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Abstract

Treatment of damaged intervertebral discs is a signifi cant 
clinical problem and, despite advances in the repair and 
replacement of the nucleus pulposus, there are few effective 
strategies to restore defects in the annulus fi brosus. An 
annular repair material should meet three specifi cations: 
have a modulus similar to the native annulus tissue, 
support the growth of disc cells, and maintain adhesion to 
tissue under physiological strain levels. We hypothesized 
that a genipin crosslinked fi brin gel could meet these 
requirements. Our mechanical results showed that genipin 
crosslinked fi brin gels could be created with a modulus in 
the range of native annular tissue. We also demonstrated that 
this material is compatible with the in vitro growth of human 
disc cells, when genipin:fi brin ratios were 0.25:1 or less, 
although cell proliferation was slower and cell morphology 
more rounded than for fi brin alone. Finally, lap tests were 
performed to evaluate adhesion between fi brin gels and 
pieces of annular tissue. Specimens created without genipin 
had poor handling properties and readily delaminated, 
while genipin crosslinked fi brin gels remained adhered 
to the tissue pieces at strains exceeding physiological 
levels and failed at 15-30%. This study demonstrated that 
genipin crosslinked fi brin gels show promise as a gap-fi lling 
adhesive biomaterial with tunable material properties, yet 
the slow cell proliferation suggests this biomaterial may be 
best suited as a sealant for small annulus fi brosus defects 
or as an adhesive to augment large annulus repairs. Future 
studies will evaluate degradation rate, fatigue behaviors, 
and long-term biocompatibility.
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Introduction

Low back pain is a serious public health problem in the US 
affecting more that 25% of adults (Deyo et al., 2006). For 
cases in which this pain stems from the intervertebral disc 
(IVD), current surgical treatments include spinal fusion, 
total disc replacement, and discectomy. Unfortunately, 
these procedures do not repair the disc or restore its 
original function and may further limit mobility or 
otherwise alter the biomechanics of the spine which 
can lead to adjacent segment degeneration (Lee, 1988; 
Schlegel et al., 1996). Newer treatments for damaged 
IVDs include strategies to replace and regenerate the 
nucleus pulposus (NP), the central, gelatinous region of 
the IVD (Di Martino et al., 2005; Sebastine and Williams, 
2007; Hegewald et al., 2008). These techniques are likely 
to have limited success without adequate repair of the 
annulus fi brosus (AF), the outer ring of the IVD. The AF 
is necessarily damaged during surgery to remove or repair 
the NP, and to a lesser extent from discography procedures 
(Carragee et al., 2009), and yet a functional, intact AF is 
key to preventing re-herniation of the NP and retention 
of any NP replacement device (Alini et al., 2002; Wilke 
et al., 2006). Thus, it is possible that NP replacement 
approaches could be augmented by incorporating AF 
repair. A successful method to repair the AF could also be 
useful for repairing small needle punctures, such as those 
that occur for discography or delivery of therapeutics.
 Methods for repairing damaged AF are currently 
limited largely to sutures and modifi ed sutures, which 
do not compensate for the loss of AF tissue or restore 
the lost biomechanical properties (Bron et al., 2009a). 
An appealing alternative is the development of a tissue 
engineered material to repair the gap in the AF and 
contain the NP or its replacement. If such a material were 
degradable, it would ultimately be replaced with host 
tissue; to fi ll a large defect in the AF, the material may be 
seeded with progenitor cells, such as mesenchymal stem 
cells. An ideal material would need to meet the following 
three requirements: match the mechanical properties of 
the AF tissue, allow the growth of disc cells, and adhere 
to the surrounding tissues under physiological levels of 
strain. A number of materials have been investigated for 
this purpose including hydrogels, bioglass, collagen, 
silk and degradable polymers such as polycaprolactone 
and polyglycolic acid (Sato et al., 2003; Mizuno et al., 
2004; Nerurkar et al., 2007; Chang et al., 2007; Shao 
and Hunter, 2007; Helen and Gough, 2008; Wan et al., 
2008). While many of these materials show promise, 
none have satisfactorily addressed the need for fi xing 
the implanted material within the annular defects. To 
ensure a biomaterial remains in place and encourage the 
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formation of new tissue, it is critical that any material be 
able to strongly adhere and be fully integrated with the 
native annulus tissue.
 We hypothesize that a crosslinked hydrogel can meet 
the requirements for annular tissue repair. Hydrogels are 
useful in a wide range of tissue engineering applications 
due to their high water content, biocompatibility, ease of 
cell seeding, and mechanical properties that mimic soft 
tissue (Lavik and Langer, 2004; Ahmed et al., 2008). 
Delivery of a hydrogel is also straightforward as it can be 
injected in liquid form and sets in situ over the course of 
several minutes. This property allows its use in irregularly 
shaped defects. Additionally, a hydrogel could be used in 
conjunction with other porous biomaterials to improve 
structure and expand the possibilities for cell seeding. 
The major limitation of a hydrogel may be their somewhat 
poor mechanical properties. An appropriately chosen 
crosslinker, however, can increase the stiffness of the 
gel such that it closely matches the native tissue. Just as 
importantly, the crosslinker serves to chemically connect 
the proteins in the hydrogel with the native proteins in the 
disc, thus “bridging” the disrupted collagen fi bers.
 For this work, we have chosen to employ a crosslinked 
fibrin gel. The components of fibrin, fibrinogen and 
thrombin, can be purifi ed from human plasma, and fi brin 
glue has a long history of clinical use in Food and Drug 
Administration (FDA) approved products such as Tisseel®, 
Evicel™, and Crosseal™. Additionally, fi brin has shown 
to be an excellent scaffold for cell delivery and tissue 
ingrowth in a number of tissue engineering applications 
(for review, see Ahmed et al., 2008). Of specifi c relevance 
to connective tissues such as the AF, fi brin has been used to 
engineer muscle (Hecker et al., 2005; Huang et al., 2005; 
Nieponice et al., 2007; Rowe et al., 2007), skin (Hojo et al., 
2003; Balestrini and Billiar, 2006;), cartilage (Passaretti et 
al., 2001; Connelly et al., 2004; Johnson et al., 2004; Mesa 
et al., 2006; Peretti et al., 2006; Eyrich et al., 2007), and 
connective tissue (Chong et al., 2007; Hankemeier et al., 
2007). Recently, fi brin has been shown to be an effective 
carrier to deliver stem cells to denucelated discs (Allon 
et al., 2010) and to improve the structure and function of 
surgically damaged IVDs (Buser et al., 2011).
 To crosslink the fi brin gel, we have chosen to utilize 
genipin. Genipin (C11H14O5, FW 226.23) is a plant-derived 
crosslinking agent traditionally used in herbal medicine and 
as a food dye. While crosslinkers have the capacity to kill 
cells, genipin is an attractive choice for crosslinking due 
its relatively low cytotoxicity (Bedran-Russo et al., 2007; 
Tsai et al., 2000); specifi cally, genipin has been shown to 
be 10,000 times less cytotoxic than glutaraldehyde to 3T3 
fi broblasts (Sung et al., 1999). Additionally, genipin has 
anti-infl ammatory properties when used as a crosslinker in 
vivo (Liang et al., 2003; Koo et al.,  2006;) and may even 
protect neuronal cells from stress-induced cytotoxicity 
(Yamazaki et al., 2009). Genipin is known to crosslink 
proteins by binding amine groups on adjacent proteins 
(Touyama et al., 1994; Yao et al., 2004) and has previously 
been used to crosslink a variety of materials including 
collagenous tissues (Huang et al., 1998; Sung et al., 2003), 
chitosan (Mi et al., 2002; Mwale et al., 2005), gelatin (Chen 
et al., 2005), and fi brinogen electrospun scaffolds (Sell 

et al., 2008). Recently, it has also been used to crosslink 
fi brin hydrogels for articular cartilage engineering (Dare 
et al., 2009). Genipin crosslinked fi brin gels were shown 
to be compatible with chondrocytes in vitro and to inhibit 
the infl ammatory response when implanted in rats (Dare 
et al., 2009).
 In this work, we proposed to determine the suitability 
of a genipin crosslinked fi brin hydrogel for repair of the 
annulus fi brosus. Particularly, we sought to determine 
whether such a hydrogel could meet the three requirements 
of matching the AF tissue properties, supporting cell 
growth, and strongly adhering to native tissue. To 
investigate this fi rst requirement, we measured the modulus 
of gels with varied formulation and compared them to 
samples of human AF tissue. We then performed in vitro 
experiments in which human disc cells were cultured 
on gels and their survival measured. Finally, to evaluate 
adhesion, we created gel samples that were allowed to 
crosslink in contact with AF tissue and measured the strain 
at which this adhesion failed. The current study is focused 
on developing an adhesive biomaterial with potential to 
be used as a sealant (rather than full cell seeded scaffold) 
for small AF defects or as an adhesive to augment repair 
of large AF repairs with other biomaterials. The material 
was optimized to match native tissue material properties, 
while maintaining suitable adhesion to native tissue and 
low cytotoxicity.

Materials and Methods

Gel fabrication 
Fibrinogen isolated from bovine plasma (Sigma-Aldrich, 
St. Louis, MO, USA) was dissolved in phosphate buffered 
saline (PBS) at concentrations of 200, 250, or 300 mg/
mL; above 300 mg/mL the fi brinogen could not be readily 
dissolved. Thrombin isolated from bovine plasma (Sigma-
Aldrich) was dissolved in PBS at a concentration of 100 U/
mL. Genipin (Wako, Richmond, VA, USA) was dissolved 
in dimethyl sulfoxide (Fisher Scientifi c, Hampton, NH, 
USA) at a concentration of 400 mg/mL. The fi brinogen 
was pipetted into molds as specifi ed below; thrombin 
and genipin were mixed together and then added to the 
fi brinogen in quantities specifi ed below. Genipin quantities 
were determined such that desired genipin:fi brin weight 
ratios could be obtained (i.e., to create a 0.25:1 gel for cell 
culture testing, 600 μL of 200 mg/mL fi brinogen was mixed 
with 75 μL of genipin). The gels were allowed to rest for 
24 h to completely crosslink prior to mechanical testing 
or cell seeding. Pilot studies (not shown) demonstrated 
that a genipin:fi brin concentration ratio of 1:1 and 2:1 
resulted in nearly zero cell survival. Therefore, we have 
tested ratios of 0.25:1, 0.5:1, and 0:1 as a control. The 
ratio of 0:1 was fi brin gel alone. A pilot study, which used 
a spectrophotometer to determine the relative number of 
crosslinks in genipin-containing gels, indicated that the use 
of larger amounts of genipin did not lead to the formation 
of additional crosslinks beyond a genipin:fi brin ratio of 
approximately 10:1 (Sung et al., 1999; Starcher, 2001; 
Chang et al., 2003). Therefore, we assumed that at the 
sub-saturating genipin:fi brin ratios used, the vast majority 
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of the genipin in the gel would have formed crosslinks and 
be bound to amine groups on the fi brin (Touyama et al., 
1994; Yao et al., 2004).

Rheological testing
Samples for rheometer testing were created using custom 
made Teflon molds with cylindrical wells 5 mm in 
diameter and 5 mm deep. Into each well, 50 μL of the 
fi brinogen was pipetted, followed by 5 μL of thrombin 
mixed with suffi cient genipin to create the desired ratio 
of genipin:fibrin. The resulting gel specimens were 
approximately 2.5 mm thick.
 Gel dynamic stiffness tests were carried out using a 
rheometer (TA Instruments, www.tainstruments.com) 
equipped with fl at platens covered with 100 grit sand paper 
(Gator Grit; www.gatorfi nishing.com) and a humidifi ed 
chamber. The test protocol was adapted from Bron et al. 
(Bron et al., 2009b) and consisted of a 20 min equilibration 
at 0.1N of axial compression followed by a dynamic 
frequency sweep at 10% strain from 0.032 to 32 Hz. The 
protocol concluded with a strain sweep at 0.5Hz from 1 to 
500% strain. Dynamic modulus magnitude, |G*|, and phase 
angle, δ, were calculated at each point of the frequency and 
strain sweeps. Parameters from both sweeps demonstrated 
power law dependence on frequency and strain, and were 
thus characterized by fi tting the following functions using 
a least squares routine in Matlab (Mathworks Inc., Natick, 
MA, USA) (Fig. 1).

   ** GbaG   ,    dc      (1)

     ** GkjG    ,    nm   (2)

Five parameters from the model fi t were used to compare 
|G*| and δ across groups, and with human AF tissue. For the 
frequency sweep, dynamic modulus was characterized by 
its value at 1Hz, |G*|1Hz which is equivalent to parameters 
a+b, and its dependence on frequency was characterized 
by power law exponent t, α|G*|. Phase angle was likewise 
characterized by its value at 1 Hz, δ1Hz which is equivalent 
to parameters c+d, and its power law exponent, αδ.  For 
the strain sweep, accurate description of the experimental 
data also required a strain offset term. Therefore, dynamic 
modulus during the strain sweep was characterized by strain 
offset, Γ, modulus at the offset strain, |G*| Γ0, and strain 
dependence exponent β|G*|. Phase angle during the strain 
offset was accurately described with 2 parameters, its value 
at 1% strain, δ1% = m+n, and strain dependence exponent 
for δ βδ. The dependence of these nine parameters on 
fi brin and genipin concentrations was assessed using a two 
way ANOVA with factors fi brin concentration (200, 250 
and 300 mg/mL), and relative genipin concentration (i.e., 
as given by genipin:fi brin ratio of 0:1, 0.25:1 and 0.5:1).
 In order to assess the suitability of the genipin 
crosslinked fi brin gels for tissue repair, the rheological 

Fig. 1. Representative model fi ts, -, to experimental data, o. Black arrows indicate slippage between the specimen 
and the rheometer platens. Measurements after this point were not analyzed.
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testing protocol was also performed on thirteen human AF 
specimens with an average age of 53±16 years. The average 
Thompson grade of these discs was 3, indicating a tissue 
with mild to moderate degeneration. Model fi t parameters 
were compared between the gel groups and the native tissue 
using unpaired t-tests with the signifi cant p value adjusted 
to <0.005 to account for multiple comparisons.

Lap testing
Gel-tissue adhesion was characterized by a modifi ed lap 
test carried out using a custom built axial testing machine 
using a linear actuator (www.physikinstrumente.com). 
The upper and lower faces of the bi-layered specimen 
were adhered to brass platens using cyanoacrylate glue 
(Loctite 410 Gel). In order to ensure that the test was 
measuring adhesion and not boundary friction, platen 
spacing was adjusted to minimize axial force on the 
specimen. Specimen thickness was measured with calipers 
in order to calculate shear displacements required for given 
strains. One platen was then displaced in order to shear 
the specimen at a constant rate of 1 %/s to 100%. Pilot 
studies showed that this magnitude was suffi cient to ensure 
specimen failure. Specimen failure strain was assessed by 
identifying peak stress on the resulting load versus strain 
plot (Fig. 2). Mode of failure was determined visually for 
each specimen and recorded.

Cell culture
Human AF cells were obtained from tissue removed by 
a surgeon performing discectomy procedures with IRB 
approval and patient consent. Disc tissue from the outer 
AF only was obtained from patients with an average age 
of 45 ±14 years; discs were graded as either moderate or 

severely degenerate. The harvested AF tissue was fi rst 
rinsed in a wash solution of 1.5% fungizone (Gibco/
Invitrogen-Life Technologies, www.invitrogen.com) and 
3% penicillin-streptomycin (Gibco) in phosphate buffered 
saline (Gibco) and then digested in 50 mL of Dulbecco’s 
Modifi ed Eagle Medium (DMEM, Gibco) containing 0.2% 
pronase (Sigma-Aldrich), 1% penicillin-streptomycin, 
and 0.5% fungizone for 1 h at 37 ºC. After 1 h, 0.2% 
collagenase (Sigma-Aldrich) was added to the digest 
solution and the digest was continued for an additional 4 
h. The digest was then fi ltered through a 70 μm nylon fi lter, 
centrifuged, and cells resuspended and plated into fl asks. 
Cells were fed every 3-4 d with growth medium (DMEM 
supplemented with 10% fetal bovine serum (Gibco), 1% 
penicillin-streptomycin, 0.5% fungizone, and 50 μg/ mL 
ascorbic acid (Sigma-Aldrich)). Cells used for viability 
experiments were P3-P4.
 Gels were created in the wells of 6-well tissue culture 
plates. Into each well, 600 μL of 200, 250, or 300 mg/
mL fi brinogen was pipetted. Thrombin (60 μL/well) and 
genipin were added to obtain genipin: fi brin of 0:1, 0.25:1, 
or 0.5:1 (n=3). After 24 h, the gels were rinsed with PBS 
and 30,000 human disc cells were plated in each well. 
Cells were fed with growth medium every two days and 
allowed to grow on the gels for 1, 3, or 7 d and then rinsed 
with PBS. To assess the number of live cells adhered on 
the surface of the gels, they were incubated with a solution 
of 4mM calcein in PBS (Invitrogen) for 30 min at 37 ºC. 
Calcein is transported only through the membrane of live 
cells and is commonly utilized to assess number of live 
cells (Sun et al., 2010). Calcein positive cells were imaged 
on an Olympus (Tokyo, Japan) upright BX microscope 
equipped with a Chroma GFP fi lter cube and a Leica 

Fig. 2. Representative plot of load cell voltage vs. applied strain for a bi-layered 
lap test. Schematics show bi-layered specimen initially (a), under shear (b), at 
initial failure (c), and completely failed (d).
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R3 camera. Photographs were processed using ImageJ 
(National Institutes of Health, Bethesda, MD, USA); 
they were thresholded and the total number of cells was 
counted. From each experimental well, fi ve fi elds of view 
were captured and counted. For each gel formulation at 
each time point, a total of 15 values were averaged and 
standard error calculated. The differences in the number 
of calcein positive cells were compared using paired t tests 
with p< 0.05 signifi cant. To determine whether cell number 
had increased over the duration of the culture period, the 
number of live cells on day 1 was compared to the number 
of live cells on day 7.

Results

Gel fabrication
Gels formed readily in both the Tefl on molds and cell 
culture dishes. Gels set in less than 5 min and evidence of 
crosslinking (appearance of dark blue color) was apparent 
within 2 h. Following the 24 h curing, crosslinked gels 
were very fi rm to the touch and easily removable from the 
Tefl on mold. Gels fabricated without genipin were more 
diffi cult to remove from the mold and more easily torn 
during handling.

Stiffness results from rheological testing
Rheological testing indicated that material properties 
of this genipin crosslinked fi brin gel follow power law 
relationships (c.o.d. = 0.84±0.28) with strain amplitude 
and frequency, the parameters of which are tuneable by 
varying fi brin concentration and genipin:fi brin ratio. The 
two way ANOVA showed that nearly all parameters were 
signifi cantly affected by fi brin concentration, genipin:fi brin 
ratio, and their interaction (p-values are summarized in 
Table 1, and parameter values are in Figs. 3 and 4), although 
some exceptions were found particularly for the strain 
sensitivity of several material parameters.
 Gels made with 250 mg/mL of fi brin and either 0.25:1 
or 0.5:1 genipin:fi brin appear to be the most suitable for 
mimicking the shear behavior of native tissue, as these 
samples were not signifi cantly different from human AF 
in any of the nine calculated parameters. The frequency 
sweep showed that genipin crosslinked fi brin gels generally 
demonstrate greater strain rate stiffening (increase in |G*| 
with increasing frequency) than the native tissue, with 
signifi cance achieved either without genipin or with 0.5:1 
genipin:fi brin at lower fi brin concentrations. Strain rate 
viscosity effects (change in δ with increasing frequency) 
were not signifi cantly different from native in any of the 
gel groups. The strain dependency exponents, β|G*| and βδ, 
were not signifi cantly different from native AF for most gel 

Fig. 3. Average frequency sweep model fi t parameters ± SEM for gels with varying fi brin concentrations and genipin 
to fi brin ratios. * indicates signifi cantly different from human AF (p<0.005).
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Fig. 4. Average strain sweep model fi t parameters ± SEM for gels with varying fi brin concentrations and genipin:fi brin 
ratios. * indicates not signifi cantly different from human AF (p<0.005).

Fig. 5. Images of calcein stained cells after 7 d grown on 200 mg/mL fi brin gel containing no genipin (A) or with a 
genipin to fi brin ratio of 0.25:1 (B). Inset of greater magnifi cation to highlight cytomorphology.

Frequency Strain
Modulus Phase Angle Modulus Phase Angle

G*|1Hz α|G*| δ1Hz α Γ |G*| Γ0 βG*| δ1% βδ
Fibrin <0.001 <0.001 0.080 <0.001 0.015 0.709462 <0.001 0.436 0.050

Relative 
Genipin <0.001 <0.001 0.008 <0.001 0.567 0.467944 <0.001 0.045 <0.001

Interaction 0.074 <0.001 0.541 0.018 0.995 0.546036 <0.001 0.352 0.088

Table 1. Two way ANOVA showing effects of fi brin and relative genipin concentrations on frequency and strain 
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groups. Both magnitude parameters, as calculated by both 
the frequency and strain sweeps, were signifi cantly lower 
in the gels without genipin at all fi brin concentrations.

Adhesion results from lap testing
The modifi ed lap test resulted in an average failure strain 
±SD of 26 ±7%. Detachment at the specimen-platen 
interface was not observed in any specimen. The mode of 
specimen failure was equally distributed between slippage 
of the gel-tissue interface and fracture of the gel itself.

Cell viability
Disc cells assumed a spindle morphology when grown on 
fi brin gel alone (i.e., a ratio of 0:1) that is typical when 
grown on tissue culture plastic (Fig. 5). When grown on 
the genipin containing gels, the disc cells assumed a round 
shape and did not exhibit cell processes extending across 
the surface of the gel. This difference was observed for 
all fi brinogen concentrations and genipin:fi brin ratios; the 
presence of genipin at these levels was suffi cient to alter 
the morphology.
 The number of live cells was quantifi ed and averaged 
across 15 fi elds of view for each condition. Graphs of 
the cell number over time show similar results for gels 
with fi brin concentrations of 200 or 250 mg/mL (Fig. 6). 
Between day 1 and day 7, the increase in cell number was 
statistically signifi cant (p<0.05) for all gels containing 
no genipin. On the crosslinked gels, we observed the cell 
number to be similar between days 1 and 3; however, 
multiplication between days 3 and 7 was more rapid and 
similar in speed to cells on the gels containing no genipin. 
For both 200 and 250 mg/mL gels, higher cells numbers 
were seen for genipin: fi brin ratios of 0.25:1 than for 0.5:1. 
Cell cultured on 300 mg/mL gels multiplied more slowly 
that those grown on 200 or 250 mg/mL, even in the absence 
of genipin. Statistical analysis showed that the increase in 
cell number between day 1 and day 7 was signifi cant for 
all the gels with a genipin:fi brin ratio of 0.25:1. However, 
for gels with a genipin: fi brin ratios of 0.5:1, only the 200 
mg/mL gel showed a signifi cant increase in cell number.

Discussion

In this work, we have been guided by the principle that an 
annular repair material should meet three specifi cations: 
have a modulus that matches the native annulus tissue, 
support the growth of disc cells, and maintain adhesion to 
tissue under physiological strain levels. We hypothesized 
that a genipin crosslinked fi brin gel could meet these 
requirements. Our mechanical results showed that genipin 
crosslinked fi brin gels could be created with a modulus 
in an appropriate range, and that genipin was required 
to achieve a modulus matching that of native AF tissue 
across a wide range of strain rates and amplitudes. By 
altering fi brin concentration and the genipin:fi brin ratio, 
the modulus of the gel is tuneable to specifi c applications. 
We also demonstrated that this material is compatible with 
the in vitro growth of human disc cells, when genipin:fi brin 
ratios were 0.25:1 or less. Lastly, the results of our lap tests 
demonstrated that genipin crosslinked fi brin gels remained 

adhered to pieces of annular tissue at physiological 
strains of 5-10% (Krismer et al., 1996; Costi et al., 2007; 
O’Connell et al., 2010) and failed at higher strains of 
15-30%.
 Cell viability testing demonstrated that the presence 
of genipin in the gels results in rounded cell morphology 
and slows cell proliferation. An elongated morphology 
and the presence of long cell processes are key features 
of AF cells in their native matrix (Errington et al., 1998). 
Because these processes are important for proper AF cell 
function (Errington et al., 1998; Bruehlmann et al., 2002), 
the ideal biomaterial should likewise facilitate this cell 
morphology. These results show that AF cells can survive 
and proliferate at a retarded but statistically signifi cant rate 
on gels with a genipin to fi brin ratios of 0.25:1 or less, yet 
the cell morphology was rounded. Further evaluation is 
required to evaluate if normal AF cell morphology can be 
achieved in the presence of this fi brin-genipin hydrogel in 
a 3D culture system that more closely represents in situ 
repair, or with lower genipin concentrations. Future studies 

Fig. 6: Graphs demonstrating the multiplication of cells 
on the crosslinked fi brin gels over time; cell number is 
per fi eld of view.
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are also warranted to evaluate the compatibility of this 
material for cells types where a rounded morphology is 
normal, such as for chondrocytes or stem cell condensation.
 An optimal material must simultaneously balance 
mechanical properties and adhesion, which are improved 
by the addition of genipin, with biological properties, 
which are improved by lowering genipin concentrations. 
In this work, our goal was to map out that design space by 
probing the limits of these two variables. Because these 
experiments determined levels at which cells could survive, 
but not thrive, we know now the maximum concentration 
and that lower levels will be preferable for cell survival and 
growth. Interactions between AF cells and their matrix are 
complex; in addition to the chemical make-up of the matrix, 
its stiffness, alignment, and surface chemistry, as well as 
time in culture, all affect cell attachment and morphology 
(Shao and Hunter, 2007; Yang et al., 2009; Attia et al., 
2011; Koepsell et al., 2011; Zhang et al., 2011). Thus, it is 
possible that the cell behavior seen in this work may derive 
from surface properties or culture time, rather than being 
solely a result of the genipin to fi brin ratio. The abnormal 
AF cell behavior could also be caused by the unique surface 
structure of the crosslinked gel. The presence of the genipin 
crosslinks may affect how cells adhere and spread upon 
the surface. However, other investigations have shown that 
genipin crosslinked scaffolds do support cellular growth 
(Mekhail et al., 2010), and we therefore hypothesize 
that the behavior of AF cells in the presence of genipin 
crosslinked fi brin gels will be improved in a more three 
dimensional culture environment, and/or with different 
concentrations. Future work will investigate properties of 
gels with lower genipin concentrations and the effect on 
cell viability and phenotype as well as the capacity of this 
crosslinked hydrogel to be used to augment adhesion of 
other biomaterials that may be better able to promote AF 
cell morphology and proliferation in situ.
 Another interesting phenomenon noted in the cell 
culture study was the tendency, in the gels containing 
genipin, for little cell proliferation in the first 48 h, 
following by a slow increase in cell number. While we did 
not specifi cally investigate a mechanism, two possibilities 
likely exist for this trend. Firstly, if any free genipin in 
the media was hindering cell growth, it would have been 
largely removed by the media change. Secondly, a number 
of cells may have died during seeding and a few days 
were required for cell number to rebound to initial seeding 
density. Only after this happened, could an increase in cell 
number become apparent.
 In this work, we primarily reported genipin concentration 
as the ratio of genipin to fi brin. Genipin crosslinks proteins 
(including fi brin) by binding amine groups on adjacent 
proteins; thus degree of crosslinking is dependent on the 
percentage of amine groups that are bound to a genipin 
molecule (Touyama et al., 1994; Yao et al., 2004). Unlike 
absolute genipin concentration, the ratio of genipin to 
fi brin gives us a relative measure of the extent of fi brin 
crosslinking. Additionally, our cell culture testing showed 
that rates of cell survival in gels depended upon genipin 
to fi brin ratios rather than absolute genipin concentration. 
For instance, a similar number of cells survived in the 200 
mg fi brin/mL gel with a genipin to fi brin ratio of 0.25:1 as 

in the 300 mg fi brin/mL with a ratio of 0.25:1 gels. This 
was despite the fact that the absolute genipin concentration 
was 1.5 times greater in the latter gel. We hypothesize that 
cell toxicity largely results from genipin which remains 
unbound to fi brin. Accordingly, gels with higher ratios 
of genipin to fi brin had larger amounts of free genipin, 
which resulted in fewer numbers of viable cells in these 
constructs. Overall, this indicates that the ratio of genipin to 
fi brin is a more relevant variable than the absolute genipin 
concentration.
 The results of rheological testing demonstrated power 
law relationships with both strain rate and amplitude for 
the genipin crosslinked hydrogel and for human AF tissue. 
Assessing these behaviors across a broad range of loading 
conditions is essential for determining an ideal material 
formulation for repairing the AF. The similarities of 
material constants of the hydrogel (of certain formulations) 
with human AF tissue demonstrates strong mechanical 
compatibility over a large range of frequencies and strain 
amplitudes. The shear modulus of the hydrogel depends 
on both the fi brin concentration and the ratio of genipin 
to fi brin. Increasing the fi brin concentration leads to an 
apparently linear increase in the modulus of the gels. 
Increasing the ratio of fi brin to genipin, however, does not 
lead to such a regular increase in modulus. Specifi cally, 
we found that, for a given fi brin concentration, modulus 
increases steeply from 0:1 to 0.25:1 genipin to fi brin; 
further increases in modulus were seen only when this ratio 
was substantially increased to 4:1 (data not shown because 
cells did not remain viable at this high genipin to fi brin 
ratio). Further exploration of mechanical behavior at lower 
genipin ratios may show that we can maintain mechanical 
properties while improving cell survival. Adjustments in 
fi brin concentration and/or the ratio of genipin to fi brin 
allow us multiple formulation options to create a gel with 
the desired modulus.
 Genipin crosslinked fi brin gels have met basic design 
requirements for acute annular repair as outlined above, 
although future work must focus on longer term behavior 
before these gels can be considered for clinical use. Most 
importantly, we must understand how the material might 
perform under long-term implantation conditions including 
characterizing both its fatigue life and its biodegradation 
profile. Additional bench testing should also include 
evaluating the gels performance within an intact vertebral 
motion segment. Genipin and fi brin’s history of use along 
with the cell viability data presented here suggest that 
this material has potential clinical utility. However, these 
data do not establish true biocompatibility or the specifi c 
effects of the gel on disc cell phenotype, which both need 
to be fully understood. Future cell culture studies focusing 
on gene expression will require the use of AF cells at the 
lowest possible passage since phenotypic changes have 
been observed when disc cells are cultured for extended 
periods (Chou et al., 2006). These in vitro tests cannot fully 
predict the mechanical or biological performance of these 
gels in vivo and so future evaluation in an animal injury 
model is needed.
 The biomechanical compatibility, “tunable” material 
properties, and strong adherence to native tissues 
demonstrate high utility of this biomaterial for AF repair 
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as well as potential repair of other tissues. The “tunable” 
nature of the mechanical properties indicates that we can 
maintain a desired modulus by simultaneously adjusting the 
fi brinogen content and the ratio of genipin to fi brin so that 
we can optimize the formulation of AF repair or potentially 
for other tissues with similar design requirements. The gel’s 
formulation can also be altered as we learn more about its 
degradation and fatigue behavior over time. For example, 
the gel could be augmented to improve its performance 
with enzymes to slow degradation. The relatively rapid 
set time of the gels also enables refi nement of delivery 
and application techniques. For example, the genipin 
crosslinked fi brin gel may be used as a sealant to repair 
punctures with injection techniques. The strong adherence 
of genipin crosslinked fi brin gel to human AF tissues 
further indicates the gel may be used for larger AF defects 
in combination with recently developed fi brous materials, 
creating a composite scaffold with excellent stiffness and 
adhesive properties (Mizuno et al., 2004; Chang et al., 
2007; Wan et al., 2007; Nerurkar et al., 2009). Additionally, 
the positive results of recent studies utilizing fi brin to repair 
IVDs (Allon et al., 2010; Buser et al., 2011) suggest that 
there could be signifi cant applications for an enhanced, 
stiffer fi brin-based material in the future. We conclude 
that genipin crosslinked fi brin gels are effective gap fi lling 
biomaterials with tunable material properties and strong 
adhesion to native tissues with substantial promise to be 
used as a sealant for small AF defects or as an adhesive to 
augment other biomaterials for larger AF repairs, although 
additional testing to evaluate safety and biocompatibility 
in situ are required.
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