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ABSTRACT

Bovine nucleus pulposus decellularization using 
freeze drying technique to form 

a biological scaffold

Romaniyanto1, Raden Andhi Prijosedjati1, Rieva Ermawan1, 
Fikar Arsyad Hakim2, Saddalqous3*

Introduction: As much as 40% of low back pain patients are caused by degenerative disc disease. The current treatments are 
fusion stabilization and total disc replacement, which have a risk for adjacent segment disease. These suboptimal results have 
become the beginning of the development of regenerative therapy. The success of this therapy will increase if the scaffold 
meets the ideal conditions. Biological scaffolds provide a cell growth environment that resembles the original tissue. Bovine 
intervertebral nucleus pulposus can become promising scaffolds.
Objective: This research describes the proper freeze-drying approach for decellularizing bovine nucleus pulposus to create 
a biological scaffold.
Methods: We conducted an experimental post-test control design study using bovine coccygeal nucleus pulposus material. 
All treatment groups underwent freeze-drying with Buchi Lyovapor™ L-200/L-200 Pro. All groups were evaluated for the level 
of decellularization using the Quick-DNA™ Miniprep Plus Kit (Zymo Research®) and remaining glycosaminoglycan levels by 
Alcian Blue staining.
Results: Comparison of DNA concentrations obtained p-values respectively <0.0001 (p <0.05), which means that all the 
treatments showed a decrease in DNA concentration compared to the control group. The comparison of the glycosaminoglycan 
percentage between the P1 vs. Control group obtained a value of p=0.381 (p>0.05), which means that the glycosaminoglycan 
percentage results for the P1 group were not significantly different from the control group.
Conclusion: This study of group P1 showed that decellularization of the bovine nucleus pulposus by freeze-drying technique 
can form an excellent biological scaffold.
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INTRODUCTION
Low back pain (LBP) is a complaint 
experienced by 80% of adults1. In 
Indonesia, one-third of the population 
has LBP; the age group is 50-59 years2. As 
much as 40% of the total LBP patients are 
caused by DDD3,4,5. Generally, patients 
with severe pain or neurological disorders 
will be treated with surgery. Surgical 
therapy itself has many options. One of 
the treatments is fusion stabilization6. 
However, within a certain period, fusion 
will be a risk for adjacent segment disease 
(ASD)5. Fusion stabilization will also 
reduce the spine’s range of motion. Even 
a total disc replacement does not rule out 
the possibility of ASD7.

The suboptimal results from existing 

treatment modalities have become 
the beginning of the development of 
regenerative therapy with the hope that 
its application in DDD patients can 
restore the structure and function of 
the intervertebral disc (IVD)8. There are 
three main components in regenerative 
therapy: stem cells, growth factors, and 
scaffold9,10,11,12,13,14. The possibility of 
success of regenerative therapy will increase 
if the scaffold meets the ideal conditions 
and is carried out using appropriate 
tissue engineering techniques15,16. The 
scaffold must have good biocompatibility, 
sufficient porosity, and be similar to 
natural IVD, both in structure, biological 
and mechanical properties17,18.

There are two types of scaffolds: 
biological and synthetic. The ideal 

biological scaffold has a similar extracellular 
matrix (ECM) content to the original 
tissue, an advantage over synthetic ones. 
Another condition is that the biological 
scaffold must have no cells or optimal 
decellularization. This avoids toxicity to 
the stem cell culture and prevents host 
immune rejection during implantation15,17. 
Bovine intervertebral discs are believed to 
have promising potential in regenerative 
therapy due to their biological similarity 
to human IVD. The disc also has a higher 
glycosaminoglycan (GAG) content than 
humans, so after decellularization, the 
matrix component of the NP can maintain 
GAG at its critical value18.

This research describes the proper 
freeze-drying approach for decellularizing 
bovine NP to create a biological scaffold. 
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Table 1.	 Comparison of previous research and current research regarding the formation of the intervertebral disc 
scaffold

No Study Results Difference To Current Research
1 Elder et al. 200919 1. Formation of the scaffold from bovine joint

cartilage
2. Chemical decellularization
3.	 DNA	 in control 6405ng/mg, 

decellularization yield 4642ng/mg
4.	 GAG	 in	 control 0.17mg/mg, GAG	 i n 

control 0.17mg/mg

The scaffold is formed from NP bovine 
Decellularization is done by freeze drying 
(physical)

2 Mercuri et al.
201120

1. Scaffold formation from porcine NPs
2. Decellularization chemically	and physically
3. Succeeded in reducing DNA by (97.55-98.44)%
4. There was a reduction in GAG of 41–49%

The scaffold is formed from NP bovine 
Decellularization is done by freeze drying 
(physical)

3 Chan et al. 201321 1. Scaffold formation of bovine DIV
2. Scaffold in the form of endplate-to-endplate
3. Chemical decellularization
4. Successfully reduced 71% of cells
5. GAG composition reduced by 3% (NP) and

15.6% (AF)

Consists only of bovine	 NP components 
Decellularization is done by freeze drying 
(physical)

4 Fernandez et al.
201615

1. Scaffold formation from bovine NP
2. Decellularization chemically	and physically
3. DNA reduced by 73.2%,  73.6%, and 

92.77%
4. GAG reduced by 67.9%,	69.1%,	 and 69.6%

Decellularization is done by freeze drying 
(physical)

5 Norbertczak et al. 
202022

1. Scaffold formation of bovine DIV
2. Scaffold in the form of endplate-to-endplate
3. Chemical decellularization
4. There was no significant difference in the

amount of DNA and GAG in NPs before and
after decellularization

It consists only of	 NP
components Decellularization is done by freeze 
drying (physical)

It provides an overview of bovine 
intervertebral disc NP using the freeze-
drying method after decellularization. 
The table below compares previous and 
current research regarding the formation 
of the intervertebral disc scaffold.

MATERIALS AND METHODS
Bovine Intervertebral Disc
This experimental post-test control 
design uses bovine intervertebral disc NP 
taken at the coccygeus level, especially 
at coccygeus discs (Cc) 1-2, 2-3, and 
3-4. The bovines used are ≤ four years
old, have no morbidity, have no history
of injury, and were taken from official
slaughterhouses23,24,25. This step begins
with separating the disc from the bone
using a sharp scalpel to avoid damaging
the disc structure too much. Then, the
NP sample will be separated from the disk
material. A total of 24 bovine IVDs were
used, determined based on the Federer
formula.

Specimens will be divided into four 
groups, namely: control group; treatment 

group 1 (P1), freeze-drying NP; treatment 
group 2 (P2), NP were subjected to freeze 
drying and washing with Phosphate 
Buffered Saline (PBS) solution; lastly, 
treatment group 3 (P3), NP without 
isolation from discs material undergo 
freeze drying and washing with PBS. The 
control group will be stored at 200C, while 
the treatment group will be fixed with 
ethanol liquid. See Figure 1.

Freeze Drying
The freezing process begins with the 
materials entering the freezer at -80C for 
60 minutes until the sample is completely 
frozen, indicated by the appearance 
of shiny and iced flowers on the NP 
structures (Figure 2). The sample will 
undergo a drying stage (sublimation and 
evaporation) shortly after. The frozen 
material is put into the Buchi Lyovapor™ 
L-200/L- 200 Pro. It is set at a temperature

Figure 1. 	 Structure the intervertebral discs Cc 1, 2, and 3 separated from the cow’s tail 
(A). The NP structure maintains its integrity after being separated from the 
disc (B).

http://dx.doi.org/10.51559/jiscm.v4i1.54
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of -5C. The pressure used is 0.15 mBar. 
This process was maintained for 12 hours 
to obtain dry materials resembling freeze-
dried cake (Figure 3).

Twelve samples for groups P2 and 
P3 will undergo a washing step with 
PBS solution. The sample is put into a 
cylindrical container and immersed in 
PBS solution. Then, it was put into a shaker 
with a temperature setting of 4C and a 
rotation of 100 rpm. This step was carried 
out for 48 hours with the PBS solution 
replaced every 3rd, 9th, 24th, 27th, and 
33rd hour21.

Evaluation of Decellularization
DNA isolation was carried out using the 
Quick-DNA™ Miniprep Plus Kit (Zymo 
Research®). DNA solution can be stored at 

temperatures ≤ -20C. The DNA isolation 
results will be measured quantitatively 
using UV-Vis Spectrophotometry. 
Next, the computer software will 
calculate the results of DNA purity at 
wavelengths 260/230, 260/280, and DNA 
concentrations.

Evaluation of GAG Content
After AB staining, all preparations were 
observed under an Olympus CX23® 
microscope with 200x magnification. 
Quantitative data was obtained with Image 
J® software, which can convert image 
quality into a percentage of the observed 
material content of GAG. The percentage 
of GAG density in each field of view can 
be obtained from the AB staining gradient 
representing GAG in the preparation.

Data Processing
The data obtained was subjected to 
the Shapiro-Wilk test to determine 
the normality of the data distribution. 
Furthermore, the Levene test was carried 
out to determine the homogeneity of the 
data. However, the data distribution is not 
homogeneous; a Brown-Forsythe test was 
conducted. Next, a post hoc test using the 
Tamhane test was carried out to determine 
the relationship between one treatment 
and another. This data processing step 
is done for both dependent variables 
using SPSS 26 software. This research 
hypothesizes that decellularizing bovine 
nucleus pulposus using freeze-drying 
techniques can form a biological scaffold.

RESULTS
DNA levels in the NP decellularization 
group with freeze drying (P1) action 
obtained the highest average value of 3.85 ± 
0.70 ng/ul, then in the NP decellularization 
group with freeze drying + washing action 
PBS solution (P2) got the lowest average 
value of 1.05 ± 0.35 ng/ul, and in the NP 
decellularization treatment group without 
isolation from discs by freeze drying + 
washing action PBS solution (P3) got an 
average value of 1.30 ± 0.21 ng /ul.

The Brown-Forsythe test results 
obtained a p-value <0.0001, which 
was significant at p<0.05. These results 
indicated a significant effect between the 
treatments on DNA levels. The P2 action 
group eliminated most of the DNA from 
the matrix, followed by the P3 treatment 
group. Look at Table 2.

In order to determine partial differences 
between treatment groups, Tamhane’s 
Post Hoc Multiple Comparisons test 
was carried out. A comparison of DNA 
concentration between groups P1 and P2 
yielded a value of p=0.116 (p>0.05), which 
means there was no significant difference 
in DNA concentration levels between 
groups P1 and P2. Group P1 vs. P3 got a 
value of p=0.176 (p>0.05), which means 
that there is no significant difference in 
DNA concentration levels between groups 
P1 and P3, and the comparison of groups 
P2 vs. P3 obtained a value of p = 0.993 (p> 
0.05), which means there is no significant 
difference in DNA concentration levels 
between groups P2 and P3.

Figure 2.	 shows the sparkling structure and the appearance of frost on the material.

Figure 3. 	 The final result of freeze-drying is that the material is dry and resembles a 
freeze- dried cake.

http://dx.doi.org/10.51559/jiscm.v4i1.54


15Published by Surgical Residency Program Universitas Syiah Kuala | JISCM 2024; 4(1): 12-17 | DOI: 10.51559/jiscm.v4i1.54

ORIGINAL ARTICLE

DISCUSSION
Intervertebral disc (IVD) degeneration is 
one of the primary causes of low back pain 
(LBP). IVD degeneration is characterized 
by changes in cell populations and 
subsequent loss of extracellular matrix 
(ECM) from the nucleus pulposus (NP), 
which results in dehydration. Finally, 
degenerative disc disease (DDD) occurs. 
Until now, the therapy that can be given 
is only a therapy that eliminates the 
symptoms caused by the DDD condition1.

Alternative therapies for spinal 
fusion are increasingly needed. The 
current artificial discs are not intended 
to produce tissue remodeling. Tissue 
engineering offers a method for designing 
biomaterials to aid biological IVD tissue 
regeneration. Because current surgical 
procedures focus solely on the symptoms 
associated with IVD degeneration, tissue 
engineering offers many strategies to 
prevent and possibly cure degenerated 
discs by promoting tissue repair. Tissue 
engineering promotes tissue regeneration 
using scaffold biomaterials, stem cells, and 
growth factors21,22.

In regenerative therapy, especially in 
tissue engineering, a scaffold is essential to 
help cell proliferation, differentiation, and 
biosynthesis26. Scaffolds also help maintain 
cells in desired locations, providing 
mechanical properties and biochemical 
signals to surrounding tissues to facilitate 
and guide cell growth27. A scaffold must 
meet several criteria, including being 
biocompatible, biodegradable, having a 
three-dimensional structure, and having 
mechanical properties resembling the 
place of implantation9,28. In addition, 
the scaffold must allow cells to associate, 
differentiate, and proliferate. More 
specifically, the scaffold can be injected to 
allow minimally invasive surgery aimed at 
regenerative intervertebral disc therapy, 
thereby preventing damage to the annulus 
fibrosus29.

These biomaterial structures should not 
elicit rejection from the immune response, 
have a structure similar to native tissue, 
be biocompatible and biodegradable, and 
exhibit mechanical properties similar 
to biological tissue after successful 
regeneration. Many existing biomaterials 

Table 2. 	 Simultaneous different tests (Brown-Forsythe) of DNA concentration 
based on treatment preparation groups

Figure 4. 	 An example is a photo of the preparation under a microscope with 200x 
magnification after AB staining. (A) Control group. (B) P1 group. (C) P2 
group. (D) P3 group. Red arrows indicate micropores. The P1 group has 
more prominent and more pores. The blue color that spreads represents the 
distribution of GAG for each preparation. The darker blue color indicates the 
focus of the GAG.

Table 3. 	 A simultaneous difference test (Brown-Forsythe) of GAG percentage 
was performed based on treatment preparation groups

The percentage of GAG density in each 
field of view can be obtained from the AB 
staining gradient representing GAG in 
the object. The following is a photo of the 
preparation under the microscope (Figure 
4).

Examining the percentage of GAG in 
the control group obtained the highest 
average value, namely 90.98 ± 2.78. The NP 
decellularization group with freeze drying 
(P1) action obtained an average value of 
84.44 ± 5.06. Then, the P2 group got the 
lowest average value of 74.28 ± 4.52; in 
the P3 treatment group, the average value 
was 74.63 ± 2.72. The statistical test results 
obtained a value of p=<0.001 (p<0.05), 
which means there was a significant 

difference in the percentage levels of GAG 
between the control group, P1, P2, and P3 
simultaneously (Table 3).

A comparison of the percentage of 
GAG between groups P1 and P2 showed 
a value of p=0.183 (p>0.05), which means 
there is no significant difference in the 
percentage level of GAG between groups 
P1 and P2. Then P1 vs. P3 got a value of 
p=0.123 (p>0.05), which means There 
was no significant difference in GAG 
percentage levels between groups P1 and 
P3. The P2 vs. P3 comparison obtained a 
value of p=1,000 (p>0.05), which means 
there was no significant difference in GAG 
percentage levels between groups P2 and 
P3.

http://dx.doi.org/10.51559/jiscm.v4i1.54
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have demonstrated biocompatibility, but 
the newly developed materials at least 
meet the <50 ng dsDNA requirement per 
mg ECM30. The ideal scaffold has pores to 
provide cell attachment and tissue growth 
while allowing the diffusion of nutrients 
and metabolic waste. The porous structure 
should allow space for the ECM to be 
ejected and eventually form a network 
similar to normal, original IVD tissue.

The results of this study are that 
decellularization of the bovine nucleus 
pulposus by freeze drying technique can 
form a biological scaffold. The freeze-
drying technique can reduce DNA to 
the most minor 0.20 ug/mg matrix 
concentration. This technique can also 
maintain GAG in the matrix until it is only 
reduced by ± 16% from the control group. 
The following describes a comparison of 
techniques and results of decellularization 
from previous studies.

The partial test stated no significant 
difference between the P1, P2, and P3 
groups. The three treatment groups 
effectively eliminated DNA. Partial tests 
on the percentage of GAG showed no 
significant difference between groups P2 
and P3 compared to group P1, so it can be 
concluded from this statistical calculation 
that in the P1 treatment group, NP 
decellularization by freeze drying action 
is the most optimal decellularization 
technique in eliminating DNA and 
maintaining GAG levels.

CONCLUSION
This study of group P1 showed that 
decellularization of the bovine nucleus 
pulposus by freeze-drying technique can 
form an excellent biological scaffold.

ETHICAL APPROVAL
This study got ethical approval from our 
institution.

DECLARATIONS OF INTEREST
None. All authors state that there are no 
financial and personal relationships with 
other people or organizations that could 
inappropriately influence (bias) for this 
study.

SOURCES OF FUNDING
In this study, we use our resources without 
any financial assistance from other parties.

RESEARCH REGISTRATION
‘N/A’

REFERENCES
1. Romaniyanto, Mahyudin F, Prakoeswa CRS,

Notobroto HB, Tinduh D, Ausrin R, et al. An
update of current therapeutic approach for
Intervertebral Disc Degeneration: A review
article. Annals of Medicine and Surgery. 2022.
77: 1-6. doi.org/10.1016/j.amsu.2022.103619.

2. Novitasari DD, Sadeli HA, Soenggono A,
Sofiatin Y, Sukandar H, Roesli RMA. Prevalence 
and characteristics of low back pain among
productive age population in Jatinangor. Althea 
Medical Journal. 2016. 3(3): 469-76. DOI:
10.15850/amj.v3n3.863.

3. Taher F, Essig D, Lebl DR, Hughes AP, Sama
AA, Cammisa FP, et al. Lumbar degenerative
disc disease: current and future concepts of
diagnosis and management. Advances in
orthopedics. 2012. doi:10.1155/2012/970752.

4. Kos N, Gradisnik L, Velnar T. A Brief Review
of the Degenerative Intervertebral Disc Disease. 
Medical Archives. 2019. 73(6): 421-424. doi:
10.5455/medarh.2019.73.421-424.

5. Choi Y-S. Pathophysiology of degenerative disc
disease. Asian spine journal. 2009. 3(1): 39- 44.

6. Serhan H. Advancements in the treatment of
degenerative disc disease. Hamdan Med J. 2018. 
11: 175-83. DOI 10.4103/HMJ.HMJ_85_18.

7. Badhiwala JH, Platt A, Witiw CD, Traynelis
VC. Cervical disc arthroplasty versus anterior
cervical discectomy and fusion: a meta-analysis 
of rates of adjacent-level surgery to 7-year
follow-up. J Spine Surg. 2020; 6(1): 217-232.
doi: 10.21037/jss.2019.12.09.

8. Xu B, Xu H, Wu Y, Li X, Zhang Y, Ma X, et
al. Intervertebral disc tissue engineering with
biological extracellular matrix-derived biphasic 
composite scaffolds. PLoS One. 2015. 10(4):
e0124774. DOI:10.1371/journal.pone.0124774.

9. Clouet J, Vinatier C, Merceron C, Pot-Vaucel M, 
Hamela O, Weiss P, et al. The intervertebral disc: 
From pathophysiology to tissue engineering.
Joint Bone Spine. 2009. 76:614–618.
doi:10.1016/j.jbspin.2009.07.002.

10. Meisel HJ, Ganey T, Hutton WC, Libera J,
Minkus Y, Alasevic O. Clinical experience
in cell- based therapeutics: intervention and
outcome. Eur Spine J. 2006. 15 (3): S397-S405.
DOI 10.1007/s00586-006-0169-x.

11. Maitre CLL, Freemont A, Hoyland JA. The role
of interleukin-1 in the pathogenesis of human
intervertebral disc degeneration. Arthritis
Research & Therapy. 2005. 7: 732-745. DOI
10.1186/ar1732).

12. Barlian A, Judawisastra H, Ridwan A, Wahyuni 
AR, Lingga ME. Chondrogenic differentiation
of Wharton’s Jelly mesenchymal stem cells on
silk spidroin-fibroin mix scaffold supplemented 
with L-ascorbic acid and platelet rich plasma.

Nature Scientific Reports. 2020. 10: 19449. doi.
org/10.1038/s41598-020-76466-8.

13. Longo UG, Papapietro N, Petrillo S,
Franceschetti E, Maffulli N, Denaro V.
Mesenchymal stem cell for prevention
and management of intervertebral disc
degeneration. Stem Cells International. 2012.
doi:10.1155/2012/921053.

14. Pennicooke B, Moriguchi Y, Hussain I, Bonssar 
L, Härtl R. Biological Treatment Approaches
for Degenerative Disc Disease: A Review of
Clinical Trials and Future Directions. Cureus.
2016. 8(11): e892. DOI: 10.7759/cureus.892.

15. Fernandez C, Marionneaux A, Gill S, Mercuri
J. Biomimetic nucleus pulposus scaffold
created from bovine caudal intervertebral disc
tissue utilizing an optimal decellularization
procedure. Journal of Biomedical Materials
Research Part A. 2016. 104(12): 3093-106. DOI: 
10.1002/jbm.a.35858.

16. Eltom A, Zhong G, Muhammad A. Scaffold
techniques and designs in tissue engineering
functions and purposes: a review. Advances in
Materials Science and Engineering. 2019. doi.
org/10.1155/2019/3429527.

17. Fiordialis M, Silva AJ, Babosa M, Goncalves
R. Caldeira Decellularized scaffolds for
intervertebral disc regeneration. Trends in
Biotechnology. 2020.

18. Fereshteh Z. Freeze-drying technologies for
3D scaffold engineering. Functional 3D tissue
engineering scaffolds: Elsevier.m 2018. 151-74.
doi.org/10.1016/B978-0-08-100979-6.00007-0.

19. Elder BD, Kim DH, Athanasiou KA. Developing 
an Articular Cartilage Decellularization Process 
Toward Facet Joint Cartilage Replacement.
Neurosurgery. 2010. 66: 722-727. DOI:
10.1227/01.NEU.0000367616.49291.9F.

20. Mercuri JJ, Gill SS, Simionescu DT. Novel tissue-
derived biomimetic scaffold for regenerating the 
human nucleus pulposus. Journal of Biomedical 
Materials Reasearch. 2011. 96(2): 422-35. DOI:
10.1002/jbm.a.33001.

21. Chan LKY, Leung VYL, Tam V, Lu WW, Sze
KY, Cheung KMC. Decellularized bovine
intervertebral disc as a biological scaffold for
xenogenic cell studies. Acta Biomaterialia.
2013. 9: 5262-5272. doi.org/10.1016/j.
actbio.2012.09.005.

22. Norbertczak HT, Ingham E, Fermor HL, Wilcox 
RK. Decellularized Intervertebral Discs: A
Potential Replacement for Degenerate Human
Discs. TISSUE ENGINEERING. 2020. 26(11):
565-576. DOI: 10.1089/ten.tec.2020.0104.

23. Beckstein JC, Sen S, Schaer TP, Vresilovic EJ,
Elliott DM. Comparison of animal discs used
in disc research to human lumbar disc: axial
compression mechanics and glycosaminoglycan 
content. Spine. 2008. 33(6): E166-E73.

24. Krussig MJ. Bovine Intervertebral Disc Organ
Culture for Assessing Regenerative Therapeutics 
for Herniation Repair. All Theses. 2021. https://
tigerprints.clemson.edu/all_theses/3578.

25. Calió M, Gantenbein B, Egli M, Poveda L, Ille F. 
The Cellular Composition of Bovine Coccygeal 
Intervertebral Discs: A Comprehensive Single-
Cell RNAseq Analysis. International journal of
molecular sciences. 2021. 22(9): 4917. http://dx. 
doi.org/10.3390/ijms22094917.

http://dx.doi.org/10.51559/jiscm.v4i1.54
http://dx.doi.org/10.1016/j.amsu.2022.103619
http://dx.doi.org/10.15850/amj.v3n3.863
http://dx.doi.org/10.1155/2012/970752
http://dx.doi.org/10.5455/medarh.2019.73.421-424
http://dx.doi.org/10.4103/HMJ.HMJ_85_18
http://dx.doi.org/10.21037/jss.2019.12.09
http://dx.doi.org/10.1371/journal.pone.0124774
http://dx.doi.org/10.1016/j.jbspin.2009.07.002
http://dx.doi.org/10.1007/s00586-006-0169-x
http://dx.doi.org/10.1186/ar1732)
http://dx.doi.org/10.1038/s41598-020-76466-8
http://dx.doi.org/10.1155/2012/921053
http://dx.doi.org/10.7759/cureus.892
http://dx.doi.org/10.1002/jbm.a.35858
http://dx.doi.org/10.1155/2019/3429527
http://dx.doi.org/10.1016/B978-0-08-100979-6.00007-0
http://dx.doi.org/10.1227/01.NEU.0000367616.49291.9F
http://dx.doi.org/10.1002/jbm.a.33001
http://dx.doi.org/10.1016/j.actbio.2012.09.005
http://dx.doi.org/10.1016/j.actbio.2012.09.005
http://dx.doi.org/10.1089/ten.tec.2020.0104
https://tigerprints.clemson.edu/all_theses/3578
https://tigerprints.clemson.edu/all_theses/3578
http://dx. doi.org/10.3390/ijms22094917
http://dx. doi.org/10.3390/ijms22094917


17Published by Surgical Residency Program Universitas Syiah Kuala | JISCM 2024; 4(1): 12-17 | DOI: 10.51559/jiscm.v4i1.54

ORIGINAL ARTICLE

26. Ikada Y. Challenges in tissue engineering. J R
Soc Interface. 2006. 3: 589-601. doi:10.1098/
rsif.2006.0124.

27. Kandel R, Roberst S, Urban JPG. Tissue
engineering and the intervertebral disc: the
challenges. Eur Spine J. 2008. 17(4): S480-S491. 
DOI 10.1007/s00586-008-0746-2.

28. Kalson NS, Richardson S, Hoyland JA.
Strategies for regeneration of the intervertebral
disc. Regen Med. 2008. 3(5): 717-729.

29. Alinejad Y, Adoungotchodo A, Grant MP,
Epure LM, Antoniou J, Mwale F, et al. Injectable 
Chitosan Hydrogels with Enhanced Mechanical 
Properties for Nucleus Pulposus Regeneration.
Mary Ann Liebert, Inc. 2019. 25(5-6): 1-38.
DOI: 10.1089/ten.TEA.2018.0170.

30. Crapo PM, Gilbert TW, Badylak SF. An overview 
of tissue and whole organ decellularization

process. Biomaterials. 2011. 32: 3233-3243. 
doi:10.1016/j.biomaterials.2011.01.057.

http://dx.doi.org/10.51559/jiscm.v4i1.54
http://dx.doi.org/10.1098/rsif.2006.0124
http://dx.doi.org/10.1098/rsif.2006.0124
http://dx.doi.org/10.1007/s00586-008-0746-2
http://dx.doi.org/10.1089/ten.TEA.2018.0170
http://dx.doi.org/10.1016/j.biomaterials.2011.01.057

