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ABSTRACT

Tissue engineering and regenerative medicine (TERM) offers an alternative approach
for the treatment of intervertebral disc (IVD) degeneration. One of the important
TERM principles is the application of biomaterial scaffolds. Poly(lactic-co-glycolic
acid) (PLGA) is a US Food and Drug Administration (FDA) approved synthetic
copolymer for clinical use. However, for TERM application, PLGA needs to be
improved. Natural polymers, for example atelocollagen and fibrin can be used to
enhance the PLGA properties. The combination of PLGA with atelocollagen and
fibrin for IVVD regeneration has not been explored yet. The aim of the present study is
to evaluate firstly the monolayer culture of IVD cells, secondly the PLGA-based
scaffolds namely PLGA alone, PLGA with atelocollagen (PA), PLGA with fibrin (PF)
and PLGA with the combination of both atelocollagen and fibrin (PAF), thirdly the in
vitro 3D constructs engineered from PLGA-based scaffold seeded with the annulus
fibrosus (AF) cells and fourthly the in vivo constructs implanted subcutaneously on
the athymic nude mice model. Important Islamic principles in relation with the 1IVD
regeneration were also discussed as the fifth objective. Growth kinetics analysis and
cellular proliferation assay were performed on the monolayer cells culture and in vitro
constructs at day 4, 7, 14 and 21, respectively. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were used to evaluate cell
morphology both in monolayer and the in vitro 3D culture. The fabricated PLGA-
based scaffolds were characterized in terms of chemical bonding, porosity, water
uptake, thermal, mechanical, degradation, pH level and compression modulus. Other
evaluation parameters included histology, immunohistochemistry, gene expression,
sulphated glycosaminoglycan (SGAG) and DNA quantification analysis. All
constructs were evaluated at 1, 2 and 3 weeks in vitro and, at 4 weeks in vivo. The
presence of autophagasome in AF cells was detected in all passages. Comparable
morphology of cellular attachment on in vitro 3D constructs was observed. Passage 1
of AF cells showed better cellular profile and extracellular matrix production
compared to all other passages thus chosen to be seeded onto PLGA-based scaffolds
and form constructs. The PA scaffolds showed better swelling ratios, thermal stability,
mechanical strength, degradation properties and ability to reduce the pH effect. As for
in vitro 3D constructs, PAF exhibited higher cellular proliferation and depicted better
histological staining than the other groups. Positive accumulation of collagen type |
and type Il with higher level of sGAG were also observed in PAF constructs.
Comparable mRNA expression of condrogenic markers were detected in all
monolayer, in vitro 3D constructs and in vivo samples. In line with in vitro 3D
constructs, in vivo constructs especially PAF group showed notable distribution of
cells, accumulation of sGAG, and proteoglycan with positive immunoreactivity of
collagen type I and type Il. In conclusion, the incorporation of atelocollagen, fibrin
and both combination significantly improved PLGA scaffold properties in vitro and in
vivo. The desk-based study on Islamic perspective indicated that TERM technology
does not violate any principles of Islam. More works on IVD regeneration are needed
to uncover its full potential. This laboratory grown IVD may serve as an alternative
over conventional treatments in future clinical application.
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ABSTRAK

Bidang kejuruteraan tisu dan perubatan regeneratif (TERM) menawarkan pendekatan
alternatif untuk rawatan degenerasi cakera (disk) antara vertebra tulang belakang (VD).
Salah satu prinsip utama TERM ialah penggunaan biomaterial. Asid poli(laktik-co-glikolik)
(PLGA) adalah kopolimer sintetik yang telah diluluskan oleh agensi Pentadbiran Makanan
dan Dadah Amerika Syarikat (US FDA) untuk kegunaan Klinikal. Walaubagaimanapun,
PLGA perlu penambahbaikan untuk kegunaan TERM. Bahan polimer semulajadi seperti
atelokolagen dan fibrin berpotensi untuk menambahbaik keupayaan PLGA. Kombinasi
PLGA, atelokolagen dan fibrin untuk regenerasi IVD masih belum dikaji sebelum ini. Maka,
kajian ini bertujuan menilai (1) kultur monolapisan sel 1IVD bagi mendapatkan sel terbaik
untuk konstruk tiga dimensi (3D), (2) kerangka yang berasaskan PLGA iaitu PLGA sahaja,
PLGA berserta atelokollagen (PA), PLGA berserta fibrin (PF) dan kombinasi PLGA,
atelokolagen dan fibrin (PAF), (3) konstruk 3D yang dihasilkan dari kerangka berasaskan
PLGA yang disemai dengan sel annulus fibrosus (AF) dan (4) konstruk in vivo yang diimplan
secara subkutanius pada model tikus tanpa bulu. Kaitan antara prinsip Islam dan degenerasi
IVD turut dibincangkan. Analisis pertumbuhan Kinetik dan proliferasi sel dilakukan pada hari
4, 7, 14 dan 21. Mikroskop Elektron Transmisi (TEM) dan Mikroskop Elektron Imbasan
(SEM) digunakan untuk melihat morphologi sel dalam monolapisan dan konstruk 3D.
Kumpulan kerangka berasaskan PLGA tersebut dikaji sifat-sifatnya dari segi ikatan kimia,
sifat keliangan, sifat kembang, haba, degradasi, pH, mekanikal dan modulus mampatan.
Paramater lain yang dikaji termasuklah histologi, immunohistokimia, ekspresi gen, kandungan
glikosaminoglikan sulfat (SGAG) dan kandungan DNA. Semua konstruk telah dikaji pada
minggu 1, 2 dan 3 minggu in vitro, dan pada minggu ke-4 in vivo. Morfologi kelekatan sel
pada konstruk 3D menunjukkan perbezaan bentuk sel yang ketara. AF pasaj 1 menunjukkan
profil sel dan penghasilan matriks ekstraselular yang lebih baik maka dipilih untuk disemai
dalam kerangka berasaskan PLGA untuk membentuk konstruk. Kerangka PA menunjukkan
keupayaan kembang, kestabilan haba, kekuatan mekanikal, kemampuan degradasi dan
kebolehan menurunkan pH. Konstruk PAF mempamerkan percambahan sel yang lebih tinggi
berbanding kumpulan kerangka lain melalui pewarnaan histologi. Penghasilan kolagen jenis 1
dan jenis Il juga positif dengan sGAG yang tinggi ditunjukkan dalam konstruk PAF.
Kondrogenik mRNA juga berjaya dikesan dalam semua monolapisan, konstruk 3D dan
implan in vivo. Seriringan dengan keputusan kajian konstruk 3D in vitro, konstruk in vivo
khususnya PAF menunjukkkan pengagihan sel yang sekata, pengumpulan glikosaminoglikan
sulfat, dan proteoglikan serta kewujudan immunoreaktif positif kolagen jenis | dan Il. Secara
keseluruhan, atelokolagen, fibrin dan kombinasi keduanya berjaya menambahbaikkan
kerangka PLGA dalam kajian in vitro dan in vivo. Di samping itu, teknologi TERM didapati
tidak melanggar mana-mana prinsip Islam. Kajian yang lebih mendalam berkenaan degenerasi
IVD diperlukan. Kajian 1VD yang dihasilkan di makmal mungkin menjadi salur alternatif
mengatasi rawatan konvensional dalam kegunaan klinikal di masa hadapan.
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Cell attachment onto each of the scaffold groups, A: PLGA, B:
PA, C: PF and D: PAF. Morphology of the AF cells attached
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week 3. A: PLGA-AF, B: PA-AF, C: PF-AF, D: PAF-AF.
Formation of clusters can be seen on the PAF-AF. Red arrows
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(Magnification: 100x; scale bar: 100um).

Alcian blue staining of the in vitro constructs cultured at week
2 and week 3. A: PLGA-AF, B: PA-AF, C: PF-AF, D: PAF-
AF. Red arrow denoted blue coloration signifies the
accumulation of the sGAG. More intense coloration can be
observed at week 3 for the PAF-AF (Magnification: 100x;
scale bar: 200um).
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Safranin-0 staining of the in vitro constructs cultured at week 2
and w e e k 3. A: PLGA-AF, B: PA-AF, C: PF-AF, D: PAF-
AF. All constructs demonstrated weak red to orange staining
coloration as indicated by red arrows signifying presence of
Safranin-O. (Magnification: 200x; scale bar: 100um).

Collagen | immunohistochemistry staining of the in vitro
constructs cultured at week 2 and week 3. A: PLGA-AF, B:
PA-AF, C: PF-AF, D: PAF-AF. Red arrow denotes strong
immunolocalization of the collagen 1 on all constructs.
(Magnification: 100x; scale bar: 200um).

Collagen 1l immunohistochemistry staining of the in vitro
constructs cultured at week 2 and week 3. A: PLGA-AF, B:
PA-AF, C: PF-AF, D: PAF-AF. Red arrow denotes weak
immunolocalization of the collagen Il observed in all the
constructs at each week. (Magnification: 200x; scale bar:
100um).

SGAG analysis of the construct groups cultured in 3D at week
1, week 2 and week 3 respectively. No significant differences
were noted in all samples.

DNA content measurement of the construct groups cultured at
week 1, week 2 and week 3 respectively. Significant
comparison can be observed between the constructs at
respective weeks. Data represent means of triplicate samples
(P* <0.05).

Simplified diagram illustrating the methodology of chapter 7.

(LEFT) The gross morphology of all the construct groups
before (ABOVE) and after (BELOW) implantation. (RIGHT)
The size reduction (%) and weight increment magnitude of the
AF cells seeded on the PLGA, PA, PF, and PAF implant
groups after logarithmic transformation.

Gel electrophoresis of the gPCR products of collagen I,
collagen 11, sox-9 and aggrecan (A) and the relative expression
(B) for the PLGA-I, PA-I, PF-I and PAF-I respectively. Strong
band intensities were observed in collagen | for the PAF-I and
aggrecan (PA-I, PF-1 and PAF-I). Only collagen type | (PA-I
and PF-1) and collagen type Il (PAF-1) did not show
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Photomicrograph of the H&E staining sections of the
implanted construct groups. A: PLGA-I, B: PA-I, C: PF-1, D:
PAF-1. Black arrow indicates cellular infiltration inside the
construct (Magnification; 200x, Scale bar: 100um).
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Figure 7.5 Photomicrograph of the Alcian blue staining sections of the

implanted construct groups, A: PLGA-I, B: PA-I, C: PF-I:
PAF-I. Black arrow indicates higher accumulation of the
SGAG (Magnification; 200x, Scale bar: 100um).

Figure 7.6 Photomicrograph of the Safranin-O staining sections of the

implanted construct groups, A: PLGA-I, B: PA-I, C: PF-I:
PAF-I. Intense coloration can be seen on the PF-1 and PAF-I.
(Magnification; 200x, Scale bar: 100um).

Figure 7.7 Photomicrographs of the Toluidine blue staining section of the

Figure 7.8

Figure 7.9

implanted construct groups, A: PLGA-I, B: PA-I, C: PF-I:
PAF-I. Intense coloration can be seen on the PAF-I
(Magnification; 200x, Scale bar: 100um).

Photomicrographs of the collagen | and collagen I
immunohistochemistry staining sections of the implanted
constructs, A: PLGA-I, B: PA-I, C: PF-I: PAF-I. Red arrow
indicated accumulation of both collagens with less
accumulation of collagen Il compared to collagen |
(Magnification; 200x, Scale bar: 100um).

Histology and immunohistostaining of the native IVD, A:
H&E staining, B: Safranin-0 staining, C: Collagen |
immunohistostaining, D. Alcian Blue staining, E: Toluidine
Blue, F: Collagen Il immunohistostaining. Arrow denotes the
AF cells inside lacunae and arranged in the lamellae of the AF.
Intense coloration of the NP can be observed in the Alcian blue
staining and collagen Il immunohistostaining (Magnification
of 100x, scale bar: 200 pum).
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Figure 7.11

Figure 9.1

PAF-I implant groups. PAF-1 was significant when compared
to PLGA-I. The differences were considered significant when
p<0.05.

DNA content measurement of the construct. No significant
differences were noted in all groups.

Overall summary of the thesis.
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