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Abstract. Degenerative disc disease has been implicated as a major component of spine pathology. 
However, though biological repair of the degenerate disc would be the ideal treatment, there is a 
lack of a universally accepted scaffold for tissue engineering of intervertebral discs (IVD) and little 
is known of how to differentiate mesenchymal stem cells (MSCs) to a disc-like phenotype. We 
show that 2.5% Protasan® UP G213 cross-linked to 5% genipin might be a promising scaffold for 
disc tissue engineering. Furthermore, we have developed extremely N-rich plasma polymer layers, 
which we call "PPE:N" (N-doped plasma-polymerized ethylene, containing up to 36% [N]). We 
show that PPE:N almost completely suppresses the expression not only of type X collagen, but also 
of osteogenic marker genes such as alkaline phosphatase (ALP), bone sialoprotein (BSP) and 
osteocalcin (OC). In contrast, neither aggrecan nor types 1 collagen expression were significantly 
affected. These results indicate that PPE:N coatings may be suitable surfaces for inducing MSCs to 
a chondrocyte or disc-like phenotype for tissue engineering of cartilage or IVDs, in which 
hypertrophy and osteogenesis are suppressed.  

Introduction 

Low back pain is one of the most frequent health problems that, by age 70, affect about 60% 
of the population [1]. Although the etiology of low back pain is often unclear, it is believed that 
intervertebral disc (IVD) degeneration plays a major role [2]. The present management of disc 
pathology has been focused on the symptoms associated with disc degeneration, and while surgical 
procedures produce a good short-term clinical result in the relief of pain, they alter the 
biomechanics of the spine and can lead to further degeneration of surrounding tissue and discs at 
adjacent levels [3,4]. In addition, the failure rate for lumbar fusions is 20% to 40% after five years 
[5]. 

Recent advances in tissue engineering offer the unique opportunity to engineer a 
replacement nucleus pulposus (NP) using polymer-cell constructs and growth factors. In the current 
studies, we sought to use chitosan salts cross-linked to genipin for NP supplementation via 
injection, rather than in vitro engineering of intact NP for implantation. This is a much simpler and 
technically more feasible proposition than attempting to engineer an entire disc. 

Chitosan, an amino-polysaccharide obtained by the alkaline deacetylation of chitin, derived 
from crustacean shells, is currently being investigated for many pharmaceutical applications [6-8]. 
It is also important to prepare a cross-linked hydrogel, since this will decrease biodegradability and 
allow entrapped cells to synthesize a functional extracellular matrix before the polymer dissolves. 
Recently, it was discovered that chitosan could be cross-linked with a naturally occurring cross-
linking reagent, genipin, which has been used in herbal medicine and in the production of food dyes 
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[9,10].  In the current study, we demonstrate that 2.5% Protasan® UP G213 cross-linked to 5% 
genipin is the best candidate for this purpose. 

Mesenchymal stem cells (MSCs) are present in a variety of tissues during human 
development, and in adults they are prevalent in bone marrow. MSCs can be isolated, expanded in 
culture, and stimulated to differentiate into bone, cartilage, muscle, marrow stroma, tendon, fat and 
a variety of other connective tissues [11]. The study of these cells provides the basis for tissue 
engineering. Bone and cartilage formation involve the differentiation of MSCs to a specific and 
distinctive phenotypic pathway [12].  

However, recent evidence indicates that a major drawback of current cartilage or IVD tissue 
engineering is that human MSCs rapidly express type X collagen [13,14] - a marker of chondrocyte 
hypertrophy associated with endochondral ossification [15,16]. In particular, MSCs obtained from 
the femoral intramedullary canal of osteoarthritis/rheumatoid arthritis patients (60-80 years old) 
rapidly express type X collagen [14]. Some studies have attempted to use growth factors to inhibit 
type X collagen expression [17] and osteogenic marker genes; however, little work has been done 
to investigate the effect of material surfaces on stem cell differentiation. It has been known for some 
time that cells may be sensitive to subtle differences in surface chemistry [18-22]. The nature of the 
surface can directly influence cellular responses [14,19,23,24], ultimately affecting the rate and 
quality of new tissue formation [19,25]. Previous studies have shown that contact with vitronectin 
and collagen I promotes the osteogenic differentiation of MSCs [24]. Furthermore, the creation of 
functional groups (-CH3, -NH2, SH, -OH, and -COOH) by silanization on glass surfaces was found 
to alter the differentiation potential of the human MSCs [22]. However, the mechanisms controlling 
human MSCs differentiation are not well understood. These studies suggest that extracellular 
matrix contact alone may be sufficient to induce stem cell differentiation.  
 We have recently developed an unique design of a “smart surface” with very high 
chemically-bound nitrogen concentration, [N], that we call "PPE:N" (N-doped plasma-polymerized 
ethylene) and that is capable of promoting cell adhesion [23]. In this study, we use this technology 
to elucidate the effect of three different PPE:N substrates with differing values of [N] on markers of 
hypertrophy and osteogenesis. Markers of chondrogenesis include collagen type II and aggrecan, 
with collagen type X being used as a marker of late-stage chondrocyte hypertrophy (associated with 
endochondral ossification) [16,26]. Osteogenic markers include alkaline phosphatase (ALP) [27], 
bone sialoprotein (BSP) [27,28], osteocalcin (OC) [27,28] and RUNX2 [29,30]. The findings we 
present indicate that the type of substrate used can influence cellular processes, particularly stem 
cell differentiation. 
 
Materials and Methods 
 Deposition of PPE:N. PPE:N films were deposited on biaxially oriented polypropylene 
(BOPP) as previously described [23,31]. The characteristics of this 50 μm thick isotactic polymer 
film, graciously provided by 3M Company, have also been described elsewhere [32,33]. The 
atmospheric pressure plasma deposition system comprised a moveable aluminium plate electrode, 
on which flat sheets of BOPP were uniformly coated in a 10 kHz, high voltage (HV, ~ 18 kV peak-
to-peak) dielectric barrier discharge (DBD) [23]. This was accomplished by carefully-controlled 
linear displacement of the substrate through the ca. 1 cm wide discharge zone between the 
cylindrical, ceramic-coated HV electrode and the grounded aluminum plate. Using this apparatus, 
films containing high and controllable total nitrogen content, [N], (see Eq. 1 below) were deposited 
from the precursor gas mixture composed of nitrogen (N2, 10 standard liters per minute, slm) and 
ethylene (C2H4, from 10 to 60 standard cubic centimeters per minute, sccm).  
 PPE:N films with different nitrogen concentrations, [N], were studied and compared, 
knowing that changing [N] values can lead to significantly different cell responses [23]. Changing 
the flow rate of the ethylene gas precursor, FC2H4, from the lowest value of 5 sccm to higher values 
up to 60 sccm gradually reduces [N], all other deposition conditions of course being maintained 
constant. Thus, for FC2H4 = 5 sccm, [N] ≈ 36%, for FC2H4 = 10 sccm, [N] ≈ 29.5, while for the 
highest FC2H4 value used here, 20 sccm, [N] ≈ 25%. These surfaces are thereafter designated 
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respectively S5, S10, and S20. The surface compositions of PPE:N films were determined by X-ray 
photoelectron spectroscopy (XPS) [23,33]; throughout this article, we will be referring to their 
surface elemental concentrations, [X], in terms of the elements that comprise PPE:N, namely N, C 
and O; since hydrogen cannot be detected by XPS, [X] is given by:  
 

[ ] 100%XX
N C O

= ×
+ +

. (1) 

 
N, O and C being determined from XPS broad-scan spectra [23,33]. Other characterisation methods 
used for PPE:N films included attenuated total internal reflectance FTIR (ATR-FTIR), contact 
angle goniometry (CAG), atomic force microscopy (AFM), stylus profilometry and spectroscopic 
ellipsometry, as described elsewhere [23]. 
 Source and preparation of stem cells. MSCs were obtained from 15 ml aspirates from the 
intramedullary canal of donors (60-80 years of age) undergoing total hip replacement for 
osteoarthritis using a protocol approved by the Research Ethics Committee of the Jewish General 
Hospital (Fig. 1, “Steps 1 and 2”).. Bone marrow aspirates were processed essentially as previously 
described [14,31,34].  
 Cell culture. One million of 3 or 4 passage MSCs were cultured on each of the three 
different PPE:N coatings on BOPP, in DMEM + 10%FBS (Fig. 1, “Step 4”).  Commercial 
polystyrene (PS) tissue culture dishes (Sarstedt Inc., Montreal, QC, Canada) were used as controls. 
The medium was changed every 2 days for up to 14 days, after which cells were harvested at 
different times or at the endpoint for gene expression studies. 
 Total RNA isolation. Total RNA was extracted from MSCs by a modification of the 
method of Chomcynski and Sacchi [35] using TRIzol reagent (Invitrogen, Burlington ON, Canada) 
as previously described [31].  

Reverse transcription (RT) and polymerase chain reaction (PCR). The RT reaction was 
performed using 0.5 μg total RNA isolated from the MSCs in a total volume of 20 μ1, containing 
50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2 , 10 mM dithiothreitol (DTT), 50 μM each 
2’-deoxy-adenosine-5’triphosphate (dATP), 2’-deoxy-guanosine-5’triphosphate (dGTP), 2’-deoxy-
cytidine-5’triphosphate (dCTP) and 2’-deoxythymidine-5’triphosphate (dTTP), and 200 units of 
Superscript II - RNAse H-reverse transcriptase (Invitrogen). 
 PCR was performed in a total volume of 25 μ1 containing: 10 mM Tris-HCl (pH 8.3), 1.5 
mM MgCl2 , 0.4 mM of dATP, dGTP, dCTP, dTTP, 0.8 μM of each primer, 1 μl of RT mixture and 
2.5 units of Taq DNA polymerase (Invitrogen). The 35 cycles of PCR included denaturation (94°C, 
1 min 30 sec), annealing (60°C, 45 sec) and extension (72°C, 7 min). After agarose (1.6%) gel 
electrophoresis, PCR products were visualized by ethidium bromide staining and analyzed using the 
Bio-Rad VersaDoc image analysis system, equipped with a cooled CCD 12 bit camera (Bio-Rad 
Laboratories, Mississauga ON, Canada). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as reference for gel loading. To confirm the lack of chromosomal DNA contamination of 
RNA samples, PCR was also performed with RNA aliquots. After confirming that there was no 
band detected that indicates contamination of the DNA, we proceeded with the experiments. 

The primer sequences used were previously described and chosen because they are specific 
for human RNA and they amplify a single product [14,31]. GAPDH primers have been described in 
one of our earlier articles [14]. 

Statistical analysis. All experiments were performed in triplicates. Statistical differences 
between the treated and the control were analyzed by Statview (SAS Institute Inc.) for each culture 
time. Results were considered statistically significant at P < 0.05. All results are the average of 
three samples ± standard deviation. 

Preparation of genipin cross-linked chitosan. Ultra pure medical grade water soluble 
chitosan glutamate Protasan® UP G213 was obtained from FMC Biopolymer A.S. (Oslo, Norway). 
The chitosan glutamate G213 (MW 300 kDa) was 85% deacetylated. Protasan® ultra pure medical 
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grades have been shown to be nontoxic [36,37]. 2.5% Protasan® solution (w/v) was prepared in 
serum-free medium (DMEM + 100 µg/ml streptomycin + 100 U/ml penicillin (Hyclone, Logan, 
UT, USA) + 50 ng/ml gentamicin, pH 7.4) at room temperature or at 37oC,  and cross-linked with 
5% (w/w Protasan®) genipin (Challenge Bioproducts Co., Taiwan) as previously described [31]. 
The powders were added progressively to the medium under stirring, and mixing was continued for 
1 h until the chitosan was completely dissolved. Subsequently, genipin powder was added to the 
chitosan solution.  

Source of intervertebral discs. Adult bovine tails (2-4 years old) were obtained from Les 
Abattoirs Corbex Inc. (QC, Canada). All IVDs were classified as nondegenerate grade I according 
to the grading system of Thomson [38].  

Cell isolation. Cells were isolated immediately after transportation from the abattoir. The 
IVDs were dissected from their adjacent vertebral bodies, placed in DMEM-high glucose 
(Hyclone), with 20 mM HEPES, and 45 mM NaHCO3, pH 7.4, containing 150 ng/ml gentamicin, 
100 U/ml penicillin, 100 µg/ml streptomycin, and 0.25 μg/ml fungizone (medium A) (InVitrogen). 
Under aseptic conditions, the IVDs were separated by dissection into regions corresponding to the 
annulus fibrosus (AF) and the nucleus pulposus (NP). The AF and NP were dissected into 
approximately 2 mm fragments and were washed twice in medium A for 15 minutes. Cells were 
enzymatically isolated from the tissue using a sequential protease type XIV/collagenase protocol 
[39]. Briefly, 28 g and 10 g of AF and NP tissues, respectively, were incubated at 37°C with stiring 
(75 rpm) for 1 h in medium A with bacterial protease type XIV (Sigma-Aldrich, Oakville, ON, 
Canada) at 0.2% (w/v) for the NP and 0.4% (w/v) for the AF. The tissue was then washed and a 
second digestion was performed overnight at 37°C in washing medium (medium A without 
gentamicin and fungizone) supplemented with 10% fetal bovine serum (FBS) (Hyclone) and 
bacterial collagenase type IA (Sigma-Aldrich) at 0.03% (w/v) for the NP and 0.06% (w/v) for the 
AF. The resulting cell suspensions were passed through a 70-µm cell strainer (BD Biosciences, 
Mississauga, ON, Canada), washed twice in washing medium containing 10% FBS, and cells were 
recovered by centrifugation at 400 x g for 6 min. Cells were counted with a hemacytometer and the 
viability was determined using 0.04% Trypan Blue Dye. Approximately 15 x 106 cells were 
recovered from 28 g of AF per tail and 5 x 106 cells from 10g of the NP per tail. 

Entrapment and culture of disc cells in scaffold. Disc cells were entrapped in the 
chitosan/genipin solution at room temperature as previously described [31].  

Injectability in human IVD. Whole human lumbar spine specimens were removed from 
fresh cadavers, aged 60 to 65. Thomson grading was performed as previously described [40,41]. A 
solution of 2.5% Protasan® UP G213 and 5% genipin was used to examine how the solution 
distributes into the clefts of degenerated discs following injection. Coomassie blue was added to the 
chitosan/genipin mixture to facilitate visualization of the gel. Each injection was 0.2 ml and was 
performed through an 18G needle. Gelling was achieved at room temperature within about 30 min.  
 
Results and Discusion 

 Over the past 5 years, we have conducted studies aimed at characterizing and differentiating 
MSCs from osteoarthritic (OA) patients to a disc- or cartilage-like phenotype, because these cells 
are of greater clinical relevance than those from normal adults [14,23,31,42-45]. OA patients are the 
ones who will require a source of autologous stem cells, if biological repair of their cartilage lesions 
is to be a therapeutic option and if immuno-rejection and possible infection are to be avoided. 
However, our studies indicated that a major drawback for current cartilage- and IVD-tissue 
engineering is that those cells express type X collagen (a marker of chondrocyte hypertrophy 
associated with endochondral ossification) and osteogenic markers that suggest a commitment to 
bone formation [14,31,44,46]. This is a problem, since stem cells must be uncommitted in order to 
differentiate to chondrocytes or disc-like cells. Some studies attempted to use growth factors (like 
PTHrP) to inhibit type X collagen expression [47], but none had addressed the effect of the 
substrate’s chemical composition on chondrocyte hypertrophy and osteogenesis.  
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 Novel methods of suppressing hypertrophy and osteogenesis of MSCs from OA 
patients (Fig. 1, “Step 3”). As pointed out above, MSCs from OA patients must first be de-
differentiated (by suppressing type X collagen and osteogenic marker genes) before differentiating 
them to disc cells, as bone is evidently not desired in the IVD. Our early studies showed that N-
functionalized polypropylene and NylonTM almost completely inhibited type X collagen expression 
in MSCs [14,44]. More recently, we cultured human MSCs on PPE:N [31], which showed that this 
surface completely suppresses the expression not only of type X collagen, but also of osteogenic 
marker genes, such as bone sialoprotein (Fig. 2). These results therefore indicated that PPE:N 
coatings may be suitable surfaces for inducing MSCs to a chondrocyte or disc-like phenotype, in 
which hypertrophy and osteogenesis are suppressed.  

Substrates for cell growth: Plasma-assisted surface modification and deposition of thin 
films (Fig. 1, “Step 3”). As discussed by Freshney [48], cells may be made to grow on many 
different charged surfaces, usually polymers. However, natural and synthetic polymers are 
characterised by low surface tension, which impedes "wetting" by physiological fluids and the 
adhesion of living cells. Nevertheless, polymer surfaces can become hydrophilic and cell-adherent 
when new functional (polar) groups are created on them, a modification that is usually 
accomplished by exposure to electrical discharge plasmas [49]. There exist commercial cell-culture 
surfaces, for example “CellBINDTM” (Corning) and “PrimariaTM” (Becton-Dickinson), both of 
which are plasma-modified polystyrene. While CellBINDTM possesses negatively-charged oxidized 
functionalities, PrimariaTM is claimed to have both the former and positively-charged nitrogen-
containing (amine) sites. In earlier work, described above, we performed cell cultures on 
commodity polymers that had been modified by plasmas in nitrogen, ammonia (NH3), and oxygen, 
treatments that create various polar functional groups on the polymer surfaces, for example amines, 
nitriles, amides, hydroxyls, carboxyls, etc. [49]. However, as also reported by other authors [50,51], 
we found that primary amines (R-NH2) appear to be the functionality “preferred” by many cell-
types. But even though polymer surface modification by plasma is convenient and advantageous in 
many ways, it has several shortcomings: (i) difficulty to attain high hetero-atom concentrations, 
[X], (X = O or N) ; (ii) decay of [X] with prolonged storage time, on account of "reptational" 
motion of near-surface macromolecules; (iii) difficulty to obtain highly-specific surface 
functionality, for example R-NH2 groups. We have found that these drawbacks can be overcome by 
plasma polymerization [52]: We recently reported “tailored” surface coatings that we call "PPE:N", 
N-doped plasma-polymerized ethylene, and that contain up to 36% [N] ; they overcome all three 
shortcomings listed above and possess, in addition, other important characteristics such as the 
inhibition of hypertrophy and osteogenesis in MSCs [31]. Furthermore, since we discovered that 
some cell types do not adhere to modified surfaces unless [N] exceeds certain high "critical" values, 
[N]crit, plasma polymerization offers the only alternative in such cases. 

Tethering transforming growth factor beta (Fig. 1, “Step 5”). Continuing from above, it 
is unlikely that cells attach directly to synthetic polymer substrates; more likely, it is the matrix 
products secreted by the cells that adhere to the substrate and provide ligands for the interaction of 
matrix receptors [48]. It is in this sense that we will use PPE:N in future to tether suitable bio-
molecules such as TGF-β for stem cell differentiate stem cells to an NP-like phenotype. Studies of 
TGF-β isoforms (TGF-β1, -β2 and -β3) interactions with their biological partners has demonstrated 
that TGF-β, when covalently immobilized at the surface of a biosensor, is still able to interact with 
its receptor ectodomains [53]. This strongly suggests that covalent grafting of TGF-β1 on PPE:N 
will not impede its interactions with cell surface receptors, nor subsequent signalling. 

Studies on Link N (Fig. 1, “Step 5”). Link N is the amino-terminal peptide of link protein 
(DHLSDNYTLDHDRAIH) which is generated by the cleavage of human link protein by 
stromelysins 1 and 2, gelatinase A and B, and collagenase between His(16) and Ile(17). It 
undergoes proteolytic degradation with aging. We have shown that this peptide stimulates both 
proteoglycans and collagens II and IX in adult IVD cells [39]. Thus, Link N represents a potential 
growth factor able to stimulate the extracellular matrix proteins of an NP-like phenotype. We 
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believe that culturing dedifferentiated stem cells on PPE:N with TGF-β1 and link N would drive 
stem cells to an NP- like phenotype while avoiding hypertrophy.   

Studies on scaffolds (Fig. 1, “Step 8”, “Step 9”, and “Step 10”). Over the past 3 years we 
have conducted studies aimed at developing a scaffold for tissue engineering of the IVD, as none 
are currently universally accepted. Since we wished to develop a scaffold able to retain matrix 
molecules and to allow implantation without major disruption of the AF, we chose one based on 
chitosan [43,45]. This scaffold is injectable (very soluble at room temperature, but it gels at 37°C), 
biocompatible, and it can retain more than 80% of the proteoglycan and collagen produced by 
entrapped cells [43]. Most importantly, when injected into the degenerated NP of human cadaveric 
IVD, the gel flowed into the clefts without leakage [45]. 
 
 In conclusion, our results suggest that PPE:N coatings may be suitable surfaces for inducing 
MSCs to a chondrocyte or disc-like phenotype for tissue engineering of cartilage or IVDs and that 
chitosan cross-linked to genipin might be a promising scaffold for disc tissue engineering. 
 

 

 
Fig. 1. Schematic flow-chart representation of the long term goal of the research using autologous 
MSCs from OA patients to repair degenerated IVDs. Steps numbered “1” to “10”are referenced in 
paragraph headings and in the text. 
 

 
 
Fig. 2. Gene expression in MSCs cultured on PPE:N surfaces. A) type X collagen (Col X); B) type I 
collagen (Col I); C) Bone sialoprotein (BSP). Ctl refers to cells cultured on control surfaces. 
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