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Abstract

Insufficient nutrient supply has been suggested to be one of the etiologies for intervertebral disc 

(IVD) degeneration. We are investigating nutrient transport into the IVD as a potential treatment 

strategy for disc degeneration. Most cellular activities in the IVD (e.g., cell proliferation and 

extracellular matrix production) are mainly driven by adenosine-5′-triphosphate (ATP) which is 

the main energy currency. The objective of this study was to investigate the effect of increased 

mass transfer on ATP production in the IVD by the implantation of polyurethane (PU) mass 

transfer devices. In this study, the porcine functional spine units were used and divided into intact, 

device and surgical groups. For the device and surgical groups, two puncture holes were created 

bilaterally at the dorsal side of the annulus fibrosus (AF) region and the PU mass transfer devices 

were only implanted into the holes in the device group. Surgical groups were observed for the 

effects of placing the holes through the AF only. After 7 days of culture, the surgical group 

exhibited a significant reduction in the compressive stiffness and disc height compared to the 

intact and device groups, whereas no significant differences were found in compressive stiffness, 

disc height and cell viability between the intact and device groups. ATP, lactate and the 

proteoglycan contents in the device group were significantly higher than the intact group. These 

results indicated that the implantation of the PU mass transfer device can promote the nutrient 

transport and enhance energy production without compromising mechanical and cellular functions 

in the disc. These results also suggested that compromise to the AF has a negative impact on the 

IVD and must be addressed when treatment strategies are considered. The results of this study will 

help guide the development of potential strategies for disc degeneration.

Introduction

Low back pain affects up to 85% of people in their lifetimes. This contributes to healthcare 

costs in the United States which exceeds $100 billion per year [1, 2]. One major cause of 
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low back pain is believed to be related to the degeneration of the intervertebral disc (IVD) 

[3, 4]. Since the IVD is the largest avascular tissue in human body, insufficient nutrient 

supply has been suggested to be one of the etiologies for disc degeneration [5, 6]. There are 

two major pathways for transport of nutrients into the IVD [7, 8]. The annulus fibrosus (AF) 

receives nutrients from capillaries in the soft tissues that surround at the edges of AF [9, 10]. 

The vertebral blood vessels are the main nutrient sources for the central region of the IVD 

which is the nucleus pulposus (NP) [11, 12]. The exchange of nutrients and metabolites in 

the IVD are mainly driven by concentration gradients [13]. This results in the central region 

of the IVD having lower levels of oxygen, glucose and other nutrients compared to the outer 

region [14, 15]. As long as the nutrient level remains above a vital threshold, the viability 

and functionality of the IVD can be maintained. When nutrient demand exceeds supply, it 

results in decreased cell activity level and may ultimately cause cell death [16, 17]. It is 

observed that calcification of the vertebral endplate with age causes a reduction in the 

nutrient level in the NP region [18–20]. This loss of nutrients is detrimental to cellular 

functions such as extracellular matrix (ECM) production and may ultimately result in disc 

degeneration. Addressing and supplementing nutrient supply could be one of the potential 

treatment strategies for treating or reversing disc degeneration.

Most of the cell activities in the IVD such as ECM production and maintenance are high 

energy demanding processes which require adenosine-5′-triphosphate (ATP) as fuel [21]. 

ATP also serves as a building block in the formation of UDP-sugars and 3′-
phosphoadenosine 5′-phosphosulphate (PAPS) for biosynthesis of proteoglycans (PG) [22, 

23] which are one of the major ECM components in the IVD. Additionally, ATP is an 

extracellular signaling molecule that mediates a variety of cellular activities through 

purinergic signal pathways [24–26]. Our previous study demonstrated that mechanical 

loading promotes ATP production and release from IVD cells [27] while extracellular ATP 

can modulate the ECM biosynthesis of IVD cells [28]. Since ATP plays an important role in 

maintaining the integrity and function of the IVD, chronic malnourishment and loss of ATP 

concentration may lead to cell death and ultimately IVD degeneration.

Recent studies have shown that several biomaterials implanted for closure of AF defects 

maintain the height and stability of the IVD [29–31]. Since there are ample nutrient supplies 

at the edges of AF due to blood supply, porous materials with high transport properties 

implanted in AF can be designed to facilitate transport of nutrients from the edge of AF into 

the NP region in order to promote cellular energy production. In addition, the importance of 

matching AF mechanical properties has been emphasized on developing successful 

biomaterials for AF repair [32]. Our previous study has systematically characterized the 

relationships between the transport and mechanical properties of polyurethane (PU) porous 

scaffolds and demonstrated that the PU porous scaffolds can exhibit higher transport 

properties and similar mechanical strength compared to AF tissues [33]. Therefore, the 

objective of this study was to investigate the enhancement of ATP production in the IVD by 

the implantation of porous PU scaffolds in the AF as a passive mass transfer device.
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Materials and Methods

Fabrication of PU mass transfer devices

The PU (polyurethane) mass transfer device was fabricated by a salt leaching/phase 

inversion method based on our previous study [33, 34]. The procedure is as follows: a PU 

solution of 25% (w/v) was prepared by dissolving PU pellets (Tecflex® SG-85A, Lubrizol, 

Wickliffe, OH) in N,N-dimethyl formamide (DMF; Sigma-Aldrich, St. Louis, Mo). Sodium 

chloride (NaCl; Sigma-Aldrich) crystals were ground and sieved to select sizes smaller than 

70 μm and were mixed with the PU solution at 9/1 (NaCl/PU) weight ratios. 

Polytetrahydrofuran (Sigma-Aldrich) was also added to the NaCl-PU mixture in 25% (v/v) 

volume ratio as a soluble filler to enhance the interconnectivity of the porous scaffolds. The 

mixed solution was well stirred and then injected into glass cylinder molds. Porous PU 

scaffolds were formed by submerging the cylinder molds in 65% of ethanol with 1% DMF 

via phase inversion for 48 hours. After separating from the molds, the porous PU scaffolds 

were rinsed in distilled water for 24 hours in order to remove NaCl crystals. After the rinsing 

step, the porous PU scaffolds (diameter: 2.5 mm, long: 25 mm) were preserved in PBS and 

utilized as mass transfer devices for the further experiments. The device length of 25 mm 

was chosen because of sufficient length (8 mm) in NP region and better manipulation during 

the insertion procedure.

Mass transfer device experiment

The lumbar spines were obtained from Yorkshire pigs of both sexes (age: 14~16 weeks; 

weight: 80~100 lbs.) within 2 hours of sacrifice (Department of Veterinary Resource, 

Miami, FL). Three functional spine units (FSUs) (L2 to L5) were isolated from each pig by 

making transverse cuts through the vertebrae by a sterile bone saw. The sectioned planes of 

vertebrae were sealed with bone cement (P.A.R. Brand Acrylic Resin, Wheeling, IL) in order 

to block nutrient diffusion pathway through endplate route and to simulate endplate 

calcification conditions. After washing with PBS containing 10% of antibiotic-antimycotic 

(Lonza, Walkersville, MD) and 100 μg/ml of gentamicin sulfate (Lonza) for 3 times, the 

FSUs from each pig were randomly divided into 3 experimental groups: intact, device, and 

surgical groups. For the device and surgical groups, two puncture holes (diameter smaller 

than 2.5 mm) were created bilaterally using sterile needles at the dorsal side of the AF 

region without removing tissue. The PU mass transfer devices were squeezed and implanted 

under a press-fit condition in the device group only (Figure 1a). All of the experimental 

groups were cultured in low glucose (1g/L) Dulbecco’s Modified Eagle Medium (DMEM, 

Invitrogen, Carlsbad, CA) containing 1% of antibiotic-antimycotic and 50 μg/ml of 

gentamicin sulfate. After 7 days of culture, a transverse cut was made at the mid-disc height 

of the FSUs to expose the NP and AF regions. Tissue samples (~25mg) were harvested from 

three different locations (AF, peripheral NP and central NP regions) along PU mass transfer 

devices in the device group and the same locations in the intact group (Figure 1b). 

Additionally, the sealing effect of PU mass transfer devices was examined before and after 7 

days of culture. The FSUs with implantation of PU transfer device were incubated in the 

PBS containing 1 mg/ml Fluorescein (Sigma-Aldrich) for 36 hours. A transverse cut was 

made at mid height of the FSU and fluorescence images were captured using the 

BioSpectrum imaging system (UVP, Upland, CA).
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Disc height measurement

The disc height of each group (n=11) was measured from endplate to endplate at 3 different 

random locations by a digital caliper (Mitutoyo 500-196-20, Aurora, IL, accuracy ± 0.025 

mm) before and after 7 days of culture.

Mechanical testing

Uniaxial compressive tests were performed to determine the compressive structural stiffness 

of the IVD before and after 7 days of culture based on the protocol described previously 

[30]. A custom-made loading system developed in our laboratory [27] was used for the 

compressive tests. The FSUs from each groups (n=8) were first applied with a compressive 

preload of 0.5 kg, followed by a dynamic compressive strain of 5% with a frequency of 0.1 

Hz. The 25th loading cycle was used to determine the compressive stiffness which was 

calculated by a linear regression of the load-displacement curve between 60% and 100% of 

the maximal load [30].

Glucose measurement

The tissue samples harvested from the intact and device groups were analyzed for glucose 

concentration (n=8). Tissue samples (~25 mg) were boiled for 5 minutes with 500 μl of 3 

mM EDTA (Sigma-Aldrich). After addition of 500 μl PBS solution containing 250 μg/ml of 

papain (Sigma-Aldrich) and 10 mM of EDTA, the samples were incubated in the heater at 

65°C for 16 hours [35]. Next, the glucose concentration was measured by the glucose (GO) 

assay kit (Sigma-Aldrich). The tissue digestion solutions of 50 μl were first mixed with 100 

μl of the assay reagent and incubated at 37 °C for 30 mins. After the incubation, 100 μl of 

sulfuric acid (VWR, Radnor, PA) was added and the absorbance was measured at 540 nm by 

a multimode detector (DTX880, Beckman Coulter, Brea, CA). Tissue density was measured 

using a density determination kit and an analytical balance (Sartorius, Germany) for 

calculation of tissue volume [36]. Glucose concentration was calculated by dividing the 

glucose content by tissue volume.

Cell viability

The tissue samples (n=5) from peripheral NP location in the intact and device groups were 

analyzed for cell viability. The Hoechst 33258 dye (Polysciences, Warrington, PA.) was used 

to identify the total number of cells and ethidium homodimer-1 (Biotium, Fremont, CA) was 

used for dead cell staining [37]. The images were analyzed by ImageJ software for cell 

counting.

ATP measurement

A modified phenol extraction method combining the luciferin-luciferase assay (Sigma-

Aldrich) were utilized for ATP measurement (n=13) [38]. Tissue samples (~25 mg) from 

peripheral NP location in the intact and device groups were first homogenized with 500 μl of 

water saturated phenol (Sigma-Aldrich), and then mixed with 500 μl of chloroform (Sigma-

Aldrich) and 300 μl of de-ionized water. The mixed solution was thoroughly shaken for 20 

secs and centrifuged at 13000 rpm for 10 min at 4 °C. The supernatants were diluted 1000-

Wang et al. Page 4

Ann Biomed Eng. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fold with de-ionized water and mixed with the assay reagent with 1 to 9 volume ratio and the 

luminescence was measured immediately by the multimode detector.

Lactate measurement

Lactate measurement was based on the protocol described in our previous study (n=13) [39]. 

A lactate reaction reagent was made by dissolving 5 mg/mL of β-nicotineamide adenine 

dinucleotide (Sigma-Aldrich), 0.2 M glycine buffer (Sigma-Aldrich) and 22.25 units/mL of 

L-lactic dehydrogenase (Sigma-Aldrich) in de-ionized water. Tissue samples (~25 mg) from 

peripheral NP location in the intact and device groups were digested with papain as 

described in the section of glucose measurement. The tissue digestion solutions were mixed 

with the lactate reaction reagent with 1 to 1 volume ratio, and the absorbance of 340 nm was 

measured by the multimode detector.

PG measurement

PG content was quantified by using the dimethylmethylene blue (DMMB) dye-binding 

assay which was described in our previous study (n=13) [28]. Tissue samples (~25 mg) from 

peripheral NP location in the intact and device groups were digested with papain as 

described in the section of glucose measurement. The tissue digestion solutions were diluted 

11-fold with deionized water and mixed with DMMB dye solution with 1 to 20 volume 

ratio, and the absorbance of 525 nm was measured by the multimode microplate reader 

(SpectraMAx M2, Molecular Device, Sunnyvale, CA). The PG content was normalized by 

tissue weight.

DNA measurement

The extraction and digestion solutions for ATP and lactate measurements were also 

examined for DNA content (n=13). The Hoechst 33258 fluorometric assay was used for the 

DNA content measurement [35]. In brief, 20 μl of sample solution was first mixed with 200 

μl of working solution which contained 0.15 μg/ml of Hoechst dye, 100 mM Tris (Bio-Rad, 

Hercules, CA), 1 mM EDTA and 0.2 M NaCl. The DNA content was measured by the 

multimode microplate reader with excitation at 365 nm and emission at 458 nm.

Statistical analysis

A one-way ANOVA followed by a Bonferroni post-hoc test was performed to analyze 

differences in compressive stiffness reduction and disc height changes among three 

experimental groups. A paired t-test was also performed to analyze differences in disc height 

changes of each experimental group before and after 7 days of culture. For glucose 

concentration, a one-way ANOVA followed by a Bonferroni post-hoc test was also 

performed to analyze the differences among harvest locations. The ATP and lactate contents 

were normalized by the DNA content, and then each of device groups was normalized by its 

respective intact group. The student’s t-test was performed to analyze differences in glucose 

concentration, cell viability, and ATP, lactate, PG and DNA contents between the intact and 

device group. The statistical analyses were performed using SPSS software (IBM, Chicago, 

IL). A p < 0.05 was considered statistically significant.
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Results

Tissue-device sealing condition

After 7 days of culture, the length of PU mass transfer device outside the AF region 

remained 10 mm which represented no extrusion was observed (Figure 2a). In the sealing 

test, the results from day 0 and 7 showed that fluorescent solution diffused into the disc via 

the PU mass transfer device and there was no leaking at the boundary between the device 

and AF region after 36 hours of incubation (Figure 2b). The puncture holes in device group 

were still tightly sealed by the PU mass transfer devices.

Disc height

A significant increase in disc height was seen in the intact and device groups (9.04 ± 7.64 % 

and 5.63 ± 5.78 %, respectively) whereas disc height significantly decreased in the surgical 

group (−2.99 ± 4.06 %) (intact and device: p < 0.01; surgical: p = 0.032). When comparing 

disc height change among three experimental groups, the surgical group was significantly (p 

< 0.01) different from other two groups whereas no statistical difference was found between 

the intact and device groups (Figure 3e).

Compressive stiffness

Generally, the compressive stiffness was reduced for three experimental groups after 7 days 

of culture (Figure 3 and Table 1). When comparing among three groups, a significant 

reduction was found in surgical group (47.8 ± 14.8 %) (surgical-intact: p = 0.012; surgical-

device: p = 0.019). In addition, there was no statistical difference between the intact and 

device groups. (29.7 ± 9.5 % and 30.8 ± 8.2 %, respectively) (Figure 3a–d).

Glucose concentration

The glucose concentration at central NP, peripheral NP and AF region was showed in figure 

4. A gradually decreasing of glucose concentration from AF to central NP region was found 

in both experiment groups. There was no statistical difference between intact and device 

groups at three harvest locations after 7 days of culture. However, a slight increase of 

glucose concentration was still exhibited at NP region in device group.

Cell viability and DNA content

No significant differences were found in cell viability staining between the intact and device 

groups (90.14 ± 2.73 % and 89.16 ± 2.22 %, respectively) with both groups showing high 

cell viability after 7 days of culture (Figure 5). Similar DNA contents were found in tissue 

samples using the phenol and papain extraction methods. No statistical differences were 

seen in DNA content between the intact and device groups (phenol: 1 ± 0.42 and 0.98 ±0.44; 

papain: 1 ± 0.42 and 0.97 ± 0.45, respectively).

ATP, lactate and PG contents

With PU mass transfer device implanted for 7 days, the ATP content in the NP region was 

significantly higher in the device group than the intact group (intact: 1 ± 0.55; device: 2.71 

± 1.83) (p < 0.01) (Figure 6a). Similarly, the device group exhibited significantly higher 
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lactate (intact: 1 ± 0.46; device: 1.93 ± 0.92) and PG contents (intact: 33.41 ± 5.73 μg/mg; 

device: 37.69 ±2.3 μg/mg) in the NP region than the intact group (lactate: p < 0.01; PG: p = 

0.024) (Figure 6b and 6c).

Discussion

This study investigated the effect of PU mass transfer device implantation on the metabolism 

of ATP and ECM in the porcine IVD after 7 days of culture. It was found that implantation 

of PU mass transfer devices increased the production of ATP and PG in the IVD while 

avoiding negative effects of the PU mass transfer devices on the structural stiffness and 

height of the IVD. This is the first study to demonstrate the feasibility of enhancing the 

production of energy and ECM in the IVD by implanting porous mass transfer devices 

through the AF.

ATP not only serves as an energy source but also a building block for PG biosynthesis [22, 

23]. The activities of maintenance and repair of articular cartilage ECM are strongly 

associated with cell energy storage while the ECM biosynthesis rates are closely related to 

the availability of ATP [40, 41]. Johnson et al. has reported that intracellular ATP levels 

decline during the development of spontaneous knee osteoarthritis in guinea pigs, indicating 

that depletion of ATP is associated with cartilage degeneration [42]. Furthermore, our 

previous study showed that extracellular ATP promotes the ECM production of IVD cells in 

agarose gel culture [28]. Those results suggested that ATP production may play an important 

role in maintaining the healthy ECM structure of the IVD. In this study, with the 

implantation of PU mass transfer device, the ATP and PG contents were found to be 

significantly increased at NP region, suggesting that implanting porous mass transfer devices 

can promote nutrient transport and enhance ATP and ECM production, which has the 

potential to slow down disc degeneration.

Glycolysis is the process that the cells breakdown glucose into pyruvate and produce ATP. 

During aerobic conditions, pyruvate enters the mitochondria and more ATP is produced by 

the Krebs cycle and the electron transport chain. In the anaerobic respiration pathway, 

pyruvate is oxidized into lactate without ATP production. Previous studies have suggested 

that ATP is predominantly generated in IVD cells by glycolysis due to hypoxic conditions in 

the IVD [18, 43, 44]. In this study, both ATP and lactate contents were found to be 

significantly higher at the peripheral NP region in the device group compared to the intact 

group, suggesting that the increase in ATP content results from the augmentation of the 

glycolysis process. In addition, the glucose consumption rate can be described by the 

Michaelis-Menten Kinetics [44] in which the glucose consumption is highly sensitive to 

glucose concentration at low glucose levels. It explains that the device group exhibited 2.7 

fold higher ATP content with only a slight increase in glucose concentration compared to the 

intact group.

Previous animal studies showed that needle puncture injury significantly altered the 

mechanical properties of the IVD and resulted in degenerative changes when the ratio of the 

needle diameter to disc height is greater than 0.4 [45–47]. A large needle puncture may 

cause the change of mechanical behaviors of IVD by damaging the AF structure and 
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depressurizing the NP. Changes in the mechanical microenvironment may also result in 

degenerative responses in IVD cells, such as catabolic, apoptotic and inflammatory activities 

[48–51]. In this study, the ratio of the needle diameter to disc height was greater than 0.4. 

When comparing the structural stiffness and disc height among experimental groups after 7 

days of culture, significant reductions in disc height and structural stiffness were found in 

the surgical group which had defects created in the AF without implantation of mass transfer 

devices. The findings of the loss of disc height and structural stiffness are consistent with 

previous studies [30, 45]. In the device group, there was some loss of height, but minimized 

compared to the surgical groups. Therefore, proper repair of AF structural damage could 

maintain the mechanical function of the IVD and prevent or slow the development of disc 

degeneration. Likhitpanichkul et al. has demonstrated on bovine IVDs that sealing large AF 

defects by fibrin-genipin hydrogel can diminish the NP depressurization and restore the 

integrity of the AF structure [30]. Similarly, in our study, the PU mass transfer device serves 

a sealant or plug which repairs AF damage caused by the impanation procedure and 

maintains the mechanical function of the IVD.

Since there is generally an inverse relationship between the mechanical and transport 

properties of porous materials [33], seeking the balance between those properties is the key 

to developing mass transfer devices for the IVD. In our previous study, the mechanical and 

mass transport properties of the PU mass transfer device have been systematically 

characterized [33]. With the current fabrication protocol, the compressive modulus of the PU 

mass transfer device is about 0.15 MPa which is similar to the aggregate modulus of porcine 

AF tissue [52]. Since an AF defect can alter the local mechanical environment [53], which 

may have a negative influence on IVD cells at the defect region [48], one of design criteria 

of biomaterials for repairing IVD is mechanical similarity to native IVD [32]. Therefore, 

with the mechanical strength similar to the AF, the PU mass transfer device used in this 

study may minimize the mechanical effects of an AF defect on IVD cells. In addition, the 

permeability and glucose diffusivity of the PU mass transfer device are about 106 and 5 

times higher than intact AF tissue respectively [54]. With a higher diffusivity, the PU mass 

transfer device provides a minimally restricted route for nutrients to diffuse into the IVD, 

which is shown in this study. Also, dynamic compressive loading can promote solute 

transport in the IVD [55]. By taking advantage of IVD mechanical loading conditions, such 

load-enhanced transport mechanism may further promote nutrient delivery via implanted 

deformable permeable passive mass transfer devices. Therefore, with proper mechanical and 

transport properties, the PU mass transfer device could prevent detrimental changes in 

mechanical environment of IVD cells due to defect and also facilitate nutrient supply to 

maintain the biological function of IVD cells.

Previous studies have shown promising results in the biological treatments in degenerated 

disc such as with cell transplantation or with the injection of growth factors [56–60]. 

However, most of the previous studies used small animals which cannot simulate the 

conditions of nutrient loss in degenerated human IVDs. The main purpose of the biological 

treatments (e.g., injection of growth factors and/or cells) is to promote ECM production and 

to increase cell proliferation [61, 62]. Therefore, the biological treatments will increase the 

demand for nutrients and worsen the conditions of nutrient loss or low ATP concentration in 

the disc or NP. The mass transfer device can be used to provide additional nutrient supply 
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during novel biological treatments. Hence, utilizing PU mass transfer devices may help 

supplement the biological treatments for degenerated discs to achieve successful outcomes.

One of the limitations in the current study is that only the compressive stiffness was 

evaluated for the mechanical function of the IVD. Since bending and twisting also are two 

important motions to spine segments, further experiments are needed to investigate the 

tensile and torsional biomechanical behaviors. In addition, since the biomechanical and 

biochemical responses of healthy and degenerated discs to needle punctures may be 

different, the findings of this study need to be further verified with degenerated discs. 

Furthermore, distribution of nutrients in the disc was size dependent. To have a consistency 

of disc size, only three FSUs from L2 to L5 were utilized for the experiments. It limits the 

number of control groups in our study. Different control groups such as with implantation of 

non-porous devices or without bone cement sealing will be considered in our future studies. 

The implantation site of PU mass transfer device was from the dorsal side of AF region 

which is similar to the location of entry through the AF during the lumbar discogram 

procedure. One could use a percutaneous procedure similar to a discogram to insert the PU 

mass transfer devices through the dorsal AF in discs demonstrating degeneration to attempt 

to arrest disc degeneration from nutrient loss. During daily living, the human lumbar spine 

withstands compressive loads of high magnitudes [63] which may cause migration and 

deformation of implanted devices [29]. In this study, no static or dynamic loading was 

applied to FSUs during 7 days of culture. Therefore, future long term studies are needed to 

examine the effects of physiological compressive loading on PU mass transfer devices as 

well as potential integration between tissue and device.

Conclusion

In summary, this study demonstrated the enhancement of energy (ATP) and ECM production 

in the IVD by utilizing the PU mass transfer devices. In addition, the compressive stiffness 

and height of the IVD were not affected by implantation of PU mass transfer devices after 7 

days of culture. Placing the PU mass transfer device helped to slow loss of disc height when 

compared to the surgical groups with AF defects only. The results of this study will help in 

the development of novel treatment strategies for disc degeneration.
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Figure 1. 
(a) Schematic of FSU preparation with PU mass transfer device. (b) Locations of PU mass 

transfer devices implantation and tissue harvest sites including central NP, peripheral NP and 

AF regions.
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Figure 2. 
(a) The typical image of tissue-device boundary at day 0 and day 7. (b) The typical 

fluorescence image of the mid-height cross section of the IVD from day 0 after 36 hours of 

incubation with PBS containing Fluorescein.
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Figure 3. 
The typical force-displacement curves from the compressive tests of (a) intact, (b) device 

and (c) surgical groups. Comparison of (d) compressive stiffness reduction and (e) disc 

height change among the experimental groups. (* indicate p-value <0.05)
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Figure 4. 
Comparison of the glucose concentration at central NP, peripheral NP and the AF regions 

between the intact and device groups. (* indicate p-value <0.05)
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Figure 5. 
The typical cell staining of the intact and device groups.
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Figure 6. 
Comparison of the (a) ATP, (b) lactate and (c) PG contents between the intact and device 

groups. (* indicate p-value <0.05)
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Table 1

The compressive stiffness of the porcine IVD from the intact, device and surgical groups at day 0 and 7.

Compressive Stiffness (N/μm) Day 0 Day 7

Intact 1406.2 ± 555.1 959.8 ± 315.4

Device 1440.6 ± 500.4 977.6 ± 343

Surgical 1292.4 ± 518.1 650.9 ± 236.6
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