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Abstract The goal of this work is to develop an inject-

able nucleus pulposus (NP) tissue engineering scaffold

with the ability to form an adhesive interface with sur-

rounding disc tissue. A family of in situ forming hydrogels

based on poly(N-isopropylacrylamide)-graft-chondroitin

sulfate (PNIPAAm-g-CS) were evaluated for their

mechanical properties, bioadhesive strength, and cyto-

compatibility. It was shown experimentally and computa-

tionally with the Neo-hookean hyperelastic model that

increasing the crosslink density and decreasing the CS

concentration increased mechanical properties at 37 �C,

generating several hydrogel formulations with unconfined

compressive modulus values similar to what has been

reported for the native NP. The adhesive tensile strength of

PNIPAAm increased significantly with CS incorporation

(p \ 0.05), ranging from 0.4 to 1 kPa. Live/Dead and XTT

assay results indicate that the copolymer is not cytotoxic to

human embryonic kidney (HEK) 293 cells. Taken together,

these data indicate the potential of PNIPAAm-g-CS to

function as a scaffold for NP regeneration.

1 Introduction

Lower back pain is one of the most common medical

problems in the world [1], affecting between 70 and 85 %

of the US population at some point during their lives [2].

The intervertebral disc is composed of three basic struc-

tures: a central nucleus pulposus (NP), a peripheral annulus

fibrosus (AF), and two layers of cartilage covering the top

and bottom called vertebral endplates [3]. The main com-

ponents of the disc are water, proteoglycans, and collagen

[4]. The primary function of the NP is to provide a bracing

mechanism for the annulus under sustained loads. Vertical

loads are transferred to the annulus from the nucleus in

circumferential tension, preventing the fibers from buck-

ling under sustained loads [1, 3]. One of the major causes

of lower back pain is intervertebral disc degeneration [1],

which is caused by a decline in the viable cell population of

the disc and the rate of matrix synthesis. The decline of the

cell population is thought to arise from calcification of the

cartilaginous endplates inhibiting diffusion of nutrients to

the disc [5]. Specifically, this results in decreased proteo-

glycan content of the NP and thus its dehydration [3]. After

repeated physiological loading, tears, cracks and fissures in

the annular tissues may form [6]. Subsequently, back pain

can develop as a result of nucleus tissue migrating through

the annulus and impinging on nerve roots [1].

In fact, studies in the field of regenerative medicine have

shown that by introducing suitable, viable cells into the

intervertebral disc, it is possible to produce new ECM

components characteristic of the NP [7–11]. The appro-

priate use of a scaffold has been shown to be a key

determinant in the success of a cell-based therapy for IVD

degeneration. NP cells have been shown to only retain their

phenotype in a three-dimensional environment [12]. A

polymeric biomaterial, in which cells can be uniformly
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distributed, can provide such conditions and also serve as

nucleus replacement during the regeneration process.

Several cell-seeded scaffolds have been investigated for

this application, such as those based on PLGA [13], PLLA

[8, 14], polycaprolactone [15] and nanofibrillated cellulose

composites [16]. However, it is difficult to uniformly seed

cells throughout these pre-formed matrices and implanta-

tion would be invasive.

There have also been investigations on injectable scaffolds

for IVD tissue engineering. Many studies have focused on

chitosan-glycerophosphate [17], collagen [18], and hyalu-

ronic acid [19]. While these natural polymers exhibit good

biocompatibility and are permissive toward cell attachment

and differentiation, there is limited control over degradation

rates and mechanical properties. Moreover, the adhesive

properties of these scaffolds were not studied. To be clinically

feasible for use during the later stages of annular degeneration,

it is necessary to impart bioadhesive properties to the NP

replacement in order to stabilize it in the center of the disc,

since implant expulsion through the damaged annulus can

occur during loading and movement [20, 21]. Thus, next

generation scaffolds for disc repair should have the ability to

form an interface with surrounding disc tissue to eliminate the

risk of dislocation [22].

In this work, we address these needs by the development of

a novel hydrogel partially composed of the thermally sensitive

polymer poly(N-isopropylacrylamide) (PNIPAAm). Below

its lower critical solution temperature (LCST) at 32 �C, the

polymer forms a miscible solution with water. Above the

LCST, it becomes hydrophobic, so the polymer and water

separate, forming a compact gel. Therefore, aqueous solutions

of PNIPAAm can be implanted minimally invasively through

a small gauge needle and solidify in situ without the use of

toxic monomers or crosslinkers. For this reason, PNIPAAm

has been extensively investigated for biomedical applications,

such as drug delivery [23–25] and tissue engineering [26–29].

Previously, we investigated hydrogels based on PNIPAAm

lightly crosslinked by difunctional poly(ethylene glycol)

(PEG) for NP replacement [30] and repair of spinal cord injury

[31]. The incorporation of hydrophilic PEG chains enhanced

the water content and elasticity of the hydrophobic PNIPAAm

matrix at physiological temperature [30]. The mechanical

properties could be controlled by the molecular weight and

concentration of the PEG in the hydrogels. Certain formula-

tions were shown to have mechanical properties in a suitable

range for restoring the compressive stiffness of a denucleated

intervertebral disc [30, 32]. Later, it was shown that, in a

rodent model of spinal cord injury, the PNIPAAm-g-PEG

copolymers did not illicit a greater inflammatory response

than a collagen scaffold and supported graft cell survival [33].

However, it was also demonstrated that PNIPAAm-g-PEG

copolymers alone do not possess bioadhesive properties, but

these could be imparted by incorporating polyethylene imine

into the hydrogels and crosslinking to tissue with glutaralde-

hyde [34]. However, PEI and glutaraldehyde are both poten-

tially cytotoxic [35–40]. PNIPAAm-PEG copolymers were

also shown to be non-degradable [30], making the formulation

non-ideal for tissue engineering applications.

In the current work, we investigate grafting PNIPAAm

with the natural biopolymer CS in order to overcome the

shortcomings of the previously investigated formulation.

Chondroitin sulfate (CS), an ECM component of the native

IVD tissue, was incorporated into the PNIPAAm matrix to

form a semi-synthetic injectable hydrogel. We hypothesized

that with this system it would be possible to take advantage of

the higher mechanical properties of PNIPAAm compared to

natural biopolymers alone. At the same time, incorporating

CS into the PNIPAAm network offers the potential for

enzymatic degradability, anti-inflammatory activity [41, 42],

water and nutrient absorption [43]. In addition, CS is a poly-

saccharide generally known to be mucoadhesive due to the

presence of hydroxyl groups [44–46], thus we hypothesized

that it would impart bioadhesive characteristics to PNIPAAm

hydrogels without compromising cell viability, making it

appropriate for tissue engineering applications.

Other investigators have studied systems based on PNI-

PAAm covalently linked to natural biopolymers. For instance,

Gupta et al. [47] studied a copolymer with carboxymethyl

guar as an industrial thickener. Another group studied the

rheological properties of alginate grafted with PNIPAAm

[48], and chitosan-g-PNIPAAm nanogels were investigated

for drug delivery [49]. Yet, none of these applications required

the formation of a structural gel above the LCST. Hydrogels

composed of PNIPAAm and CS [50] were prepared for use as

a biomimetic actuator. The highly crosslinked system was not

in situ forming, exhibiting only a change in volume due to the

LCST of the PNIPAAm. Furthermore, the bioadhesive prop-

erties of these systems were not investigated.

In this work, PNIPAAm copolymers with CS were

prepared by polymerizing the monomer NIPAAm in the

presence of methacrylate-functionalized CS. Because the

in situ forming qualities of PNIPAAm are retained, the

materials are referred to in this work as grafted copoly-

mers, to distinguish them from highly crosslinked systems

studied previously [50]. Here, we analyze the swelling,

mechanical, degradation, adhesive properties and cytotox-

icity of injectable PNIPAAm-g-CS copolymers in order to

evaluate their potential to function as tissue engineering

scaffolds for NP regeneration.

2 Materials

Chondroitin sulfate A, chondroitinase ABC, and metha-

crylic anhydride were all purchased from Sigma Aldrich

and used as received. N-Isopropylacrylamide (NIPAAm)
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monomer (Sigma–Aldrich) was re-crystallized in n-hexane

before use. Dulbecco’s Modified Eagle’s medium, fetal

bovine serum and bovine serum for cell cultures were all

purchased from Invitrogen. Calcein and ethidium bromide

for live/dead assays were purchased from Invitrogen. XTT

(2,3-bis[2-Methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-

carboxyanilide inner salt) and phenazine methosulfate (PMS)

were purchased from Sigma–Aldrich. All solvents were of

analytical grade. Fresh porcine skin was obtained from a

butcher.

3 Methods

3.1 Graft copolymer synthesis

Methacrylated chondroitin sulfate (mCS) was prepared

with methacrylic anhydride (MA) using a procedure

developed by Bryant et. al. [51]. The molar ratios of MA to

CS used were 25:1, 50:1, and 200:1, producing a degree of

substitution (DS) of the CS of 0.1, 0.2, and 0.5, respec-

tively, as determined by 1H NMR with D2O as solvent [52].

Redox polymerization of NIPAAm monomer [28] in the

presence of each of the three batches of methacrylated CS

was then performed. A lightly crosslinked polymer is

formed in this reaction as the propagating NIPAAm chain

reacts across methacrylate groups on the mCS. The molar

ratio of NIPAAm monomer units to mCS chains used in the

reaction mixture was varied between 600:1 and 4000:1.

Molar ratio calculations were based on a molecular weight

of CS chains of 25,000 g/mol, provided by the manufac-

turer. Grafting of CS onto PNIPAAm was verified also

with 1H NMR by the absence of peaks for the vinyl reso-

nances for the methacrylate protons on the CS at d = 5.7

and 6.1 ppm and the presence of peaks for CS sugar

backbone at 3–4.8 ppm [51] and the isopropyl groups on

the NIPAAm at 0.99 ppm [53]. A PNIPAAm homopoly-

mer was also prepared under identical reaction conditions

but in the absence of mCS. The reaction products were

freeze-dried, ground into a powder and re-dissolved in

phosphate buffered saline (PBS, pH 7.4) to form aqueous

solutions with a range of concentrations between 1 and

10 wt%. For these studies, gels formed from 5 wt% solu-

tions were characterized, based on polymer ability to gel at

the lowest solution viscosity at room temperature.

3.2 LCST determination

The LCST was measured using the TA Instruments Q2000

Differential Scanning Calorimeter. For each test, between 5

and 15 mg of polymer was placed into hermetically sealed

aluminum dishes (pre-weighed) and the temperature was

ramped from 0 to 50 �C at 10 �C/min. LCST was

determined by the endothermic peak on the DSC thermo-

gram, and the LCST was taken as the minimum of this

peak.

3.3 Gel swelling

To characterize gel swelling, approximately 1 mL of each

5 wt% solution was placed in pre-weighed glass vials and

heated to 37 �C to form a solid gel. The gels were then

immersed in PBS at 37 �C and allowed to equilibrate for

14 days. Water content of the gels at 14 days immersion at

37 �C was calculated by determining the mass of water

present per gram of dry polymer Mwet
�
Mdry

� �
. This was

compared to the water content of the aqueous solution at room

temperature, prior to gelation. The percentage water loss was

calculated by taking the ratio of these two quantities (Eq. 1).

Percent loss in water content

¼ 100�
Mwet

�
Mdry

� �
t¼14 days;37�C

Mwet

�
Mdry

� �
t¼0 days;25�C

ð1Þ

3.4 Compressive mechanical properties

Cylindrical hydrogel samples were equilibrated for 14 days

at 37 �C in PBS prior to testing. Then, they were placed in

a plexiglass bath containing a PBS bath at 37 �C, mounted

on an FGS-200PV E-Force Test Stand. A flat platten fix-

ture, which is fixed to the load cell, was used to compress

the sample. E-force firmware was used on a PC to program

the test displacement history and record force, deformation

and time data. Quasi-static testing was used to determine

compressive mechanical behavior and moduli. For this

condition, a rate of 100 % strain/min was used until a

maximum compression level of 30 % was achieved.

Compressive modulus at 15 % strain was reported as the

slope of the chord drawn between 10 and 20 % strain.

3.5 Neo-hookean modeling of gel mechanical

properties

A neo-Hookean strain-energy density function (Eq. 2) was

used to describe nonlinear hyperelastic behavior of the

hydrogels.

U ¼ l
2

I1 � 3ð Þ ð2Þ

Where l is the shear modulus and I1 is the first invariant

of the left Cauchy-Green deformation tensor = k2
1 þ k2

2þ
k2

3. The Cauchy stress was then computed as Eq 3:

r ¼ 2
oU

oI1

B

� �
� pI ð3Þ
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where p is the hydrostatic pressure to maintain material

incompressibility and I is the second order identity tensor. The

compressive stretch, k1 = k, is along the length of the

cylindrical sample and k2 = k3 = 1
� ffiffiffiffiffi

k1

p
radially. Assuming

incompressibility, the compressive stress is computed with

Eq 4:

r ¼ 2l k2 � 1

k4


 �
ð4Þ

Using a nonlinear least squares fit in MATLAB, this

model was fit to the compression experimental data to

determine a shear modulus for each of the material

formulations. The shear moduli were recorded and a

mean and standard deviation were computed for each

formulation.

3.6 Bioadhesive force studies

The tensile strength of the copolymers at 37 �C was tested

based on a modified version of ASTM F 2258-05, Strength

properties of adhesives in tension [54]. Sections porcine

skin were cut into 1 cm2 pieces and affixed to the upper

and bottom fixtures of the FGS-200PV E-force test stand

using cyanoacrylate adhesive and warmed to 37 �C.

Cooled hydrogel solution at 15 �C (200 lL) was applied to

the tissue by dispensing through a small gauge pipette, the

surfaces opposed; and the gel allowed to contact the tissue

at 37 �C for 5 min. The upper fixture was then withdrawn

at a rate of 2 mm/min and load–displacement data captured

by a computer. The tensile strength of the samples was

calculated by normalizing the maximum load to the bond

area. Three different molar ratios of NIPAAm:mCS were

tested (2000:1, 1000:1 and 600:1). For each molar ratio, the

DS of the mCS in the reaction mixture was varied between

0.1 and 0.2. As a comparison, the tensile strength of the

PNIPAAm homopolymer was also evaluated in parallel.

The adhesive properties of NIPAAm:mCS 2000:1 and

600:1 (DS = 0.1) were also evaluated by the same meth-

ods described above, except that porcine ear cartilage was

used instead of skin.

3.7 Hydrogel degradation characteristics

The degradation behavior of two PNIPAAm-CS hydrogels

at 37 �C was investigated in the presence of the enzyme

chondroitinase ABC. To prepare the gel samples, NIPAAm

was polymerized in the presence of mCS (DS = 0.5) in a

molar ratio of NIPAAm monomer to mCS of 600:1 (high

CS content) and 2000:1 (low CS content). To characterize

degradation, *1.0 mL of 5 wt% polymer solution was

heated to 37 �C within a closed vial and the precipitated

gels were immersed in 4 mL of chondroitinase ABC

solution (6.6 9 10-3 U/mL) and then kept in a shaking

incubator at 37 �C. The enzyme solutions were replaced

daily to maintain maximum enzyme activity. At timed

intervals, samples were retrieved, excess solution removed

from the vials, and the samples dried completely. The mass

retention of the gels at time t were calculated according to

Eq 2, with mwet,25 �C being the mass of polymer solution

initially placed in the vial at 25 �C. Controls were also

studied by soaking hydrogels in PBS containing no chon-

droitinase enzyme.

Mass loss ð%Þ ¼ 1� Mdry;t

0:05�Mwet;25�C

� �
� 100 ð5Þ

3.8 Measurement of cell viability in vitro

Human embryonic kidney 293 cells (HEK-293) were

grown to 80 % confluency in Dulbecco’s modified Eagle’s

medium, High Glucose, containing 5 % fetal bovine serum

and 5 % bovine serum. For viability assays, cells were

harvested from 100 mm dishes by trypsinization, counted

with the hemacytometer and resuspended in 300 lL growth

medium (monolayer) or 5 wt% PNIPAAm-g-CS (molar

ratio NIPAAm:CS 1000:1, DS = 0.1) in PBS and seeded

onto 24 well dishes at a density of 1 9 106 cells/mL.

Dishes were subsequently incubated for 10 min at 37 �C

for polymer gelation. After the addition of 600 lL warm

growth medium to each well, while maintaining the dish on

a heat pad set at 37 �C (to prevent polymer transition to

liquid state), cells were incubated for proliferation at 37 �C

for 72 h. Cell viability was assessed by both live/dead and

XTT at the end of the growth period. Cells grown in a

monolayer, in the absence of PNIPAAm-g-CS, were used

as the positive control. Killed cells (negative control) were

treated with 70 % methanol for 30 min prior to exposure to

the viability detection reagents. All samples and controls

were prepared in triplicate.

At 72 h, for the live/dead assay, the surrounding growth

medium was removed from the cells and replaced with

300 lL mix/well of 6 lM ethidium bromide and 2 lM

calcein in PBS for 40 min at room temperature. Cells were

examined under fluorescence microscopy after staining to

qualitatively determine live and dead cells.

To quantitatively determine cell viability, the sodium

salt of XTT with 1 % PMS was used in an assay adapted

from the manufacturer’s instructions (Sigma–Aldrich). At

the end of the 72 h growth period, the medium was

removed from cells and replaced with 300 lL 20 %

reconstituted XTT in DMEM without phenol red or serum.

For color development, dishes were covered with foil and

incubated at room temperature for 24 h. The XTT super-

natant was read in a Multiscan Ex microtiter plate reader

(Thermo Electron Corporation) at both 450 nm (specific
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absorbance) and 690 nm (non-specific absorbance) and

averaged absorbance values (A450–A690 nm) were com-

puted for each assayed condition.

3.9 Statistical analysis

Selected results were compared statistically using one way

ANOVA with a 95 % confidence level. Error bars pre-

sented in figures represent the standard deviation of the

samples.

4 Results and discussion

DSC was conducted to determine the effect of CS incor-

poration on the LCST of PNIPAAm. Measurements were

made for the homopolymer and copolymers containing

molar ratios of 600:1 and 4000:1 NIPAAm:mCS, synthe-

sized with 0.1 and 0.5 DS of the mCS. The LCST for the

homopolymer was found to be approximately 29.6 �C.

Grafting CS onto the PNIPAAm slightly increased the

LCST of the copolymer. LCST values for the copolymers

were found to be between 30.5 and 31.5 �C. The slight

increase is likely due to the hydrophilicity of CS hindering

the dehydration of PNIPAAm chains [55]. It is important to

note that, although the incorporation of CS into the back-

bone slightly raises the LCST of the polymer, the tem-

perature of the transition is still in the range necessary for

in situ gel formation. Additionally, DS of the CS had no

discernable effect on the transition temperature.

Despite the advantages of PNIPAAm having an LCST

between room and physiological temperature, allowing for

injectability, a major limitation of the polymer has been its

excessive syneresis above the LCST [56]. This dehydration

of the polymer chains could potentially result in cellular

exclusion from the matrix and excessive volume loss.

However, the fixed negative charges on chondroitin sulfate

(–COO- and –SO3
-) at neutral pH have been shown to

enhance osmotic pressure of highly crosslinked PNIPAAm

networks [50]. Water loss data for our in situ forming

system at 37 �C, shown in Fig. 1, is consistent with these

prior findings. The PNIPAAm homopolymer gel exhibited

an approximate 83.0 ± 3.6 % water loss over the 14 day

period. This was significantly higher (p \ 0.05) than all of

the hydrogels containing CS, except for those prepared

with a molar ratio of NIPAAm:mCS 4000:1 and a DS of

the mCS equal to 0.5. Furthermore, the gels containing the

most CS (NIPAAm:mCS 600:1) exhibited a significantly

lower percentage water loss over the 14 day period

(p \ 0.05) than all the other formulations, attributable to

the high osmotic pressure of CS. Also, overall, increasing

the DS of the mCS produced increasing trends in water

loss. The higher degree of methacrylate substitution likely

increases the crosslink density of the network, allowing it

to accommodate less water than gels with a looser cross-

linked structure [30, 51].

Experimental results for the compressive mechanical

tests (Fig. 2) showed increasing trends in stiffness with

increasing NIPAAm:CS molar ratio and DS of the mCS.

Importantly, the modulus values for the gels with molar

ratios of NIPAAm:mCS 4000:1 (DS 0.1, 0.2 and 0.5),

NIPAAm:mCS 2000:1 (DS 0.2 and 0.5), and NIP-

AAm:mCS 1000:1 (DS 0.5) were in the same range as

native nucleus pulposus tissue tested under unconfined

compression, 5–6.7 kPa [57, 58].

The mechanical properties were also investigated com-

putationally using the neo-Hookean material model. Shown

in Fig. 3 are Neo-hookean plot fits for representative

samples composed of NIPAAm:mCS 600:1 and 4000:1,

with a DS of 0.1 (Fig. 3a) and 0.5 (Fig. 3b). The results

indicate that the model is a good fit for our range of

experimental data. The shear moduli (mean and standard

deviation) are presented in Table 1 for select formulations.

The computed shear modulus increases as the molar ratio

of NIPAAm:mCS increases for each of the DS of the mCS.

Similarly, the shear modulus increases for high DS values.

Overall, both the experimental and computational

mechanical data results are in good agreement with the

swelling data, which indicate that increasing the DS of the

mCS and the NIPAAm:mCS molar ratio cause decreasing

trends in the water content of the gels. Water in hydrogels

acts as a plasticizer, increasing flexibility of the polymer

chains, decreasing the mechanical properties [59]. It is

important to note that in order to evaluate these materials

Fig. 1 The percentage loss in water content of PNIPAAm-g-CS gels

at 14 days immersion at 37 �C in PBS as a function of the degree of

substitution of mCS and the NIPAAm:mCS molar ratio used in the

reaction mixture. Overall, a higher degree of substitution and molar

ratio of NIPAAm:mCS enhanced the water loss of the gels
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for NP replacement and tissue engineering, further material

characterization is necessary, which would include shear

and combined loadings, fatigue and stress relaxation. Ide-

ally, the mechanical behavior of the scaffold should mimic

the properties of the native NP, lowering the risk that

transplanted cells will be exposed to abnormal biome-

chanical loads.

Figure 4a depicts a representative bioadhesive force

study for the hydrogels. Qualitative evidence of adhesion

can be seen, since the hydrogel is being stretched in the

vertical direction as the upper fixture is withdrawn.

Quantitatively, all of the polymer formulations containing

CS exhibited a significant increase in tensile strength

compared to the homopolymer (p \ 0.05) (Fig. 4b). These

results make sense, since CS is known to be mucoadhesive

[44–46]. Adhesion results from ionic and/or hydrogel

bonding [60] between the CS in the hydrogels and matrix

components, such as proteoglycan, in the porcine tissue.

Interestingly, for the CS concentration range studied,

increasing the amount of CS in the hydrogels did not

produce significant increases in adhesive tensile strength

(p [ 0.05).

For the hydrogels prepared with molar ratios of NIP-

AAm:mCS of 2000:1 and 1000:1, varying the DS of the

mCS did not produce a consistent effect on the adhesive

tensile strength. However, it is important to note that a

significant decrease in tensile strength occurred for the

600:1 NIPAAm:mCS copolymer when the DS of the mCS

was increased from 0.1 to 0.2 (p\ 0.05). This was also

observable during testing. The authors attribute this phe-

nomenon to the high viscosity of this formulation at room

temperature. While the other formulations formed flowable

liquids in room temperature, the aqueous 5 % copolymer

solution of NIPAAm:mCS 600:1, DS 0.5 had the consis-

tency of a semisolid, likely due to the high CS content and

crosslink density. Prior work by other investigators has

indicated that viscosity of an in situ formed gel affects its

ability to penetrate the texture of the tissue surface [61, 62].

This penetration causes mechanical interlocking to occur,

which enhances the adhesion of the two pieces of soft

tissue. While this sample does have higher adhesive tensile

strength than the homopolymer, indicating that CS incor-

poration does in fact play a role in bioadhesion, the

decrease in tensile strength compared to the low viscosity

formulations indicates that the adhesive behavior of our

system is at least in part attributable to mechanical inter-

locking with the texture of the porcine skin.

In an intervertebral disc, the nucleus pulposus is covered

by a vertebral endplate of cartilage on its top and bottom.

Thus, the adhesive properties of NIPAAm:mCS 2000:1 and

600:1 (DS = 0.1) were evaluated with porcine cartilage

(from the ear) and results were compared directly to that of

Fig. 2 Equilibrium compressive moduli at 15 % strain and 37 �C as

a function of NIPAAm:mCS molar ratio and degree of substitution of

mCS. Overall, the gels exhibited increasing trends in modulus with

increasing DS and decreasing CS content

Fig. 3 Neo-hookean plot fits for representative samples composed of NIPAAm:mCS molar ratios of 600:1 and 4000:1, with a degree of

substitution (DS) of the mCS of a 0.1 and b 0.5
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the skin (Fig. 5). No significant differences (p [ 0.05)

were found between the tensile strength of polymers in

presence of porcine skin and cartilage. These results point

toward the utility of the system in the intended application.

It should be noted that all the formulations tested in the

adhesive study were successfully dispensed onto the por-

cine skin via a small gauge pipette tip (with an opening

0.76 mm in diameter). This demonstrates the injectability

of the system and its potential for minimally invasive

implantation. Future studies may encompass measuring the

dispensing force for clinically relevant needle diameters. It

is also important to note that, to our knowledge, there are

no existing studies on the requisite adhesive characteristics

to prevent expulsion of a hydrogel nucleus replacement. A

target adhesive strength needs to be established by

implanting cadaveric specimens and subjecting them to

static, cyclic, bending, and torsional loading to seek signs

of implant migration or expulsion. An advantage of making

PNIPAAm copolymers with CS is that the carboxyl groups

on the CS can be modified to form covalent bonds the

tissue extracellular matrix, using functional groups such as

N-hydroxysuccinimide [63] or aldehydes [64], which will

increase bioadhesive strength if necessary.

The degradation behavior of PNIPAAm-g-CS in the pres-

ence of chondroitinase ABC enzyme is shown in Fig. 6. This

enzyme has been used previously to evaluate the susceptibility

of chondroitin sulfate hydrogels to cellular remodeling [51].

Formulations composed of NIPAAm:mCS molar ratio of

600:1 (high CS content) and 2000:1 (low CS content) exhib-

ited approximately 20 % loss in dry mass after 16 h exposure

to the chondroitinase ABC. At day 3, the high CS content gels

exhibited significantly higher (p \ 0.05) mass loss than the

low CS content gels (2000:1). At day 7, the 600:1 gels

exhibited complete degradation and the 2000:1 gels exhibited

27.2 ± 0.6 % mass loss. These values were significantly

higher (p \ 0.05) that the same gels soaked in PBS alone for

14 days (36.1 ± 2.9 and 23.4 ± 0.4 %, for 600:1 and 2000:1,

respectively). Mass loss observed in PBS alone may be

attributed to slow dissolution of unbound CS from the gels, yet

dissolution is clearly enhanced by its enzymatic cleavage. It is

also important to note that only samples prepared with a DS of

the mCS equal to 0.5 were characterized in this study. Bryant

et al. [51] who studied CS copolymers with poly(vinyl alco-

hol), found that varying the degree of methacrylation of the

Fig. 4 a Representative

bioadhesive force study shows

qualitative evidence of adhesion

to porcine skin, b the adhesive

tensile strength of PNIPAAm at

5 min of contact at 37 �C with

porcine skin increased

significantly (p \ 0.05) with CS

incorporation, though there was

no trend based on

NIPAAm:mCS molar ratio and

degree of substitution of the CS

Table 1 Shear modulus (mean and standard deviation) for range of

samples composed of NIPAAm:mCS molar ratios of 600:1 to 4000:1,

with a degree of substitution (DS) of the mCS of 0.1, 0.2 and 0.5

NIPAAm:mCS

molar ratio

DS 0.1 DS 0.5

600:1 0.040 ± 0.019 0.092 ± 0.005

1000:1 0.056 ± 0.014 0.264 ± 0.048

2000:1 0.091 ± 0.024 0.356 ± 0.089

4000:1 0.187 ± 0.037 0.401 ± 0.097

Fig. 5 The adhesive tensile strength of samples composed of

NIPAAm:mCS 600:1 and 2000:1, with a degree of substitution

(DS) of the mCS of 0.1. There were no significant differences in

tensile strength (p \ 0.05) whether the substrate was porcine skin or

ear cartilage
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CS, and thus the crosslink density of hydrogels, did not affect

susceptibility of the CS to enzymatic degradation with

ChABC. Thus, it is reasonable to assume that 600:1 and

2000:1 PNIPAAm-g-CS hydrogels prepared with lower

crosslink densities will also exhibit mass loss in the presence

of ChABC. Taken together, the results indicate that variation

of the overall CS content allows for control over the extent of

enzymatic degradation of the gels. Ideally, the rate of degra-

dation would be tailored depending on the rate of matrix

synthesis by encapsulated cells. Future in vivo studies will

investigate this further.

Cytotoxicity results from the live/dead and XTT assays

for HEK-293 cells encapsulated in PNIPAAm-g-CS are

shown in Figs. 7 and 8, respectively. Live/dead staining for

the cells encapsulated in the polymer indicated viability

qualitatively similar to that of the monolayer (positive

control). For the XTT results, the measured absorbance of

the wells containing the cell monolayer is comparable to

that of the wells containing the cells encapsulated within

the scaffold. Additionally, preliminary long-term data (not

shown) showed a 1.6 times increase in population of cells

seeded within the PNIPAAm-g-CS copolymer from 7 to

21 days. Taken together, these data indicate that the PNI-

PAAm-g-CS copolymer is not cytotoxic to cells. It should

be noted that the degradation products of PNIPAAm-g-CS

are not expected to be cytotoxic. PNIPAAm alone is not

degradable [30], and thus chain scission should not occur

due to the presence of enzyme. Furthermore, the degrada-

tion of CS has been shown in previous studies to be non-

Fig. 6 Mass loss over time of PNIPAAm-CS network in the presence

of chondroitinase-ABC as a function of a function NIPAAM:mCS

molar ratio. Gels higher in CS content (600:1) exhibited significantly

higher mass loss (p \ 0.05) at day 3 and complete degradation by

day 7

Fig. 7 Live/Dead viability assay of HEK-293 cells in PNIPAAm-g-

CS. Cells seeded at 1 9 106 cells/ml were grown for 72 h at 37 �C.

Cells were treated with a staining mix containing 6 lM ethidium

bromide (red staining of nuclei, dead cells) and 2 lM calcein (green
staining of cytoplasm, live cells) for 40 min at room temperature, then

examined under fluorescence microscopy. a cells encapsulated in

polymer; b 70 % methanol-killed cells within polymer (negative

control); c polymer-free cell monolayer (positive control); d 70 %

methanol-killed polymer-free cell monolayer (negative control)

(Color figure online)
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cytotoxic [65]. Future studies should fully examine the

cytoxicity of degradation products as well as the biocom-

patibility of the system with adipose derived stem cells

since these cells have been recognized to have tremendous

potential in IVD tissue engineering [9, 66].

5 Conclusions

In this work, a family of novel injectable PNIPAAm-g-CS

hydrogels were evaluated for their swelling, mechanical,

degradation, and adhesive characteristics. The cytotoxicity

of the system was also investigated. It was found that

varying the degree of methacrylate substitution of the CS

and the overall CS content in the hydrogels allowed for

control over the resulting properties of the hydrogels.

Overall, increasing the CS content minimized the water

loss of the hydrogels over a 14 day period in vitro, com-

pared to a homopolymer control. Incorporation of CS sig-

nificantly increased the adhesive strength of PNIPAAm

hydrogel after 5 min of contact with porcine skin at 37 �C.

The average adhesive tensile strength of PNIPAAm-g-CS

adhesive varied between 0.4 and 1 kPa, though no signif-

icant changes were seen with CS content in the concen-

tration range studied (p [ 0.05). A lower solution viscosity

was also found to produce more favorable adhesion char-

acteristics, indicating that mechanical interlocking between

the porcine skin and the in situ formed hydrogel may also

play a role bioadhesion. Degradation in the presence of

chondroitinase ABC enzyme was shown, with gels con-

taining higher concentrations of CS exhibiting more mass

loss over a 7 day period in vitro. Increasing the degree of

methacrylate substitution of the CS was found to cause

increasing trends in water loss, compressive stiffness,

and computed shear modulus of the gels. The hydrogels

exhibited compressive modulus values at 15 % strain

between 1.2 and 11.9 kPa, similar in magnitude to what

has been reported for the native nucleus pulposus. Addi-

tionally, the cytocompatibility studies demonstrated that

PNIPAAm-g-CS is not cytotoxic to cells.

These studies point toward the potential of the PNI-

PAAm-g-CS system to function as a tunable tissue engi-

neering scaffold for the NP of the intervertebral disc. In

future work, the Neo-hookean phenomenological model

will be used to predict mechanical properties based on

network parameters. In addition, cadaveric testing is nec-

essary to determine the requisite mechanical properties for

restoring healthy biomechanical function to a disc segment,

and also the adhesive strength necessary for preventing

hydrogel implant extrusion or expulsion.
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