are neces-
sary for optimizing biomaterials for successful AF repair. We use
some of the design objectives for AF repair recently proposed by
Likhitpanichkul et al. including strong adhesion to native tissue
and biomechanically tuned to match AF mechanical properties
[27]. This work focuses on AF repair using hydrogels that may be
implemented to augment discectomy procedures and does not
describe NP replacement, or whole tissue engineered IVDs, which
are more appropriate solutions for advanced degenerative disk dis-
ease in place of fusion or total disk arthroplasty.

2 Literature Review Methods

PubMed was used as the database for this review with multiple
primary searches (Table 1). Keywords for searches focused on
identifying papers relevant to four main topics concerning the
human lumbar spine: intradiscal pressure and in vivo spine biome-
chanics; human motion segment behaviors; human AF material
properties; and hydrogels for AF repair. A total of 1519 articles
were identified. We included papers with human subjects and
human tissues, and papers directly related to the topics of in vivo
spine biomechanics, in situ spine biomechanics, AF material prop-
erties, and hydrogels for AF repair. Additional references were
included when identified from manuscripts found in the review,
including papers beyond the date range of the inclusion criteria.
The in vivo spine biomechanics literature was reviewed with a
focus on in vivo human lumbar strain and ranges of motion
(ROM) measurements, which we considered to be particularly
important for characterizing AF repair design criteria. The in situ
motion segment literature was reviewed for human lumbar motion
segment stiffness values, which we considered target values for
restoration of IVD biomechanics upon repair. It is important to
acknowledge that a larger range for these values exists across
humans and is also available from the many excellent papers on
in vitro and animal IVD biomechanics not included in this review
and also that a safety factor should be considered. All nonEnglish
articles were excluded except for intradiscal pressure measure-
ments and hydrogels. This review included 99 articles.

3 In Vivo and In Situ Spine Biomechanics

3.1 Intradiscal Pressure. Quinnell et al. measured 40 IVDs
and found intradiscal pressures ranged 0.06-0.24 MPa with an
average of 0.15 MPa while lying prone [28], which were smaller
than the previously recorded values of 0.38 MPa [29] (Fig. 1).
Wilke et al. and Sato et al. reported pressures of 0.11 MPa (n=1)
and 0.09 MPa (n=8) while prone, respectively [30,31] that were
closer to Quinnell et al. Intradiscal pressures were greater in
standing and sitting positions than prone with few exceptions
[30-33]. Ten studies measured sitting pressures with averages
ranging from 0.32 MPa [32] to 1.18 MPa [34] and with sample
sizes ranging from 1-18 [28-33,35-38]. Eight studies reported
standing pressures with averages ranging from 0.27 MPa [32] to
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0.88 MPa [34] and sample sizes ranging from 1-7 [28-34,39].
Average pressures were greater for sitting than for standing, per-
haps because in sitting, 100% of the load is transmitted through
the IVD versus 85% in standing [40]. Sitting has only slightly
greater intradiscal pressure than standing, suggesting that any
increase may be associated with bending and muscle recruitment
rather than total pressure on the IVD [41].

The measured pressures vary between subjects and studies, as
seen by the range of maximum and minimum values indicated by
error bars (Fig. 1). The greatest systematic change in the measured
intradiscal pressure values was a decrease following a change in
sensor technology to a piezoresistive diaphragm syringe around
1970. Nachemson’s early work used a pressure gauge on a poly-
ethylene tubing coupled with an electromanometer [34-36,42].
Quinnell et al. measured the pressure of the disk by measuring
fluid at equilibrium with the NP [28]. In 1970, Nachemson intro-
duced the piezoresistive strain gauge between a diaphragm and a
pressure transducer [29]. The piezoresistive sensor allowed for
dynamic measurements and a greater range of measurements. In
1999, Wilke et al. published long-term (24 hrs) pressure measure-
ment using a telemeterized implanted pressure sensor [30], and
Sato et al. recorded measurements using a side mounted gauge
membrane transducer [31]. Intradiscal pressure measurements
from degenerated IVDs are lower than from healthy IVDs
[31,33,43].

To determine AF repair design criteria, data for all compiled
papers on intradiscal pressure were used to calculate sample-size
weighted averages of intradiscal pressures in prone, sitting, and
standing postures, with mean values of 0.22 MPa, 0.75 MPa, and
0.59MPa and maximal pressures values of 0.41MPa [29],
1.50 MPa [34], and 1.07 MPa [34], respectively. AF repair materi-
als must withstand the prone pressure immediately postsurgery
when the patient is recovering from anesthesia and must withstand
the sitting and standing pressures shortly following surgery as the
patient returns to normal activities. The repair must withstand
higher intradiscal pressures associated with more rigorous activ-
ities. To be more conservative with design criteria, values for
degenerated IVDs were excluded from the weighted-average cal-
culations (since average degenerated IVD intradiscal pressures are
lower), which also targets repairing IVDs to a healthy state.

3.2 In Vivo Spine Biomechanics. In vivo ROM measure-
ments of human lumbar IVDs can be used, with measured strains,
to estimate the strains an AF repair must withstand. ROM of
6—13deg, 1-5deg, 2.9-11deg and 2-3 deg in flexion, extension,
lateral bending, and torsion, respectively, have been reported
[44,45] (Table 2). When the whole spine is moved from a 20 deg
extension to a 60 deg flexion posture, L2/3, L3/4, and L4/5 IVDs
experience the largest ROM of approximately 9 deg, and L1/2 and
L5/S1 experiences 7 deg and 6 deg, respectively [46,47].

Strains induced by spinal segment motions in vivo were meas-
ured directly using MRI and fluoroscopic X-ray techniques to vis-
ualize the displacement of the vertebral bodies adjacent to the
disk during flexion, extension, and lateral bending movements.
The posterior AF has been reported to experience tensile strains as
high as 50-65% in tension when moving from a standing to fully
flexed position [48] (Table 2). In 1995, Kanayama et al. found
large local strains of up to 90% in the posterior AF, but those
were calculated using an FEA model and measured displacements
in flexion, so were excluded [49]. Due to the anatomy of lumbar
IVDs, the posterior region has a smaller IVD height and a large
ROM compared to the anterior portion, resulting in large apparent
strains as measured using radiography. When moving from an
upright or extended position to a flexed position, the posterior AF
experiences larger strains (65% tensile strain in L4/5) compared
to the anterior AF (29% compressive strain in L4/5) [47]. In
situ testing (Supplemental Table 1 is available under the
“Supplemental Data” tab for this paper on the ASME Digital
Collection [58]) also indicated that complex intradiscal
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Table 1

PubMed search terms, inclusion criteria, and the number of articles found and used

Search No. of Inclusion No. of articles used from
Section terms articles criteria initial search
Intradiscal pressure Pressure human IVD in vivo 66 Human 12
lumbar human intradiscal pressure 29 In vivo studies 0
in vivo
In vivo spine biomechanics AF strain 91 English language 4
Disc strain in vivo 86 Human 5
Disk kinematics in vivo 284 ROM and strains from in vivo 7
studies
In situ motion IVD mechanics 273 English language 18
segment stiffness IVD stiffness 440 Human 14
Stiffness and apparent modulus from
lumbar motion segments.
AF material properties Human AF mechanical properties 61 English language 6
Human AF modulus 30 Human AF tissue 3
Human AF material properties 31 Published 2009 or later 0
Human AF modulus OR tensile OR 228 2
compressive OR shear
AF repair hydrogels Hydrogel AND IVD 136 English language 5
AF repair 104 Relevant AF repair material 10
(Hydrogel OR scaffold OR sealant 75 Biomechanical testing performed 13
OR biomaterial) NOT repair AND Published 2007 or later
AF
1556 Total number of articles 99

deformations and strain patterns occur within the IVD with strain
rates varying from 1.66%/deg to —0.94/deg in the posterior AF
from compression and torsion, respectively [59]. At the tissue
level, strains are distributed in complex motions and are therefore
of lower values than measured radiographically from vertebra to
vertebra motions. Nevertheless, multiple papers validate high val-
ues of posterior AF strain and we conclude that an AF repair
should have high strains to avoid risk of failure. An AF repair

1.6
1.4}
Nachemson, 1966
Nachemson 1965 _
1.2}

hydrogel should be designed to have tensile failure strain exceed-
ing 65%.

Disk height and depth, measured from X-ray and magnetic res-
onance images, varies from 4 to 6 mm posteriorly and 30 to
34 mm between different levels of the spine (minimum values cor-
respond to L1/2 and L5/S1, respectively) (Table 2) [50,51].
Dimensions of the IVD are useful for informing the required vol-
ume for an AF repair biomaterial, for example, a 5mm square

Nachemson, 1964

‘Nachemson, 1970

Quinnell, 1983
[ ]

Nachemson, 1964

© T Nachemson, 1970
o Sato, 1999
=
2 = [
508 ] Sato, 1999
? Quirwell, 1983
o
Q’: [ ]
0.6 Wilke, 1999 )
' ]
f\ndersson, 1974b Wilke; 1999
0.4 Nachemson, 1970
. Schultz, 1982 l.-\ndersson,1974a Andersson, 1977
* . .
Quinnell, 1983 Schultz., 1982
L Wilke, 1999 o
o Sato, 1999
0 L 1 |
Laying Prone Sitting Standing
Fig. 1 Intradiscal pressure increases on average 3.4 and 2.7 times in sitting and standing

postures from lying prone (0.223 MPa), respectively. Marker size indicates number of samples
in each study with Wilke having one and Quinnell having forty. Label indicates first author and
publication year of study. Error bars indicate the total range of values found in the study.
Range data not available for studies indicated by markers without error bars. Values from
Refs. [29] and [33-36] were multiplied by 0.0981 to convert from kg/cm2 to MPa. [28-39].

Journal of Biomechanical Engineering

FEBRUARY 2016, Vol. 138 / 021007-3



defect the depth of an average human annulus would require about
125 mL. The deep posterior AF thickness, ranging from 2.5 to
Smm, also affects gelation kinetics and hence is important for
establishing feasibility of UV-activated or light sensitive biomate-
rials where the required depth of light penetration is a constraint
[50]. Anterior IVD height ranges from 8§ mm at L1/2 to 14 mm at
L4/5 [50,51]. Although there is limited variability between lumbar
levels of an individual spine, there are notable differences
between individuals as evidenced by a wide range of measure-
ments acquired from 41 different L4/5 disks with recorded values
of 30.4 £ 4.5 mm [50].

3.3 In Situ Motion Segment Stiffness. [IVD axial stiffness
values range 0.44-2.42 kN/mm and can be as high as 5.1 kN/mm
under relatively fast dynamic loading conditions [60-63] (Table
3). The posterior and anterior shear stiffness of the IVD are
0.47kN/mm and 0.58 kN/mm, respectively, when exposed to a
250N shear force [64]. Torsional stiffness has been measured at
3.18 £ 0.89 N m/deg at 6deg of axial rotation at 0.5Hz cyclic
loading [65]. In lateral bending, the stiffness ranges 4.21-10.04 N
m/deg [66]. Although axial stiffness may not be significantly
altered by discectomy [61], it is a parameter that serves as a mea-
sure of the stiffness an AF repair must restore once it becomes
integrated with the surrounding native AF.

4 AF Material Properties

The AF is a laminated angle-ply composite structure with layers
oriented at ~*30deg angles in the outer AF and ~*45 deg in the

inner AF [89], resulting in heterogeneous and highly anistotropic
mechanical properties. Furthermore, the AF is highly hydrated,
varying in composition with region, and the constituent proteins
interact under loading to induce nonlinear and viscoelastic behav-
iors. AF material properties exhibit viscoelastic and nonlinear ma-
terial behaviors that are also sensitive to orientation (axial,
circumferential, or radial), structure (single lamella or multilamel-
lae), degree of hydration, and tissue location (anterior, posterolat-
eral, inner, or outer). AF tissue material properties are
summarized based on these criteria and separated by mode of test-
ing (Table 4).

4.1 Tension. Under physiological loading, the AF is sub-
jected to circumferential tensile hoop stresses that resist the highly
pressurized NP. The linear circumferential tensile modulus ranges
11-29 MPa in the posterolateral region, which is the region most
relevant to AF repair [90-92] (Fig. 2). Nonlinearities in AF
material behaviors can result in variability of 10 x or more, and
O’Connell et al. found tensile modulus in the circumferential
direction 2.7 MPa in the toe region and 20.9 in the linear region.
The range of circumferential tensile modulus of posterolateral,
outer AF is approximately an order of magnitude larger than the
axial (0.42-0.82 MPa) and radial (0.21-0.45 MPa) moduli (Table
4) [91-93]. AF tissue is stiffer at the outer AF regions as com-
pared to the interior AF regions with values of 13MPa and
4.8 MPa, respectively [94]. The structure of the AF allows the

Table 2 Invivo geometry and strain of human lumbar IVDs
L1/2 L2/3 L3/4 L4/5 L5/S1 Reference
Anterior—posterior 30.4 =4.5mm 30.0 £ 4.4mm Zhong et al. [50]
disk length 34 mm 34 mm 33 mm 33 mm 31 mm Pearcy and
Tibrewal [51]
Disk height AAF 8§ mm 11 mm 12.5mm 14 mm 13 mm Pearcy and
Tibrewal [51]
10.27 = 2.28 mm Miao et al. [53]
PAF 4 mm 4.5 mm 4.5mm 5.5mm 4.5mm Pearcy and
Tibrewal [51]
6.07 +1.97 Miao et al. [53]
Max Flex ROM 7 = 4deg 9.2+ 39deg 9.5 =4.4deg 9.3+ 5.4deg 6.3 = 5.4deg Lee et al. [46]
6.1 = 1.5deg 9.0 x2.1deg 7.3x1.1deg Nagel et al. [47]
12.99 deg 10.91 deg 12.69 deg 10.33 deg Aiyangar et al.
[52]
8 =5 deg 10 =2 deg PAF: PAF: PAF: Pearcy et al. [44]
X=36*1.6mm, X=45*12mm, X=1.1*09mm, and Kanayama
Y=41*x12mm, Y=54%x10mm, Y=42*1.1mm, et al. [49]
12 £ 1 deg 13+ 4 deg 9+ 6deg
9.4 deg 9.2 deg 10.3 deg 9.5 deg 9.5 deg Stokes [54]
Max Ext. ROM PAF: X=0.6 PAF: PAF: Kanayama et al.
+ 0.6 mm, X=0.1202mm, X=2.6=*2.6mm, [49]
Y=0.1 £0.8mm Y=00x0.Ilmm Y=3.7*19mm
5+ 2deg 3+ 2deg 1= 1deg 2+ 1deg 5+ 4deg Pearcy et al. [44]
Max lateral bending ROM 2.9*2.4 deg 3.4*2.1deg 4.7* 2.4 deg Lietal. [55]
Max Ext. ROM 5*2deg 3+2deg 1= 1deg 2+ 1deg 5*4deg Pearcy et al. [44]
Max lateral bending ROM 2.9 £2.4 deg 34+2.1deg 4.7 *2.4 deg Lietal. [55]
10 deg 11 deg 10 deg 6 deg 3 deg Pearcy and
Tibrewal [51]
Max torsion ROM 32+ 1.9deg 2.8+ 1.7 deg Xia et al. [56]
2.5*+2.3 deg 2.4 *2.6deg 2.9*2.1deg Liet al. [55]
2 deg 2 deg 3 deg 3 deg 2 deg Pearcy and
Tibrewal [45]
Strain at full flexion AAF=-25% AAF = -29% AAF = -24% Nagel et al. [48]
PAF = +50% PAF = +65% PAF = +29%

AAF=—-17 £ 8%
PAF =426 £ 9%
Shear 18 = 16%

AAF=—15%10%
PAF=+422* 13%
Shear 29 = 17%

Wang et al. [57]

AAF = Anterior AF; PAF = Posterior AF; — = Compressive; + = Tensile; ROM = Range of motion.

021007-4 / Vol. 138, FEBRUARY 2016

Transactions of the ASME



tissue to withstand biaxial tensile strains with a modulus of
9.8-87 MPa [48,95,96].

Poisson’s ratio is the negative ratio between transverse and
axial strain and is dependent on orientation. The Poisson’s ratio in
the axial, radial, and circumferential directions are 0.61, 0.79, and
2.27, respectively [92]. These values of Poisson’s ratio, which are
much greater than 0.5, highlight the anisotropic nature of the AF
and are not used as a design parameter.

Tensile testing of single lamellaec specimens along the fiber
direction results in maximal fiber recruitment and the largest ten-
sile modulus values, ranging from 16 to 82 MPa [91,91-99]. Ten-
sile moduli of single lamellae from the outer portions of AF tissue
approximately double that from the inner portions with averages
of 64.8 MPa and 31.2 MPa, respectively [92,93,98,100,112].

4.2 Compression. Compressive properties of the AF are
important for distributing vertical loads as well as confining the
NP. In vivo, compressive loads on the IVD result in axial com-
pression of the AF and bulging of the NP, which radially com-
presses the AF. Several studies have examined the AF under
confined compression, determining the parameters aggregate
modulus (H,), and hydraulic permeability (k), which is a mea-
surement of the viscoelasticity of the tissue due to its resistance to
fluid flow through the material. Aggregate modulus ranges from
0.4-3 MPa (excluding the viscoelastic measurements of 6 MPa

from Freeman et al.) and permeability ranges from 2.1-5 x 10~ '¢
m?*/N s [101-104].

4.3 Shear. Shear properties of the AF are important for con-
trolling and limiting motion between vertebrae during bending
and twisting of the spine. The magnitude of the complex shear
modulus (IG*l) is the shear modulus under dynamic conditions
and the phase shift angle between stress and strain (J), and is a rel-
ative measure of viscoelasticity. The complex shear modulus has
a range of 0.10-0.28 MPa and ¢ has a range of 9-35 deg depend-
ing on the frequency and shear strain amplitude [105].

5 Hydrogels Used for AF Repair

An ideal biomaterial for AF repair would mimic its material
properties with easy application during surgical procedures to
restore IVD biomechanics and promote regenerative repair with-
out risk of herniation. Biomaterials that are substantially more
rigid than the AF will herniate because local stress concentrations
develop that prevent tissue integration over time [24,113]. Bioma-
terials with moduli that are much lower than the native IVD are
unlikely to restore biomechanical behaviors of the motion seg-
ment. Developing experimental biomaterials for AF repair to meet
these design objectives and match healthy, AF tissue properties
remains an unmet challenge for existing AF repair hydrogels.
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Fig. 2 Tensile moduli values reported

for human AF with different orientation

(C = cirumferential; R =radial; and A = axial) and for single lamella and multiple lamellae
samples. Tensile moduli are reported as the linear Young’s moduli values from Refs.

[90-94], [97—100], [106], and [107].
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While many experimental hydrogels have been developed to
address AF repair following injury due to herniation or discec-
tomy, relatively few have undergone rigorous mechanical testing
to assess the biomechanical compatibility between the hydrogel
and native AF tissue. These hydrogels have been evaluated for
their tensile, compressive, and shear material properties as well as
for their adhesive strength and gelation kinetics (Table 5).

Tensile behaviors of the AF and AF repair biomaterials are
important to maintain AF tensile stresses, which are necessary to
restore IVD pressurization and restrain spinal motions. This
review revealed that tensile modulus is the most commonly stud-
ied mechanical parameter for experimental hydrogels for AF
repair with 12 out of 19 studies using tensile modulus as an evalu-
ation parameter.

Electrospinning is a compelling fabrication method for AF
repair biomaterials due to the ability to create oriented, aligned
fibers. Nerurkar et al. created a scaffold for AF repair using poly-
e-caprolactone fibers that were electrospun to create fibers of vary-
ing angles designed to mimic the AF lamellar architecture [114].
A single layer scaffold had tensile modulus of 5.8 = 3.1 MPa after
4 weeks in culture [114], within 1 order of magnitude of AF mate-
rial properties (Table 4). Fiber orientation was varied from 0 deg,
30deg, and 90 deg, and the greatest tensile moduli values occurred
in 0° oriented scaffolds [130]. This single layer structure was
modified with the addition of an opposing bilayer offset at
120 deg, and improved tensile modulus to 14.2 2.5 MPa [115].

Electrospun scaffolds demonstrated further improvement in ten-
sile modulus with the addition of bovine mesenchymal stem cells
and in vitro dynamic loading, which increased the tensile modulus
to approximately ~20 MPa and also improved extracellular matrix
production [116,117], which closely approximates the circumfer-
ential tensile modulus of human AF tissue (Table 4).

The importance of fiber alignment for AF tissue engineered
constructs was demonstrated by additional groups. The tensile
moduli of poly-¢-caprolactone prepared with nonoriented and ori-
ented fibers were 2.5MPa and 7.25MPa, respectively [118].
Aligned electrospun polycarbonate and polyurethane fibers were
also found to have a dramatically higher tensile modulus com-
pared to randomly oriented fibers and exhibited stable tensile
modulus values after 4 weeks of culture [119,120]. Prestrain fur-
ther enhanced tensile modulus in electrospun degradable polycar-
bonate urethane-anionic dihydroxyl oligomer scaffolds seeded
with bovine AF cells [121]. Electrospun scaffolds are structural
biomaterials, which do very well in matching AF structural hierar-
chy, tensile properties, and anisotropy, yet are not injectable and
require surgical implantation.

Injectable biomaterials for AF repair have been investigated for
tensile behaviors. An implantable shape memory poly(p,L-lactide-
co-trimethylene carbonate) material can be delivered via injection
through a small opening but exhibited tensile modulus of
1.7-2.5 MPa at 40°C [122], which is substantially lower than the
tensile modulus of native AF tissues (Table 4). The tensile moduli

Table 3 Human IVD motion segment stiffness and apparent modulus values

Facet joints ~ Ligaments
Parameter Values removed removed Reference
Axial stiffness 1.73 = 0.45 kN/mm, 2 kN/mm Yes Yes Beckstein et al. [62] and Marini et al. [67]
1.17 = 0.68 kKN/mm Yes No Shea et al. [61] and O’Connell et al. [68]°
1.4 £ 0.48 kKN/mm No No Landham et al. [69], Frei et al. [70], Okawa
et al. [71], and McGlashen et al. [72]°
0.44-2.42 kN/mm n.s. n.s. Nachemson et al. [60], Gardner-Morse and
Stokes [63], Kiehl et al. [73],® and Stokes and
Gardner-Morse [74]
Dynamic stiffness 5.0-30Hz: 0.25-3.66 KN/mm Yes Yes Izambert et al. [75]
0.001-1.0Hz: 3.51-5.14 kN/mm Yes No Costi et al. [76]
0.01-10.0Hz: 3.24-4.15 kN/mm No No Smeathers and Joanes [77]
0.42+0.20 kKN/mm No No Alkalay et al. [78]
Apparent modulus® 2.16-10.48 MPa No No Keller et al. [79]
Torsional stiffness 3.18 £0.89 N m/deg Yes Yes Showalter et al. [65]
2.1-2.9N m/deg Yes No Costi et al. [76] and Amin et al. [80]
7.78-3.63N'm No No Zirbel et al. [81]
8.40 = 1.09N m/deg No No Schmidt et al. [82]
10—-13 N m/deg n.s. n.s. Stokes and Gardner-Morse [74]
3.51%=1.77N m/deg n.s. n.s. Thompson et al. [66] and Haughton et al. [83]
Flexion stiffness 2.30-3.30N m/deg Yes No Costi et al. [76] and Amin et al. [80]
4.89-6.64 N m/deg Yes No Garges et al. [84]
0.02 kN/mm No No Brown et al. [85]
1.80-5.50 N m/deg No No Schmidt et al. [82] and Miller et al. [86]
0.07-0.36 kKN/mm n.s. n.s. Thompson et al. [66]
Extension stiffness 1.6-3.5 N m/deg Yes No Costi et al. [76] and Amin et al. [80]
7.21-9.09 N m/deg Yes No Garges et al. [84]
2.60-7.60 N m/deg No No Schmidt et al. [82] and Miller et al. [86]
0.19—1.02kN/mm n.s. n.s. Thompson et al. [66]
Left-right lateral bending stiffness ~ 3.4—4.6 N m/deg Yes No Costi et al. [76]
1.11 = 0.67N m No No Zirbel et al. [81]
2.30-4.40N m/deg No No Schmidt et al. [82] and Miller et al. [86]
2.90-4.30N m/deg n.s. n.s. Gardner-Morse and Stokes [74]
4.21-10.04 N m/deg n.s. n.s. Gardner-Morse and Stokes [63]
Anterior—posterior shear stiffness 0.11-0.21 kN/mm Yes No Costi et al. [76] and Amin et al. [80]
0.44-0.61 kN/mm No Yes Lu et al. [64]
0.10-0.27 kN/mm No No Miller et al. [86] and Bisschop et al. [87,88]
0.26-0.45 kN/mm n.s. n.s. Stokes and Gardner-Morse [74]

Calculated from three-parameter-solid model; and n.s. indicates motion segment preparation details not specified.

PCalculated from reported force and displacement values.
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of a poly(1,8-octanediol malate) scaffold matched AF tissue ten-
sile modulus when polymerization time was increased to 3-9 days
of polymerization, with moduli ranging 15-26 MPa [131]. Ther-
mogelling hydrogels, such as a poly(N-isopropylacrylamide) and
chondroitin sulfate with aldehyde modified chondroitin sulfate
(PNIPAAm-g-CS), are adhesive to the adjacent tissue upon injec-
tion and had tensile moduli comparable to native AF tissue [132].
These biomaterials exhibit promise for matching AF tensile mod-
ulus, and further optimization and validation are warranted,
including measurement of additional material properties.

The unconfined compressive modulus of an injectable adhesive
PNIPAAmM-PEG/PEI was ~0.01 MPa without the addition of a

addition of gluteraldehyde [123], which is below native AF com-
pressive properties. Aligned nanofibrous poly-¢-caprolactone scaf-
folds seeded with mesenchymal stem cells (MSCs) demonstrated
a decreased unconfined compressive modulus of approximately
0.012 MPa, compared to 0.016 MPa of an acellular scaffold [116].
A scaffold-free AF repair strategy consisting of extracellular ma-
trix deposited from porcine AF cells and pelleted into an implant-
able construct demonstrated unconfined compressive modulus of
approximately 0.015 MPa, which compared well to native porcine
AF tissues (0.020 MPa [124]), but was approximately an order of
magnitude lower than human AF values. An AF-like scaffold with
an angle ply structure made by electrospinning poly-¢-caprolac-

gluteraldehyde crosslinker, and between 0.06—-0.08 MPa with the

Table 4 Summary of AF material properties

tone had compressive moduli of 0.013MPa, which was

Testing modality

Parameter

Native value

Reference

Single lamella Uniaxial tension Elong Inner (toe/linear) 3.8/12-59 MPa Skaggs [97], Holzapfel [98], and
Stemper® [99]
Outer (toe/linear) 8.01-9.67/13.2-82 MPa Isaacs et al. [91], Skaggs [97],
Holzapfel [98], Stemper® [99], and
Wagner [108]
E.rans (Toe/linear) 0.22-1.38/1.85 MPa Isaacs [91] and Holzapfel [98]
Oflong 2.4-4MPa Isaacs [91] and Stemper® [99]
Oftrans 0.33 MPa Isaacs [91]
Elong 0.19-0.30 Isaacs [90] and Stemper” [99]
& trans 0.23 Isaacs [91]
Biaxial tension E. Equibiaxial 9.88 MPa Nagel [48]
Multiple Uniaxial tension Eq Inner (toe/linear) 1.7/2-5.6 MPa Ebara® [90], Elliott [93], Shan [94],
lamellae and Acaroglu® [100]
Outer (toe/linear) 2.52-4.71/ Ebara® [90], Isaacs et al. [91],
11.04-29.3 MPa O’Connell et al. [92], Elliott [93],
Shan [94], Acaroglu® [100], Guerin
[106], and Green [109]
E, Inner 0.44 MPa Fujita [110]
Outer (toe/linear) 0.113-0.19/ Isaacs [91], O’Connell [92], Elliott
0.212-0.45 MPa [93], and Fujita [110]
E. Inner (toe/linear) 0.34/0.96 MPa Elliott [93]
Outer (toe/linear) 0.27/0.42-0.82 MPa O’Connell [92] and Elliott [93]
&p* 0.06-0.09 O’Connell [92] and Guerin [106]
g* 0.11 O’Connell [92]
Vo 1.77-2.27 O’Connell [92] and Elliott [93]
Vo 0.33 Elliott [93]
Vo0 0.61-0.66 O’Connell [92] and Elliott [93]
Var 0.14 Elliott [93]
Vo 0.51-0.79 O’Connell [92] and Elliott [93]
|E*] 1-3.5MPa Sen® [111]
Oro Inner/outer 1.18/3.29-3.8 MPa Shan [94] and Green [109]
&0 Inner/outer 0.49/0.34-0.38 Shan [94] and Green [109]
Biaxial tension Eg Equibiaxial 87 MPa O’Connell® [95]
E. Equibiaxial 48 MPa O’Connell® [95]
Circ. Fixed 13 MPa Bass® [96]
Confined compression P, 0.14 MPa Best [101]
Hy 0.40-2.5 MPa Best [101], Iatridis [102], and Anto-
niou® [103]
k 2.1-5x 107 m*N's Best [101], Iatridis [102], and Anto-
niou® [103]
p 2.13 Tatridis [102]
M 1.18 Tatridis [102]
Shear 1G* 0.1-0.28 MPa Antoniou® [103] and Iatridis® [105]
G 0.03-0.105 MPa Tatridis® [105]
) 9-35deg Tatridis® [105]
G 0.02534-0.05604 MPa Fujita [107]
Unconfined compression E 0.19-0.26 MPa Freeman® [104]
E" 0.030-0.055 MPa Freeman® [104]

E =Tensile modulus; E,,,, = Longitudinal modulus (parallel to fiber direction); E,.,,=Transverse modulus (perpendicular to fiber direction);
oy=Failure stress; &= Failure strain; 0, z, r = Circumferential, axial and radial loading axes, respectively; &* = Transition strain; v = Poisson’s ratio;
|E*| = Dynamic modulus; Py, = Swelling pressure; H, = Aggregate modulus; k = Permeability; f = Modulus nonlinearity parameter; M = Permeability
nonlinearity parameter; IG*| = Complex shear modulus; G = Shear modulus; é = Phase angle; E’ = Storage modulus; and E” = Loss modulus.

“value estimated from figure.
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significantly less than that of a native rat caudal IVD measured to
be 0.28 MPa [125].

Shear modulus describes relative deformation behaviors
between AF layers and is important to evaluate since failure of
materials commonly occurs due to excess shear stresses. AF shear
properties are nonlinear and affected by the magnitude of com-
pressive stress on the AF [105]. An aligned nanofibrous poly-¢-
caprolactone scaffold was developed and seeded with MSCs and
it was observed that with time, the shear modulus increased indi-
cating some role of cell deposited matrix components on the abil-
ity to resist shear [126]. Fibrin-Genipin exhibited shear moduli
values of 0.012-0.08 MPa and could be tuned to be similar to
native human AF tissue (Table 4) [127,128]. The shear modulus
of an injectable, cell supportive composite hydrogel composed of
hyaluronic acid and poly(ethylene glycol) demonstrated a shear
moduli of 490 = 117Pa [129] which remains several orders of
magnitude lower than native human AF tissue. At this point, no
materials exist that completely match all AF material behaviors,
and the most important material behavior to match is subject to
debate. However, most biomaterials are not evaluated in multiple
testing modes, and more thorough biomechanical assessments of

Table 5 Summary of available hydrogels with tensile modulus,

gelation time.

biomaterials are likely to better inform material selection and per-
formance outcomes.

Integration of biomaterials with native AF tissue remains a
challenge, and current strategies use adhesives to promote integra-
tion. Adhesive strength tests measure the force required to dis-
place a material from adjacent tissue and can be characterized
with lap shear testing [26], or “pushout” testing [128]. Nerurkar
et al. reported adhesive strength ~0.05-0.125 MPa from bilayer
lap testing over a period of 6 weeks for a multilayered aligned
nanofibrous poly-e-caprolactone scaffold (Nerurkar et al.), sug-
gesting good adhesion of each layer of this biomaterial. The
enhanced integration of biomaterial layers with time is suggestive
of long-term integration with native tissues, yet does not address
acute adhesion required for postoperative success. Vernengo et al.
studied adhesive strength as measured by the maximum force of
detachment from porcine skin of poly(/N-isopropylacrylamide—
poly(ethylene glycol)/poly(ethylene imine) (PNIPAAm-PEG/PEI)
with varied concentrations of gluteraldehyde crosslinkers and
found the greatest adhesive strength was 0.0025 MPa with 10%
gluteraldehyde [123], suggesting it will not resist loading on the
IVD. Push-out testing of an injectable fibrin-Genipin hydrogel

shear modulus, compressive modulus, adhesion strength, and

Mechanical property Material

Mechanical property values References

Tensile modulus Aligned nanofibrous poly-¢-caprolactone scaffold
Poly(1,8-octanediol malate)

Aligned nanofibrous poly-¢-caprolactone scaffold
Aligned electrospun polycarbonate polyurethane
scaffold

Electrospun PCL scaffold

Aligned nanofibrous poly-e-caprolactone scaffold
Aligned nanofibrous poly-¢-caprolactone

scaffold = MSCs

Biodegradablepoly (d,l-lactide-co-trimethylene car-
bonate) networks

Oriented electrospun poly(ester-urethane) and poly-
e-caprolactone

Degradable polycarbonate urethane-anionic dihy-
droxyl oligomer scaffolds
Poly(N-isopropylacrylamide) + chondroitin sulfa-
te + aldehyde modified chondroitin sulphate

Compressive modulus Poly(N-isopropylacrylamide - poly(ethylene gly-
col)/poly(ethylene imine) aka PNIPAAm-PEG/PEI
with gluteraldehyde crosslinker
Aligned nanofibrous poly-¢-caprolactone
scaffold = MSCs
Scaffold free neo annular tissue construct from 3D
pellet culture system using mature porcine AF cells
Disk-like angle ply structures made by electrospin-
ning poly-¢-caprolactone

Shear Modulus Aligned nanofibrous poly-¢-caprolactone scaffold
Fibrin-Genipin

Fibrin-Genipin

Hyaluronin acid-poly(ethylene glycol)

Adhesive strength Aligned nanofibrous poly-¢-caprolactone scaffold
Poly(N-isopropylacrylamide—poly(ethylene glycol)/
poly(ethylene imine) with gluteraldehyde
crosslinker

Fibrin-Genipin

Poly(N-isopropylacrylamide) 4- chondroitin

sulfate = aldehyde modified chondroitin sulfate
Gelation Time Fibrin-Genipin

Poly(N-isopropylacrylamide) 4- chondroitin
sulfate + aldehyde modified chondroitin sulfate

5.8 £3.1 MPa
7.31-25.6 MPa*
10.6-14.2 MPa*

Nerurkar et al. [114]
Wan et al. [131]
Nerurkar et al. [115]

46 + 3 MPa Yeganegi et al. [119]
2.5-7.25 MPa* Koepsell et al. [118]
20-35 MPa* Nerurkar et al. [116]

0.021 MPa (acellular), 0.032 MPa (cellular)® Nerurkar et al. [117]

1.7-2.5 MPa (40 °C), 1000-1700 MPa (0°C) Sharifi et al. [122]
47-55.33 MPa® Wismer et al. [120]
3-5 MPa*® Turner et al. [121]

0.001108-0.00416 MPa* Wiltsey et al. [132]

0.06-0.08 MPa™" Vernengo [123]

0.016 MPa (acellular), 0.012 MPa (cellular)b Nerurkar et al. [117]

0.015 MPa® Cho et al. [124]
0.0126 + 0.0043 MPa Martin et al. [125]
2.1-3.8 MPa™® Driscoll et al. [126]
0.08-0.111 MPa™® Schek et al. [127]
0.0118-0.047 MPa® Guterl et al. [128]

0.000109-0.00049 MPa* Jeong et al. [129]

0.055-0.125 MPa®
0.0014-0.0025 MPa®

0.062-0.0722 MPa
0.0011-0.0018 MPa®

202-906 s*
600s

Nerurkar et al. [115]
Vernengo [123]

Guterl et al. [128]
Wiltsey et al. [132]

Guterl et al. [128]
Wiltsey et al. [132]

*The values that range for different material compositions tested within a study.

"Value estimated from plot.
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demonstrated that adhesive strength was 0.062-0.0722, and was
independent of genipin concentration [128]. PNIPAAm-g-CS had
a relatively low adhesive strength compared to these materials, as
measured by the ASTM procedure F2258 for tissue adhesives in
tension, with an adhesive strength of approximately 0.001 MPa
[132]. The capacity of a material to adhere strongly to native tis-
sues immediately is an important step for clinical translation and
suggests that adhesion testing is an overlooked parameter that
should be performed more often to evaluating the feasibility of
AF repair biomaterials to withstand physiologic loading.

Gelation time of hydrogels is an important parameter to define
feasibility of clinical translation. Discectomy procedures are rela-
tively short, and the material must stay in place following implan-
tation. Many spine surgeries are outpatient procedures, requiring
the material to withstand loads that occur following implantation
as the patient recovers and returns home. In this review, only two
studies reported gelation time of biomaterials for AF repair; gela-
tion kinetics can be quantified with multiple parameters. Fibrin-
Genipin had gelation time < 15min, as defined by the time at
which the shear modulus is independent of frequency [128]. The
convergence of frequency-dependent behaviors occurs following
the solid/fluid transition and corresponds to sufficient solidifica-
tion to stay in place [133]. PNIPAAm-g-CS was described to have
a gelation time of 10 min for polymer gelation at 37 °C [132]. The
equilibration of shear modulus to a steady state value must be
achieved before the spine can bear load. These gelation times are
consistent with needs for clinical translation, yet accelerated gela-
tion kinetics are preferable.

6 Testing Paradigm

A consistent set of evaluation criteria for AF repair hydrogels
can help researchers to compare across labs and more rapidly

advance the field. We propose a testing paradigm that spans from
rapid screening tests for optimization, in situ validation tests, and
advanced validation tests (Fig. 3). Screening tests for optimization
are designed to evaluate priority parameters to rapidly assess if
the hydrogel will meet required design parameters. The screening
tests are intended to be adaptable for high throughput testing and
include the following. Material property tests to determine tensile,
compressive and/or shear modulus to assess similarities with AF
tissue. Adhesion strength tests to determine how strongly the
hydrogel adheres to AF tissue, e.g., using a push-out or lap shear
test. Cytocompatibility tests include cell culture screening to rap-
idly evaluate cell viability, proliferation, and phenotype of the
biomaterial. Gelation kinetics (e.g., theometer measuring shear
modulus through time) evaluate if the material will solidify rap-
idly enough to be consistent with current surgical procedures.

Adhesive strength of a hydrogel on disk tissue can be measured
directly with a lap shear test or a pushout test [128,134,135], or
indirectly in situ with an increasing axial load until herniation is
reached. However, test protocols, such as the adhesion strength
test configuration, commonly involve tissue samples with more
free-boundaries than would be found in situ which creates high
shear stresses [136]. As a result, the adhesion strength parameters
obtained from a screening test may be best used as a relative com-
parison rather than an absolute measurement value and in situ
tests provide validation and failure testing that is more similar to
the in vivo condition.

In situ validation tests are more involved experimentally and
involve full motion segment testing and in vivo small animal tests.
In vivo degradation tests involve subcutaneous and/or in situ im-
plantation of the hydrogel in a small animal model to assess In
Vivo degradation rate and inflammatory response. In situ failure
tests load IVDs mechanically until failure to determine if the ma-
terial has high herniation risk in situ [137]. In situ biomechanics

tests

r
: . Does biomaterial integrate with
) | Adhesion testing — push-out test |—> native tissue?
85
e '(% Tissue testing — tension, ) Does biomaterial match native
8’ N < compression & shear tissue properties?
£ E
g "C:L | Cytocompatibility — cell culture screen |—>| Do cells grow on biomaterial?
o ©
%2 Swelling & gelation kinetics — in vitro | Does biomaterial swell? Is gelation

7’| time compatible with surgical time?

N

smallanimalin vivo test

Degradation testing — sub-cutaneous

Whatis in vivo degradation rate
and inflammatory response?

v

| In situ failure test '—>| How high is the herniation risk?

In situ
validation
A

| In situ biomechanics test

Does biomaterial restore motion
segment biomechanics?

-
e

| In situ fatigue failure testing

Is herniation risk acceptable
following fatigue/rigorous loading?

.
-

Large animal & human IVD organ

Simulated physiologic loading,

Advanced
validation
A

.

repair — in vivo performance for up to
12 months

culture — in situ biological & > local cell viability and tissue
biomechanical performance integration, predictors of healing
Lafgesanimalimodslef IV njum& | Healing of IVD, biocompatibility,

biomechanical restoration

Fig. 3 Testing paradigm for evaluating IVD repair strategies. Screening tests involve high
through-put evaluations that can rapidly assess materials. Testing process progresses to

in vivo validation.
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tests evaluate restoration of IVD mechanical properties following
creation of a defect [138]. In situ failure tests can also include
more rigorous fatigue loading to evaluate implant failure. Wilke
et al. developed elegant testing procedures to assess AF repair
implant failure under extreme and fatigue loading conditions [20].
Advanced validation tests involve testing using living animal sys-
tems. Large animal organ culture is now a common technique and
can also be evaluated using human IVDs [139-142]. Human organ
culture is used to assess biological and biomechanical perform-
ance such as gene expression, protein levels, tissue integration,
and disk height loss. An in vivo model is necessary to assess
inflammatory responses. Because of the high forces and long
transport distances of human IVDs, large animal models best
translate for advanced validation tests and measurements can
include assessments of in vivo healing, biocompatibility, and bio-
mechanical restoration.

The hydrogels reviewed in this paper are at various stages of
development and several elegant hydrogels for AF repair exist,
spanning structural multiple-layered composites as well as adhe-
sive biomaterials with a relatively simple isotropic structure.
Many experimental biomaterials for AF repair focus on their uses
as carriers for drugs or cells and spend little attention on biome-
chanical characterizations. Characterizing mechanical properties
of experimental AF repair biomaterials can better determine if the
material is optimized to match AF material behaviors and func-
tionally restore mechanics and motions of spinal motion seg-
ments. Here, we have summarized the biomechanical properties
of current experimental hydrogels.

7 Quantitative Design Criteria

The adhesive strength, strain at failure, and material properties
of the AF are design criteria that should be achieved, or
approached for a hydrogel to successfully repair AF defects with-
out creating stress concentrations. The data compiled in this
manuscript can inform quantitative values for these parameters.

The adhesive strength of an AF repair hydrogel must resist
stresses generated from intradiscal pressures during loading of the
IVD. The minimum intradiscal pressures which an AF repair
should withstand are 0.41 MPa (as measured in nondegenerated
disks during surgery while the patient is lying prone), up to
1.50 MPa (as the patient recovers and begins sitting and standing).
To prevent reherniation, the repair must withstand the greater val-
ues of intradiscal pressure expected during rigorous activity fol-
lowing recovery, such as 2.30 MPa, measured by Wilke et al.
while lifting 20kg with rounded back [30]. The intradiscal pres-
sure does not directly translate to adhesive strength, especially
since many biomechanical tests used to screen and characterize
adhesive strength (e.g., “pushout-test,” lap shear test) have differ-
ent boundary conditions than the in situ condition. However, an
approximation can be established using in situ biomechanical data
and adhesive testing data from the literature. For example, genipin
crosslinked fibrin (FibGen) had an adhesive strength of 67kPa
[128] and withstood an average nominal axial stress (force/cross-
sectional area) of about 600kPa [138]. Nachemson and Morris
have proposed that nominal axial stress relates to nucleus pressure
by a factor of 1.5 [34]. Therefore, an adhesive strength of 67 kPa
tested using a pushout test may be able to withstand a nucleus
pressure of 900 kPa. This suggests a factor of about 13.5 between
pushout adhesive strength and nucleus pressure. Therefore, in
order to withstand a maximum intradiscal pressure of 2.3 MPa, a
hydrogel would need to achieve an adhesive strength of ~177 kPa
measured with a push-out test. This adhesive strength contextual-
izes the experimental pushout test with in vivo loading, but is only
a rough approximation since it spans multiple labs, test configura-
tions, and experimental assumptions. Although pressures decrease
in degenerated disks, an appropriate design criterion should be set
at nondegenerate levels in order to provide a factor of safety.

In this review, we reviewed the in vivo ROM of the human
IVD to help address the problem of failure strain and found the

021007-10 / Vol. 138, FEBRUARY 2016

maximal rotation values of 13deg, Sdeg, and 11deg in flexion,
extension, and lateral bending [44,45,51,52]. The maximal strains
computed from these rotations (), assuming a uniform radius ()
of 27.95mm [143] and neutral disk height (d) of 4 mm [45] and
true strain (&) =In((d+ r* tan(0))/d), are 96%, 47%, 85%, and
31%, respectively. These calculations represent a high estimate of
nominal strain since the largest physiological rotations were used
with the smallest disk height and largest radius. Nagel et al. and
Wang et al. reported maximal tensile strains in the posterior AF of
65% and 26%, respectively, from full flexion [47,144]. The maxi-
mal compressive strain that must be withstood is 29% [48]. There-
fore, the degree-of-freedom with greatest strain is flexion, putting
the posterior annulus in tension, and the hydrogel must be able to
withstand at least 65% strain (Table 6).

An ideal repair strategy would restore the stiffness of the intact
IVD motion segment, and the torsional and axial stiffnesses val-
ues of 3.2N m/deg and 1.5-2kN/mm (Table 6) can be used as
simplified tests to assessing AF integrity and restoration of NP
pressurization [12]. The AF is loaded in tension to hold the pres-
surized nucleus, so it is important to match the tensile properties
of the AF. Alternatively, torsion mechanics are sensitive to AF
defects [13,145], so it is important to match the shear properties.
The recommended tensile modulus of an AF repair varies from
0.42 to 0.82 MPa in axial testing, to 11-29 MPa in circumferential
testing [90,92,93,100]; both configurations are relevant. The
recommended shear modulus is 0.1-0.28 MPa [103,105] and the
recommended aggregate modulus is 0.4—7 MPa [101-104] (Table
6). Stiffness values for the IVD motion segment are presented in
Table 3 and complete material properties for AF tissue in Table 4.
We focus on IVD stiffness for assessments of biomechanical res-
toration in this study, but note that in situ ROM, neutral zone, disk
height, and flexibility measurements are other relevant parameters
that can also be used to assess biomechanical restoration.

In conclusion, this paper summarized the biomechanical behav-
iors of IVD motion segments and AF tissue and used this data to
provide quantitative design criteria for AF repair, specifically a
test paradigm, the strain at failure, the adhesive strength, the
amount of material necessary, and the tensile and shear moduli.
Hydrogels for AF repair that meet these objectives can be
advanced to in situ and advanced validation tests to better assess
their likelihood for successful performance in humans. We pro-
pose a testing paradigm from least complex screening and optimi-
zation tests to more complex in situ and in vivo validation tests in
order to efficiently and effectively screen biomaterials for AF
repair. In order to advance to in vivo validation tests, we suggest
that successful materials have high adhesion strength (~0.2 MPa),
have high tensile failure strain (~65%), and match as many AF
material properties as possible (e.g., approximately 1MPa, 0.
3MPa, and 30 MPa for compressive, shear, and tensile moduli,
respectively). Several tissue engineered hydrogels exist and show
promise for AF repair since they can match at least one material
property of the AF, and a few of these hydrogels can also adhere
to AF tissue or otherwise be easily implanted during surgical pro-
cedures to warrant additional investigation.

Table 6 Recommended design parameters

Parameter Recommended value Reference
Disk pressure, after implantation 1.50 MPa Fig. 1
Disk pressure, maximal 2.30 MPa [30]
Tensile modulus, axial 0.5-1 MPa Fig. 2, Table 4
Compressive/tensile strain 28%/65% Table 2
Axial stiffness of restored IVD 1.5-2kN/mm Table 3
Torsional stiffness of restored IVD 3.2N m/deg Table 3
Tensile modulus, circumferential 11-29 MPa Fig. 2, Table 4
Aggregate modulus 0.4-6 MPa Table 4
Shear modulus 0.1-0.28 MPa Table 4
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Nomenclature

AF = annulus fibrosus
IVD = intervertebral disk
MSC = mesenchymal stem cell
NP = nucleus pulposus
ROM = range of motion
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