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1 | INTRODUCTION
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Abstract

Biomaterials for nucleus pulposus (NP) replacement and regeneration have great
potential to restore normal biomechanics in degenerated intervertebral discs following
nucleotomy. Mechanical characterizations are essential for assessing the efficacy of
biomaterial implants for clinical applications. While traditional compression tests are
crucial to quantify various modulus values, relaxation behaviors and fatigue resistance,
rheological measurements should also be conducted to investigate the viscoelastic
properties, injectability, and overall stability upon deformation. To recapitulate the
physiological in vivo environment, the use of spinal models is necessary to evaluate the
risk of implant extrusion and the restoration of biomechanics under different loading
conditions. When designing devices for NP replacement, injectable materials are ideal
to fully fill the nucleus cavity and prevent implant migration. In addition to achieving
biocompatibility and desirable mechanical characteristics, biomaterial implants should
be optimized to avoid implant extrusion or re-herniation post-operatively. This review
discusses the most commonly used testing protocols for assessing mechanical proper-
ties of biomaterial implants and serves as reference material for enabling researchers
to characterize NP implants through a unified approach whereby newly developed

biomaterials may be compared and contrasted to existing devices.

KEYWORDS
biomaterials, mechanical characterization, mechanical properties, methodologies, nucleus
pulposus

services.? With the global rise in the human population and aging socie-

ties with increasing life expectancies, it is reasonable to predict IVD

Intervertebral disc (IVD) degeneration is commonly observed across
populations and is closely related to factors such as aging, abnormal
mechanical loading and genetics. One consequence of IVD degeneration
is lower back pain, which is considered to be one of the most debilitating

conditions causing severe stress on both the patient and public health

degeneration-related diseases will affect increasingly more individuals
and social healthcare systems in the near future.

In the IVD, a gelatinous proteoglycan-rich nucleus pulposus (NP) is
confined peripherally by a collagen-rich annulus fibrosus (AF) and is

sandwiched by cartilaginous vertebral endplates on the superior and
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inferior surfaces.® The unique mechanical properties of the NP and AF
are fundamental in sustaining the high pressure experienced by IVDs
during daily activities. Progression of degeneration is associated with a
reduction in proteoglycan synthesis, coupled with a decrease in colla-
gen type I1.* In place of collagen type Il, increased levels of collagen
types | and Ill, as well as matrix metalloproteinase 12 (MMP12), a
matrix degradation enzyme, are produced. These changes lead to the
loss of mechanical properties of the IVD, and structural wear gradually
appears.® At the same time, glycosaminoglycan content also decreases,
leading to dehydration and a reduction in the intrinsic swelling capacity
of the NP.® Due to the decrease in osmotic pressure and the indistin-
guishable NP-AF border, the load transfer function of the NP is
impaired, with higher stress experienced by the outer AF region of the
IVD; causing subsequent disc height reduction.”® Figure 1 shows that
as the degenerative process progresses, leakage of the central NP from
the cracks of the AF (herniated disc) enables immune cell activation and
infiltration, resulting in the release of cytokines and neurogenic factors
which cause severe lower back pain.? In the case of severe degenera-
tion, compression on the nerve roots in the region of the bulged or her-
niated discs may also contribute to lower back pain.*°

Several surgical procedures exist for the treatment of degenerated
IVDs. Spinal fusion involves fusing the two vertebrae on either side of
the disc together. Although this technique can alleviate short-term pain
relief, the procedure limits the spinal motion, and normal biomechanics
of the motion segment cannot be restored.!? Accelerated degeneration
of the segment adjacent to the lumbar fusion has also been reported.'?
In discectomy (partial removal of a degenerated disk), IVD instability
often occurs, leading to long-term complications.*® Nucleotomy
(removal of the NP component of the IVD) has been has been demon-
strated to be effective in the reduction of herniation-induced pain.**
However, following denucleation of the IVD, the inner margin of the
AF bulges inwards due to the lack of support from the NP; this abnor-
mal bulging behavior leads to further degeneration of the IVD and loss
of spinal stability postoperatively.*+*°

One solution proposed to treat degenerated IVDs and at the same
time restore the normal biomechanics of the spine is by implementing
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NP replacement materials. With suitable stiffness ranges, NP replace-
ment materials are capable of preventing the inward bulging of the AF
after denucleation of the IVD, which prevents further AF degeneration.*®
Several studies have demonstrated the effectiveness of NP implants in
restoring normal spinal range of motion, size of neutral zone, and disc
height.2*1%1” Despite being a worldwide research topic of interest span-
ning over two decades, clinical use of NP implants has not been widely
implemented. A core challenge in designing a desirable NP implant lies in
the precise mechanical property requirements. For example, an overly
stiff material leads to stress shielding, resulting in an increased risk for
endplate subsidence.*®'” Contrastingly, a soft (less stiff) material
increases the load experienced by the AF, promoting IVD degeneration.
It is also easier for a soft material to be extruded out of the disc from the
annulus incision or fragment inside the patient body.281?

To date, biomaterials for the treatment of degenerated NP are either
synthetically manufactured permanent acellular implants?® or degradable
materials which rely on cell growth and proliferation to form neo-NP tis-
sue at the site of degeneration to illicit repair.?* In all NP replacement
strategies, the mechanical properties of biomaterials are of great signifi-
cance. Simple uniaxial compression tests are far from adequate when
considering the six degrees of freedom motions (flexion, extension, right
and left lateral bending, compression, and axial rotation) experienced in
the human spine.?? Often times, the complications and failures of NP
implants are largely attributed to the complex physiological loading envi-
ronments experienced in day-to-day activities.?® Figure 2 highlights the
major developmental stages for creating a functional NP implant. In this
article, with papers systematically collected from three major databases,
essential parameters and methodologies to characterize the mechanical
properties of NP replacement/regenerative biomaterials are reviewed.
General concepts, testing methods, commonly overlooked details and
biomaterial designs are all included as part of the discussion. For com-
pleteness, techniques to demonstrate biomaterial biocompatibility and
efficacy are also touched upon. With the data and testing methods col-
lected from a wide selection of studies, researchers can easily compare
their newly designed biomaterials with those which have been previously
developed and which demonstrate several limitations observed in clinical

Extruded NP

&J

Herniated IVD

Schematic illustration of a normal/healthy IVD and a herniated IVD after degeneration.
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FIGURE 2 Major stages in the development of an NP implant.

scenarios. The ultimate goal of this comprehensive review is to serve as
a library of information (toolkit) for researchers who aim to develop func-

tional NP implants which may eventually achieve clinical success.

2 | INTRINSIC FUNCTIONS AND
PROPERTIES OF THE NUCLEUS PULPOSUS:
WHAT TO MIMIC?

Compared with the AF, the NP plays a relatively minor role in provid-
ing internal pressure and load transfer functionality of the IVD.2* The
main purpose of the NP in the central region of the IVD is to provide
mobility and to dissipate energy under large physiological deformation
at high loading frequencies, whereas at low frequencies, the intrinsic
fluid flow is enhanced.?>2¢ In addition to aiding the central disc to
maintain its height, the presence of the NP affects the deformation
and bulging behavior of the inner AF.** Numerous studies have
shown that the removal of the NP leads to the inward bulging of the
AF, resulting in increased stress experienced by the AF which may
lead to further fibrous ring rupture and herniation.?”2®

During daily activities and depending on the posture of the individ-
ual, IVDs experience various loading conditions with different levels of
pressure. Wilke et al. measured the in vivo intradiscal pressure and found
that from lying supine to lifting a 20 kg object, the pressure experienced
by the IVD ranged from 0.1 MPa to over 2 MPa.?’ Table 1 highlights the
changes in IVD pressure during daily activities. Apart from the high intra-
discal pressure, the biomechanics in a functional spinal unit are complex,
and several aspects should be considered when designing experiments
to characterize NP implants. Firstly, loading conditions vary according to
different activities. Compression is the most common loading condition
experienced by IVDs, and shear is also frequently observed within spinal
segments during bending and torsion.%® With compression and shear
being the major loading conditions experienced by IVDs several mechan-
ical properties in biomaterials need to be characterized in order to mimic
the physiological function of native NPs. Primarily, the material devel-
oped should be able to withstand high pressures without risk of failure
inside the cavity, or extrusion out of the AF incision. This requires the

Tests in
spinal

B'°:°9't‘.’a' Clinical trials
models evaluation
Functional disc with
In vitro tests NP replacement

In vivo tests

,ﬁ **

TABLE 1 Pressure experienced by IVD during daily activities.?’
Situations Pressure (MPa)
Sleeping (from lying to turning around) 0.10-0.80
Sitting (from slouched into the chair to flexion) 0.27-0.83
Standing (from relaxed to bent forward) 0.50-1.10
Walking (from flat ground to climbing stairs) 0.53-0.70
Jogging with different shoes 0.35-0.95
Lifting a 20 kg object with various positions 1.70-2.30

of posture

material to have sufficient mechanical strength to resist pressure. In
addition, the stiffness/modulus of the implant should be within a certain
range in order to restore the normal biomechanics of the spine and pre-
vent the inward bulging of the AF. The native NP is a viscoelastic tissue
which demonstrates both fluid and solid-like characteristics.>! Hence-
forth, the viscoelastic properties of potential biomaterials should also be
assessed through various compressive (creep and relaxation) and/or rhe-
ological tests. An ideal permanent implant should maintain its mechanical
properties in the long term. Conversely, a biodegradable material
requires the rate of degradation to be in-line with that of native tissue
formation and maturation. In the subsequent sections, characterization
techniques conducted to evaluate material mechanical properties and
various NP designs tailored to facilitating replacement/regeneration will
be reviewed and discussed.

3 | MECHANICAL TESTS FOR
CHARACTERIZATION - HOW TO EVALUATE?
31 |

Compression

3.1.1 | Unconfined compression
tests - compressive strength

As its name suggests, the unconfined compression test involves the
compression of the test material without any confinement (Figure 3A).
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FIGURE 3 Two modes employed in
compression testing. (A) Unconfined
compression and (B) Confined
compression.

The unconfined compression test is the most commonly performed test
to characterize NP replacement materials and enables valuable informa-
tion relating to material mechanical properties be obtained. These
include, but are not limited to, the compressive strength which can be
calculated from the failure stress values from a stress-strain curve.
Despite being a direct parameter, considered to be relatively
easy-to-measure, the compressive failure strength of various NP
replacement materials has rarely been reported.®2-3 This is due to
several factors including the observation that in unconfined compres-
sion, weak and brittle materials (such as various hydrogels) tend to fail
when exposed to near-physiological levels of compressive force.®*
For such mechanically weak materials, unconfined loading does not
fully represent the conditions in vivo where in IVDs, NP is confined by
the AF, and this confinement makes the brittle, catastrophic failure of
the bulk material less likely to occur.®® Although brittle failure/
fragmentation of hydrogel implants and subsequent extrusion through
AF incision defects can occur and has been reported by Durdag
et al,? such evaluations would be more effectively performed
through the use of cadaveric/spinal models.*? For some synthetic
polymeric hydrogels, samples often deform plastically in compression
without fracture due to the highly connected gel/polymer network.
Assessing compressive strength in hydrogels therefore remains a
challenge and researchers are therefore more interested in assessing
various modulus values to predict the clinical efficacy of hydrogels in

application as NP replacements.

312 |
modulus

Unconfined compression tests—Young's

The Young's modulus/compressive modulus describes the ability of a
material to resist elastic deformation upon being compressed. The
greater the modulus, the stiffer the material and the harder to deform
the bulk sample.®” It can be obtained from the compressive stress-
strain curve. Tangent modulus, which is the slope of the tangent line
at one specific strain value, and secant modulus, which corresponds to
the slope of the line connecting the point of zero strain to the defor-

mation point at a given strains, are the most commonly used methods

Y %&_)CICH‘ I~orl WI L EY 1891
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Test materials
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for calculating the Young's modulus. Alternatively, Young's modulus
may be calculated within the region of linear elastic deformation.®®
Recently, Ren et al. argued that the traditional tangent and secant
methods introduce calculation errors and instead proposed the
least-square method be implemented to simulate the loading curve.
Following polynomial data fitting, the derivative of the fitted curve
may be used to obtain Young's modulus values.®?

Hydrogels are the most popular class of polymer materials used for
NP replacement/regeneration and for the vast majority of hydrogels,
the stiffness increases with higher strain (strain-stiffening).***! As a
result, defining a single Young's modulus value for hydrogel materials is
not always feasible. The approximate axial strain level of intact physio-
logical IVDs while walking corresponds to around 15%.%? In an early
study, Boelen et al. proposed that an NP replacement material should
withstand at least 30% compression without undergoing plastic defor-
mation and catastrophic failure.*® Therefore, most investigations aimed
at fabricating NP implants have attempted to attain compressive modu-
lus values within the strain range of 10%-30%. (Table S1).

Several additional factors need to be considered when evaluating
single-cycle unconfined compression. Firstly, the typical loading rate
most commonly employed is 100% strain/min, although slower (3% to
18% strain/min) loading conditions have also been reported.3®4344
To mimic in vivo conditions, several studies have conducted compres-
sion tests when samples were immersed in water/PBS in order to
prevent the sample from drying during the testing process. It is prefer-
able for material testing to be conducted at 37°C as opposed to
room temperature (25°C) since polymeric material properties are
temperature-dependent and material testing at 37°C better recapitu-
lates the microenvironmental temperature in native IVDs.*® Control
of sample temperature during compression testing often requires the
use of custom-made setup configurations. As such, studies published
by Cloyd et al. and Schmocker et al. have described the assembly of
testing configurations which were simple in design yet capable
of functioning as both a water bath (for temperature control) and a
mount for optical cameras to monitor material deformation.*>*¢
Sample dimensions have also been reported to affect Young's
moduli obtained from unconfined compression. In a series of studies,

researchers have found stiffness values to be greater for wider and
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FIGURE 4 Plots of (A) Young's moduli and (B) equilibrium moduli and aggregate moduli collected from the literature (individual studies
are listed in the Supplementary Material, Table S1). The range of moduli for native human NPs is shown as the gap between the

dashed/dotted lines.**>°1:52

higher cylindrical-shaped samples, which may be due to the presence
of greater cross-linking densities in larger samples.*”=%° Although a
wide range of sample dimensions have been used across studies, it is rea-
sonable to suggest that conducting compression tests on disc-shaped
materials with similar dimensions to native human NP (~20 mm diameter
and ~ 10 mm height) remains ideal.>°

Young's modulus data from 50 published studies on NP
replacement/regenerative materials was collected and provided in
the supplementary material (Table S1) whilst an illustration of the litera-
ture findings is shown in Figure 4A. As depicted, a wide range of
Young's modulus values have been reported (~5 orders of magnitude).
Young's moduli for healthy native human NP was estimated by
Umehara et al. to be between 5 and 6.7 kPa as determined using an
indentation measurement approach.>* Through biomechanical charac-
terization experiments and finite element methods (FEM), many
researchers have proposed the ideal range of Young's moduli for NP
replacement implants. From FEM, Meakin and Hukins proposed that in
the case of a full-size implant, a material with a 3 MPa modulus would
be most suited to match the stress distribution of an intact disc.X® A
later study also confirmed this result, concluding that 1-4 MPa to be
the optimal modulus range for NP replacement devices.?” In a subse-
guent study, Meakin and colleagues conducted experiments using poly-
mers with varying degrees of material stiffnesses. They concluded that
no significant inward bulging of AF was observed when solid implants
with Young's moduli from 0.2 to 40 MPa replaced the native NP.>®
Joshi et al. also contributed to the prediction of the ideal NP implant
Young's modulus. From two FEM studies, the authors first suggested
that 30 kPa to 3 MPa be the ideal modulus for hydrogel NP implants.>*
Later, in a more comprehensive study, they found that only slight varia-
tions in the IVD compressive behavior were observed when implants
with a modulus from 0.01 to 5 MPa were used. As expected, higher
moduli (above 5 MPa) may lead to stress shielding for the surrounding
AF.*% Drawing insights from all of the aforementioned investigations, it

is reasonable to conclude that within a certain range, from around

native tissue modulus (10 kPa) to a value that prevents stress shielding

and endplate sinking (5 MPa),*¢

there exists a large tolerance in the
Young's modulus for NP replacement devices for ensuring the suppres-
sion of the abnormal inward bulging of the AF after NP removal. In
addition, implant geometry and volumetric filling conditions (over-filled,
line-to-line fit, and under-filled) also play significant roles in restoring
the disc stiffness; line-to-line and over-filled conditions are more effec-

tive at restoring IVD loads to the intact level.®

3.1.3 |
modulus

Unconfined compression tests—equilibrium's

Apart from compressive modulus, additional considerations describing
material mechanical properties may be obtained from unconfined com-
pression tests. One such property is the equilibrium modulus which
reflects the mechanical properties of the implant material in equilibrium
conditions such as sitting or resting and may be measured from uncon-
fined relaxation tests.>® Such tests may be conducted in single-ramp or
multi-ramp (incremental) loading conditions. For single-ramp conditions,
a load is applied at a specific strain level (10%-20%) where the dis-
placement is held for a long enough period for the material to achieve
complete relaxation to equilibrium, typically 20 mins in the case of NP
replacement implants.*#>® The stress and strain data at the end of the
relaxation period can then be used to calculate the equilibrium moduli.
Multi-ramp incremental compression is an example of an uncon-
fined compression test which is most commonly used to obtain equi-
librium moduli. Cloyd et al. first adapted five-ramp compression with
5% strain increments at 5% strain/s.*> Following each ramp cycle,
the displacement was kept constant for a sufficient period for com-
plete relaxation, and the strain increments were repeated to 25%
strain. Three-ramp compression is also commonly implemented with
5% strain increments to achieve a final strain level of 15%.°”->? The

complete relaxation time varies with materials, and is defined as
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<0.001 kPa/s change in stress,®® or <0.5 g change in reading in
10 min.>” The equilibrium stress and strain data at the end of each
ramp period/relaxation period can then be plotted to determine the
equilibrium moduli. For the five-ramp compression, and in the case
of a non-linear ‘J-shaped’ stress-strain response, the slope of the
curve at 0% strain is termed the “toe-region modulus”, and the slope
at 20% strain is considered as the “linear-region modulus”.*> Using
the five-ramp compression test, Cloyd et al. measured the equilib-
rium moduli for nondegenerate human NP and found values to range
between 3.25 + 1.56 kPa (toe modulus) and 5.39 + 2.56 kPa (linear
modulus).*®> Considering the requirement for achieving material
stability, an ideal NP implant ought to have a stiffness (equilibrium
modulus) that is similar to or greater than the native NP, and this
criterion is well demonstrated in Figure 4B. A dense cluster of data
points lies within the native NP range (black dashed lines), and a
large proportion of the materials developed are stiffer than the
human NP.

Another parameter which can be measured together with the
equilibrium modulus is the Poisson's ratio. Poisson's ratio (v) describes
the material deformation in the direction perpendicular to the direc-
tion of the applied force and can be calculated as the ratio between
the lateral strain (perpendicular to the compressive force) and axial
strain (direction of the applied force): v:—(i). In the context of
designing NP implants, the Poisson's ratio is important since it is the
lateral expansion of the NP which affects the load transfer in the disc
and its interaction with the surrounding AF. The Poisson's ratio for
nondegenerate human NP was also reported by Cloyd et al.*> By opti-
cally capturing the change of lateral expansion using a digital camera
at different strain levels, the Poisson's ratio of the human NP was cal-
culated to be 0.62 +0.15, suggesting the anisotropic and compressible
nature of the NP due to fiber reinforcement and fluid flow under load-

ing conditions.

3.1.4 | Unconfined compression tests—creep,
relaxation, and fatigue tests

Creep and relaxation are two fundamental properties to consider
when designing NP implants. Both are attributed to the viscoelastic
properties of the implant materials. Creep describes material deforma-
tion under mechanical stress (how strain changes under constant
stress). In natural IVD, creep occurs under load due to the flow of
bodily fluids which causes human height loss during the day.*® Usu-
ally, creep can be observed with samples which have been subjected

d.°© However, the cumulative effect from cyclic loading

to a static loa
can also lead to creep.*® For the creep test, a tare load (usually 1 to
2 g) is applied to the sample, and the creep displacement is monitored
until equilibrium is reached**¢?; equilibrium is defined as <10 um
change in displacement in 10 min.%?

Following the creep test, single-ramp or multi-ramp stress relaxa-
tion tests are usually carried out. Stress-relaxation tests are important
to investigate the time-dependent sensitivity to an external load (how

stress changes under constant strain).®® Under constant strain, due to

Y sk W LE Y-

the intrinsic viscoelastic property, crosslinks within a hydrogel matrix
unbind, allowing the hydrogel to flow, leading to a change in the
stress state.®* The same procedures used for measuring equilibrium
moduli (i.e. single/multi-ramp unconfined compression), as discussed
in the subsection above, can be used to determine relaxation.
From the single/multi-ramp relaxation data, relaxation percentage can
be calculated using the following formula: (1 7%) x 100%, where ¢,
is the peak stress after the load has been applied to the sample and o,
is the equilibrium stress at the end of the relaxation period of the
ramp. Using this method, Cloyd et al. determined the percent relaxa-
tion of native human NP to be 34.23+11.3%.*

The longevity of NP implants should be maximized in order to
ensure long-term therapeutic success and material stability in patients.
In addition to total material failure, one possible way for implants to lose
functionality is through the reduction in height due to long-term loading
conditions. The large number of loading cycles experienced by IVDs dur-
ing daily activities leads to cumulative fatigue of the material which
changes the relaxation behavior of hydrogel polymer chains. A reduction
in hydrogel relaxation potential ultimately effects the creep behavior of
the hydrogel and may lead to overall shape changes of the implant.*®
Fatigue testing is a time-consuming process which may require the
mechanical testing system to continuously operate for several days. The
authors speculate that this may explain why only a few studies report
material properties after fatigue loading 11:27374243:486065°67 \wjith
compressive loading frequencies below 10 Hz (most commonly 5 Hz),
samples are compressed to around 15%-20% strain for up to 10 million
cycles. 4243486066 1t is worth noting that fatigue tests may also
be performed in a confined manner.!* Furthermore, in order to
accurately evaluate the mechanical performance of NP implants
researchers often conduct fatigue tests while embedding implants
inside ex vivo spinal models such as bovine or porcine lumbar spine
segments (see Section 3.3 Tests in spinal models).?”%>%7 The change
in mechanical properties of the motion segment during the testing
process indicates the effectiveness of NP implants against cyclic
fatigue loading. A NP implant with good fatigue resistance should
help maintain the deformation behavior of the testing motion
segment throughout the loading cycles.

3.1.5 | Confined compression tests—aggregate
modulus and permeability

Confined compression tests (Figure 3B) are frequently performed due
to the physiological relevance whereby the native NP experiences
semi-confined loading in vivo.2> From confined compression tests,
aggregate modulus (Ha) and permeability coefficient are commonly
obtained. By definition, the aggregate modulus measures the stiffness
of the soft material at equilibrium when the flow of fluids has ceased.
The smaller the aggregate modulus, the more the tissue/material
deforms under a given load.®® Aggregate modulus can be measured
and calculated in a similar manner as that of the equilibrium modulus,
as described in Section 3.1.3, but in a confined condition.””° Aggre-

gate modulus can also be determined through its relationship with the
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unconfined equilibrium modulus (E.4) and Poisson's ratio (v) via the
following equation’®: Ha :%. Aggregate moduli of NP
implants from the literature are shown in Figure 4B. As expected,
since the aggregate modulus includes the contribution of osmotic
pressure due to swelling, the aggregate modulus values (red triangles)
are generally higher than the equilibrium moduli obtained from uncon-
fined compression (black dots). For nondegenerate human NP, the
aggregate modulus was measured by Johannessen et al. to be
1010+ 430kPa.>2 From the figure, most materials developed possess
smaller aggregate moduli than the healthy native human NP.

Permeability, which measures the resistance of fluid flow through a
porous material, reflects the rate at which the fluid exits the matrix and
affects the compressive load response of the material. For a material
with high permeability, fluid can easily flow out of the bulk matrix, and
the equilibrium can be reached in a shorter time.®® Hydraulic permeabil-
ity (k,) of a material can be obtained from the linear biphasic models
after fitting the relaxation data from the confined compression’?73
(ko ~ 9 x 107 m*™N~1 s for healthy human NP>?). For biomaterials,
the intrinsic permeability is closely related to the porosity and pore size
of the scaffold.”* Apart from being an important parameter in under-
standing the regulation of fluid flow, the permeability also reflects the
ability of the matrix to transport nutrients.”* From these considerations,
it is ideal for the implant to have similar permeability as the native NP
tissue. However, Chan et a. also argued that an enhanced permeability
of the biomaterial might be desirable for tissue recovery due to pro-
moted cellular growth and attachment.”®

3.2 | Rheology

Similar to many other soft tissues in the human body, the NP is visco-
elastic, meaning that during deformation the NP shows both elastic
(solid-like) and viscous (liquid-like) characteristics.3* Hydrogels are
great candidates to mimic such properties due to their biphasic nature
(solid network surrounded by an aqueous solution).?°”¢ To study the
viscoelastic behavior of hydrogels, their rheological properties are
commonly measured. From the dynamic rheological measurement
(either in shear or compressive mode), a complex modulus can be

obtained through the following formula:
G" =G +iG" (shear) or E* = E' +iE"(compressive),

where G* (E*) is the complex shear (compressive) modulus, G' (E') is
the storage/elastic shear (compressive) modulus and G” (E”) is the
loss/viscous shear (compressive) modulus. G’ (E) represents the solid-
like/elastic behavior, while G” (E”) describes the liquid-like/viscous
behavior of a material.””

If the storage modulus is greater than the loss modulus, then the
material behaves like a solid/gel. Contrastingly, if the loss modulus is
greater than the storage modulus, then the material behaves like a lig-
uid. The dynamic complex modulus indicates the total resistance of a
material to deformation, and this is analogous to the overall stiffness
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of the material.”® During testing of potential NP hydrogel implants, an

amplitude/stress sweep test is first conducted to determine the linear
viscoelastic region of the test material. A frequency sweep within the
viscoelastic region is often carried out thereafter. If one wants to
observe the in situ gelation behavior of hydrogels, then a single-
frequency oscillation-time sweep test may be performed to observe
the change of G’ and G” as a function of time. The moment where G”
curve starts to exceed the G’ curve can be defined as the gelation
time of the hydrogel (Figure 5A),”° which can provide useful informa-
tion on the operation window in surgical scenarios. For NP implants, it
is considered ideal for tests to be conducted at 37°C such as to reca-
pitulate the physiological temperature of the human body.

In most cases, the moduli values change under different frequen-
cies. Therefore, in this review, all hydrogel moduli values were col-
lected at 10 rad s~! (1.6 Hz) or 1 Hz, where the frequency-induced
variation is negligible. A collection of obtained hydrogel moduli values
from literature is illustrated in Figure 6. latridis et al. reported the
mean complex shear modulus to be 11.3 kPa for nondegenerate
human lumbar NP at 10 rads 1318 From Figure 6, it can be seen that
most investigated hydrogels show dynamic moduli lower than that of
the native tissue. Although there are also hydrogels with extremely
high moduli (10* kPa), the injectability of such hydrogels are compro-

d.%8 Clinical studies have shown that NuCore® Injectable Nucleus

mise
hydrogel (manufactured by Spine Wave, Inc., Shelton, CT, USA) with a
26 kPa complex shear modulus was able to greatly restore disc height
clinically after a 2-year follow-up period.? In addition to the shear
rheology, from compressive dynamic mechanical analysis (DMA),
dynamic compressive moduli can be obtained. Leahy et al. reported
the complex compressive modulus for sheep NP to range from 20 to
130 kPa.®* From the literature data, the reported dynamic compres-
sive moduli are centered around this range (Figure 6), although the sit-
uation may be slightly different for human tissues.

An additional parameter obtained from the dynamic rheological

measurement is the phase shift angle which is measured using the fol-

G// E//
d=tan"!(= )ortan7t( =),
an (G’) or tan <E’>

The phase shift angle measures the internal dissipation of the

lowing formula:

hydrogel. For a perfectly elastic material (solid), the phase shift angle
value equals 0, while for a perfect fluid, no energy can be stored, and
the stress and strain are 90° out of phase.®® latridis et al. measured
the phase shift angle of human NP across a range of frequencies
(1 rads™! to 100 rads™?) and found that the NP showed predomi-
nantly elastic behavior, with G’ consistently being greater than G” and
8 being consistently below that of 45°. At 10rad s, the human NP
has a phase shift angle of 24 +5°3! From the compressive dynamic
mechanical analysis, sheep NP also revealed a similar mean phase shift
angle of 18°8! Therefore, it is important to deduce if soft NP hydrogel
implants possess phase angles below that of 45° at physiologically
relevant frequencies.

Utilising injectable materials, such as hydrogels, is ideal for

minimally invasive surgical implantation of restorative biomaterials.
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moduli for native human NPs and complex compressive moduli are
shown as the gaps between the black dashed and red dotted lines,
respectively 318081

Some hydrogel formulations have the ability to be injected while in a
liquid phase, followed by in situ crosslinking to facilitate curing.>®”?
For such materials, the mechanical properties following crosslinking
are of greater significance. In other cases, hydrogels are crosslinked
prior to implantation where the injectability is then attributed to their
shear-thinning (pseudo-plastic) characteristic of the gel.”®83-8¢ As the
shear rate increases, the viscosity of the hydrogel decreases. When
the viscosity decreases to a point where the gel can flow like a liquid
(G” >G'), it can be considered injectable. Many studies demonstrate a
decrease in viscosity with higher shear rates to highlight the shear-
thinning properties and the injectability of hydrogel formulations.
However, it should be noted that for these designs, both the mechani-

cal properties before and after the injection through a needle/catheter

Y sk W LE Y-
(B)

Yield stress, T,

G’ and G”

Shear Stress, ©

Rheological measurements to obtain (A) the gelation point of the in situ gelling hydrogels and (B) the yield stress of shear-thinning

should be measured. Studies have shown that the injection of material
leads to a drop in hydrogel storage modulus, possibly due to the dis-
ruption of polymeric networks incurred by the shear force created
during the injection process.8%8”

For shear-thinning hydrogels, the additional rheological parameter
that can help determine the injectability and the stability of hydrogel NP
implants is the yield stress. From the stress sweep test, the yield stress
can be determined by the crossover of the storage modulus (G') and
loss modulus (G”) curves (Figure 5B).88 Although few studies have dis-
cussed this, the yield stress can help quantify the injectability of the
hydrogel in assessing how much stress is required to make the gel “flow”.
For cell-encapsulated gels, the shear-thinning property and a low yield
stress helps protect the cells from physical stress, thus improving their
overall survivability.8” Furthermore, these parameters can may also be

7990 |f the stress

used to describe the mechanical stability of hydrogels.
experienced by the hydrogel is greater than that of the yield stress, the
risk of the viscoelastic gel starting to “flow” and being extruded out of

the AF incision (expulsion) will also be greater.

3.3 | Tests in spinal models

In addition to testing biomaterials by themselves, researchers have
made use of various spinal models to conduct ex vivo biomechanical
tests. These models involve the use of either cadaveric lumbar spines
from donors,*1%?192 or functional spinal units from animals
(bovine,*6>7¢793-95 norcine,*”?¢ goats,”” rabbits,”® and rats’®). The
major purpose of these tests is to determine whether the implanted
material can help restore the biomechanics to that of the normal
spine. A simple method for performing such ex vivo tests is by compar-
ing the compressive stiffness of the functional spinal units among the
intact, after denucleation, and after implantation groups. These tech-
niques are well established and documented through several research
efforts.59:60:67:91.939698 A functional NP implant should help restore
the stiffness of the implanted specimen to the intact level.?%%? In

addition, after cyclic compression, the dimension of the samples can

85UBD17 SUOLULWIOD dAIER.D 3|qedl|dde au Aq peuienof a8 S ILe YO SN JO SN 104 AkeiqiT8UIUO 43I UO (SUORIPLOD-PUR-SLLIBHI0D A3 | 1M ARl 1B [UO//:SdNL) SUORIPUOD pue SWd L 84} 835 *[7202/80/ce] uo Ariqiautiuo AS|Im ‘€65.€ e Wdl/200T 0T/10p/wod A&s|m Areiqpuluo//sdny Wwolj papeoumoq ‘2T ‘€202 ‘G9612¢SST



6 | Wi LEY— |

TABLE 2 Techniques to characterize the mechanical properties of

NP implants.

Mechanical
testing

Unconfined
compression

Confined
compression

Rheology

LI ET AL

Information obtained for
the biomaterials
developed

Young's modulus

Equilibrium modulus

Poisson's ratio
Percent relaxation
Fatigue resistance

Aggregate modulus
Permeability (x10~1%)

Fatigue resistance

Complex shear modulus

Complex compressive
modulus

Phase shift angle

Nondegenerate human
NP data (if applicable)

5.00 to 6.70 kPa®*

3.25 + 1.56 kPa
(Toe region)*
5.39 + 2.56 kPa
(Linear region

0.62 +0.15%
34.23 + 11.3%*

)45

1010 + 430 kPa>?

9.00 + 4.25
m*N-1 s—152

11.3 £ 17.9 kPa
(at 10 rads—1%)3%80

20-130 kPa
(Sheep NP)B*

24 £5°(at 10

rads—l)Sl,SO

Gelation time/yield stress -

(injectable gels)
Spinal models Biomechanics restoration -
Disc height restoration -
Implant extrusion -

Fatigue resistance -

be measured to see if the reduction in IVD height can be rescued.*>?3

With an injectable fibrin—hyaluronan hydrogel, Li et al. showed that
although the disc height dropped after the dynamic loading, which
corresponded to activities during the day, the disc height was restored
to the intact IVD level after overnight free swelling, which was analo-
gous to the resting period.”® Therefore, whether the IVD height can
be recovered after loading should be investigated. In addition, param-
eters which reflect the restoration of additional mechanical properties
of the IVDs, such as range of motion (ROM) and neutral zone
(N2) length, can be determined.}+>?¢>949¢ As discussed previously,
spinal models are also useful in fatigue tests to evaluate the durability
of NP implants.?7:¢5¢7

A common clinical complication for NP implants is the extrusion
of the replacement material. Spinal models can also be used to evalu-
ate the biomaterial to avoid unwanted extrusion. Following implanta-
tion, the motion segments can be tested to failure in various modes
(compression, anterior flexion, and lateral bending in the direction
opposite to the annular incision). The failure can be defined as end-
plate fracture, annulus rupture, ligament failure, lateral facet fracture,
or significant implant protrusion.*>¢>%”7 The failure strength/moments

can then be compared to those of intact samples, and more

importantly, the extrusion of the implant can be observed.'! From the
load-displacement curves, Lin et al. reported subsidence-to-failure
(the displacement prior to the failure point) and work-to-failure (area
under the load-displacement curve before failure point), which were
valuable for comparing the axial displacement and energy needed for
the construct to fail. Importantly, it was suggested by Wilke et al. that
these experiments should be carried out at room temperature, and
the test duration should not exceed 20 hours to prevent the degrada-
tion and property changes in specimen.'®®

Table 2 summarizes the above-mentioned characterization tech-
nigues and important information which can be obtained therefrom.
Published data on native NP characteristics is included as reference.

3.4 | Post-mechanical testing: biological
evaluations

When designing implantable biomaterials, biological properties cannot
be ignored, both from the functionality and safety perspectives.'°?
Information obtained from various in vitro and in vivo experiments
were collected and tabulated in Table S2.

As a starting point, most in vitro experiments assess the cytotoxic-
ity of biomaterials through conducting cell viability assays. As shown
in Figure 7A, NP cells are the most commonly utilized cell type for
conducting biological assessments of potential NP implant biomate-
rials. Various NP cells isolated from animal discs (bovine, porcine, goat,
rabbit, and rat) are commonly used in in vitro experiments. However,
due to a lack of donor availability, only a few studies have conducted
cytotoxicity tests directly on human NP cells isolated from human
intervertebral discs'°271%%; among all sources of NP cells, bovine NP
cells are the most frequently used. Commonly employed in vitro
assays include live/dead staining, metabolic activity (MTT), and cyto-
toxicity/proliferation (CCK-8) assays. In some cases, the neutral red
uptake assay is used to evaluate cell viability.1°® For further confirma-
tion of cell proliferation and morphology, the evaluation of collagen
type-2 and aggrecan concentrations®® or simply the detection of
staining signals (absorbance) of the cells may be performed.*””>107
Following cell viability and cytotoxicity assessments, it is crucial to
visualize whether the cells adhere to the material surface or infiltrate
into the material. Toluidine blue staining,”® bioluminescent imaging by
D-luciferin,*°® DAPI staining,*°° EdU assay,*'° and the use of GFP-

11 may all be utilized to observe cell distribution and

tagged cells
localization.

While preliminary confirmation of material biocompatibility via
in vitro assays is crucial, these assays often do not provide relevant
information for what can be expected in clinical applications. Hence-
forth, biomaterial performance in in vivo animal models is fundamental
to predict actual outcomes when implanted in human recipients. In
most animal models, cellular implants incorporate NP cells or stromal
cells for encapsulation and subsequent implantation (Table S2). Rats
are most commonly used for in vivo experiments, followed by rabbits
and mice (Figure 7B). Biomaterials may be implanted subcutaneously

in small animals to assess the occurrence of inflammation when
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FIGURE 7 (A) Cell populations used in in vitro and (B) in vivo animal models implemented to evaluate NP implants. Data and references

illustrated in Table S2.

analyzing the blood biochemistry of the animal. Hematoxylin
and eosin (H&E) staining on sectioned tissues may be performed to
determine whether biomaterial implants induce an inflammatory
response.8>1%7 To evaluate the performance of the implant in repla-
cing the NP, an annular puncture model of IVD degeneration may be
used on either rat tails or rabbit IVDs!©?''1: few studies have
performed in vivo implantation in the IVDs of large animals such as
minipigs or goats.2®”112 Post-implantation, detection of collagen
type-2, GAGs, SOX-9, and aggrecan by histochemical staining and/or
genetic analysis is required to assess whether there are alterations in

the phenotypes of the implanted cells (Table S2).

4 | CURRENT BIOMATERIALS DESIGNS:
HOW TO MIMIC?

A variety of materials have been utilized to develop NP replacement/
regeneration implants based on various design criteria. The primary
consideration, as the previously discussed, is designing a material with
optimal mechanical properties to ensure that the material is capable
of performing its restorative function. Apart from material mechanical
properties, the restoration of IVD biomechanics also depends on the
filling condition of the implant. An over-filling or line-to-line filling of
the nucleus cavity leads to a better restoration effect and avoids
implant migration. %113 Therefore, from this perspective, the material
needs to be expandable or injectable. For achieving minimally invasive
surgical procedures, formulating injectable materials which may be
directly delivered to the repair site is desirable.!'* Depending on the
intended application (either a permanent substitute or a cell-incorporated
and degradable implant for effective tissue regeneration) the degradation

of the material should be specifically tailored.**> For permanent synthetic

implants, significant degradation should not occur in the long-term. For
degradable implants, the degradation rate should match the rate of tissue
regeneration.?'® As a common criterion for all biomedical materials,
biological properties such as biocompatibility and bioactivity are critical.
Currently, hydrogel-based materials are considered promising
candidates for NP implants and are the focus of the majority of
research within the field. In addition to having similar viscoelastic
properties as the native NP tissue, hydrogels are easy to apply to IVDs
in clinical situations. Hydrogels are well known for their water-
absorbing properties, providing them the ability to swell. One strategy
to accurately apply hydrogels to the NP cavity is by introducing dried
(dehydrated) hydrogels which can be rolled and inserted into the cav-
ity directly. Following implantation, subsequent hydrogel swelling in
situ can help fully fill the cavity and provide enough pressure to
restore physiologically relevant biomechanics.2?® It is worth men-
tioning that in this case the mechanical properties of hydrogels can be
affected by the dehydration history. As dehydration levels increase,
compressive moduli of the hydrogel after rehydration also increases,
which may be due to the higher cross-linking density upon drying.*?
Apart from the dehydration-rehydration approach, much atten-
tion has been given to the development of hydrogels capable of
undergoing in situ curing (polymerization). Hydrogel curing mecha-

117 jonic,”” or covalent,*’

nisms can be enzymatic, and the leakage of
the material before crosslinking should be minimized to avoid any
adverse effects to surrounding tissues. Pre-gelled solutions with high
viscosities or shear-thinning properties are ideal for precise delivery
of hydrogel materials from a syringe. Researchers have also been

274679118119 and photo-crosslinkable

focusing on thermoresponsive
hydrogels.#6:57:58:109.120-124 5ne major advantage for thermorespon-
sive hydrogels such as poly(N-isopropylacrylamide) (PNIPAAm) is that

the gelation occurs due to a phase transition process, which avoids
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the exothermic polymerization reaction that raises the surrounding
temperature.!*® For photo-crosslinkable hydrogels which require
ultra-violet (UV) induced polymerization, prolonged UV exposure and
introduction of potentially toxic photoinitiators often negatively
effects cell viability.>® For hydrogels formed outside the body, such as
the poly(vinyl alcohol) (PVA)-poly(vinyl pyrrolidone) (PVP) hydrogel
made via freezing-thawing, one strategy to enable them be injectable
is by molding them into strings and injecting the strings into the NP
cavity.*?> However, for this approach, making a cohesive implant is
challenging and due to the lack of integrated bulk construct, the fragmen-
tation of thin hydrogel filaments and the subsequent extrusion from the
AF incision may be problematic.'” A future direction for using hydrogel
NP replacement is the development of self-healable implants. Pérez-San
Vicente et al. demonstrated that an injectable and self-healable dynamic
hydrogel based on gold(l)-thiolate/disulfide (Au — S/SS) exchange could
recover its mechanical properties post-loading.”* Furthermore, unlike tra-
ditional covalently bonded hydrogels, the dynamic moduli of self-healable
hydrogels did not change following extrusion from a syringe.8387%4 This
is helpful to avoid hydrogel fragmentation inside the body and the cata-
strophic expulsion of the nucleus implants. Despite the promising proper-
ties from a mechanics perspective, the in vivo biocompatibility of such
materials needs to be investigated. Self-healing hydrogels such as PVA
hydrogels based on noncovalent interactions (hydrogen bonds),*?¢ have
been revealed to be nontoxic in nature. However, their self-healing per-
formance is greatly deteriorated in submerged (body fluid) environ-
ments.227128 Therefore, an injectable, biocompatible hydrogel with rapid
under-water self-healing abilities is needed.

Apart from hydrogels, several synthetic materials have demonstrated
potential application as NP implants. In an early study, researchers used
polycarbonate urethane (PCU) and applied it to the NP cavity as a mem-
ory coiling spiral. A unique property of PCU is that is allows maximal fill-
ing of the intradiscal space; however, the damping property (the ability
to dissipate elastic strain energy during mechanical vibration) of the
native NP could not be mimicked.'?? Recently, Shaha et al. demonstrated
that polydomain elastomers based on liquid crystals exhibit a near-
identical compressive behavior to the native NP. Interestingly, liquid crys-
tal elastomers also demonstrate high energy dissipation which match the
phase shift angle to that of the native NP tissue.”? Porous titanium has
also been investigated as NP implants.>?¢>1%° Although porous metal
implants have shown excellent biocompatibility and physiologically rele-
vant mechanical properties, debris formation and the fracture of metal
filaments under various conditions still need further comprehensive
investigation.>” One novel design is the use of a balloon NP replacement
systems. In a recent study by Lee et al., a balloon-like implant comprising
of a polyurethane (PU) jacket and a micro-valve was generated. Follow-
ing insertion of the flattened PU jacket into the NP cavity, a fluid was
injected through the valve to achieve inflation.**® Such a jacket-valve
design can avoid implant migration and expulsion, and at the same time,
since the injection of fluid is manually controlled, the applied pressure
can be accurately modulated. Furthermore, the injectable fluid/hydrogel
material may be fine-tuned to adjust the overall mechanical characteris-
tics of the construct. The combination of inflatable balloons with various

injectable fluid/hydrogels may be an exciting direction to investigate.

However, additional tests need to be conducted to assess the durability
of the outer jacket and possible leakage of the inner filing in the

long-term.

5 | FUTURE PERSPECTIVES: ARE WE
THERE YET?

An ideal NP replacement material should fulfill several requirements
including restoration of the IVD height, regulation of the intradiscal pres-
sure, and enable normal range of motion of the spine. Unfortunately, no
such material has proven significant clinical success in achieving these
requirements. A major limitation which needs to be addressed is that
under pressure, extrusion of implant materials often occurs, leading to
device failure and additional complications.*! To overcome this chal-
lenge, comprehensive mechanical characterizations need to be per-
formed. Quantifiable techniques including compressive and rheological
measurements on the material itself are necessary. Tests in spinal models
(either human cadaveric or animal specimens) to evaluate the restoration
performance, fatigue resistance, and risk of material extrusion, are also
crucial. Alternatively, bioreactor systems can be used to recapitulate
physiological conditions.** Most importantly, dynamic loading should be
induced based on physiologically relevant loading conditions (shown in
Table 1); harsh testing conditions may indicate the effectiveness and
intactness of the implant in vivo.

From a material selection perspective, among all candidate mate-
rials, hydrogel-based systems appear to be the most promising option
considering their soft-tissue mimicking mechanical properties, biode-
gradability, and ease of surgical injection. However, unlike native
tissues, traditional acellular hydrogels lack the ability to remodel the
matrix, leading to deteriorated mechanical properties after a fracture
or in the long-term. Developing injectable and self-healable hydrogels
may be a direction to solve this, and further efforts are required to
achieve a biocompatible hydrogel formulation which is both mechani-
cally strong and rapidly self-healable. Developing cell-incorporated
hydrogel implants is more challenging compared to their acellular
counterparts, since the cellular activities affect the degradation of the
hydrogel matrix, which in turn alters the mechanical properties of
the soft implant. In this case, finding the balance between the rate of
hydrogel degradation and that of neo-NP tissue formation is required.
Furthermore, a stiff hydrogel may negatively affect injectability and
due to a high crosslinking density, cell ingrowth and migration may be
hindered.*®? Apart from pure hydrogels, composite systems such as
the balloon jacket filled with NP-tissue mimicking hydrogels may also
be comprehensively studied in the future. Following inflation of the
balloon, the outer jacket prevents the extrusion of the implant while
at the same time also protects the hydrogel from making contact with
body fluids which would otherwise degrade the hydrogel matrix.

The concern over extrusion of NP implant material may also be
addressed by including an AF closure device. Recently, Zengerle et al.
demonstrated that by combining the use of an NP implant with the
closure of an AF defect, normal spinal biomechanics could be

restored, and no signs of NP implant extrusion was observed in spinal
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models.*®! Since various biomaterials have been developed for AF
closure, it may be worth attempting to combine such devices along-
side existing NP implant materials to best achieve overall restorative

performance.}33-135

6 | CONCLUSION

The use of NP implants has been proposed as a promising approach
for treating degenerated IVDs. For these implants to be functional,
comprehensive mechanical characterization is required to avoid
complications such as implant fragmentation, and expulsion. In
addition, rheological measurements are critical to determine the
viscoelastic properties and the injectability of hydrogel materials.
Since the loading condition in IVDs is complex, biomechanical test-
ing systems based on spinal motion segments should also be
employed to mimic in vivo conditions. When designing NP implants,
preventing device extrusion and re-herniation should be the top
priority. With the emergence of increasingly advanced material
designs and formulations, unified characterization procedures are
ideal for proof of superiority when novel materials are compared
with existing devices. Through reviewing the commonly used
experimental protocols from published literature, this review serves
as a reference material for the future development of NP replace-
ment/regeneration materials.
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