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Intervertebral disc (IVD) degeneration is one of the major causes of low back pain. The
direct and indirect cost of managing back pain posts heavy socioeconomic burden to the
society. Improved technologies and techniques together with well documented
experiments will benefit the research field by saving effort in doing the optimization in
every laboratory and avoiding experiment failure due to incomplete understanding of
the procedures. These can accelerate scientific discovery, reduce the sacrifice of animals
and enable a more effective use of funding.
Nucleus pulposus (NP) is the central part of IVD. Differences in matrix compositions in
human NP clinical samples demand different cell isolation protocols for optimal results
but there is no clear guide about this to date. Sub-optimal protocols may result in low
cell yield, limited reliability of results or even failure of experiments. We experimented
different isolation protocols to study different parameters involved and suggested some
rules for cell isolation in three main applications: RNA extraction for phenotyping, cell
isolation for cell culture, and characterization by flow cytometry.
In addition, instead of extracting RNA from isolated cells, extraction of RNA from
tissues directly may avoid the change of RNA levels during the cell isolation process.
However, extraction of RNA directly from human and large animal IVD tissue is

technically challenging due to its tough nature, low cell-to-matrix ratio and high
proteoglycan content. Thus we developed a method for RNA extraction from bovine
disc tissues by integrating the use of cryosectioning, additional phase separation and
high salt precipitation into conventional guanidinium thiocyanate based method. With
this method, RNA could be extracted from the NP tissue directly but the concentration
was low. A shift toward 270 nm was observed in its UV spectrum which was due to
phenol contamination. This caused an overestimation of RNA concentration. Hence we
developed a computational method based on UV spectra for correcting the
overestimated concentrations of RNA contaminated with phenol. The accuracy of
concentration increased substantially with the use of the correction formula.
Mesenchymal stem cells (MSCs) have great potential in IVD engineering and hence we
studied the isolation and culturing of MSCs from different sources. Effect of cell shape
was reported for MSCs but not for NP cells. Micropatterning can be used to pattern cells
into different shapes and arrangements. Therefore, we optimized the preparation of
bovine NP cell micropatterns and also investigated the preparation of cell micropatterns
for confocal microscopy. Besides, we developed methods to study the gene expression
of cells on patterns by RT-qPCR with and without prior selection of cells of interest by
laser capture microdissection (LCM).
In short, different methods related to IVD research were developed and optimized. With
improved methods together with a better understanding of the underlying rationale,
researchers can save time and cost in their experiments and reduce experiment failure
rate. This will help to accelerate researches. New methods also enable studies which
were not feasible in the past.
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Chapter 1 Scope of Thesis and Introduction

Chapter 1 Scope of Thesis and Introduction
1.1 Scope of thesis
This thesis will focus on the methods developed related to intervertebral disc (IVD) research.
In my PhD study, researches in different areas in IVD were carried out to study nucleus
pulposus (NP) cells, IVD tissues, mesenchymal stem cells (MSCs) and cell shape. Methods
were developed and optimized en voyage. Improved technologies and techniques will
accelerate scientific discovery. And well documented experiments that lead to each
experiment design decision or protocol will benefit the field by saving effort in doing the
optimization in every laboratory and avoiding experiment failure due to incomplete
understanding of the procedures. Herein I believe it is worthwhile to document the
development of methods and techniques in this thesis.

Some brief background about IVD biology and IVD research is given in the following
sections and the organization of the thesis is given at the end of this Chapter.

1.2 Low back pain and IVD
1.2.1 Low back pain
Eighty percent of the general population in industrialized countries experience low back pain
in their lifetime [1]. Joint and back pain is also among the major causes of disability and
morbidity for adult population and causes a considerable burden on public health systems
[1-5]. Table 1-1 shows the direct costs of low back pain in the United States. The total cost
was around 20 billion per year. In an estimate in 2005, it was suggested that the total cost of
low-back pain including indirect cost such as lost wages could reach $200 billion per year in
the United States [6]. This posted heavy socioeconomic burden to the society. Low back pain
correlates with IVD degeneration, a major problem with ninety percent of Southern Chinese
exhibiting signs of IVD degeneration by age 50 to 55 [7]. Most degenerative disc
“abnormalities” were moderately associated with low back pain [8]. IVD degeneration is not
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only a problem associated with aging and is also present in one-third of the juvenile
population in Southern China [9]. IVD regenerative engineering is a research area that can
improve the quality of life of people by alleviating low back pain and improving the mobility
of patients with degenerative disc disease.

Table 1-1 Estimates of direct costs of low-back pain in the United States reported in 2001
(Reproduced with permission of Journal of Bone and Joint Surgery from [6] © 2006 JBJS).
Medium unit cost

Total cost

(US dollars)

(US dollars)

19 million

150

3 billion

Medical admissions for low-back pain

224,000

9000

2 billion

Laminectomy and discectomy

286,000

14000

4 billion

Lumbar spinal fusion procedures

298,000

37000

11 billion

Expense Category

Office visits for low-back pain

Number per year

1.2.2 IVD structure and composition in human
IVDs lie between vertebral bodies and they occupy one-third of height of the spinal column.
Human IVDs are around 7 to 10 mm thick and 4 cm in diameter. It is consisted of a more
gelatinous nucleus pulposus (NP) core surrounded by a thick outer ring of fibrous annulus
fibrosus (AF) and sandwiched inferiorly and superiorly by cartilage endplates (CEP) (Figure
1-1) [10]. The CEP anchors the NP and AF to the adjacent vertebral body bones. IVD from
people of different ages have slightly different structures as shown in Figure 1-2. The
structures and components of NP, AF and CEP are summarized in Table 1-2 and Table 1-3
respectively.
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Figure 1-1 Structure of IVD in (A) a saggital view and (B) a transverse view (Reproduced with
permission of John Wiley and Sons from [10] © 2008 John Wiley and Sons. The figures were relabelled

without changes in the words and color was added).

Table 1-2 Structures of the NP, AF and CEP
NP

AF

CEP

• NP contains randomly

• AF consists of a series of 15 to 25

• CEP is a thin horizontal layer of

organized collagen fibers and

concentric rings, or lamellae [12]

hyaline cartilage which is

radially arranged elastin fibers,

with the collagen fibers lying

usually less than 1 mm thick. It

which sometimes are up to 150

parallel within each lamella.

interfaces the disc and the

µm in length [10]. These fibers
are embedded in a highly

vertebral body. The collagen
• The fibers are oriented at

fibers within it run horizontal

hydrated aggrecan- containing

approximately 60° to the vertical

and parallel to the vertebral

gel [10].

axis, alternating to the left and

bodies, with the fibers

right of it in adjacent lamellae

continuing into the disc [14].

• Aggrecan is highly anionic and

[10].

provides the osmotic properties
which enable the NP to

• In young IVDs, there are
• Elastin fibers lie between the

numerous vascular channels and

maintain height and turgor

lamellae, possibly helping the disc

wide CEPs traversing to the NP

against compressive loads [11].

to return to its original

and AF (Figure 1-2A). In an

arrangement following bending,

IVD from a 50-year-old adult,

whether it is flexion or extension

the CEPs are thin and there are

[10].

fewer vascular channels
traversing to less hydrated

• The elastin fibers may also bind
the lamellae together as they pass

distinct NP and AF (Figure
1-2B) [10].

radially from one lamella to the
next [13].
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Figure 1-2 Axial sections of IVDs in (A) a 10-month-old girl and (B) a 50-year-old adult. (Reproduced
with permission of John Wiley and Sons from [10] © 2008 John Wiley and Sons. The figures were

relabelled without changes in the words and color was added).

The proportions of major components in IVD are summarized in Table 1-3. NP has a higher
proteoglycan content and AF has a higher collagen content.

Table 1-3 Percentages of components in IVD[1, 10]

NP
Water

• Decreases with age

(childhood: 90%, young

AF

CEP

• No change during life

• 55% [10]

(60-70%) [1]

adult: 80%, older adult:
70%) [1]
Proteoglycan
Collagen

• 14% of NP wet weight [10]

• 5% of AF wet weight [10]

• 60% of NP dry weight [1]

• 30% of AF dry weight [1]

• 4% of NP wet weight [10]

• 15% of AF wet weight [10]

• 20% of NP dry weight

• 65-70% of AF dry weight

 Type II collagen: 50%

 Type I collagen: 50%

 Type I collagen: 20%

 Type II collagen: 30%

[1]

• 8% of CEP wet weight [10]
• 25% of CEP wet weight
[10]

[1]
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1.2.3 Comparison between IVD and articular cartilage (AC)
The tissue hydration is maintained through the osmotic pressure provided by its constituent
chondroitin and keratan sulfate chains [10]. Compared to deep zone articular cartilage (AC),
the aggrecan in IVD is more highly substituted with keratan sulfate. The aggrecan molecules
in IVD are less aggregated (30%) and more heterogeneous, with smaller, more degraded
fragments than in AC (80% aggregated) from the same individual [10, 15]. NP and AF cells
can have several long, thin cytoplasmic projections, which may be more than 30 µm long but
these are not found for AC cells [10, 16, 17]. The function of these cytoplasmic projections in
IVD is not known but their roles as sensors and communicators of mechanical strain within
the tissue were suggested [10, 16].

1.2.4 Types of IVD cells (biology)
In IVD, there are different types of cells, namely, the notochordal (NC) cells, the nucleus
pulposus (NP) cells, the annulus fibrosus (AF) cells and the cartilaginous endplate (CEP) cells.
In NP tissue, there are two distinct cell types: large clusters of NC cells and smaller and more
disperse cartilage-like cells [18]. Since the loss of NC cells is linked with the onset of disc
degeneration, it has been suggested that these NC cells are required for NP maintenance [11,
19-21]. In some vertebrates such as rats and cats, the NC cells persist through most of adult
life, whereas in other species such as humans and cows, the NC cells gradually disappear
during maturation and eventually become undetectable in the NP (Table 1-4) [21]. Table 1-5
shows the morphology, density, gene expression and extracellular matrix (ECM) proteins of
human IVD cells. In adult animals of some species, it contains chondrocyte-like cells,
sometimes sitting in a capsule within the matrix as shown in Figure 1-3 [10].
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Table 1-4 Comparison of NC cell retention in various mammalian species (Reproduced with

permission of Mary Ann Liebert, Inc. from [21] © 2003 Mary Ann Liebert, Inc.)
Age at skeletal

Age at loss of NC

Age at onset of

Report of

maturity

cells

disc degeneration

chordoma

Human

20 years

10 years

30-50 years

Yes

Rat

2 months

12 months

12 months

Yes

Chondrodystrophoid dog

12 months

6 months

4 years

None

Nonchondrodystrophoid dog

12 months

5 years

7 years

Yes

Rabbit

6 months

6 months

Not reported

None

Cat

2 years

18 years

Rare

Yes

Cow

3 years

12 months

Not reported

None

Horse

5 years

birth

Not reported

None

Animal

Table 1-5 Summary of characteristics of human IVD cells [1, 10, 22]. FOX-F1: Forkhead box protein F1,

CA12: carbonic anhydrase 12, PAX-1: paired box protein
Morphology

NP cells

AF cells

CEP cells

Rounded;

Elongated,

Rounded [22]

chondrocyte-like or

fibroblast-like; elongated

vacuolated [22]

and thin in outer AF and
more oval in inner AF
[10, 22].

Density

3

9000 cells/ mm3 [1]

/

Type II collagen,

Type I collagen, type V

/

Cytokeratin-19, FOX-F1,

collagen, tenomodulin

CA12, PAX-1, Brachyury

[22]

3000-5000 cells/ mm [1,
10].

Gene expression

[22]
ECM proteins

Type II collagen,

Type I collagen, type II

Type II collagen,

aggrecan, hyaluronan

collagen, aggrecan,

aggrecan, hyaluronan

[22]

elastin [22]

[22]
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Figure 1-3 A NP cell in proteoglycan aggregate. (Reproduced with permission of John Wiley and Sons
from [10] © 2008 John Wiley and Sons. The figure was redrawn based on the figure in [10]).

1.2.5 Development of the IVD from the notochord
The notochord has been well studied for its role during gastrulation [23], but comparatively
less studied for its function during IVD formation [11]. Developmental studies have revealed
that the notochord plays an essential role in forming the spinal column, including the IVDs
[21]. The notochord is derived from gastrulation, the process which the embryo develops into
three layers (ectoderm, endoderm and mesoderm) [24]. Noto is a highly conserved homeobox
transcription factor whose expression is restricted to the organizer node and the nascent
notochord during gastrulation and axis elongation (E7.5-E12.5). It regulates node
morphogenesis, notochord ciliogenesis and left-right patterning [11]. At embryonic day 7.5
(E7.5) of mouse, the node is formed and provides cells that will form the rod-like structure of
the notochord [11, 25]. Then the somatic mesenchyme aggregates around the notochord and
form a continuous perichordal tube (PT) that undergoes segmentation at E13.5. The
condensed region gives rise to the vertebrae while the non-condensed regions IVDs [11, 26].
The NC cells in the IVDs proliferate and accumulate proteoglycans that increase the osmotic
pressure within

their

cell

vacuoles

and

the NP becomes

surrounded

by the

mesenchyme-derived AF [11, 27, 28] (Figure 1-4) [11].
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Figure 1-4 Schematic representation of the main stages in axial skeletogenesis. (A) Formation of the
node (N) and elongation of the notochord (NC). LPM denotes lateral plate mesoderm and PXM denotes

paraxial mesoderm. (B) Aggregation of the somatic mesenchyme around the notochord leads to formation

of a continuous perichordal tube (PT). The green area indicates the localization of Noto expression at these
time points. (C) Condensation of the axial mesenchyme leads to spine segmentation and perichordal disc

formation. AF: denotes annulus fibrosis, VB denotes vertebral bodies. (D) Formation of IVDs is linked with
the disappearance of the notochord within the vertebral bodies, and its expansion within the IVD. CEP

denotes cartilage endplates and NP denotes nucleus pulposus. (Reproduced with permission of The

Company of Biologists Ltd. from [11] under a Creative Commons Attribution Non-Commercial Share Alike

License. The figure was redrawn with a list of abbreviations added).

1.2.6 Origin of the NP cells
It is well accepted that large NP cells are from the notochord (NC) during embryogenesis but
there are controversies about the origin of small chondrocytic cells in the adult. Gegenbauer
and Hertig suggested that NP cells were from the NC while Virchove, Heildberg and Weiss
believe NP is from tissues surrounding the NP. As the NC contains both small spindle-shaped
cells and large vacuolated cells, Risbud et al. hypothesized that both the large vacuolated cells
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(LVC) and chondrocyte-like cells (CLC) of the NP are derived from the NC (Figure 1-5).
These cells then undergo self-renewal to maintain cellular homeostasis of the NP tissue. It is
possible that LVC may differentiate into CLC. It is known that the perinotochordal sheath
(PNS) gives rise to both endplate (EP) chondrocytes and annulus fibrosus (AF) cells. Some
workers are of the opinion that, in the adult, endplate chondrocytes and inner AF cells give
rise to CLC at the same time replacing LVC. There is debate that loss or replacement of LVC
in the nucleus pulposus initiates disc degeneration [29].

Figure 1-5 Schematic showing current theories concerning the origin of cells of the NP. (Reproduced

with permission of John Wiley and Sons from [29] © 2010 John Wiley and Sons. The figure was redrawn

and with a list of abbreviations added).

1.2.7 Disc degeneration
During aging and degeneration, numerous changes in the matrix synthesis, catabolic
metabolism, growth factors and their receptors, and pro-inflammatory cytokines and their
receptors were reviewed and summarized by Zhao et al. as listed in Table 1-6. The same
group also suggested some possible interactions among different changes during IVD
degeneration as shown in Figure 1-6.
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Table 1-6 Biochemical changes due to altered phenotype and human disc cells during disc aging
and degeneration (Reproduced with permission of Elsevier from [30] © 2007 Elsevier). ADAMTS: a
disintegrin and metalloprotease with thrombospondin type 1 motifs, AF: annulus fibrosus, bFGF: basic

fibroblast growth factor, BMP-R: bone morphogenetic protein receptor, CEP: cartilaginous endplate, EGF:
epidermal growth factor, IGF: insulin-like growth factor, IL: interleukin, IVD: intervertebral disc, IVDD:

intervertebral disc degeneration, MMP: matrix metalloproteinase, NP: nucleus pulposus, PDGF:
platelet-derived growth

factor,

TGF: transforming

metalloproteinase, TNF: tumor necrosis factor.

growth

factor,

TIMP:

tissue inhibitor of

Change types

Parameters

Major variations

Implication

Matrix synthesis

Collagen I

Occurs and increases in NP

Fibrosis of NP

Collagen II

Decreases, especially in NP

Fibrosis of NP

Collagen III

Increases

Repairing tendency

Collagen IV

Exclusively exists in discs aged
16-30 years

Early stage of IVDD

Collagen V

Slightly increases in NP and CEP

Probably indicates IVDD

Collagen VI

Significantly increases

Possible repairing
tendency

Collagen IX

Decreases, similar to collagen II

Fibrosis of NP

Collagen X

Exists in fetal NP, CEP and
severely degenerated IVD

Advanced stage of IVDD

Elastic fibres

Decreases

Reduced elasticity of IVD

Total
proteoglycans

Significantly decreases, especially
in NP

Decreased hydration of
IVD

Aggrecan

Transient increases in AF, then
decreases throughout

Decorin

Decreases after adolescence

Verscian

Transient increases in AF, then
decreases throughout

Fibromodulin

Contradictory findings

Lumican

Increases

MMP-1, 2, 3,
7, 8, 9, 13

Increases

Breakdown of IVD matrix

MMP-19

Decreases

Reduced IGF-mediated
proliferation

TIMP-1, 2, 3

Contradictory findings

Less importance of MMPs
in IVDD?

ADAMTS-4

Increases

More effectiveness in
IVDD?

Cathepsin D,
G, K, L

Exists at degenerated sites within
AF Degradation of AF matrix

Catabolic
metabolism
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Change types

Parameters

Major variations

Implication

Increases in degenerated and
herniated IVD

Probably links to
proteolytic activity

EGF

No expression in herniated IVD

Involving in depletion of
matrix

IGF-1

Increases in degenerated IVD

Possible repairing
tendency

PDGF

Exists in herniated but not
degenerated IVD

Neovascularization, cell
proliferation?

TGF-α

Occasionally expresses in
herniated IVD

Involving in depletion of
matrix

TGF-β

Contradictory findings

Matrix remodelling?

BMP-RII,
FGF-R3,
IGF-RI

Similarly expresses in degenerated Matrix remodelling?
or healthy IVD

TGF-β-RII

Contradictory findings

Matrix remodelling?

EGF-R

No expression in herniated IVD

Involving in depletion of
matrix

IL-1α

Increases in degenerated and
herniated IVD

Responsible for enhanced
catabolic

IL-1β

Increases in degenerated and
herniated IVD metabolism

IL-6

Increases in degenerated and
herniated IVD

IL-1-RI

Increases in degenerated and
herniated IVD

IL-1-Rα

Decreases in degenerated and
herniated IVD

IL-6-R

Exists in herniated IVD

TNF-α

Increases in degenerated and
herniated IVD

bFGF
Growth factors
and their receptors

Pro-inflammatory
cytokines and
their receptors
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Figure 1-6 Schematic diagram of the possible interactions among the changes of cell proliferation,
cell senescence, cell phenotype and cell death in the formation of cell cluster during IVD
degeneration. (Reproduced with permission of Elsevier from [30] © 2007 Elsevier. The figure was
redrawn).

Other than the synthesis rate, the molecular size and composition of the matrix also change
during aging. These include:
•

a decrease of molecular size of disc proteoglycans,

•

a decrease of the chondroitin sulphate: keratansulphate ratio,

•

a decrease of the related glucosamine: galactosamine ratio caused by impaired oxygen
supply,

•

a decrease in average chondroitin sulphate chain size with changes in the pattern of
sulphation implicated in the impairment of biomechanical properties, and

•

a progressive degradation of aggrecan and other proteoglycans due to the action of
proteolytic enzymes and free oxygen radicals and lead to a large accumulation of
proteoglycan-derived degradation products.

[31, 32]
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1.3 Need of IVD engineering and a better understanding of NP cells
Low back pain is often related to the herniation, rupture or tears of IVD [33]. The current
clinical solution to disc herniation is discectomy of the NP or spinal fusion. It is suggested
that the lost NP tissue should be replaced by a scaffold seeded with native cells or stem cells
to initiate regeneration [34]. When the IVD degeneration is severe, it may be necessary to
replace the entire IVD. Allografts may be used for the replacement [35] but similar to
allografts of other body parts, there are drawbacks of donor shortage and possible
transmission of diseases. Acellular IVD implants such as metal and polymer prostheses have
been developed to restore the range of motion [36] but these designs are mainly focused on
replicating the mechanical properties only. There have been efforts in tissue engineering IVD
[37, 38] and IVD cell based implants may be possible in the future. While low back pain is
not life-threatening, the absence of minimally-invasive treatment approaches may lead
patients who suffer from the torturing chronic pain associated with the condition to seek
alternate means to alleviate the pain such as seeking advice and treatments from unregistered
practitioners. This may make the disease more difficult to treat and exacerbate the pain
condition. Gaining a better understanding of NP cells and the environmental cues that control
their phenotypes will provide clues to rationally devise better therapeutic approaches as well
as design better functional implants. 80% of the general population in industrialized countries
experience low back pain in their lifetime and this causes a huge public health burden [1].

Due to the shortage of allografts for IVD replacements, there have been intensive researches
in engineering discs using different materials, especially focusing on biologically based
implants. Since NP cells from adult human are chondrocyte-like cells, scaffolds or techniques
developed in the study of chondrocytes were also used in NP cell studies. When NP cells and
articular chondrocytes (AC) are cultured in monolayer culture, they become more spindle-like
and express more type I collagen and type III collagen. Pellet culture or alginate bead culture
have been used in culturing chondrocytes to maintain their phenotypes and they were then
adapted for NP cell cultures. The cells can be embedded into natural hydrogels such as
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alginate, collagen and chitosan or synthesis hydrogels such as poly vinyl alcohol (PVA), PVA/
polyvinyl pyrrolidone (PVA/PVP) and polyethylene glycol (PEG) [39].

Although NP cells can produce collagen II and aggrecan for establishing the matrix of the
scaffolds, it is often difficult to obtain NP cells of sufficient quantity and the quality of cells
from degenerated discs may not be good enough for disc regeneration application. Thus quite
a number of researches have been focusing on MSCs for disc engineering.
Regenerative medicine and tissue engineering are closely related fields in terms of definitions
[40, 41] and they may bypass the problems of allograft shortage and improve the quality of
human life, especially the aged.

1.4 Study models in IVD
1.4.1 In vivo
Due to the difficulty of obtaining human samples, especially normal healthy discs for IVD
research, different animal species are used. These include mouse, rat, sand rat, chicken, rabbit,
dog, sheep, pigs, goats and apes [42]. In IVD research, natural degeneration and induced
degeneration have been studied. The degeneration models can be spontaneous in which
research did no special treatment to induce disc degeneration to the animals. Or can be
induced by treating the animals with chemicals, inducing inflammation by antigen,
compressing the discs, forcing the animals to stand with hind limbs, forcing the animals to run,
creating fusion, spinal distraction, spinal stability, disc lesion, chronic lesion or pinealectomy.
Alini et al. [42] give a detailed review of the models used by different groups.

1.4.2 In vitro
Cell culture of IVD related cells or MSCs has also been widely used in understanding disc
degeneration and regeneration. The cell culture model has the advantage that it is simple,
which takes the cell down to literally its bare minimum and various interventions can be made
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to the culture. However, it may be regarded as non-physiological [42]. For example, the NP
cells are round and surrounded by ECM with negligible cell-cell contact in vivo but become
spread in monolayer when cultured on culture dishes. It has been demonstrated that the shape
of cells have significant influence on cell behavior [43, 44]. Thus, 3D culture systems such as
alginate beads, agarose gels, collagen gels, hyaluronan hydrogel, fibrin/ collagen co-polymer
gel, etc. have also been used [42].

Compared to cell culture, explant cultures of whole discs are considered as more
physiologically relevant since the cells are still in the ECM of the tissue [42]. This was used
in studying the effects of mechanical loading on IVDs [45, 46].

1.5 Common assays in IVD research
Some common methods used in IVD research are tabulated in Table 1-7 which will be
explained in more details in the sections that follow. They can be classified into three main
categories: 1. compositional analysis, 2. protein analysis using antibodies and 3. gene
expression analysis at mRNA levels.

Table 1-7 Some examples of assays used in IVD research. (DMMB: dimethylmethylene blue, ELISA:
enzyme-linked

immunosorbent

assay,

FC:

flow

cytometry,

IF:

immunofluorescence

IHC:

immunohistochemistry, RT-qPCR: reverse transcription-quantitative polymerase chain reaction, WB:
western blot) (ACAN/ Acan: aggrecan, BASP1/ Basp1: brain abundant, membrane attached signal protein

1, CD/ Cd: cluster differentiation, COL/ Col: collagen, HIF: hypoxia-inducible factor, KRT: keratin, NCDN/
Ncdn: neurochondrin, NRP1/ Nrp1: neuropilin-1, SOX/ Sox: SRY (sex determining region Y)-box)

Group and year

ECM

Dai et al., 2014

Protein (Antibody based)

mRNA

WB (COL2)

RT-qPCR (rat; Col2a1, Sox9,
Acan)

[47]
Feng et al., 2014

DMMB, Safranin

[48]

O

Foss et al., 2014

DMMB

ELISA (COL2)

DMMB

IHC (COL2, COL6, COL10),

RT-qPCR (human; COL2A1,

ELISA (COL2)

COL10A1, ACAN)

IHC (COL2), ELISA (COL2)

RT-qPCR (bovine; COL2A1,
ACAN, SOX9, COL1A1)

[49]
Gupta et al., 2014
[50]
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Group and year

ECM

Protein (Antibody based)

Kim et al., 2014

DMMB, Safranin

IHC (COL2)

[51]

O, chloramine-T

mRNA

assay
Naqvi et al., 2014

DMMB,

[52]

chloramine-T assay

Tam et al., 2014

DMMB

IHC (COL1, COL2)
IHC (ACAN, COL2)

RT-qPCR (mouse; Acan,
Col2a1)

[53]
Bridgen et al.,

FC (integrin subunits), IF

2013 [54]

(integrin subunits)

Chen et al., 2013

DMMB, Sircol

IHC (COL2, laminin α5,

[55]

collagen assay

vimentin, KRT5/8, integrin
subunit α6)

Feng et al., 2013

DMMB

IF (HIF-1α)

ACAN, SOX9, COL1A1)

[56]
Ning et al., 2013

RT-qPCR (human; COL2A1,

35

S-Proteoglycan

[57]

IHC (COL1, COL2), WB
(COL2)

Sakai et al., 2012

Safranin O,

IF (NP progenitor markers), FC

[58]

Toluidine blue

(NP progenitor markers)

Tang et al., 2012

Safranin O

IF (BASP1, NCDN, NRP1,

microarray, RT-qPCR (rat;

CD221, CD24, CD90,

Basp1, Ncdn, Nrp1, Cd221,

Brachyury)

Cd155, T2, Cd24, Cd90)

[59]
Minogue et al.,

microarray, RT-qPCR (human

2010 [60]

NP markers)

Minogue et al.,

microarray, RT-qPCR (bovine

2010 [61]

and human NP markers)

Fujita et al., 2005

FC (CD24), IF (CD24)

[62]

microarray, RT-qPCR (rat
Cd24 and human CD24)

1.5.1 Composition analysis of ECM of IVD
1.5.1.1 Collagen
There are different methods to measure the content of collagen such as high-performance
liquid chromatography [63], colorimetric assays involving the oxidation of free
hydroxyproline with chloramine-T reagent which is capable of precise collagen quantification
down to the nanogram level [64, 65] and a more recently developed method, the Sircol
collagen assay (SCA) [66]. The SCA is a more convenient colorimetric assay based on the
amino acid binding property of Sirius red with sulphonated acid side-chain groups that react
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with the side-chain groups of basic amino acids [66]. Sirius red is used widely as a selective
histochemical stain for collagen in normal and pathological tissue. It is also reported to be
used to quantify the collagen content by Lareu et al. after some essential modifications of the
assay [66].

1.5.1.2 Proteoglycan
Glycosaminoglycan (GAG) is one of the major components in the cellular environment and
all GAGs have N- and/ or O-sulfate groups on their disaccharide building blocks except for
hyaluronic acid. Most sulfated GAG chains are covalently linked to core proteins to form
proteoglycans, which are at the cell surface and in the ECM [67]. One of the most common
methods to measure the GAG content is by the dye 1,9-dimethylmethylene blue (DMMB)
assay. This method is based on the change of absorption spectrum of DMMB when bound to
GAGs. Besides DMMB, Alcine blue and Toluidine blue are also used for GAG content
estimation.

1.5.2 Protein content analysis by the use of antibodies
1.5.2.1 Western blot (WB)
Western blot (WB) is a common method to detect specific proteins in a sample of tissue
homogenate or extract. Gel electrophoresis is used to separate the proteins based on 3D
structure (for native proteins) or length of polypeptide (for denatured proteins). The proteins
are then transferred to a membrane (typically nitrocellulose or polyvinylidene fluoride, PVDF)
and stained with antibodies specific to the target proteins [68, 69].

1.5.2.2 Immunohistochemistry, immunocytochemistry and immunofluorescence
Immunohistochemistry (IHC), immunocytochemistry (ICC) and immunofluorescence (IF) are
quite similar staining methods. IHC refers to the staining of tissue sections while ICC refers to
the staining of cells. The detection methods can be using fluorescence dyes as in IF or using
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enzymes such as peroxidase and alkaline phosphatase. The principles behind the methods on
immunostaining are given in details in [70] and [71].

1.5.2.3 Enzyme-linked immunosorbent assay (ELISA)
Enzyme-linked immunosorbent assay (ELISA) provides a sensitive and selective method for
detecting a wide range of antigens in diverse matrices. One of the simplest forms of an ELISA
involves the immobilization of a target antigen on a plastic substrate by adsorption and its
detection with a selective antibody conjugated to a measurable label [72]. ELISA allows the
quantitative and semi-quantitative determination of protein concentrations in a multi-well
format. In general, the throughput of ELISA is higher than WB but it does not give
information about the molecular sizes of the proteins detected.

1.5.2.4 Flow cytometry (FC)
Flow cytometry is a laser-based technology that is used in a wide range of applications such
as cell counting, cell sorting, biomarker detection and protein engineering. Normally the cells
are stained similarly as in IHC but the cells are in suspension instead of on glass slides. Then
the cells will pass through an electronic detection apparatus in a stream of fluid. This
technology allows the detection of cells/ particles up to thousands of particles per second.

1.5.3 Gene expression at mRNA level
1.5.3.1 RT-qPCR
Reverse transcription polymerase chain reaction (RT-PCR) is commonly used in molecular
biology to detect RNA expression levels [73]. qRT-PCR or RT-qPCR refers to the type of
RT-PCR in which real time (quantitative) PCR is used for PCR steps. The use of quantitative
PCR allows the RNA levels to be estimated more accurately. In the decade after the first few
reports of RT-qPCR in 1988-1990, the use of this technique has grown exponentially [73]. In
RT-qPCR, RNA molecules are first converted into complementary DNA (cDNA) molecules
using an enzyme, reverse transcriptase. The cDNA molecules are then used as templates in
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PCR for exponential amplification. RT-PCR was considered to be more sensitive than other
methods based on hybridization such as Northern blotting, solution hybridization and RNase
protection assays due to its exponential amplification of small amounts of nucleic acid [74].

1.6 Developing methods in IVD research
1.6.1 Need for developing methods in science research
It is well established that technological innovations are sometimes called forth by the
demands of scientific research, and that the technological infrastructure is an enabling factor
in the conduct of such research [75]. The same is true for the medicine field. In 2003, Nature
medicine published a special issue on "Technology: pushing the boundaries of scientific
discovery" [76]. It valued the importance of technologies behind the scientific discovery,
especially emerging technologies which are undergoing unusually rapid development and
platform technologies that have broad applications.

This thesis focuses on the systematic study of methods. Although similar methods have been
used, the technical challenges involved have not been addressed systematically. This resulted
in experiment failure or waste of samples due to the suboptimal methods used. The methods
developed in our studies enhance the use of samples.

Some of the major motivations behind development of methods in research are depicted in
Figure 1-7.
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Figure 1-7 Schematic showing the need for developing methods in research.

1.6.2 Some areas for method improvement in IVD research
This thesis focused on several aspects of method development related to IVD research which
are described in Chapters 2 to 7 and briefly explained in the following:

1.6.2.1 Isolation of cells from bovine or human IVD tissue
In order to study the behavior of cells, cells are often isolated from the tissues and expanded
in culture medium. There are a variety of protocols for cell isolation recorded in literature but
there was no systematic study of NP cell isolation to date. Optimal cell yield is critical to the
feasibility and success of experiments when the starting materials are limited such as from
clinical sources. Thus there is a need to analyze different parameters involved in cell isolation
in order to provide a guide in NP cell isolation from tissues.
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1.6.2.2 Isolation of RNA from bovine or human IVD tissues
There may be changes of gene expression during cell isolation from tissues. Most studies
focus on gene expression of isolated cells rather than tissues directly. This is probably due to
the high proteoglycan content and low cellularity of NP tissue which make RNA extraction
more difficult. Conventional RNA extraction method cannot be used even with the
modification of precipitating the RNA with high salt solution as suggested by the
manufacturer. Hence there is a need to develop a method to extract RNA from bovine NP
tissue.

1.6.2.3 Understanding MSCs for IVD studies
As the source of NP cells from patients is limited, MSCs were suggested to be a potential
source of cells for NP repair or regeneration. There are different sources of MSCs and the
properties of these cells may differ greatly. There were studies comparing the osteogenic and
adipogenic potential of MSCs but few has addressed the discogenic potential (potential to
differentiate into the IVD cell phenotype). Yuan et al. have summarized some in vivo studies
using MSCs in disc regeneration [77]. It was observed that different outcomes can be resulted
for MSCs of different sources. Slight differences were also observed for the NP cell marker
expression in MSCs upon exposure to different niches. These suggest that the sources of
MSCs and the culture conditions may have significant effects on the outcome. This
necessitates a better understanding of the MSCs used in our studies.

1.6.2.4 Controlling the shape of cells in cell culture
Although NP cell culture can be used to study NP cell response, ex vivo culture often changes
the shapes of cells when cultured on planar surfaces. Pellet culture and alginate culture are
common methods to maintain the shape of cells. However, diffusion gradient may be built up
within the pellets or alginate beads. Besides, these millimeter scale 3D cell culture often
requires fixation and sectioning before observation under microscope which can be time
consuming and may introduce artifacts. Thus for certain studies, it is necessary to maintain
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the shape of cells in an alternative way such as micropatterning. Micropatterning can be used
to control the shape of cells.

1.7 Organization of this thesis
The organization of this thesis is depicted in Figure 1-8. In my PhD study, researches in
different areas in IVD were carried out to study NP cells, IVD tissues, MSCs and cell shape.
Different technical aspects were also studied along the way. This thesis focuses on the
technical aspects and can be viewed as three main parts:
(1) the isolation of cells and RNA from bovine NP tissue (Chapter 2, Chapter 3 and Chapter 4)
(2) the study of MSC isolation methods, characterization and culturing (Chapter 5)
(3) the techniques associated with maintaining cell shape through micropatterning (Chapter 6
and Chapter 7)

Finally, Chapter 8 gives the overall conclusions and perspective of this thesis.
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Figure 1-8 Schematic showing different studies related to IVD researches described in this thesis.
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The content in Chapter 2 to Chapter 7 is summarized in the following:

1.7.1 Optimization of NP cell isolation from tissues
Numerous studies have used isolated NP cells to study biological phenomenon. Different
groups used different protocols and there is no clear guide in the selection of different
parameters in the isolation procedures. Suboptimal protocols will reduce the cell yield. In
Chapter 2, a systematic experimental study of the cell isolation process from bovine NP tissue
is given together with theoretical analysis of the isolation from an engineering point of view.

1.7.2 Refining disc RNA extraction methodology
RT-qPCR is a widely used method in assessing gene expression of cells quantitatively at
mRNA level. However, there were limited studies assessing the mRNA levels of cells in IVD
tissues, especially for bovine and human IVD tissues due to the low cell density but high
proteoglycan content which make RNA extraction difficult. In Chapter 3, RNA extraction
from bovine IVD tissues was developed. Methods for RNA extraction from mouse and rat
IVD tissues were also described and assessed.

1.7.3 Concentration correction for RNA contaminated with phenol
With the RNA extraction method using TRIzol described in Chapter 3, it was possible to
extract RNA from bovine IVD but the concentration of RNA obtained was very low and the
peak of UV spectra of the RNA was shifted from 260 nm to 270 nm which was due to
contamination with phenol. The absorbance at 270 nm contributed by phenol causes
over-estimation of RNA concentrations. In Chapter 4, a computational method to correct the
concentration over-estimation based on subtraction was developed and verified.

1.7.4 Isolation and culturing of MSCs for chondrogenic / discogenic studies
MSCs have been implicated in tissue engineering and regenerative medicine for disc
degeneration therapy in the future. Different aspects of MSCs were investigated for the setting
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up of study for MSC differentiation into NP-like cells through signaling pathway inhibition
and were described in Chapter 5.

1.7.5 Method

optimization

of

cell

micropatterning

and

development

of

a

micropatterning method compatible for high resolution imaging
In Chapter 6, micropatterning was studied to maintain the round shape of cells at single cell
level, which will reduce the effect due to diffusion limitation. Various parameters such as
pattern sizes, use of pluronic, use of serum in cell culture medium, etc. were investigated for
the study of shape in bovine NP cells. To enable the capture of high resolution images and 3D
image reconstruction of cells on micropatterns, different methods to prepare cell
micropatterns compatible for high resolution microscopy were explored.

1.7.6 Method development in cell micropatterning compatible with laser capture
microdissection (LCM)
Many micropatterning studies focus on immunostaining to assess the gene expression of cells.
RT-qPCR can be a powerful way to assess the gene expression quantitatively with multiple
genes. In Chapter 7, we modified the protocol of a commercial kit to study gene expression of
micropatterned cells using RT-qPCR. In addition, a method to patterns cells compatible with
laser capture microdissection (LCM) was developed to enable the selection of cells of interest
from the micropatterns.
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2.1 Background
2.1.1 Comparison of different species
The IVDs from different species have different sizes as shown in Figure 2-1. The diameters
measured from Figure 2-1 are around 60 mm (human lumbar disc), 30 mm (bovine tail disc),
25 mm (sheep thoracic disc), 5 mm (rat lumbar disc) and 3.5 mm (rat tail disc). Compared to
rat, bovine discs are closer in size to human discs.

Figure 2-1 Relative sizes of IVDs in different species. (Reproduced with permission of Springer from

[42] © 2007 Springer. Labels were added to the photo).

Other than disc sizes, the difference in the presence of notochordal (NC) cells in NP is also
one of the special differences in different species. The diameters of the large NC cells are 25 –
85 µm. They are highly vacuolated which may be due to unsecreted proteoglycan and contain
glycogen stores. The Golgi of these cells is well-demarcated and the mitochondria is
considered ‘‘immature’’ with generous association endoplasmic reticulum, and forms fasciculi
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with neighboring cells [29]. Morphology of NC cells in different species using the same
staining method was studied by Hunter et al. [78] and this gave a better idea about the
variability of NC cells in the IVDs of different species.

Animals of different species retain their NC cells up to different stages of lives as summarized
in Table 2-1 by Hunter et al. [21]. Similar to cow, horse and chondrodystrophoid dog, human
loses NC cells before skeletal maturity.

Table 2-1 Comparison of NC cell retention in various mammalian species (Reproduced with

permission of Mary Ann, Inc. from [21] © 2003 Mary Ann, Inc. The order of rows was re-arranged with

human, cow, rabbit and rat put on the top of the list. These animal species were used in experiments in our
laboratory.)

Age at skeletal

Age at loss of

Age at onset of

Report of

maturity

notochordal cells

disc degeneration

chordoma

Human

20 years

10 years

30-50 years

Yes

Cow

3 years

12 months

Not reported

None

Rabbit

6 months

6 months

Not reported

None

Rat

2 months

12 months

12 months

Yes

Horse

5 years

Birth

Not reported

None

Chondrodystrophoid dog

12 months

6 months

4 years

None

Nonchondrodystrophoid dog

12 months

5 years

7 years

Yes

Cat

2 years

18 years

Rare

Yes

Animal

2.1.2 Use of bovine cells
Mature bovine NP tissue has higher similarity to mature human NP tissue [79]. For instance,
the swelling pressure of bovine tail discs is similar to that of human lumbar discs [80] and the
loading in bovine discs is similar to that of human [81, 82]. Besides, bovine tail discs are also
less gel-like compared to immature porcine discs which resemble discs in developed human
more closely. The major cell population in immature porcine discs is NC cells as contrasted
with chondrocyte-like cells in aged human discs and bovine discs [83]. These differences
suggest that NP cells from bovine or human source will be more relevant in studying IVD
aging and degeneration in human.
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2.2 Introduction
Intervertebral disc (IVD) is an important part of the spine and its degeneration is highly
associated with back pain, which is one of the major health problems in many developed
countries. The major components of IVD are nucleus pulposus (NP), annulus fibrosis (AF)
and cartilaginous endplates (CEP). To elucidate the mechanism related to disc degeneration,
primary NP cells were isolated from the NP tissue of different animal species for different in
vitro studies. The cell isolation from tissues is often achieved by enzymatic digestion using
collagenase. As summarized in Table 2-2, there are various protocols for NP cell isolation and
they vary greatly in terms of enzyme concentrations (0.01% to 0.5%), digestion duration (30
min to overnight) and type of pre-collagenase treatments such as digestion by pronase, which
is a mixture of different proteases. To date, there is no systematic study about the cell isolation
protocols for NP tissues and sub-optimal protocols may result in a lower cell yield, which can
be a critical problem for human IVD samples as their availability is usually more limited.
Human NP was suggested to have most dramatic changes with age of any cartilaginous tissue
[26] and variability was observed in clinical samples obtained from patients of different ages
with discs of different degrees of degeneration. Theoretically in scientific studies, same
protocol should be used throughout the same set of experiments but for clinical NP samples,
using the same protocol does not guarantee similar isolation efficiency as the samples
themselves can be quite different. Interestingly, the digestion duration of human NP in
reported studies can be as short as 1 h [84] but also as long as overnight [85]. When the
tissues are insufficiently digested, the cells in the tissues cannot be released and sufficient
RNA cannot be extracted for reliable gene expression studies. This necessitates a better
understanding of the cell isolation process.
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Table 2-2 Summary of cell isolation conditions and durations for IVD tissues in some reported studies (Reproduced with permission of John Wiley and Sons
from [86] © 2015 John Wiley and Sons).
Reference

Pre-collagenase treatment

Collagenase treatment a

Tissue b

Species

Notes

Minogue et al. 2010 [61]

0.5% protease for 1 h

0.5% collagenase II + 0.1% hyaluronidase

NP, AF

bovine

serum free medium

for 2-3 h
Bron et al. 2011 [34]

2.5% protnase E for 1 h

0.125% collagenase for 16 h

NP, AF

goat

1%, 25% FBS

Gilbertson et al. 2008 [87]

0.2% pronase for 90 min

0.02% collagenase II for O/N

NP, AF

human

with gentle agitation

0.1% collagenase + 10 U/ml hyaluronidase

NP, AF

rat

Risbud et al. 2006 [88]

for 4-6 h
GantenbeinRitter et al. 2012 [89]

0.19% pronase for 1 h

collagenase II for 14 h

NP

bovine

1-year-old

GantenbeinRitter et al. 2011 [90]

0.19% pronase for 1 h

0.4% collagenase II for O/N

NP

bovine

6- to 12-month-old

Arana et al. 2010 [91]

0.5% protease for 1 h

0.1% collagenase A for O/N

NP

bovine

0.05% type I collagenase for O/N

NP

bovine

0.2% pronase + 0.004%

0.05% collagenase II + 0.01%

NP

bovine

DNase II for 90 min

hyaluronidase + 0.004% DNase II for O/N
NP

bovine

18- to 32-month-old
constant agitation

Gilson et al. 2010 [92]
Halloran et al. 2008 [93]
Jones et al. 2008 [94]

0.8 mg/ml crude type XI collagenase +
1.67 U/ml DNase for O/N
0.2% pronase for 1 h

0.125% collagenase type IV for 8-10 h

NP

bovine

Zeiter et al. 2009 [96]

0.19% pronase for 1 h

32 IU/ml collagenase II for 10 h

NP

bovine

Watanabe et al. 2010 [97]

0.27% pronase for 1 h

0.025% collagenase for 2 h

NP

human

0.2% collagenase for O/N

NP

human

Yang et al. 2010 [85]
Purmessur et al. 2008 [98]

2 U/ml protease for 30 min

0.4 mg/ml collagenase I for 4h

NP

human

Studer et al. 2007 [99]

0.2% pronase for 90 min

0.02% collagenase type II for O/N

NP

human

LeMaitre et al. 2005 [100]

2 U/ml protease for 30 min

0.4 mg/ml collagenase I for 4 h

NP

human

0.75 mg/ml collagenase type II + 0.6

NP

pig

NP

pig

Fernando et al. 2011 [101]

mg/ml protease for O/N
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Guehring et al. 2009 [102]

0.2% protease for 1 h

0.2% collagenase for 18 h
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Korecki et al. 2009 [95]
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Reference

Pre-collagenase treatment

Cheng et al. 2011 [103]
Yuan et al. 2011 [104]

0.2% pronase for 1.5 h

Su et al. 2010 [105]
Hiyama et al. 2011 [106]

Collagenase treatment a

Tissue b

Species

Notes

0.2% collagenase for 18 h

NP

rabbit

10% FBS

0.05% collagenase IA for 16 h

NP

rabbit

0.01% collagenase for 16 h

NP

rabbit

NP

rat

NP

rat

0.25% collagenase for 1 h

NP

rat, human

0.01% trypsin for 15 min

Hiyama et al. 2010 [107]

0.0125% collagenase P + 0.4% pronase for
30 min

Kakutani K 2006 [84]
GantenbeinRitter et al. 2012 [89]

0.19% pronase for 1 h

collagenase type 2 for 14 h

NC

pig

4- to 5-month-old

Guehring et al. 2009 [102]

0.2% protease for 1 h

0.025% collagenase for 18 h

NC

pig

Additional 2 h digestion in
nonenzymatic cell
dissociation solution

Gilson et al. 2010 [92]

0.075% type I collagenase for O/N

AF

bovine

Korecki et al. 2009 [95]

0.2% pronase for 1 h

0.2% collagenase type IV for 8-10 h

AF

bovine

Gilbert et al. 2010 [108]

300-350 PUK/ml pronase

0.25% collagenase II + 0.01%

AF

human

for 1 h

hyaluronidase for 4 h

2 U/ml protease for 30 min

2 mg/ml collagenase I for 4 h

AF

human

1.5 mg/ml collagenase type II + 0.6 mg/ml

AF

pig

LeMaitre et al. 2005 [100]
Fernando et al. 2011 [101]

with constant agitation

protease for O/N
0.2% protease for 1 h

0.6% collagenase for 18 h

AF

pig

Hiyama et al. 2010, 2011 [106,

0.4% pronase for 1 h

0.025% collagenase P for 3 h

AF

rat

0.1% collagenase II for 3-6 h

AF

rat

107]
Wan et al. 2007 [109]
a

Collagenase preparation from different companies may have different classifications of collagenase types

b

NP: nucleus pulposus; AF: annulus fibrosus; NC: immature nucleus pulposus with notochordal cells
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Among different species, we chose bovine NP tissue for studying various factors affecting the
cell isolation procedures since bovine IVD has higher similarity to human IVD in terms of
cell distribution, cell phenotypes, disc compositions, disc sizes and mechanical loadings.
Unlike rodent NP cells which are in direct cell-cell contact, cells in bovine caudal NP tissues
are at low cell density and are separated by extracellular matrix. Cows and sheep resembles
human in that they may have some NC cells at birth but the numbers of cells decrease rapidly
with age, while most other species such as mouse, rat, cat, mink, dog, pig and rabbit all have
NC cells in the NP at birth and retain them throughout much of their adult life [42]. Besides,
bovine coccygeal discs have similar NP compositions compared with human 40 to 80 years of
age in terms of water content (77%), proteoglycan content (bovine, 166-341 mg/ g dry weight;
human 188-356 mg/ g dry weight) and type II collagen content (bovine, 269-333 mg/ g dry
weight; human, 224-367 mg/ g dry weight) [110]. Bovine caudal discs (14-22 mm in diameter
and 5-10 mm thick) are comparatively close in size to the human lumbar disc and the
musculature of the bovine tail maintains an in vivo pressure on the discs that is approximately
the same as in the human lumbar disc in the prone position (0.1-0.3 MPa) [42]. Besides,
Oshima et al. reported that the swelling pressure in bovine tail discs is similar to that in
human lumbar discs, indicating that the prevailing compressive stress of the tail discs is
probably of similar magnitude to lumbar discs [42, 111]. Thus bovine disc cells may be more
clinically relevant to the study of IVD degeneration.

In this optimization study, we started with characterizing the bovine tissues to provide
information in designing our experiments. We focused on three main applications of the
isolated NP cells, namely for cell culturing, for RT-qPCR and for flow cytometry. For cell
culturing, we tested different types of pre-collagenase treatments, different collagenase
concentrations and different digestion durations to assess the cell yield obtained. For
RT-qPCR, we extracted RNA from cells isolated from bovine NP, AF and muscle with
different protocols and assessed the relative mRNA levels of chondrocyte markers and NP
markers. The effect of cell isolation was also assessed by comparing with the mRNA levels in
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cells in tissues without cell isolation. For flow cytometry, different studies have already been
performed by different groups to assess the effect of pronase on cell surface proteins of
different cells. Thus this study makes suggestions based on these literatures. In addition, due
to the infinite possible combinations of parameters in the cell isolation protocol design, we
also aim to provide suggestions in the cell isolation protocols through theoretical analysis
based on enzyme kinetics and results in this study.

We hypothesize the cell yield can be increased through modifying the cell isolation
conditions.

2.3 Objectives
The objectives of experiments in this Chapter are:
•

To characterize bovine NP and AF tissues

•

To study different parameters involved in cell isolation and suggest optimal protocols
for different applications (cell culturing, RNA extraction, characterization by flow
cytometry)

•

To analyze different factors involved in cell isolation theoretically followed by
experimental validation

2.4 Materials and Methods
2.4.1 LIVE/ DEAD® assay and cell size estimation
Bovine IVD tissues were obtained from bovine tails of young adult animals (18 - 36 month
old) purchased from a local market in Hong Kong. The discs were excised with NP and AF
tissues separated manually. For LIVE/ DEAD® assays, the NP and AF tissues were stained in
2 µg/ml calcein and 4 µg/ml ethidium homodimer-1 (Invitrogen, catalog # L3224) for 1 h.
Fluorescence photos were taken using an upright microscope (Nikon, Eclipse 80i).
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Bovine NP and AF cells were isolated with collagenase type 2 (Worthington) from bovine
caudal IVD tissues. Photos of isolated cells were taken using an inverted microscope (Leica)
using a 10× objective and the diameters of cells were measured using rulers in Adobe
Photoshop CS4. The scale was calibrated by the use of a photo of a hemocytometer with
known grid sizes and with the same microscope magnification (10×).

2.4.2 Water content estimation and DMMB assay of bovine NP and AF tissues
NP and AF tissues of about 1 mm thick were cut with a 4 mm biosy punch without immersing
the tissues in saline to avoid absorption of water and swelling of tissues. The weights of the
tissues were measured before and after freeze drying for estimating the water content. The
freeze dried tissues were then digested using 50 µg/ml proteinase K (Roche, catalog # 03 115
801 001) in TE buffer at 60 °C overnight. The digested samples were diluted using TE buffer
and mixed with DMMB reagent to estimate the GAG amount with the standard curve
prepared using chondronitin sulphate A (Sigma, catalog # C9819) in the range of 0-128 µg/ml.
The protocols for preparing the TE buffer and the DMMB reagent in formate buffer are
described in Section 2.7.2 in the Appendix of this Chapter.

2.4.3 Immunohistochemistry and cell density estimation
Immediately after harvest, the NP, AF and muscle tissues were quickly frozen in liquid
nitrogen and stored in a -80 °C freezer. The frozen tissue was cryosectioned using a cryostat
(Leica, CM 1900 UV) into 10 µm sections. The sections were allowed to dry for at least an
hour at room temperature and then stored in a -20 °C freezer. Prior to staining, the sections
was allowed to dry at room temperature and fixed with acetone. The sections were stained
with antibodies to GAPDH (Aviva Systems Biology; ARP40175_P050; 1:200), CDH2 (Santa
Cruz Biotechnology; sc-7939; 1:200), KRT18 (Aviva Systems Biology; ARP40206_T100;
1:200) and KRT19 (Aviva Systems Biology; ARP47463_P050; 1:200) diluted in 5% (v/v)
goat serum. Samples treated with 5% (v/v) goat serum without primary antibodies added were
used as negative controls. Primary antibodies were detected using a Vectastain ABC-AP kit
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(VECTOR, catalog # AK-5000) for signal amplification and Liquid Permanent Red reagents
(Dako, catalog # K0640). The slides were counterstained using Harris hematoxylin (Sigma) to
visualize the cell nuclei. Samples were viewed under an upright microscope (Nikon, Eclipse
80i).

2.4.4 Cell yield, cell viability and attachment of isolated cells
2% (w/v) pronase stock solution and 5% (w/v) collagenase stock solution were prepared by
dissolving the lyophilized pronase (Roche, catalog # 11 459 643 001) and type 2 collagenase
(Worthington) respectively in water and filtered using 0.22 µm syringe filters (Millipore). The
enzyme stocks were diluted to the desired concentration using high glucose Dulbecco's
Modified

Eagle

Medium

(DMEM,

Gibco,

catalog

#

12100-046)

with

N-2-Hydroxyethylpipcrazine- N'-2-ethanesulfonic acid (HEPES, Sigma, catalog # H4034)
added. Fetal bovine serum (FBS, Biosera, catalog # FB-1001/500) was added to a final
concentration of 10% (v/v). Antibiotics (penicillin and streptomycin, Gibco, catalog # 15140)
and fungizone amphotencin B (Gibco, catalog # 15290-018) were added to the medium to
final concentrations of 100 U/ml, 100 µg/ml and 1 µg/ml respectively. Prior to cell isolation,
NP tissues were cut into 2 mm pieces using a scalpel. The pieces of NP were mixed and
distributed evenly into plastic tubes and different enzymes were added and incubated as
shown in Figure 2-4. After the digestion, the cell suspensions with undigested tissues were
filtered through tailor made metal strainers with pores of 23 µm to remove undigested tissues.
The cell suspension was centrifuged and most supernatant was removed leaving 100 µl of
medium behind. The cell pellets were resuspended in the supernatant and counted using a
hemacytometer after mixing with 0.4% (w/v) Trypan blue (Sigma, catalog # T8154) in 1:1
ratio. For cell attachment assessment, the cells without being stained with Trypan blue were
washed with phosphate buffered saline (PBS) for three times and re-suspended in DMEM
without HEPES. The cells were plated in a 48-well plate and photos were taken at 0, 1, 2, 3, 4
and 7 days after the harvest of tissues.
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2.4.5 Quality of RNA extracted with different digestion conditions
In this set of experiments, higher concentrations of collagenase were used and hence the
collagenase stock solution was prepared in DMEM instead of water to avoid a significant
dilution to the salts present in the DMEM due to stock solution addition. 2% (w/v)
collagenase solution was prepared by dissolving type 2 collagenase (Worthington) in DMEM
with HEPES and filtered using 0.22 µm syringe filters (Millipore). The required
concentrations of the enzyme solutions were prepared by diluting the stock solutions with
DMEM with HEPES. Prior to cell isolation, NP, AF and muscle tissues were cut into 2 mm
pieces using a scalpel and digested in different conditions as shown in Table 2-5. Then the
digested samples were centrifuged and washed with PBS. The cell suspension was centrifuged
again and the supernatant was then removed. TRIzol (Invitrogen, catalog # 15596-018) was
added to the cell pellets to lyse the cells and the lysates were stored in a -80°C freezer prior to
RNA extraction. RNA extraction was performed with the addition of high salt precipitation
solution as recommended by the manufacturer and also the following modifications:
Bromochlorpropane (BCP) was used instead of chloroform as it has been suggested that it is a
safer yet equally effective phase separation reagent in RNA extraction [112] and an additional
75% (v/v) ethanol wash step was added to remove the salt more completely. The RNA
solution was quantified using a Nanodrop 2000c spectrophotometer (Thermo Scientific).

2.4.6 RT-qPCR
RT-qPCR was performed to further evaluate the effect of different digestion protocols on
relative mRNA levels. In previous trials, total RNA cannot be obtained after overnight
digestion, probably due to the degradation of RNA prior to RNA extraction (data not shown).
Thus there is possibility that relative mRNA levels may change with different duration of
collagenase digestion. Longer digestion yields a higher cell number while this may also result
in more RNA degradation. In view of this, we performed RT-qPCR using RNA obtained with
different protocols to assess the relative mRNA levels of some IVD or NP markers.
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Six different genes were chosen in the RT-qPCR. GAPDH serves as a housekeeping gene
which is used as a base of normalization. ACAN and COL2A1 are typical chondrocyte
markers and they are highly expressed in bovine articular chondrocytes (AC), NP and AF
cells without much difference in mRNA levels detected among these three tissues [113].
CDH2, KRT18 and KRT19 are suggested to be NP-specific markers in bovine samples [113].
CDH2 is a cadherin protein which has been shown to be important in mesenchymal
condensation and chondrogenesis. KRT18 is a type I cytokeratin which dimerises with KRT8
to form intermediate filament in the cytoplasm of cells. KRT19 is also a type I cytokeratin but
does not pair with a basic cytokeratin.

Total RNA was reverse transcribed into cDNA using PrimeScript RT Master Mix (Takara,
catalog # HRR036A) in a 10 µl reaction volume using a thermocycler (Applied Biosystems,
Veriti 96 well thermocycler). The cDNA was diluted five times by adding 40 µl of autoclaved
water. qPCR was performed with a total reaction volume of 10 µl, containing 1 µl of single
stranded cDNA, 5 µl of SYBR Green PCR Master Mix (Applied Biosystems, part # 4309155)
and 500 nM each of forward primer and reverse primer (GAPDH, ACAN, COL2A1, CDH2,
KRT18 and KRT19 from [113] with sequences given in Table 2-3), in 96 well reaction plates
using a standard PCR protocol for SYBR green reactions (Applied Biosystems, StepOnePlus)
with a melt curve analysis. Primers were ordered from Tech Dragon Limited. Autoclaved
water was used as a negative control and RNA before reverse transcription was used to
estimate the level of genomic DNA contamination. DNase1 treatment by Amplification Grade
DNase1 (Invitrogen, catalog # 18068-015) was also included when necessary. The relative
gene expression was calculated based on comparative Ct method.
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Table 2-3 Sequences of bovine primers used in this study (Sequences were from [113]; the sequences

were written in 5' to 3' for both forward and reverse primers) (Reproduced under a Creative Commons
Attribution License).
Primer

Sequence (forward)

Sequence (reverse)

Bovine GAPDH

TGCCGCCTGGAGAAACC

CGCCTGCTTCACCACCTT

Bovine ACAN

GGGAGGAGACGACTGCAATC

CCCATTCCGTCTTGTTTTCTG

Bovine COL2A1

CGGGCTGAGGGCAACA

CGTGCAGCCATCCTTCAGA

Bovine CDH2

GCCATCAAGCCAGTTGGAA

TGCAGATCGAACCGGGTACT

Bovine KRT18

TTGAGCTGCTCCATCTGCAT

AAGGCCAGCTTGGAGAACAG

Bovine KRT19

CGGTGCCACCATTGAGAACT

CAAACTTGGTGCGGAAGTCA

2.4.7 Isolation of cells from NP, AF, CEP, tendon and adipose (AD) tissues in bovine tail
Adult cow tails were purchased from a local butcher in Brixton of London, United Kingdom.
NP, AF, CEP, tendon and adipose (AD) tissues were dissected from bovine tail and digested in
collagenase solution (0.05% w/v for NP tissue; 0.2% w/v for AF, CEP, tendon and AD).
Collagenase, Type II (Gibco, catalog # 17101-015) was dissolved in DMEM (Gibco) with 10%
(v/v) FBS with 1% (v/v) antibiotics/ antimycotics (Invitrogen, catalog # 15240-062) and
filtered through 0.22 µm syringe filters. Prior to cell isolation, the tissues were cut into 1-2
mm pieces using a scalpel and digested in the collagenase solution overnight at 37 °C with
shaking. For NP, AF and AD tissues, the cell suspensions with undigested tissues were filtered
through 70 µm cell strainers to remove undigested tissues. The cells were washed with full
DMEM and seeded in plastic culture flasks. For CEP and tendon tissues, similar procedures
were performed but without using the cell strainers and the undigested tissues together with
the cells were transferred to plastic culture flasks.

2.4.8 Isolation of cells from rat NP tissue
Rat NP tissue was obtained from the dead bodies of Lewis rats maintained by the Laboratory
Animal Unit of the University of Hong Kong for MSC harvest. The experimental protocol of
harvesting the MSCs was approved by the Committee of the Use of Live Animals in Teaching
and Research, the University of Hong Kong (CULATR Ref. No.: 2202-10). The rat NP was
digested with 0.2% (w/v) pronase for 1 h with subsequent collagenase (0.05% or 0.2% w/v)
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treatment for 2 h or 3 h collagenase (0.05% or 0.2% w/v) treatment without pronase
pre-treatment. The digestion was carried out at 37 °C. Shorter digestion time in collagenase
was used for rat NP compared to bovine NP as the rat NP tissue is smaller and the digestion
time used in literatures is in general shorter for rat NP than bovine NP (ranges from 30 min to
6 h for rat NP and 2 h to overnight for bovine NP) (Table 2-2).

2.4.9 Flow cytometry of pronase treated human MSCs
Human MSCs were harvested and cultured as described in Section 5.3.6 in Chapter 5. The
MSCs on plastic culture surface were detached using accutase (Gibco, catalog # A11105-01)
with incubation at 37 °C for 5-10 min. 1 ml of DMEM with 10% (v/v) FBS was then added to
the cell suspension and the cell suspension was centrifuged at 500 × g for 4 min. The cells
were washed twice with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldich, catalog #
A7906) in PBS with 0.1% (w/v) sodium azide (Sigma-Aldich, catalog # S2002). For the tube
for pronase treatment, 100 µl of 2% (w/v) pronase was added to 0.5 ml of cell suspension and
incubated at room temperature for 5 min. The tubes without pronase treatment were incubated
at room temperature for 5 min without pronase added. The cells was centrifuged and
re-suspended in 100 µl of 1% (w/v) of BSA in PBS with 0.1% (w/v) sodium azide. 5 µl of
CD90 antibodies (BD Pharmingen, catalog # 555595) was added to each tube except the tube
of negative control. The tubes were put on ice in dark for 30 min and the cells were
centrifuged and washed with 1% (w/v) BSA in PBS with 0.1% (w/v) sodium azide. The cells
were centrifuged and re-suspended in 0.3 ml of 1% (w/v) BSA in PBS with 0.1% (w/v)
sodium azide. Immediately before the measurements, the cells were filtered using 70 μm cell
strainers into FACS tubes and flow cytometry was performed using BD LSR Fortessa
analyzer.

2.4.10 Statistical analysis
P-values were calculated using Student’s two-tailed t-test of unequal variance.
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2.5 Results and Discussion
2.5.1 Cell distribution, cell densities and tissue compositions of bovine NP and AF
The cells in the bovine IVD are separated by the extracellular matrix and a higher percentage
of dead cells is present in AF than NP after tissue harvest. Figure 2-2A, B, C and D shows the
distribution of cells on NP and AF tissues stained with Invitrogen LIVE/ DEAD® stain, which
stains living cells green and dead cells red. Most cells in the NP and AF tissues are not in
direct cell-cell contact and there are more dead cells in AF compared with NP in general. One
of the reasons may be the cells are dying after the animal is killed and the cells in AF, which
in general have more access to nutrient, die more easily. In contrast, the NP cells which
originally are in tissue with low nutrient supply and hence are able to survive for a longer
time after the animal is killed. Another reason for this phenomenon is that antiseptic was used
to sterilize the tail surface before the tissue harvest and the antiseptic might diffuse into the
AF more easily and killed the cells, causing the relatively high dead cell percentage in the AF
tissue. Figure 2-2E and F shows cryosectioned tissues stained with hematoxylin and the cell
nuclei are in purple. From the figure, we can see that there are more cells in AF than in NP,
which is consistent with the staining of tissues with LIVE/ DEAD® stain.

Figure 2-2 Isolation of bovine tail disc cells. (A-D) Representative micrographs indicating cell

distribution and viability in NP and AF tail tissues revealed by LIVE/ DEAD® cell viability assays, where

calcein AM signals indicate live cells (green) and ethidium homodimer-1 (EthD-1) signals indicate dead
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cells (red); (E, F) Cryosections of NP and AF tissues stained with hematoxylin for visualization of cell

nuclei; (G, H) NP and AF cells isolated by collagenase digestion (scale bar = 100 μm). (Reproduced with
permission of John Wiley and Sons from [86] © 2015 John Wiley and Sons).

Similar to human IVD, cells only constitute a small volume in the bovine IVD tissues. The
cell densities estimated from these cryosection photos are 124 cells per mm2 (1530 cells per
mm3) and 483 cells per mm2 (11724 cells per mm3) for NP and AF respectively (Table 2-4).
Figure 2-2G and H shows the cells isolated from bovine NP and AF with the collagenase
treatment. The cells are round in shape and from the photos, we quantify the cell size by
measuring the diameters of cells. On average, the cell diameter of NP is 13.3 µm and that of
AF is 13.0 µm (Table 2-4). By using this information, the percentage volume occupied by
cells can be calculated. NP cells occupies about 0.19% of NP tissue by volume while AF cells
occupies a much larger volume of 1.35%.

The water content of NP and AF are 76.9% and 65.4% respectively (Table 2-4), which is
similar to that of human samples [10, 110]. Similar to the phenomenon in human, the bovine
NP tissue has a higher GAG content (7.1% of wet weight and 29.6% of dry weight) compared
to AF tissue (2.6% of wet weight and 7.8% of dry weight) but the content is lower than the
human samples.
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Table 2-4 Water, GAG contents and cell densities in bovine tail IVD (Some of the data was published in

[86]. Reproduced with permission of John Wiley and Sons © 2015 John Wiley and Sons) (mean ± SD; a. n =

9, 3 batches of tails and 3 samples per batch. b. n = 50 cells. c. n = 24, 3 slides and 8 sections per slide. d. The %
volume of cells in tissues in this table was estimated based on cell volume estimates from the cell
diameters of isolated cells while that in [86] was estimated based on cell volume estimates from the
cryosection micrographs. e. n = 10 cell counts from 4 independent batches of experiments)
1. Water content (%)

a

NP

AF

76.9% ± 3.2%

65.4% ± 8.7%

2a. Proteoglycan content (% wet weight)

a

7.7% ± 1.0%

2.9% ± 1.8%

2b. Proteoglycan content (% dry weight)

a

33.9% ± 5.2%

9.7% ± 7.4%

13.3 ± 2.3

13 ± 2.1

124.2 ± 70.4

483.2 ± 260.9

1530 ± 1385

11724 ± 9038

0.19% ± 0.17%

1.35% ± 1.04%

868.7 ± 117.5

N/A

0.11% ± 0.01%

N/A

3. Cell diameter (µm)

b
2

4a. Planar cell density (per mm ) (from micrographs)

c

3

4b. Volumetric cell density (per mm ) (based on micrographs)
4c. % volume of cells in tissues (based on micrographs)
3

5a. Cell density (per mm ) (from cell isolation)

d

e

5b. % volume of cells in tissues (based on cell isolation)

e

c

2.5.2 Higher NP marker expression in NP compared to AF
In this study, the markers for bovine NP used in qPCR were chosen based on a microarray
analysis confirmed by RT-qPCR by Minogue et al. [2] but there may be difference between
the expression at protein levels and the expression detected at mRNA levels. Thus
immunostaining was performed to confirm the presence of the proteins in bovine NP tissues.
The proteins for the chosen bovine NP markers (CDH2, KRT18 and KRT19) were detected at
comparatively high levels in NP tissue compared to AF tissue (Figure 2-3), confirming that
CDH2, KRT18 and KRT19 are relatively highly expressed in NP compared with AF at both
mRNA and protein levels. Thus we used CDH2, KRT18 and KRT19 together with other
chondrocyte markers (ACAN and COL2A1) in the following RT-qPCR experiments.
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Figure 2-3 Representative photos of cryosectioned NP and AF tissues immunostained with different
NP-specific markers (CDH2, KRT18 and KRT19). Goat serum was used as the negative control and

GAPDH as the positive control. The nuclei of cells were stained purple by hematoxylin and the proteins
under study were stained red. (Scale bar = 100 µm) (n ≥ 4 cryosections for each protein and 1-2 fields of

view per cryosection).

2.5.3 Cell yield, viability and attachment
As the degeneration of IVD is often accompanied by changes in the NP tissue, NP cells have
been one of the major focuses in understanding the IVD degeneration mechanism. Thus we
focused on the isolation of cells from NP in this study. Among the protocols tested, 0.2%
collagenase treatment overnight gave the highest yield but also resulted in a higher percentage
of cell death. On average, each gram of NP tissue yielded 7.2 × 105 cells after complete
digestion of the tissue. Figure 2-4A and Figure 2-4B show the relative cell yield obtained
from NP tissues after different enzyme digestion protocols. For the low collagenase
concentration (0.05%) treatment, a pronase incubation step prior to collagenase treatment
gave a much higher yield for 6 h of digestion duration. More cells could be released after a
longer time of collagenase digestion. A higher concentration (0.2%) of collagenase yielded a
larger cell number when compared with a lower concentration (0.05%) after 6 h of digestion
(Figure 2-4B). After overnight digestion, the tissues disappeared for both 0.05% and 0.2%
collagenase concentrations and this gave the highest possible yields available from the tissues.

Technique and Method Development for Intervertebral Disc (IVD) Research

42

Chapter 2 Bovine NP Cell Isolation

Figure 2-4 Effects of different pre-collagenase treatments and different collagenase treatment
cocncentrations and duration. (A) Effect of different pre-collagenase treatments on cell yield in bovine

NP cell isolation with 6 h of digestion; (B) Effect of different collagenase concentrations and reaction
duration on cell yield. (n=10; from three batches of bovine tails; biological duplicates in batch 1, biological
duplicates and counting duplicates in batches 2 and 3; mean ± SD). (Reproduced with permission of John
Wiley and Sons from [86] © 2015 John Wiley and Sons).

Most cells remained alive even after the digestion with a high collagenase concentration
(0.2%) overnight. In the Trypan blue exclusion staining, only less than 5% of cells were
stained blue, indicating most cells were living and the average % of dead cells was lower for a
shorter digestion duration or a lower collagenase concentration (Figure 2-4B). Besides,
majority of cells were able to attach to the plastic culture plate upon plating after a week
(Figure 2-5) and this confirms the high viability of cells from Trypan blue staining.

The isolated NP cells attached to plastic culture surface and spread like fibroblasts though the
speed of attachment was slower than established cultures. From Figure 2-5A, the NP cells
started to attach on the culture surface at around day 4 and the cells spread more on the
culture plate at day 7. This phenomenon is similar to the attachment of trypsinzed cells during
cell culture passaging but is slower than trypsinzed cells which may attach to the culture
surface again within a day (Figure 2-5B). Besides, heterogeneity in attachment time was
observed for the isolated cells.
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Figure 2-5 The difference in cell attachment speed between NP cells isolated from the tissue and
NP cells during passaging. (A) Representative micrographs showing NP cells isolated with different
conditions and cultured in monolayer at day 0 (day 1 for the samples with overnight digestion), day 4 and

day 7 from the day of tissue harvest. (B) Representative micrographs showing cells cultured for 10 min, 1
h and 4 h after trypsinization and re-plating in passaging (scale bar = 100 µm). (Reproduced with
permission of John Wiley and Sons from [86] © 2015 John Wiley and Sons).
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2.5.4 Morphology of isolated and attached NP, AF and muscle cells
As shown in Figure 2-6, the sizes and shapes of the NP and AF attached cells were similar.
There was much debris in the suspension of isolated muscle cells but was removed by
medium change. The morphology of attached muscle cells were different from NP and AF
with slightly more spread morphology.

Figure 2-6 Morphology of unattached and attached cells. Upper row: Representative micrographs of

cells isolated from NP, AF and muscle tissues captured at day 2 after cell isolation, showing the

morphology of cells before attachment to the plastic culture surface; Lower row: Representative

micrographs of cells attached to the plastic culture surface (captured at day 4 of passage 3 cells; the

morphology of cells were similar at different passages from passage 1 to passage 7, data not shown) (scale
bar = 100 µm). (Reproduced with permission of John Wiley and Sons from [86] © 2015 John Wiley and

Sons).

Due to the similarity of the morphology of NP cells and AF cells and their close proximity in
the tissues, further characterization of the isolated cells may be necessary in some studies.

2.5.5 Requirement of pronase in rat NP cell isolation
Flow cytometry is widely used to confirm the identity of mesenchymal stem cells (MSCs)
isolated from various sources but few NP cell surface markers is available for characterization
to date. Fujita et al. has identified a surface protein CD24 that is specifically expressed in rat
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nucleus pulposus cells [62] but the use of surface proteins as NP markers is relatively rare
compared to markers at transcriptional level. We have noticed that a number of studies
suggested that pronase may damage surface proteins [114-117] and in our studies, cells can be
isolated from bovine NP tissue even without the use of pronase (Figure 2-4 and Figure 2-5).
The difference in cellular arrangements (as shown in Figure 2-7) prompted us to investigate
the requirement of pronase in rat NP cell isolation. As shown in Figure 2-8, pronase is
required for isolation of NP cells from rat. In contrast, cells can be isolated from bovine NP
tissue even without the use of pronase (Figure 2-8).

Since proteases have been shown to affect the membrane architecture and/ or surface proteins
of different cell types such as lymnaea neurons [114], chondrocytes [115], Kupffer cells [116]
and lymphocytes [117], we have also tested the effect of pronase on surface antigens using
human MSCs from bone marrow. The treatment of cells with pronase for 5 min decreased the
CD90 antigen by 10% (Figure 2-13 in the Appendix). In our study, human MSCs were used
to demonstrate the effect of pronase instead of bovine NP cells due to the lack of verified NP
surface antigens for bovine NP cells. The reduction in surface antigens for MSCs after
pronase treatment suggested that caution should be made when interpreting the flow
cytometry results for cells isolated with the use of pronase.
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Figure 2-7 The difference in requirement of pronase in different NP tissues. For NP tissues with cells

in direct cell-cell contact (type 1), digestion by pronase is required to break the adhesion among cells. For

NP tissues with cells separated by matrix rich in collagen (type 2), the use pronase may not be absolutely

required for cell isolation. For NP tissues with cell clusters (type 3), crude collagenase alone may be
sufficient to isolate the solitary cells but pronase may be required to effectively isolate the cells in clusters.
(Reproduced with permission of John Wiley and Sons from [86] © 2015 John Wiley and Sons).

Figure 2-8 The requirement of pronase in rat NP cell isolation. For bovine NP, 1 h of pronase digestion
followed by 5 h of collagenase digestion or 6 h of collagenase digestion. For rat NP, 1 h of pronase digestion
followed by 2 h of collagenase digestion or 3 h of collagenase digestion. Shorter digestion time was used

for rat NP due to its smaller disc size and the general shorter digestion used in reported studies (Table
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2-2). (Scale bar = 50 µm) (Reproduced with permission of John Wiley and Sons from [86] © 2015 John

Wiley and Sons).

2.5.6 Effect of different isolation protocols on RT-qPCR
RT-qPCR was widely used to characterize NP cells at the mRNA level. Compared to proteins,
mRNA is more susceptible to degradation and different isolation protocols may affect the
relative mRNA levels. Hence the quality of the mRNA extracted from cells isolated with
different protocols was assessed using UV spectrometry and the relative mRNA levels were
compared using RT-qPCR.

All of the chosen protocols yielded cells of quality suitable for RT-qPCR (260/280 > 1.8 and
260/230 > 1). In these sets of experiments, higher collagenase concentrations (1% or 2%)
were used to release the cells in a shorter time. Among the chosen conditions, RNA extracted
from cells with simultaneous collagenase (1%) and pronase (0.1%) digestion for 3 h had the
highest RNA yield of about 5.81 μg RNA per g of NP tissue (Table 2-5). However, the
difference was not statistically significant and different protocols under test could provide
RNA of a reasonable yield. As bovine AF has higher collagen content than NP, the digestion
of AF tissues for 3 h with collagenase and pronase was not sufficient to release enough cells
for RNA extraction using TRIzol and a large proportion of tissues have remained undigested.
Thus the digestion was extended to 6 h for AF tissues. Even with longer digestion duration,
the yield of RNA from AF tissues was still lower than NP.
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Table 2-5 Yield and quality of RNA obtained with different isolation methods. The quantity of RNA

was calculated using the absorbance at 260 nm and the quality was assessed by determining the ratio of

absorbance at 260 to 280 nm and 260 to 230 nm. a. "col" denotes "collagenase", "pro" denotes "pronase". b.
6 h of digestion of AF was used instead of 3 h since the numbers of collected cells with 3 h of digestion

were not enough for RNA extraction and a large proportion of AF tissue was not completely digested. c. The

yield of RNA was calculated based on concentrations corrected with a mathematical formula [118]. (Mean
± SD; n=6; from two batches of bovine tails). (Reproduced with permission of John Wiley and Sons from

[86] © 2015 John Wiley and Sons).

Cells

a

NP col 1% 2h
NP col 1% 3h
NP col 2% 2h
NP col 1% pro 0.1% 3h
AF col 1% pro 0.1% 6h b
muscle col 1% pro 0.1% 3h

Yield (µg RNA
per g tissue) c

A260/A280

A260/A230

4.00 ± 1.38
4.96 ± 1.08
5.41 ± 2.20
5.81 ± 1.76
2.78 ± 0.88
5.41 ± 3.00

2.00 ± 0.05
2.00 ± 0.05
2.02 ± 0.04
2.01 ± 0.04
2.02 ± 0.06
2.06 ± 0.09

1.32 ± 0.22
1.15 ± 0.23
1.27 ± 0.28
1.28 ± 0.21
1.35 ± 0.22
1.66 ± 0.30

As shown in Figure 2-9, there were slight changes in relative gene expression for cells
isolated with different protocols but NP cells still had higher chondrocyte and NP marker
expression compared with AF and muscle. Figure 2-9 shows the relative mRNA levels
detected for RNA extracted from cells isolated with different protocols. With longer digestion
time (3 h instead of 2 h with 1% collagenase), there were lower relative mRNA levels of
CDH2 (p = 0.24) and KRT18 (p = 0.08). Digestion with a higher collagenase concentration (2%
instead of 1%) may reduce the mRNA levels of ACAN (p = 0.11) and COL2 (p = 0.29). There
was not much difference in relative mRNA levels for NP cells isolated with or without the use
of pronase. Despite the variations in relative mRNA levels in cells isolated with different
isolation methods, the ACAN and COL2A1 mRNA levels were higher in NP and AF cells
compared with muscle cells. And NP cells obtained from different protocols had higher CDH2,
KRT18 and KRT19 expressions than AF cells.
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Figure 2-9 Effect of different isolation protocols on the relative mRNA levels in bovine cells
detected by RT-qPCR. (Mean ± SEM; n=12; 2 batches of cell isolation; biological triplicates and technical

duplicates in each batch except for AF where n=10). Note: Unlike the previous conditions used for cell
isolation for cell culture, the concentration of collagenase for isolating cells for RNA extraction was higher

(1% and 2% as contrasted to 0.05% and 0.20%) as short isolation duration can be more critical for RNA
extraction. (Reproduced with permission of John Wiley and Sons from [86] © 2015 John Wiley and Sons).

2.5.7 Isolation of cells from different tissues in a bovine tail
Cells could also be obtained from NP, AF, EP, tendon and AD using a similar method with
collagenase digestion. At day 5, attached cells were observed for cells from different tissues
(Figure 2-10). The initial cell densities were low but all cultures could reach confluence with
further culturing (Figure 2-11).
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Figure 2-10 Cells isolated from tissues with photos taken at low cell density at passage 0. (NP at day
5, AF at day 4, CEP at day 8, tendon at day 4, AD at day 5; scale bar = 100 µm).

Figure 2-11 Cells isolated from tissues with photos taken at high cell density at passage 0. (NP at

day 11, AF at day 11, CEP at day 15, tendon at day 8, AD at day 8; scale bar = 100 µm).
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2.5.8 Suggestions in designing the cell isolation protocols and the corresponding
explanations
The suggestions in deciding the isolation protocols were summarized in Table 2-6 and
explained in more details in Sections 2.5.10 with associated experimental data given in
Section 2.5.11 that follows.
Table 2-6 Suggestions in designing the cell isolation protocols and the corresponding explanations
Parameters

Suggestions

Explanations

Enzyme type

o

May use collagenase alone to isolate

o

Cells can be isolated from bovine NP

o

May

o

Pre-treatment with pronase increases

cells from bovine NP tissues
pre-treat

pronase

before

the

tissues

the

with

collagenase

digestion to increase the yield
o

cell

the

cell

yield

when

a

low

concentration of collagenase was used.

Precaution should be taken when
analyzing

even when pronase was not used

characterization

o

Pronase may damage the surface

o

The

proteins on the cell surfaces

results using pronase
Enzyme
concentration

o

Decide the digestion duration based
on the rate of disappearance of the

digestion

duration

required

depends much on the actual setting

and digestion

tissues in the first digestion instead

which varies from lab to lab but the

duration

of following protocols defined by

cell yield is generally correlated with

other groups

the disappearance of tissues

o

For

cell

digestion

culturing,
duration

use
at

a

longer
lower

o

Both approaches can result in a

o

Short digestion duration is preferred so

reasonably good cell yield

collagenase concentration or shorter
digestion

duration

at

a

higher

collagenase concentration
o

For

RNA extraction

cytometry,

use

short

and

flow

digestion

duration
Volume of
enzyme

o

Use a volume larger than the volume
of tissues

that the characteristics of the cells may
be better preserved

o

When the NP tissues are placed in the
medium, they may swell to double in
size. The NP tissues may absorb all the
enzyme solution if the volume used is
too small.
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Parameters

Suggestions

Explanations

Size of tissues

o

o

about 1 – 2 mm

Cutting into small pieces increases the
surface area to volume ratio which
speeds up the digestion but mincing
into too small pieces may damage the
cells by excessive mechanical forces

pH and
temperature

o

pH of about 7.4 and temperature of
37 °C

o

Physiological pH and temperature
normally used for cell culture and thus
easily available

Shaking

o

Shake

the

tissues

during

the

digestion if possible

o

Shaking maintains the high local
enzyme concentration at the tissue
surface and hence facilitates the
digestion

2.5.9 Optimal protocols for different applications
Among the factors affecting cell yield, enzyme type and activity, enzyme concentration,
enzyme solution volume and digestion duration should be decided for procedures aimed at
different applications. We focus on three common purposes of cell isolation in this study,
namely, for primary cell culture, for RNA extraction and for flow cytometry.

2.5.9.1 Isolation of cells for primary cell culture
A comparatively wide range of protocols can be used for isolating cells for cell culturing
purpose. High cell viability was obtained even after 0.2% collagenase treatment overnight for
bovine NP tissue digestion (Figure 2-4B). In other words, 0.2% collagenase did not cause
serious cell damages. However, the cell yields were both high for 0.2% collgenase digestion
of 6 h or 0.05% overnight. Thus we may use a high collagenase concentration with shorter
time or a low collagenase concentration for longer time to suit our other experimental
schedule or cost consideration. As each batch of enzyme preparation may not be the same and
there are many other factors which vary from laboratory to laboratory that may influence the
actual tissue digestion rate, it is desirable to monitor the disappearance of the tissues rather
than simply follow a fixed protocol optimized by others. In general, the cell yield is closely
related to the disappearance of tissues.
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2.5.9.2 Isolation of cells for RNA extraction for phenotyping
For isolation of cells for RNA extraction, it is preferred to use shorter time for digestion as
RNA may start to degrade when the animal is sacrificed. Sharova et al. have shown that the
average half life for mRNA is about 7.1 h in mouse embryonic cells and the half life is longer
for genes related to metabolism and structure such as extracellular matrix and cytoskeleton
while genes with regulatory functions such as transcription factors may have half-lives less
than 1 h [119]. Among our chosen markers, ACAN and COL2A1 are genes for extracellular
matrix while KRT18 and KRT19 are related to intermediate filament which is a type of
cytoskeleton. Thus these makers are comparatively less affected by the possible degradation
process during the digestion.

2.5.9.3 Isolation of cells for characterization by flow cytometry
In cell characterization by surface markers, the use of pronase seems not preferred as it may
damage the surface proteins due to its relatively low substrate specificity. A number of studies
have been performed to investigate the effect of pronase in different applications. Hermann et
al. have shown that proteases may affect the architecture of membrane and acutely modifies
high voltage-activated calcium currents and cell properties of Lymnaea neurons [120]. By
comparing freshly isolated chondrons with cryostat sections of cartilage, Lee et al. revealed
that type VI collagen, type II collagen and aggrecan were retained in chondrons isolated by
dispase and collagenase digestion, but fibronectin and a unique chondroitin sulfate epitope
recognized by the antibody, 7D4, were lost [121]. Ikejima et al. have shown that pronase can
destroy the lipopolysaccharide receptor CD14 on Kupffer cells [122]. Lobo et al. have used
pronase to remove Fc IgG receptors, CD16 and CD32, on lymphocytes while retaining the
antigenicity of HLA and CD3 receptors [117, 123]. In addition, some collagenase preparation
may also contain some other proteases. Thus cautions are required when analyzing data about
cell characterization using surface markers when proteases are involved in the cell preparation.
On the other hand, some intra-cellular markers may be used in cell characterization using flow
cytometry after fixation and cell permeabilization.
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2.5.10 Factors affecting yield (theoretical analysis)
From the cell yield as shown in Figure 2-4, it seems that the optimal protocol for the best
yield will be the combination of pronase pretreatment, a high collagenase concentration and
long digestion duration. However, it is not always desirable to use these conditions when
considerations in quality, time and cost are also taken into account. In addition to yield, the
quality of the cells isolated is also of critical importance. Long digestion duration may affect
the quality of RNA extracted from the isolated cells. Too high collagenase concentrations may
damage cells and can be costly as enzyme is a comparatively expensive component in the
digestion procedures. Hence, instead of blindly using high collagenase concentrations
overnight with pronase pre-treatment, it is recommended to decide the protocol for each
application. The most straightforward method of optimization is to test the outcome
empirically. Nevertheless, in the cell isolation using enzymatic methods, there are a number of
parameters which can be altered, which in other words, nearly an infinite number of
combinations are possible. Thus it can be time-consuming and costly to find the optimum
through experiments and this is also impractical due to the limited availability of samples as
in the case of human IVD.

In contrast, an understanding of the isolation procedures will

allow the conditions to be strategically decided with a minimum number of experiments for
optimization. This section focuses on the factors that should be modified based on
applications (enzyme type and activity, enzyme concentration, enzyme solution volume and
digestion duration) and factors that are less dependent on applications (size of tissue, pH,
temperature and agitation).

2.5.10.1 Enzyme type and activity
As collagen is one of the major extracellular matrix components in bovine or human IVDs,
collagenase is usually involved in the cell isolation from these tissues. Collagenase can break
the peptide bonds in collagen. Prior to collagenase treatment, some treatments by other
proteases may be included. In this study, we have chosen pronase, trypsin and dipase as they
are commonly involved in either cell isolation or cell passaging. Pronase is a mixture of
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proteinases, which lead to complete or nearly complete digestion into individual amino acids.
Trypsin cleaves peptide chains mainly at the carboxyl side of the amino acids lysine or
arginine, except when either is followed by proline. Dipase cleaves fibronectin, collagen IV,
and to a lesser extent collagen I. It is a gentler enzyme compared with pronase. Though
trypsin and dipase are more specific in substrates, treatments of tissues with these two
enzymes do not increase the cell yield obtained (Figure 2-4). Hence, it is not recommended to
use these enzymes in isolation of cells from bovine or human NP which cells are not in
contact with each other. Pronase is preferred for a higher cell yield in shorter time but not an
absolute need for bovine NP. In contrast to NP from other species, the cells in bovine or
human mature NP have fewer cell-cell contacts and are surrounded by less gel-like matrix rich
in proteoglycan and collagen. Pronase may destroy the surface proteins on cells.

On the other hand, the collagenase solution used in tissue isolation may also contain other
enzymes. For example, collagenase type 2 from Worthington (catalog # LS004177) has
clostripain activity. Collagenase from Clostridium histolyticum from Sigma (catalog # C5894)
contains clostripain, nonspecific neutral protease and tryptic activities. And collagenase from
Gibco (catalog # 17101-015) contains clostripiopeptidase A and a number of other proteases,
polysaccharidases, and lipases.

2.5.10.2 Enzyme concentration
Unlike the most typical enzyme kinetics models with homogeneous systems, the digestion of
tissue is heterogeneous which the enzyme is soluble in the medium while the substrate is
insoluble. Therefore, the access to the reaction site on the tissue by enzymes is often limited
by enzyme diffusion. The reaction rate in this heterogeneous system can be modeled by the
following equation [124]:
𝜈=

𝑘2 [𝑆𝑜 ][𝐸]
𝐾𝑒𝑞 +[𝐸]
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where v is the reaction rate, k2 is a constant, [So] is the number of substrate bonds available
initially for breakage, [E] is the enzyme concentration and Keq is dependent on the rates of
enzyme desorption and adsorption onto the insoluble matrix. Figure 2-12 shows the reaction
rate plotted from the above equation. With a larger number of substrate bonds available
initially for breakage, the reaction rate increases. With higher enzyme concentrations, the
reaction rate increases to a certain point but levels off for even higher concentrations. In other
words, above a certain enzyme concentration, more enzymes do not increase the reaction rate.
This occurs when all the surfaces of the tissues have been saturated with the enzyme. Thus
further increasing the enzyme concentration may not increase the reaction rate. In general, the
high concentrations at which higher concentrations cause no increase in reaction rate are not
used in cell isolation for cell culturing purpose as too high enzyme concentrations may
damage the cells. Other than collagenase, there are also other enzymes present in the
collagenase isolated from bacteria sources and some of them are proteases which have less
substrate specificity. These proteases may digest other proteins on cells and damage them.
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Figure 2-12 Schematic illustrating enzyme kinetics in a heterogeneous system of tissue digestion.

2.5.10.3 Volume of enzyme
In the equation, the rate of reaction is dependent on the enzyme concentration but not affected
by the volume of enzyme used. However, the volume of enzyme used has an indirect effect on
the concentration of enzyme during the tissue digestion process. When the tissues are digested,
they are “liquefied” and the volume of liquid will increase. If the volume of enzyme was too
small compared with the initial tissue amount, the enzyme concentration would be
significantly reduced when the tissues were being digested. Besides, when we used closed
containers for the cell isolation, the volume of enzyme used would affect the volume of air
that could be dissolved in the medium. If the tube was completely filled with solution, there
would be less air to be dissolved into the tube and may not be desirable for prolonged
digestion. The enzyme solution volume to tissue volume ratio will affect the local enzyme
concentration when the tissues are being digested, especially when there is no shaking or
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agitation of the reaction mixture. When the NP tissue is digested, the swelling of tissue should
also be taken into account when deciding the enzyme solution volume as the tissue may swell
for more than two times by volume when immersed in aqueous solution.

2.5.10.4 Digestion duration
When we digest the tissue for longer time, the cell yield will increase until all the tissues have
been digested. However, when the cells are used for RNA extraction, it may be better to avoid
prolonged digestion as the RNA levels may change during the digestion.

2.5.10.5 Size of tissue
In cell isolation from IVD tissues, the tissues are usually cut into smaller pieces of about 1 to
2 mm and this will increase the surface area for the enzyme to work on. Theoretically, the
smaller the tissues are cut into, the higher overall reaction rate. However, mincing the tissues
is not recommended as it may result in damages of cells due to excessive mechanical forces.

2.5.10.6 pH and temperature
Different enzymes may have different ranges of optimum or workable pH and temperature for
the reactions they catalyze. For collagenase isolated from bacteria sources, the physiological
pH and temperature for mammalian cells of pH 7.4 – 7.6 and 37 °C are compatible with the
enzyme reactions. Thus we normally use the cell culture medium of about pH 7.4 at 37 °C for
the digestion.

2.5.10.7 Agitation
As the digestion of tissue using enzyme is a heterogeneous system that the insoluble solid
tissues are digested with soluble enzymes, the reaction rate is limited by diffusion. Shaking or
agitation will enhance the diffusion. In addition, the local enzyme concentration decreases
when the surface layer of tissues is being digested. Thus with shaking or agitation, the
reaction rate may be higher as the local enzyme concentration on the tissue surface is similar
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to the bulk enzyme concentration instead of being diluted when the solid tissues are digested
into soluble forms.

2.5.11 Factors affecting cell yield (experimental validation)
In order to test the effects of different digestion parameters on tissue digestion rates, bovine
NP tissues were digested in different conditions. About 50 µl of tissues were digested with
different conditions as shown below (Groups A-G).

Table 2-7 Digestion of tissues under different conditions for the study of the effects of shaking (B vs

E), temperature (E-G), tissue size (B vs D) and enzyme solution volume (A-C) (The amount of tissue

remained were estimated semi-quantitatively averaging between two samples per group.)
nearly all or all of the tissue has been digested.
Group

a.

N denotes

A

B

C

D

E

F

G

Shaking

Yes

Yes

Yes

Yes

No

No

No

Enzyme volume

100 µl

300 µl

500 µl

300 µl

300 µl

300 µl

300 µl

Tissue dimensions

2 mm

2 mm

2 mm

5 mm

2 mm

2 mm

2 mm

Temperature

37 °C

37 °C

37 °C

37 °C

37 °C

21 °C

60 °C

Parameter

Proportion of tissues remained

a

At 0 h

1.0

1.0

1.0

1.0

1.0

1.0

1.0

At 2.5 h

0.4

0.5

0.6

0.8

0.5

0.8

0.5

At 4.5 h

0.4

N

N

N

0.4

0.7

0.4

At 7.5 h

N

N

N

N

N

0.7

0.4

Based on Table 2-7, the findings are summarized as follow:


Effect of shaking (shake vs not shake) (group B vs group E)


Shaking facilitated the digestion of tissue after the initial stage (after 2.5 h in this set
up)



Effect of temperature (25 °C, 37 °C, 60 °C) (groups E-G)


Initially, digestion rate was higher at temperature higher than room temperature
(21 °C)



Digestion at 60 °C was less complete after 7 h compared to 37 °C, and it is likely
that the enzyme may be denatured at 60 °C compared to 37 °C
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Effect of tissue size (2 mm vs 5 mm) (group B vs group D)


Cutting the tissue into smaller pieces speeded up the digestion, particularly at the
initial stage



Effect of enzyme solution volume (100 µl, 200 µl, 500 µl) (groups A-C)


Nearly all the tissues have been digested in the first 4.5 h for the 300 µl and 500 µl
enzyme volume while some undigested tissue was still remained for the 100 µl
enzyme solution. This may be due to the dilution effect of the enzyme solution by
the digested tissue and the comparatively higher digestion product concentration for
the smaller volume. However, nearly all or all tissues were digested for all the
volume under tested after 7.5 h of digestion.

2.6 Conclusions
In summary, the cell yield from bovine NP tissue can be increased by using a high collagenase
concentration, long digestion time or with a pronase pre-treatment in general. Depending on
different purposes, the procedures should be fine tuned with a good understanding of the
various factors involved in the isolation. For cell culturing, we can obtain a reasonably good
yield with a wide range of protocols. In other words, either using a higher collagenase
concentration for shorter time or a lower collagenase concentration for longer time may
achieve a similar yield. The use of pronase prior to collagenase treatment may facilitate the
isolation but it is not absolutely necessary for bovine NP tissue. For RNA extraction, shorter
isolation duration is preferable. And for flow cytometry characterization, cautions are required
for cells with pronase treatment for reliable interpretation. Based on this information,
researchers can devise their own cell isolation protocols for their applications based on a clear
rationale and enhance the efficiency and reliability of the associated experiments.
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2.7 Appendix
2.7.1 The effect of pronase on surface antigens of human MSCs (hMSCs)
Human MSCs (hMSCs) were used to demonstrate the effect of pronase instead of bovine NP
cells due to the lack of verified NP surface antigens for bovine NP cells. With just 5 min of
pronase treatment, the proportion of CD90 positive cells decreased by 10%, indicating the use
of pronase may change the surface antigen profile of cells and this is consistent with the
studies from other groups [114-117].

Figure 2-13 The effect of pronase on surface antigens of hMSCs. (Reproduced with permission of John
Wiley and Sons from [86] © 2015 John Wiley and Sons).

2.7.2 Protocols for preparing buffer solutions used in Chapter 2
TE buffer (100 mM NaCl, 10 mM TRIS, 1 mM EDTA, pH 8.0)
1. Dissolve the following components in nanopure water
0.58 g NaCl

(sodium chloride, catalog # S3014)

0.121 g Tris

(Tris base, Sigma, catalog # T1378)

37 mg EDTA

(ethylenediaminetetraacetic acid, Sigma, catalog # E6635)

2. Adjust the pH to 8.0 by adding diluted hydrochloric acid (HCl)
3. Sterilize by autoclave
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DMMB reagent in formate buffer (16 mg/l, pH 2.5)
1. Dissolve the following components in 700 ml of nanopure water
21 mg DMMB (Sigma, catalog # 341088, dye content 80 %)
1.72 g sodium hydroxide
2. Add 5 ml of ethanol
3. Adjust the pH to 2.5 using 10% (v/v) formic acid (EMD Millipore, catalog #
1.00264.2500)
4. Add nanopure water to a final volume of 1 l
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Chapter 3 Refining Disc RNA Extraction Methodology
3.1 Background
3.1.1 Comparison of different RNA extraction methods
The comparison of different RNA extraction methods for bovine NP tissue is summarized in
Figure 3-1. Compared to the other two methods, the cryosection method allows simultaneous
preparation of cryosections for histological study and RNA for RT-qPCR. Besides, it may
require minimal time of tissue kept at room temperature or elevated temperature after its
removal from animals.

Figure 3-1 Comparison of different methods for RNA extraction from tissues. (A) The flow of

different methods and (B) the advantages and disadvantages of the methods. (A similar figure is published
in [125]. Reproduced under a Creative Commons Attribution License.)
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3.1.2 Components in TRIzol (Home-made recipe)
In order to modify the extraction protocol more strategically, the information about TRIzol
was obtained. TRIzol is a commercial product of Invitrogen and its composition is not
disclosed. However, a recipe for "home-made" TRIzol was available in the following link
from the Academia Sinica: http://ipmb.sinica.edu.tw/microarray/newprotocol/TRI.pdf and
given in Table 3-1. Phenol is one of the major components in TRIzol. It is partially miscible
with water. Guanidine thiocyanate is a strong protein denaturant [126] and can denature the
RNases that are present in the cell lysates. Ammonium thiocyanate dissociates into
ammonium ions and thiocyanate ions in water. The ammonium ions can assist in the RNA
precipitation using propanol while the thiocyanate ions serve as protein denaturants. Sodium
acetate of pH 5.0 provides the acidic environment for the phase separation so that DNA
partitions into the organic phase while RNA remains in the aqueous phase. The sodium ions
also assist RNA precipitation using propanol. The exact function of glycerol is not explicitly
mentioned. Glycerol has solvent properties similar to those of water and simple aliphatic
alcohols due to its three hydroxyl groups (Figure 3-2) and is a solvent for many solids, both
organic and inorganic. Besides, glycerol has a density of 1.26 g/cm3 and increases the density
of mixture. DEPC-treated water is RNase1-free and does not introduce active RNase into the
mixture.

Table 3-1 A recipe for 1 L of home-made "TRIzol". (http://ipmb.sinica.edu.tw/microarray/new

protocol/TRI.pdf)
Reagent

Quantity

Final concentration

Phenol in saturated buffer

380 ml

38 %

Guanidine thiocyanate

94.53 g

0.8 M

Ammonium thiocyanate

76.12 g

0.4 M

Sodium acetate, pH 5.0

33.4 ml of 3 M stock

0.1 M

Glycerol

50 ml

5%

DEPC-Water

Adjust the final volume to 1 L

/

Figure 3-2 Chemical structure of glycerol.
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3.1.3 Liquid-liquid extraction
The extraction of RNA using TRIzol is based on a liquid-liquid extraction. Figure 3-3 shows
a simplified diagram of a liquid-liquid extraction. Initially, the solutes are only present in
liquid phase B. When liquid A is added and mixed thoroughly with phase B, the solutes may
partition into the two phases unequally. For example, there can be more solutes 2 (red circles)
in liquid phase A and more solutes 1 (blue circles) in phase B. After phase separation,
majority of solutes 1 are present in the heavy phase and solutes 2 in the light phase. Overall,
solutes 2 "get separated" from solutes 1 by being extracted into a new liquid phase.

Figure 3-3 Schematics showing a liquid-liquid extraction process. (Modified from HKUST CENG3210
lecture notes).

3.1.4 Phase separation and precipitation involved in RNA extraction using TRIzol
Figure 3-4 shows the phase separation involved in TRIzol RNA extraction. When the cells
are lysed in TRIzol, the contents in the cells are released into and dispersed in TRIzol. The
TRIzol then contains DNA, RNA, proteins and salts. When chloroform/ bromochloropropane
(BCP) is added and mixed thoroughly with the lysate, RNA and salts partition into the
aqueous phase while proteins and DNA into the organic phase. After centrifugation, the two
phases separate into two layers. The upper layer is the aqueous phase which contains the RNA
and salts and the lower layer is the organic phase which contains DNA and proteins with
phenol and chloroform/ BCP. The aqueous phase is then further processed to recover the RNA
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in a process called precipitation as shown in Figure 3-5. When the aqueous phase is mixed
with propanol, the RNA in the mixture precipitates since the solubility of RNA is lower in a
solution of lower dielectric constant such as a propanol solution. After centrifugation, the
precipitated RNA gets to the bottom of the tube. The solution phase is then removed and the
precipitated RNA is dissolved in RNase-free water or buffer.

Figure 3-4 Phase separation involved in RNA extraction using TRIzol.

Figure 3-5 RNA precipitation from the aqueous phase using propanol.

3.2 Introduction
Reverse transcription – quantitative polymerase chain reaction (RT-qPCR) is a powerful
method to assess the gene expression at transcriptional level. In many applications, especially
for cells in tissues, it requires the extraction of RNA of high quality. Extraction of RNA
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directly from IVD tissues or cartilage has been difficult due to its low cell density and high
proteoglycan content. As estimated in Chapter 2, cells in bovine NP tissue and AF tissue only
occupy around 0.19% and 1.35% volume of the tissues respectively while there is 33.9% dry
weight of proteoglycan in bovine NP and 9.7% in AF. There are studies assessing the relative
mRNA levels of IVD tissue using cells isolated from these tissues by collagenase treatment
(Table 3-2). The enzymatic cell isolation method requires the dicing of tissues into small
pieces and enzymatic digestion for at least two hours normally. This may result in changes in
relative mRNA levels, especially for those of short half-lives, due to RNA degradation.
Sharova et al. have shown that mRNA in mice has a median half-life of 7.1 h and the half-life
for mRNA for some genes (< 100 genes) may be less than 1 h [119]. This suggests the
possible necessity of quenching RNA degradation before RNA extraction for some short lived
genes in some studies.

Table 3-2 Studies that investigated the gene expression in IVD tissues through cell isolation with
sequential digestion using pronase and collagenase
Tissue

Extraction

Reference

Human NP and AF

TRIzol extraction

Minogue et al. [60]

Human NP and AF

TRIspin method

Grad et al. [127]

Bovine NP and AF

TRIzol extraction (with the

Minogue et al. [61]

addition of high salt precipitation
solution)
Rat NP, AF and AC tissues

Modified TRIspin method

Lee et al. [128]

In this study, we chose to use TRIzol for the RNA extraction as some studies have suggested
the yield of RNA obtained using the guanidine isothiocyanate (GITC) based method can be
higher than the column based method for some samples [129-132]. The studies in Table 3-2
either used TRIzol extraction or TRIspin method for RNA isolation. TRIspin is a method that
combines the one-step TRIzol method with the column fractionation step of the RNeasy kit
[133]. We compared the TRIzol method and the combined TRIzol-column based (TRIspin)
method in our study. In order to extract RNA from bovine IVD tissue directly, we
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experimented with different modifications to the conventional extraction protocols. We
hypothesize that the TRIzol method can give a higher RNA yield than the TRIspin method.

3.3 Objectives
The objectives of this Chapter are:
•

To find out a method to effectively homogenize bovine NP tissue for RNA extraction

•

To compare the efficiency of TRIzol method and combined TRIzol-column method
with cultured cells

•

To modify the RNA extraction protocols for bovine NP tissues and provide a guide,
and

•

To extend the guide to rat NP tissue and mouse IVD tissue

3.4 Materials and Methods
3.4.1 Bovine IVD tissue harvest
In our study, bovine NP, AF and muscle tissues were harvested from bovine tails of young
adult animals (18 - 36 month old) as described in Chapter 2 and snap frozen in liquid nitrogen
to quench RNA degradation as early as possible. Before further processing, the harvested
tissue was kept at -80 °C, which most enzymatic reactions are very slow.

3.4.2 Tissue homogenization of bovine tissue
3.4.2.1 By pestle and mortar type homogenizer
Before using the ceramic pestle and mortar as shown in Figure 3-6, the bovine NP tissue was
frozen in liquid nitrogen. The tissue was transferred to the mortar and I attempted to
homogenize the tissue using the pestle connected to an electric motor. However, the bovine
NP tissue was very hard when frozen and not brittle even when snap frozen by liquid nitrogen.
The tissue could not be homogenized with this set up and we moved on to using the
cryosection method.

Technique and Method Development for Intervertebral Disc (IVD) Research

69

Chapter 3 Refining Disc RNA Extraction Methodology

Figure 3-6 Homogenizer system (pestle and mortar type).

3.4.2.2 By cryosectioning
The bovine NP, AF and muscle tissues were put in a cryostat set at around -20 °C before
cryosectioning into 30 µm sections. The details of the procedures are given in Section 3.8.4.1
in the Appendix of this Chapter. The tissue sections were kept frozen in the cryostat or liquid
nitrogen during transfer before the addition of TRIzol to avoid RNA degradation.

3.4.3 Comparison of RNA extracted using TRIzol and combined TRIzol-column method
The extraction of RNA using TRIzol was performed according to the manufacturer's
instruction and with a high salt solution when proteoglycan was involved according to the
manufacturer's recommendation. For the combined TRIzol-column based method, the
protocol in a published paper was used [134]. In brief, the aqueous phase after phase
separation of the TRIzol protocol was mixed with 0.5 volume of 100% ethanol. The mixture
was then applied to the RNeasy spin columns followed by purification according to the
manufacturer's instruction.

3.4.4 Extraction of RNA from bovine IVD tissue
When RNA was extracted according to the manufacturer’s instruction without any
modification, a large white precipitate of proteoglycan was resulted. Based on manufacturer’s
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instruction, high salt solution was added during the RNA precipitation step but this
modification is not sufficient for bovine NP tissue which has a very high proteoglycan content.
After different trials, the following modifications were made: (i) additional centrifugation of
the initial homogenate to remove the residual tissue; (ii) an extra phase separation step when
necessary; (iii) use of high salt solution (0.8 M sodium citrate and 1.2 M sodium chloride) in
the RNA precipitation step and (iv) an extra RNA wash using 75% (v/v) ethanol to remove
salts more completely. The details are given in Section 3.8.4 in the Appendix of this Chapter.

3.4.5 Extraction of RNA from mouse and rat tissue
In addition to bovine NP and AF tissues, RNA from cryosectioned mouse IVD and rat NP
tissues were also extracted using slightly different methods (details given in the Appendix).

3.4.6 Quantification of RNA yield and quality
RNA concentration and quality was estimated by Nanodrop 2000c (Thermo Scientific). The
integrity of RNA was assessed using an Agilent 2100 Bioanalyzer in the Centre for Genomic
Sciences in the University of Hong Kong.

3.4.7 RT-qPCR
RT-qPCR was performed as in Chapter 2 with the bovine GAPDH primers (forward 5'TGCCGCCTGGAGAAACC-3’, reverse: 5’-CGCCTGCTTCACCACCTT-3’ [61]), mouse
primers listed in Table 3-3 and rat primers listed in Table 3-4.
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Table 3-3 Sequences of mouse primers used in this study (Sequences of mouse Gapdh and Sox9 are

from [135]. Reproduced with permission of Elsevier © 2006 Elsevier. The sequences of mouse Gapdh, Sox9,
Mia1, Runx1, Acan, Col2a, Cdh2 and Krt19 primers are published in [125]. Reproduced under a Creative

Commons Attribution License. The sequences are written in 5' to 3' for both forward and reverse primers.)
Primer

Sequence (forward)

Sequence (reverse)

Mouse Gapdh

GCACAGTCAAGGCCGAGAAT

GCCTTCTCCATGGTGGTGAA

Mouse Sox9

TGGCAGACCAGTACCCGCATCT

TCTTTCTTGTGCTGCACGCGC

Mouse Mia1

GACCGATCAATGGGATTTCT

CATAGAGCCGGAAGGGTAAC

Mouse Runx1

GGAGCGGTAGAGGCAAGA

ATGGTAGGTGGCAACTTGTG

Mouse Acan

GCAATTACCAGCTGCCCTTC

TCTTCTGCCCGAGGGTTCTA

Mouse Col2a1

AGAAGGCCTTGCTCATCCAG

GACGGTCTTGCCCCACTTAC

Mouse Cdh2

GACGAGAGGCCTATCCATGC

GGGTCGTTGTCAGCAGCTTT

Mouse Krt19

AGGGCCTTGAGATTGAGCTG

GCTCAGCTGGGCTTCAAAAC

Mouse Galnt3

TCGCCCCTGGAGAACAGATA

TGTTGCGTCACATGGCACTA

Mouse Car3

GTGTGGCTGCTGCTCAAAGA

CTGCCCTTGACAGGCTGAG

Table 3-4 Sequences of rat primers used in this study (Sequences are by design; the sequences are

written in 5' to 3' for both forward and reverse primers) (The sequences of rat Gapdh, Sox9, Acan, Col2a,
Cdh2 and Krt19 primers are also published in [125]. Reproduced under a Creative Commons Attribution
License.)

Primer

Sequence (forward)

Sequence (reverse)

Rat Gapdh

GTGAAGCTCATTTCCTGGTATG

AACTGAGGGCCTCTCTCTTG

Rat Sox9

AGGAAGTCGGTGAAGAATGG

TGGCGTTAGGAGAGATGTGA

Rat Acan

GGGCGTGAGAACTGTCTACC

ACTGACACACCTCGGAAGC

Rat Col2a1

GATGGCTGCACGAAACAC

GCCCTATGTCCACACCAAAT

Rat Cdh2

TTAATGAGGGCCTTAAAGCTG

GCTGGAGGAGTTGAGAGAGC

Rat Krt19

TCTCAGCTCAGCATGAAAGC

ACTGCTGATCACACCTTGGA

Rat Car3

AGACTAAGGGCAAGGAGGCT

GTGAAGGAGCCATGGTAGGT

Rat Galnt3

TCGGAAGGACCAACTTCTCT

AGATCTGTTGTGTCGCATGG

Rat Hopx

ATCCTTAGCCAGACGCTCAC

GGTGCTTGTTGACCTTGTTG

3.5 Results
3.5.1 Homogenization of bovine NP tissue
With the use of the pestle and mortar type of homogenizer, we could not break the tissue as
the frozen bovine NP tissue was rather hard but not brittle even when the tissue was frozen in
liquid nitrogen. Thus we moved on to using cryosection to cut the tissues into very thin
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sections (30 µm thick). Compared to the ceramic homogenizer, the cutting using the sharp
blade was more effective.

3.5.2 Comparison of RNA from propanol precipitation and column based method
The GITC-based method (eg. TRIzol) and the column based method (eg. RNeasy) are two
commonly used methods for RNA extraction. Some studies have suggested the yield of RNA
obtained using the GITC-based method can be higher than the column based method for some
samples [129-132]. Thus we used GITC based TRIzol to lyse the cells. A number of studies
used TRIzol followed by RNeasy kit for extracting RNA [133, 136-138] but have not been
compared with the TRIzol method. Hence, we compared the extraction of RNA from a small
number of cells using the traditional TRIzol method and the combined TRIzol-column method.
In the TRIzol protocol, it was suggested that the use of glycogen often improves yield for
samples with a small number of cells. Therefore the use of glycogen was also tested.

In order to simulate the extraction of RNA from cells with high proteoglycan content, we also
prepared cells in TRIzol with high proteoglycan content by adding IVD tissue to cell lysate in
TRIzol. Some components such as proteoglycan dissolved from the IVD tissue into the
TRIzol and increased the proteoglycan content in it. The presence of lysates from cultured
cells ensured that there was some undegraded RNA present in the lysate. This may not be
guaranteed for IVD tissue alone as the quality of RNA is dependent on the freshness of the
bovine tail which is more difficult to control. On the other hand, we did not use glycogen for
the cells with high proteoglycan content as the proteoglycan co-precipiated with RNA.

Table 3-5 shows the Nanodrop measurements of RNA extracted with the TRIzol method and
the combined TRIzol-column method. For the cells without extra proteoglycan added, the
concentration of RNA extracted using the TRIzol method (101.6 or 125.9 ng/µl) was more
than four times that of using the combined TRIzol-column method (23.3 ng/µl). The use of
glycogen increased the yield of RNA obtained but not statistically significant. For the cells
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with higher proteoglycan content, the extraction of RNA using TRIzol procedures were also
more than four times (171.7 ng/µl) more than the combined TRIzol-column method (38.8
ng/µl). There was no significant difference in the A260/A280 values of RNA obtained. The
RNA from the TRIzol method had a larger A260/A230 ratio but not statistically significant.

Table 3-5 Concentration, yield and quality of RNA extracted from cultured cells with different
methods estimated by Nanodrop. a. The yield is based on the cells which are approximately equivalent to

2 wells of bovine cells in a 96 well plate. (Mean ± SD; 3 samples per group; single measurement per sample

for cells and double measurements per sample for cells with tissue) (Reproduced from [125] under a
Creative Commons Attribution License).

Concentration

Samples

(ng/µl)

Yield (µg) a

A260/A280

A260/A230

By Instrument

Nanodrop

Nanodrop

Nanodrop

Nanodrop

TRIzol, w/o glycogen

101.6 ± 24.6

1.22 ± 0.29

1.84 ± 0.05

2.10 ± 0.04

TRIzol, w glycogen

125.9 ± 6.2

1.51 ± 0.07

1.80 ± 0.01

1.96 ± 0.12

TRIzol + Column

23.3 ± 4.1

0.56 ± 0.10

1.87 ± 0.05

0.88 ± 0.39

Cells

Cells with tissue (high proteoglycan)
TRIzol

171.7 ± 5.9

2.06 ± 0.07

1.99 ± 0.02

1.28 ± 0.23

TRIzol + Column

38.8.± 6.1

0.93 ± 0.15

1.92 ± 0.02

0.84 ± 0.46

Table 3-6 shows the Bioanalyzer results of RNA extracted with the TRIzol method and the
combined TRIzol-column method. Consistent with the data from Nanodrop, RNA samples
extracted with the TRIzol method were of higher concentrations compared with the combined
TRIzol-column method. RNA extracted using different methods under test yielded RNA of
RNA integrity number (RIN) > 5, indicating their suitability for RT-qPCR.
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Table 3-6 Concentration, yield and quality of RNA extracted from cultured cells with different
methods estimated by Bioanalyzer (mean ± SD; 3 samples per group) (Reproduced from [125] under a

Creative Commons Attribution License).
Samples

Conc. (ng/µl)

RIN

28s/18s

By Instrument

Bioanalyzer

Bioanalyzer

Bioanalyzer

TRIzol, w/o glycogen

91.0 ± 33.1

9.67 ± 0.25

1.87 ± 0.15

TRIzol, w glycogen

105.0 ± 23.8

9.90 ± 0.10

1.97 ± 0.12

TRIzol + Column

15.7 ± 2.3

8.33 ± 0.45

2.43 ± 0.93

TRIzol

192.0 ± 10.8

6.93 ± 0.81

1.60 ± 0.44

TRIzol + Column

51.0 ± 7.9

9.07 ± 0.15

1.83 ± 0.12

Cells

Cells with tissue (high proteoglycan)

All the samples under test showed peak absorption at 260 nm in Nanodrop measurements and
the peaks for TRIzol extracted RNA were sharper due to the higher concentrations of RNA
compared to the ones from the combined method (Figure 3-7A). The 28S and 18S bands were
observed in the electrophoregrams of the samples (Figure 3-7B). Bands of light intensity
were observed for RNA extracted from cells with the TRIzol methods (CT, CTG) but not for
the combined method (CC). This may be due to the low affinity of low molecular weight
RNA to the column silica membrane which get discarded during the isolation process.
Stronger bands were observed for RNA extracted from cells with proteoglycan using the
TRIzol method (HPT) than that using combined method (HPC). The smear present in the HPT
sample may be the mRNA of different molecular weights or partially degraded RNA.
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Figure 3-7 (A) Representative UV-spectra of RNA extracted from bovine cells measured using
Nanodrop and (B) electropherograms of RNA extracted with different methods. (CT: from cells using
TRIzol without the use of glycogen; CTG: from cells using TRIzol with the use of glycogen; CC: from cells

using combined TRIzol-column based method; HPT: from cells and high proteoglycan content using TRIzol;

HPC: from cells and high proteoglycan content using combined TRIzol-column based method) (3 samples
per group). (Reproduced from [125] under a Creative Commons Attribution License).

We tested the RT-qPCR with the RNA extracted with different methods and the representative
amplification plot was shown in Figure 3-8A. The qPCR amplification efficiency was
calculated based on the Ct vs log (template concentration) plots as shown in Figure 3-8B.

Table 3-7 shows the Ct values and qPCR efficiency of the cDNA from RNA extracted with
different methods. The Ct values within each sample group (cells or cells with tissue) had
only difference of less than 0.5 cycles, indicating that the RNA extracted with different
methods did not affect the RT-qPCR seriously. Yet the same extraction method is
recommended for each batch of samples to avoid any potential difference caused by
differences in extraction methods. All samples have amplification efficiency within 90-110%
in qPCR calibration curves, which is a criterion for reliable qPCR. These indicate the RNA
extracted with these methods was compatible with the qPCR system used.
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Figure 3-8 (A) Representative amplification plot of qPCR with different template concentrations of
two-fold dilutions and (B) representative Ct against Log (template concentration) plots for
calculating the amplification efficiency. (Biological duplicates and technical duplicates).

Table 3-7 Ct values and qPCR efficiency estimated from the curves for GAPDH amplification (mean ±

SD; biological duplicates and technical duplicates) (Ct values shown were obtained with threshold of 0.3

and 1 µl of cDNA in 10 µl reactions) (The qPCR efficiency data is published in [125]. Reproduced under a
Creative Commons Attribution License).

Ct

qPCR efficiency

TRIzol, w/o glycogen

17.60 ± 0.08

99% ± 3%

TRIzol, w glycogen

17.96 ± 0.06

107% ± 10%

Column

17.65 ± 0.02

97% ± 11%

TRIzol

17.76 ± 0.13

95% ± 6%

Column

18.15 ± 0.07

101% ± 5%

Samples
Cells

Cells with tissue (high proteoglycan)

3.5.3 Extraction of RNA from bovine NP, AF and muscle
As shown in Table 3-8, the concentrations and yields of RNA from muscle were much higher
than NP and AF, probably due to the higher density of cells. Muscle was included as a
non-IVD control. It has a high cell density with low proteoglycan content, to which typical
extraction should be applicable. The RNA isolated directly from NP tissue and AF tissue has
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lower A260/280 ratios compared to muscle, which was probably due to the contamination by
phenol. This was suggested by the UV absorption spectra that there was a shift of peak
towards 270 nm for the RNA isolated from NP or AF tissue (Figure 3-9A). The RNA from
bovine muscle using the same extraction method yielded a sharp peak at 260 nm (Figure
3-9B). The presence of phenol from TRIzol in the samples can cause over-estimations of
RNA concentrations due to the absorbance contributed by phenol at 260 nm. Therefore,
concentration correction for RNA was developed and is described in the next Chapter.

Table 3-8 Concentration, yield and quality of RNA extracted from bovine tissues with different
methods estimated by Nanodrop. a. The yield of RNA expressed as amount of RNA from each 1.5 ml tube

of cryosectioned tissue. The RNA concentrations of bovine NP and AF were below the qualitative range of

RNA 6000 Nano total RNA suggested by the Centre for Genomic Sciences of HKU which is 50 - 500 ng/μl.

(Mean ± SD; n = 3 for bovine tissues). (Reproduced from [125] under a Creative Commons Attribution
License).

Concentration

Samples

(ng/µl)

Yield (µg) a

A260/A280

A260/A230

By Instrument

Nanodrop

Nanodrop

Nanodrop

Nanodrop

Bovine NP

30.2 ± 1.5

0.33 ± 0.02

1.76 ± 0.04

0.74 ± 0.10

Bovine AF

42.8 ± 5.5

0.47 ± 0.06

1.81 ± 0.05

0.50 ± 0.28

Bovine muscle

372.1 ± 33.0

4.09 ± 0.36

2.07 ± 0.01

1.55 ± 0.19

Schoor et al. found that partially degraded RNA samples with still visible ribosomal bands
gave gene expression profiles highly similar to those of intact samples, suggesting RNA
samples of suboptimal quality might still lead to meaningful results when used cautiously
[139]. Besides, in the study by Fleige and Pfaffl on RNA integrity of its effect on RT-qPCR
performance, they pointed out that ampliﬁcation with large amplicon (> 400 bp) was strongly
dependent on a good RNA quality (with RIN > 5 from Bioanalyzer). However, RT-qPCR with
small amplicons (70-250 bp), were more or less ‘‘independent’’ of the RNA quality [140]. In
Chapter 2, the GAPDH primer pair used was with corresponding amplicon size of 54bp while
the amplicon sizes of ACAN, COL2A1, CDH2, KRT18 and KRT19 were also less than 100bp.
The amplifications of cDNA from bovine NP and AF samples were tested and the
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amplification curves were shown in Figure 3-9C. The effect of different levels of
contamination were also tested and discussed in the next Chapter.

Figure 3-9 (A) UV-spectra of RNA extracted from bovine NP and AF tissues, and from (B) bovine
muscle tissue measured using Nanodrop; (C) qPCR amplification curves of RNA extracted from
bovine NP and AF tissues using primers for GAPDH. (A and B are published in [125]. Reproduced under
a Creative Commons Attribution License).

3.5.4 Extraction of RNA from mouse and rat IVDs
In order to extend the RNA extraction guide to other species, we also tested the extraction of
RNA from mouse and rat IVDs. The details of the procedures were given in Section 3.8.5 of
the Appendix. Unlike bovine NP and AF tissue, the tissues obtained from mouse and rat IVDs
were rather small. It was difficult to mount the mouse or rat tissue directly for cryosection.
Thus a method to embed the disc in DEPC-treated water, which was used by Prof. Danny
Chan's group, was used. In brief, small aluminum containers were made to hold DEPC-treated
water. Then the containers were dipped into liquid nitrogen to partially freeze the water,
leaving the central top part of the water unfrozen. The pre-frozen mouse or rat disc tissues
were then put in the top part of the unfrozen water and fixed quickly by freezing the
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remaining unfrozen water. Afterwards, the procedures of cryosection and RNA extraction
were similar to bovine tissues.

The measurements of the extracted RNA by Nanodrop are shown in Table 3-9. The A260/A280
ratios for rat NP and AF tissues were lower than those of mouse IVD and rat muscle tissue,
which were due to the shifts of the peaks from 260 nm to 270 nm (Figure 3-10). The shifts
were more serious for RNA of low concentrations. Figure 3-11 shows the electrophoregrams
of RNA extracted from mouse IVD and rat NP. The 28S and 18S bands were visible and the
RINs were 6.9 and 7.5 for mouse IVD and rat NP respectively.

Table 3-9 Concentration, yield and quality of RNA extracted from mouse IVD tissue, rat NP, AF and
muscle tissues estimated by Nanodrop. (mean ± SD; n=7 for mouse IVDs and n =2 for rat tissues) a.
Concentrations of rat NP and AF were corrected with a mathematical formula [118]. b. The yield is based

on one mouse disc or rat NP/ AF tissue from half a rat tail. (Data of mouse IVD and rat NP tissues are
published in [125]. Reproduced under a Creative Commons Attribution License).
Samples

Concentration
(ng/µl)

a

Yield (µg) b

A260/A280

A260/A230

Nanodrop

Nanodrop

Nanodrop

By Instrument

Nanodrop

mouse IVD

325.5 ± 110.4

3.25 ± 1.10

1.88 ± 0.03

1.48 ± 0.34

rat NP tissue

107.6 ± 15.7

1.35 ± 0.20

1.78 ± 0.01

0.97 ± 0.01

rat AF tissue

36.2 ± 13.5

0.45 ± 0.17

1.76 ± 0.03

0.92 ± 0.68

rat muscle tissue

689.1 ± 47.6

8.61 ± 0.59

1.99 ± 0.03

2.22 ± 0.05
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Figure 3-10 (A) UV-spectra of RNA extracted from mouse IVD tissue and from (B) rat NP, AF and
muscle tissues measured using Nanodrop. (UV Spectra of mouse IVD and rat NP tissues are published
in [125]. Reproduced under a Creative Commons Attribution License).

Figure 3-11 (A) Electropherograms of RNA extracted from mouse IVD and rat NP and the
corresponding spectra (B) and (C). (The electropherograms are published in [125]. Reproduced under a
Creative Commons Attribution License).

The RNA samples from mouse IVD and from rat NP were further tested with RT-qPCR of
potential NP markers. Amplifications were detected as shown in Figure 3-12.
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Figure 3-12 (A) qPCR amplification curves of RNA extracted from mouse IVD and (B) from rat NP.
(Reproduced under a Creative Commons Attribution License from [125]).

3.6 Discussion

3.6.1 Homogenization methods for IVD tissue
Homogenization is a general term to describe the dispersion of minute fragments of tissue
evenly throughout a mixture by mechanical action such as macerations or crushing or by
chemicals such as detergents or organic solvents. There are a wide variety of homogenizers
available to achieve such a purpose. In our study, bovine NP tissue could not be homogenized
by the ceramic pestle and mortar system. However, there were some studies who reported the
use of homogenizer for extraction of RNA from NP tissues which are summarized in Table
3-10. Only two out of the five studies have mentioned the types of homogenizers used. Wang
et al. used an Omni TH homogenizer (Figure 3-13A) [141] which used vibration to break the
tissues. There are two different types of probes for Omni tissue homogenizers: the stainless
steel type (Figure 3-13B) and the plastic disposable type (Figure 3-13C). The plastic
disposable type is designed to reduce cross-contamination and the stainless steel type is for
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larger and tougher samples. The type of probes used was not specified in their study. The use
of Omni tissue homogenizer may be a viable option for bovine NP tissue but this requires the
purchase of a specialized equipment. Simple pestle and mortar systems may be a less
expensive option. Capossela et al. used a stainless steel mortar to pulverize human NP and AF
tissue on dry ice [142] but the size and type of mortar was not mentioned precisely. In our
experience, the frozen NP tissue is rather hard and tough, which is difficult to be broken by
brutal force. Thus we have the concern about the throughput and efficiency of using the
stainless steel mortar system to homogenize the bovine NP tissue.

Table 3-10 Studies that investigated the gene expression in IVD tissues through direct
RNA extraction from the tissues after pulverization (Reproduced under a Creative Commons

Attribution License from [125]).

Tissue

Tissue processing

Homogenizer used

Extraction

Reference

Human NP

homogenized in

Omni TH

TRIzol extraction

Wang et al. [141]

tissue (100-300

TRIzol on ice

Homogenizer

followed by

mg)

RNeasy mini clean
up

Human NP and

frozen at -80 °C and

AF tissue

pulverised on dry ice

Rat NP tissue

pulverized under

stainless steel mortar

Aurum Total Mini

Capossela et al. [142]

Kit
not specified

RNeasy mini kit

Yurube et al. [143]

not specified

not specified

Mwale et al. [144]

not specified

RNeasy mini kit

Tang et al. [59]

liquid nitrogen
Rabbit NP and

pulverized after

AF tissue

freezing in liquid
nitrogen

Rat NP and AF

flash-frozen in liquid
nitrogen, pulverized
and homogenized in
TRIzol
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Figure 3-13 (A) Omni Tissue Homogenizer (TH), (B) stainless steel generator probes and (C) Omni
tip plastic homogenizer probes. (Photos were obtained from the official web of Omni International).

In addition, the studies listed in Table 3-10 used column based kits for RNA extraction. In our
study, RNA precipitation method using propanol and a high salt solution was used. This may
be the first study using TRIzol to extract RNA from bovine NP tissue without the use of
columns.

3.6.2 Glycogen in RNA precipitation
According to the protocol of TRIzol, 200 µg glycogen should be added per ml of TRIzol
before the phase separation step. However, the purpose of glycogen was to co-precipitate with
the RNA. A smaller amount of glycogen may actually be required. Hence we investigated the
amount of glycogen required to be added to the samples and the experiment was shown in
Section 3.8.1 in the Appendix. As little as 2 µl of glycogen at 20 µg/µl already gave a visible
pellet when high salt solution was not used. The use of high salt solution reduced the size of
glycogen precipitated but 5 µl was sufficiently to give visible pellet when high salt solution
was used. Therefore we decided to use glycogen amount less than recommended by the
manufacturer's protocol in order to reduce the glycogen concentration in our sample and
reduce the cost.
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3.6.3 Identity of the large precipitate
For bovine NP tissue, a large white precipitate was observed when the aqueous supernatant
after phase separation was precipitated without the use of a high salt solution. Such kind of
precipitation was not observed for passaged NP cells harvested from culture surfaces. Hence it
is likely that the precipitate was from the components dissolved from the tissues.
Contamination with polysaccharides and proteoglycans is a common problem in some RNA
extraction methods [145-148]. Besides, NP tissue is rich in proteoglycan and collagen.
Therefore, we speculate the precipitate has proteoglycan in it. However, without further
characterization, we did not rule out the possibility that other components are also present in
the precipitate.

3.6.4 Yield of RNA from rat NP tissue
Tang et al. extracted RNA from rat NP and AF for cDNA microarray analysis and RT-qPCR.
After harvesting the tissue, they immediately flash-freezed the tissues in liquid nitrogen, then
pulverized and homogenized in TRIzol reagent, followed by total RNA extraction using a
RNeasy mini kit. For each sample in microarray, tissue was pooled from all discs across four
rats to collect sufficient RNA for one sample [59]. The amount and quality of RNA used was
not mentioned in their study. For Affymetrix GeneChip Expression analysis service provided
by the Centre for Genomic Sciences of the University of Hong Kong, 2.5 µg total RNA of
RIN > 8 is recommended. In our study, 1.35 µg of total RNA was obtained from NP tissue
from half a rat tail. In other words, RNA from one tail (~2.7 µg) was sufficient for microarray
analysis. However, the RIN was 7.5 which was lower than 8, indicating that the procedures
may need to be improved for better RNA quality. However, in an article about quality control
of RNA for microarray, RIN of 7.0 was used as a cut-off value for deciding whether the RNA
is suitable for microarray analysis [149]. The authors selected this value because Thompson et
al. showed that there was a substantial increase in the rate of false positives on the microarray
when the starting RNA had a RIN value of < 7.0 [150]. This may suggest the RNA obtained in
our study which has RIN value of 7.5 may also be suitable for microarray analysis. Only one
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rat is sufficient to obtain RNA from rat NP tissue for microarray analysis using our modified
protocol compared to four rats required in the study by Tang et al. Fewer animals may be
needed to be sacrificed for each microarray analysis.

3.6.5 Limitation of the current study
The concentration of RNA extracted from bovine NP tissue is below the sensitivity limit for the
Bioanalyzer for RIN values. Besides, one of the limitations in giving meaningful RIN values
for bovine tissue is that we do not have access to fresh tissue. The bovine tail was bought from
the butcher but not directly from the slaughter house. There may be degradation of RNA before
the tissue can be obtained. Thus the freshness of bovine tail can be one of the determining
factors of the RIN values.

3.7 Conclusions
In summary, RNA extraction using the TRIzol method gave RNA of higher concentrations
compared to the combined TRIzol-column based method for samples of small numbers of
cells with or without high proteoglycan content. We have developed a method to isolate RNA
from bovine IVD tissue directly by combining cryosection and high salt precipitation into
conventional TRIzol method. Compared with other methods for RNA extraction from tissues,
our method allows the pre-RNA extraction processing to be kept at a low temperature which
may help to maintain the integrity of RNA and also better preserve the relative mRNA levels.
This method may be applied to RNA extraction from cells in tissues which are high in
extracellular matrix content and low in cell density. The suggested protocols on extracting
RNA from bovine, rat and mouse IVDs are given in details in the Appendix.
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3.8 Appendix
3.8.1 Use of glycogen in RNA precipitation
In order to investigate the effect of high salt solution on the precipitation of glycogen. 2 µl or
5 µl of glycogen (20 µg/µl) was added to 0.5 ml of TRIzol. 50 µl of BCP was then added to
the TRIzol with glycogen and the samples were shaken vigorously and stood at room
temperature for 3 min. The samples were centrifuged at high speed (> 12, 000 ×g) and the
supernatant was transferred to new tubes with propanol with or without high salt solution as
listed in Table 3-11.

As shown in Table 3-11, addition of high salt solution inhibited the precipitation of glycogen.
The 2 µl addition of glycogen (20 µg/ml) to 0.5ml TRIzol seems sufficient to give a small
pellet to avoid the loss of pellet during the supernatant removal and ethanol wash steps) and
the pellet from 2 µl of glycogen addition to 0.5 ml of TRIzol probably be even larger when all
the supernatant was precipitated instead of 100 µl in each tube only.

Table 3-11 Pellet formation with and without the use of hight salt (HS) solution. (a HS solution refers
to 1.2 M NaCl and 0.8 M sodium citrate in DEPC-treated water)

Observation (volume in brackets

Tube 1a

Small pellet (~1 µl)

Glycogen

Tube 1b
Tube 2a
Tube 2b

Propanol precipitation

2 µl to 0.5 ml

100 µl propanol + 100 µl

TRIzol

supernatant

2 µl to 0.5 ml

50 µl HS solution a + 50 µl

TRIzol

propanol + 100 µl supernatant

5 µl to 0.5 ml

100 µl propanol + 100 µl

TRIzol

supernatant

5 µl to 0.5 ml

50 µl HS solution a + 50 µl

TRIzol

propanol + 100 µl supernatant
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3.8.2 Preliminary experiment to find out the optimal RNA extraction conditions for
bovine NP
Different approaches to extract RNA from bovine NP tissue were attempted and the key
decisions which lead to our suggested protocol were summarized below:

Due to the very high proteoglycan content of bovine NP tissue, the supernatant for samples of
NP tissues was always milky (as shown in Figure 3-17 in Section 3.8.4.2 ), which resulted in
large precipitates trapping RNA and prevented subsequent dissolution. Different methods
were tested to solve this problem. As recommended in the detailed protocol of TRIzol from
the manufacturer Invitrogen, high salt solution may be used for samples with high
proteoglycans and/ or polysaccharides content. According to the protocol, 0.25 ml of
isopropanol should be added to the aqueous phase after the first separation followed by 0.25
ml of a high salt precipitation solution (0.8 M sodium citrate and 1.2 M NaCl) per 1 ml of
TRIzol used for homogenization. However, the use of high salt solution was not sufficient for
bovine NP samples where proteoglycan content was even higher than cartilage (NP has GAG/
COL2 ratio of 27:1 while cartilage of 2:1). Thus other methods were also explored.

Combined TRIzol-column method was suggested to give RNA of high quality compared to
conventional TRIzol method for some samples. Hence it was tested. However, the yield of
RNA using combined TRIzol-column method was not as high as TRIzol method (Table 3-5 in
Section 3.5.2 ).

After many failed experiments, it was noticed that not only the supernatant (aqueous portion)
after first phase separation was milky, the organic phase was also milky for the portion near
the aqueous-organic interface. This indicates that the milky component (probably the
proteoglycan) also partitioned into the organic phase. In chemical engineering, multiple stage
phase separations can be used to increase the purity of a particular component in a mixture
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[151]. Hence we speculated that a second phase separation may help to reduce the
proteoglycan content in the aqueous phase of the sample after first phase separation.

The following three parameters were tested: (i) the use of high salt solution and (ii) the
precipitation (conventional TRIzol) extraction or the combined TRIzol-column based method
and (iii) the extra/ second phase separation. All samples were tested in the same batch of
experiment as listed in Table 3-12 for a better comparison. Among the samples, tube 1
represents typical TRIzol extraction without the use of high salt precipitation, tube 2
represents typical TRIzol extraction with the use of high salt precipitation recommended for
high proteoglycan content samples, and tube 5 represents typical combined TRIzol-column
based RNA extractions. The others are variations of the protocols being investigated.

Table 3-12 Experiment conditions to find the conditions for extracting RNA from samples with high
proteoglycan content and the corresponding RNA concentrations. A260/A280 and A260/A230 were
estimated by Nanodrop. (PrOH: 2-propanol, EtOH: ethanol).

Tube

1

2

3

4

5

6

7

8

1 phase separation

+

+

+

+

+

+

+

+

2nd phase separation

/

/

+

+

/

/

+

+

Salt addition

/

+

/

+

/

+

/

+

Extraction
(P: precipitation, C: column)

P

P

P

P

C

C

C

C

st

Volume of propanol/
ethanol (µl)
Volume of salt solution (µl)

150
75
550
275
75
37.5
275 137.5
PrOH PrOH PrOH PrOH EtOH EtOH EtOH EtOH
/

75

/

275

/

37.5

/

137.5

RNA concentration (ng/µl)

185.3 158.4 110.2 204.8

26.3

9.2

12.6

13.1

A260/A280

1.59

1.98

1.87

2.02

1.98

1.61

1.74

1.54

A260/A230

0.62

1.26

1.2

1.41

1.33

0.64

0.5

0.2

Figure 3-14 shows the UV spectra of RNA extracted using different methods listed in Table
3-12. Peak absorption is observed at 260 nm for all samples extracted using the TRIzol
methods (Tubes 1-4). There were peak shifts towards 270 nm for some of the RNA extracted
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using the combined method (Tubes 6-8) which was probably due to the low concentrations of
RNA obtained.

Figure 3-14 UV-spectra of RNA extracted from (A) tubes 1-4 and (B) tubes 5-8 as listed in Table
3-12 measured using Nanodrop.
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3.8.3 Suggested experimental flow for RNA extraction from IVD tissues

Figure 3-15 Suggestion of experimental flow for extraction of RNA from tissues rich in extracellular
matrix with low or high cellularity. (Reproduced under a Creative Commons Attribution License from
the supplementary information in [125]).
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3.8.4 Recommended protocols for extracting RNA from bovine / human IVD tissues
(tissues rich in extracellular matrix with low cellularity)
3.8.4.1 Cryosection the tissues and lyse the cells in TRIzol
1.

Cryosection the tissues using a cryostat (10-30 µm)

2.

Transfer the sections to 1.5 ml tubes (for a larger amount of tissue, the volume may be
scaled up) using forceps pre-cooled in the cryostat chamber
Note: As the thin sections melt and stick to surfaces at room temperature readily, it is
important to pre-cool the tubes in the cryostat chamber. When holding the tubes, hold the
cap edge to avoid warming up the tube body.

Figure 3-16 Schematic showing the precautions to prevent the melting of tissue sections because of
the body warmth.

3.

Transfer the tubes of cryosectioned tissues to a chemical fume hood using dry ice or Mr.
Frosty pre-cooled to -80°C (or any method that can avoid the thawing of the sections
inside the tubes)

4.

Add 0.5 ml of TRIzol to the tubes with samples, mix well, store at -80 °C before RNA
extraction

Technique and Method Development for Intervertebral Disc (IVD) Research

92

Chapter 3 Refining Disc RNA Extraction Methodology

3.8.4.2 1st phase separation
1.

Centrifuge the samples and transfer the supernatant to new tubes so as to remove the
tissues

2.

Add 50 µl of bromochloropropane (BCP) to each tube with clear TRIzol lysate, shake
vigorously for 15 s and stand at room temperature for 15 min

3.

Centrifuge at 12,000 × g at 4 °C for 15 min

Figure 3-17 Samples after the first phase separation step. If the supernatant phase is milky, there is

probably a high concentration of proteoglycan in it and it may be better to perform a second phase
separation. If the supernatant phase is clear, it is better to avoid a second phase separation to avoid loss of
RNA during the process. (Reproduced under a Creative Commons Attribution License from [125]).

3.8.4.3 2nd phase separation (if necessary)
1.

Transfer the supernatant to new tubes

2.

Add 1 ml of TRIzol and 150 µl of BCP. Shake vigorously for 15 s and stand at room
temperature for 3 min

3.

Centrifuge at 12,000 × g at 4 °C for 15 min

Figure 3-18 Sample after the second phase separation. The supernatant becomes clear after the
second phase separation. (Reproduced under a Creative Commons Attribution License from [125]).
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3.8.4.4 Precipitation with propanol and high salt solution
1.

Transfer the supernatant to new tubes and mix the supernatant with 0.3 ml of high salt
solution (0.8 M sodium citrate and 1.2 M NaCl) and 0.3 ml of propanol (or 125 µl of
high salt solution and 125 µl of propanol if no 2nd phase separation was performed)

2.

Stand at room temperature for 10 min and centrifuge at 15000 × g for 10 min
Observation: pellets may not be easily observable at this step when the RNA quantity is
low

3.

Remove most of the supernatant using 1 ml pipet tips and spin down the remaining
supernatant again using a mini-centrifuge, then remove the supernatant using 200 µl
pipet tips as much as possible
Note: This is to remove the proteoglycan that is present in the supernatant which will
precipitate later when 75% ethanol is added, resulting in large pellets rich in
proteoglycan that entrap RNA

3.8.4.5 RNA wash
1.

Wash with 0.5 ml of 75% ethanol
Observation: pellets (even though may be small) should appear at this step

2.

Centrifuge at 8,000 × g at 4 °C for 3 min and remove the supernatant

3.

Wash the pellets again with 0.5 ml of 75% ethanol

4.

Spin and remove the supernatant

5.

Dry at room temperature for 10 min

3.8.4.6 Re-dissolving the RNA
1.

Add 12.5 µl of DEPC-treated water and heat at 60 °C for 10 min

2.

Cool on ice. Spin down, vortex briefly and spin down

3.

Measure the absorbance using Nanodrop or assess the quality through Bioanalyzer
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3.8.5 Recommended protocols for extracting RNA from murine IVD tissues (tissues rich
in extracellular matrix but with relatively high cellularity)
3.8.5.1 Embed the tissue in DEPC treated water
1. Prepare small aluminum containers of about 6 mm in diameter by using aluminum foil
(cut it into appropriate size and form the container by wrapping around a pencil or the end
of a 2 ml serological pipet)

Figure 3-19 Preparation of aluminum container.

2. Add DEPC-treated water to the container
3. Dip the container with water into liquid nitrogen using forceps so that the periphery of the
water is frozen while the centre remains in liquid state
Note: Handle with care when using liquid nitrogen
4. Put the tissue in the top layer of water
5. Freeze the water with tissue completely by dipping it into liquid nitrogen using forceps
6. Remove the aluminum foil before mounting the ice block with tissue
7. Mount the ice block with tissue on the cryostat holder through the attachment of the
surface opposite to the tissue
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Figure 3-20 Schematic showing the flow of embedding small tissue samples in DEPC-treated water
prior to cryosectioning. (Reproduced under a Creative Commons Attribution License from the
supplementary information of [125]).

3.8.5.2 Cryosection the tissues and lyse the cells in TRIzol
1.

Cryosection the tissues using a cryostat (10-30 µm)

2.

Transfer the sections to 1.5 ml tubes (for a larger amount of tissue, the volume may be
scaled up) using forceps pre-cooled in the cryostat chamber
Note: As the thin sections melt and stick to surfaces at room temperature readily, it is
important to pre-cool the tubes in the cryostat chamber. When holding the tubes, hold the
cap edge to avoid warming up the tube body (Please refer to Figure 3-16).

3.

Transfer the tubes of cryosectioned tissues to a chemical fume hood using dry ice or Mr.
Frosty pre-cooled to -80 °C (or any method that can avoid the thawing of the sections
inside the tubes)

4.

Add 0.5 ml of TRIzol to the tubes with samples, mix well, store at -80 °C before RNA
extraction
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3.8.5.3 Phase separation
1.

Add 50 µl of BCP to each tube with clear TRIzol lysate, shake vigorously for 15 s and
stand at room temperature for 15 min

2.

Centrifuge at 12000 × g for 15 min

3.8.5.4 Precipitation with propanol (and high salt solution)
1.

Transfer the supernatant to new tubes. Mix with equal volume of propanol (about
200-300 µl)
Note


If there were very large precipitates (>5 µl) at the end, do the precipitation step with
125 µl of propanol and 125 µl of high salt solution (0.8 M sodium citrate and 1.2 M
NaCl).



If the RNA could hardly be seen after the precipitation and centrifugation, add 2 µl
of 5 mg/ml glycogen to the sample, mix well and repeat the precipitation step.

2.

Stand at room temperature for 10 min and centrifuge at 15000 × g for 10 min

3.8.5.5 RNA wash
1.

Wash with 0.5 ml of 75% ethanol

2.

Centrifuge at 8,000 × g at 4 °C for 3 min and remove the supernatant

3.

Wash the pellets again with 0.5 ml of 75% ethanol

4.

Spin and remove the supernatant

5.

Dry at room temperature for 10 min

3.8.5.6 Re-dissolving the RNA
1.

Add 12.5 µl of DEPC-treated and heat at 60 °C for 10 min

2.

Cool on ice. Spin down, vortex briefly and spin down
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3.

Measure the absorbance using Nanodrop or assess the quality through Bioanalyzer

3.8.6

Technical notes

3.8.6.1 When using high salt solution


When we precipitate RNA without the use of high salt solution, it is not important to
remove the supernatant after the RNA precipitation step as much as possible. The
supernatant remained will be miscible with the 75% ethanol to be added. However, when
high salt solution is added, the miscibility with the 75% ethanol is changed. If too much
supernatant (> 50 µl) is left behind, there will be two different liquid phases after mixing
with 75% ethanol in the form of a bubble in the liquid. The RNA will be on the surface
of the bubble and the RNA cannot be easily washed as we need to get rid of the bubble
with probably salts in it but avoid removing the RNA pellet. Thus the following
precautions are required:


Remove as much supernatant as possible after the RNA precipitation step when
high salt solution is used. After removing the majority of supernatant using 1 ml
pipet tips, use a second quick spin with a bench top mini-centrifuge to bring all the
liquid to the bottom and then remove the remaining liquid using 20 µl or 200 µl
pipet tips.



When bubbles of immiscible phase were already formed, try to remove the bubbles
using pipet tips with small openings such as 20 µl of 10 µl pipet tips to minimize
the chance of sucking the RNA pellets into the pipet tips.
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Figure 3-21 Schematic showing that a bubble may be formed after the 75% ethanol addition when
the mixture of supernatant with propanol and high salt solution is not sufficiently removed.
(Reproduced under a Creative Commons Attribution License from the supplementary information of
[125]).

3.8.6.2 When handling small pellets


Always make sure you can see the pellets and avoid discarding them during changes of
solution. If not, add glycogen during the precipitation step so that the RNA are
co-precipitated with the glycogen, making the pellets large enough to be observable



During the 75% ethanol wash, vortexing may be required for large pellets but not
desirable for small pellets as this may break the pellets into smaller pieces which
increases the risk of discarding the RNA pellets during the 75% ethanol wash. Instead of
vortexing, the RNA can be washed more effectively by changing the orientation of tubes
which can flip the RNA during the centrifugation as illustrated in Figure 3-22.
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Figure 3-22 Schematic showing how the microcentrifuge tubes may be oriented during the
centrifugation. (1. The orientation of the tubes is oriented that it is possible to know the position of
pellets. 2. The orientation of the tubes is changed between successive centrifugation so that the pellet is

flipped on to the opposite side for more effective washing.) (Reproduced under a Creative Commons
Attribution License from the supplementary information of [125]).
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Chapter 4 Concentration Correction for RNA with TRIzol
4.1 Introduction
Advances in the Reverse Transcription - quantitative Polymerase Chain Reaction (RT-qPCR)
allowed the study of gene expression from a minute amount of RNA. In some situations, only
a small number of cells is available for obtaining RNA such as cells sorted using fluorescent
assisted cell sorting (FACS) [152], from tissues with a low cell density such as cartilage [153]
and intervertebral disc [26] and when numerous cell culture conditions are tested with limited
cell source. Some studies have suggested the yield of RNA obtained using the guanidine
isothiocyanate (GITC) based method is higher than the column based method for some
samples [129-132]. Besides, TRIzol (a GITC based reagent) allows the simultaneous
extraction of RNA, DNA and protein from the same sample [154]. Thus sometimes GITC
based method is preferred despite various RNA extraction methods available nowadays.

However, when working with samples with a small number of cells, the ultraviolet (UV)
spectra of the extracted RNA showed a shift of peak absorption from 260 nm to 270 nm
(Figure 4-1A and [152]). The peak at 270 nm was due to the trace amount of phenol remained,
which became conspicuous in the spectra when the absorption contributed by the RNA was
less for low concentrations. The absorption of phenol at 260 nm also caused the
overestimation of RNA concentrations as the RNA concentrations are usually estimated as the
absorbances at 260 nm × 40 (with units of ng/μl). In flow cytometry, the contribution of the
effect of a component was subtracted from the curve in the process of compensation
adjustment. By employing a similar concept, we have derived a formula to correct the
overestimation of RNA concentrations due to phenol contamination. As shown in Figure
4-1B, TRIzol has a peak absorption at 270 nm (the green curve, iii) and thus RNA with
TRIzol has a peak shift to 270 nm (the red curve, ii) when the concentration of RNA is low
(the blue curve, i). By subtracting the UV absorption contributed by TRIzol, the RNA
concentration without contamination can be estimated (the purple broken line curve, iv). The
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corrected RNA amount provides more reliable information for the researchers to decide
whether to further purify or directly use the RNA.

Figure 4-1 (A) The measured UV spectra of 25 ng/µl total RNA with different concentrations of
TRIzol, (B) Concept of absorbance compensation due to TRIzol. The measured UV spectra of (i) RNA
only, (ii) RNA with TRIzol, (iii) TRIzol only and (d) the calculated UV spectrum of RNA based on spectral

data of (ii) and (iii). When RNA is contaminated with pheonol/ TRIzol, the peak of absorption is shifted

from 260 nm to 270 nm (from curve i to curve ii). Curve iii shows the absorption spectrum of diluted
TRIzol. By subtracting the absorption contributed by the TRIzol from the absorption spectrum of RNA
contaminated with TRIzol (curve ii – curve iii), the absorption spectrum close to the spectrum without

TRIzol contamination can be obtained (curve iv). (Reproduced with permission of Elsevier from [118] ©
2014 Elsevier).

We hypothesize the use of the concentration correction formula can improve the accuracy of
the concentration estimations.

4.2 Materials and methods
4.2.1 UV spectra
With an aim to find out the unknown parameters in the derived formula, we obtained the UV
spectra of pure RNA and TRIzol of different concentrations using a Nanodrop 2000c
spectrophotometer (Thermo Scientific). The data for RNA with A260/A280 ratio within 1.85
and 2.15 were selected for the calculations and UV spectral data of 71 RNA samples ranging
from 64 ng/μl to 1604 ng/μl were further computed. The UV spectral data of TRIzol solution
with concentrations ranging from 0.01% to 1% (v/v) were obtained. The absorbance at 260
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nm and 270 nm was extracted from the exported spectrum data and plotted as in Figure 4-2A
and B to find out the values of the unknown parameters in equation (5) in Section 4.3.1 of the
Results and Discussion Section.

4.2.2 Extraction of RNA
In order to verify the formula, RNA was extracted from bovine NP cells cultured in a plastic
culture dish at passage 2 as described in Chapter 2. Nanodrop was used to assess the quantity
and quality of RNA. The UV spectrum showed peak absorbance at 260 nm with A260/A280 >
1.8 and A260/A230 > 2 (data not shown).

For RNA from human embryonic stem cells (HES2) used for Taqman gene expression assays,
it was extracted using TRIzol according to the manufacturer’s instruction. UV absorbance was
measured using a Nanodrop 2000c spectrophotometer (Thermo Scientific).

4.2.3 RT-qPCR
Total RNA was reverse transcribed into cDNA using PrimeScript RT Master Mix (Takara,
catalog # HRR036A) using a thermocycler (Applied Biosystems, Veriti 96 well thermocycler).
The cDNA was diluted five times by adding ultraPure distilled water (Invitrogen, catalog #
10977-023).

For qPCR using SYBR green, it was performed with a total reaction volume of 10 μl per
reaction, containing 1 μl of single stranded cDNA, 5 μl of SYBR Green PCR Master Mix
(Applied Biosystems, part # 4309155) and 500 nM each of forward primer and reverse primer
(GAPDH and ACAN from [113]), in 96 well reaction plates using a standard PCR protocol for
SYBR green reactions (Applied Biosystems, StepOnePlus) with a melt curve analysis. The
relative gene expression was calculated based on comparative Ct method.
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For qPCR using Taqman gene expression assays, it was performed with a total reaction
volume of 10 µl using Taqman Gene expression Master Mix (Applied Biosystems, part #
4369016) and Taqman Gene Expression Assays (assay ID: Hs02758991_g1 for GAPDH,
Hs00164004_m1 for COL1A1, Hs00264051_m1 for COL2A1, Hs00983056_m1 for CDH2),
in 96 well reaction plates using standard PCR protocol for Taqman assays. The relative gene
expression was calculated based on comparative Ct method. The relative gene expression was
calculated based on comparative Ct method.

4.3 Results and Discussion
4.3.1 Derivation of the concentration correction formula
The correction formula of concentration for RNA contaminated with TRIzol was derived as
follows:
Let A be the measured absorbance in Nanodrop at 260 nm
Let B be the measured absorbance in Nanodrop at 270 nm
Let a be the absorbance at 260 nm contributed by RNA
Let b be the absorbance at 270 nm contributed by phenol/ TRIzol
Let x be the ratio of absorbance at 270 nm/ absorbance at 260 nm for RNA
Let y be the ratio of absorbance at 260 nm/ absorbance at 270 nm for phenol/ TRIzol

a + by = A

(1)

ax + b = B

(2)

By solving the above equations, then
a = (A – By) / (1 – xy)

(3)

Phenol level index (PLI) = b = (Ax – B)/ (xy - 1)

(4)

Corrected RNA concentration = a × 40 (ng/μl)
= (A – By) / (1 – xy) × 40 (ng/μl)
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A and B can be obtained from the spectral data of the samples while x and y can be found by
obtaining the spectral data of RNA and phenol/ TRIzol. From Figure 4-2, x and y in equation
(5) were found to be 0.814 and 0.670 respectively. Thus the derived formula became:
Corrected concentration (ng/ μl) = (A260 – 0.670 × A270) / 0.455 × 40

(6)

Figure 4-2 (A) Plot of A260 vs A270 of TRIzol solution of different concentrations and (B) Plot of A270
vs A260 of RNA solution of different concentrations. The parameter “y” in equation (5) was found to be

0.670. The parameter “x” in equation (5) was found to be 0.814. (71 RNA samples ranging from 64 to 1604

ng/µl were used in plot (A) and 42 TRIzol samples with concentrations ranging from 0.01 to 1% were
used in plot (B))(Reproduced with permission of Elsevier from [118] © 2014 Elsevier).

4.3.2 Electrophoregrams of RNA with TRIzol
When TRIzol was added to the RNA solution, there was a shift in the peak towards 270 nm in
the UV spectrum as shown in Figure 4-1A. In contrast, the electrophoregrams obtained using
an Agilent 2100 bioanalyzer did not change much with the addition of TRIzol (Figure 4-3),
indicating the presence of the RNA in all the samples.
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Figure 4-3 Electropherograms of RNA without and with TRIzol contamination (0.005% and 0.05%)
obtained by Agilent 2100 bioanalyzer. With 0.05% TRIzol contamination in RNA solution at 25 ng/µl,

the electropherogram was not significantly altered. (Reproduced with permission of Elsevier from [118] ©
2014 Elsevier).

4.3.3 Testing of the concentration correction formula
The correction formula (6) derived in Section 4.3.1 was tested with 25 ng/µl and 50 ng/µl
RNA in 0%, 0.01%, 0.1% and 1% TRIzol. The % derivation of RNA concentration was
greatly reduced after the correction (Table 4-1).

Table 4-1 The concentration estimated by Nanodrop UV spectrometry before and after correction
using the derived formula (6) for RNA solution with different concentrations of TRIzol. The phenol

level index (PLI) was also computed based on the formula (7) with details given in the next Section. (n=3

measurements) (Reproduced with permission of Elsevier from [118] © 2014 Elsevier).
measured

% deviation

corrected

conc. (ng/uL) conc. (ng/uL) before corr.

after corr.

PLI

25ng/µl, 0% TRIzol

22.8 ± 0.5

22.5 ± 0.6

/

-1% ± 3%

0.01 ± 0.01

25ng/µl, 0.01% TRIzol

37.4 ± 0.5

22.8 ± 0.3

64% ± 2%

0% ± 1%

0.55 ± 0.01

25ng/µl, 0.1% TRIzol

169.0 ± 0.3

11.3 ± 0.3

642% ± 1%

-50% ± 2%

5.88 ± 0.01

25ng/µl, 1% TRIzol

1392.7 ± 2.1

43.9 ± 5.9

6015% ± 9%

93% ± 26%

50.33 ± 0.16

50ng/µl, 0% TRIzol

45.8 ± 0.2

45.4 ± 0.3

/

-1% ± 1%

0.02 ± 0.01

50ng/µl, 0.01% TRIzol

62.5 ± 0.3

46.4 ± 0.3

36% ± 1%

1% ± 1%

0.60 ± 0.00

50ng/µl, 0.1% TRIzol

188.7 ± 0.5

32.6 ± 0.3

312% ± 1%

-29% ± 1%

5.82 ± 0.01

50ng/µl, 1% TRIzol

1432.8 ± 4.1

73.6 ± 3.9

3026% ± 9%

61% ± 8%

50.72 ± 0.02
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4.3.4 Phenol level index (PLI)
An index, phenol level index (PLI) was introduced to indicate the level of phenol
contamination and computed using the following formula:
PLI = b = - (0.814 × A260 – A270) / 0.455

(7)

RNA solution with 0.1% TRIzol contamination has PLI of about 5.8 (Table 4-1). The PLI
increased with the concentrations of TRIzol independent of the RNA concentrations (Table
4-1). This index can be calculated based on sample spectral data and provides information
about the level of contamination as it is unknown in the samples of most studies.

4.3.5 Effect of contaminants on RT-qPCR
Though phenol was suggested to reduce the efficiency of PCR, a very low concentration of
contamination may be tolerated in some applications. Some relatively new kit such as the
Ambion® Cell-to-CT kit allows the reverse transcription of RNA and the subsequent
amplification of cDNA without the RNA purification step, implying it is not an absolute
necessity to obtain pure RNA for the downstream enzymatic reactions. Hence, we also
assessed the level of contamination which can be tolerated for the RT-qPCR application. In
this study, the effect of different degrees of contaminants was assessed using SYBR green
PCR. There is no significant difference in the Ct values obtained for TRIzol contamination up
to 0.1% for GAPDH and ACAN (p > 0.10) (Table 4-2). For 1% TRIzol, there is an increase of
2.1 cycles for GAPDH and 2.7 cycles for ACAN compared to RNA without contamination.

Table 4-2 Ct values of RT-qPCR of total RNA with different concentrations of TRIzol (mean ± SD, 5

samples per group with technical duplicates from 3 independent experiments, RT was performed with

reagents from Takara and qPCR was performed with SYBR green reagents from Applied Biosystems using
StepOnePlus). (Reproduced with permission of Elsevier from [118] © 2014 Elsevier).
GAPDH

ACAN

0% TRIzol

18.8 ± 0.2

22.7 ± 0.4

0.01% TRIzol

18.8 ± 0.2

22.8 ± 0.5

0.1% TRIzol

18.8 ± 0.2

22.9 ± 0.4

1% TRIzol

20.9 ± 1.5

25.4 ± 1.2
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4.3.6 Taqman gene expression assay using RNA extracted with TRIzol
Taqman based assays may have different tolerance to contaminants compared to SYBR green.
Parissenti et al. could detect amplifications using SYBR green assay with TRIzol RNA
extraction method but inconsistent or no amplification was detected for Taqman assays using
TRIzol extracted RNA [155]. In our lab, amplifications were detected for TRIzol extracted
RNA using our RT-qPCR system except for RNA of very low concentrations or poor quality.
Amplification was detected for the HES2 cell sample of good RNA quality as shown in Table
4-3 and Figure 4-4. There were also a number of studies by other groups using Taqman based
gene expression analysis with RNA extracted with TRIzol reagent [156-162] or TRIzol LS
reagent [162]. These indicate Taqman assays can be compatible with TRIzol extracted RNA
for our systems and the systems used by some other groups. Nevertheless, it may be
inappropriate to generalize this for all systems based on the study by Parissenti et al. and it is
recommended to have a preliminary test about the compatibility before large scale
experiments.

Table 4-3 Concentration and quality of RNA from HES2 cells extracted using TRIzol. The RNA was of

rather high concentration (> 1 μg/μl) with A260/A280 close to 2 and A260/A230 > 2, indicating the quality of

RNA was good. (Reproduced with permission of Elsevier from the supplementary data of [118] © 2014
Elsevier).

HES2

ng/μl

A260/A280

A260/A230

1334.5

1.95

2.22
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Figure 4-4 Amplification plot in RT-qPCR of RNA extracted using TRIzol. (Cells: HES2; qPCR system:

Taqman gene expression assays from Life Technologies, assay ID: Hs02758991_g1 for GAPDH,
Hs00164004_m1 for COL1A1, Hs00264051_m1 for COL2A1, Hs00983056_m1 for CDH2; ΔR values smaller
than 0.01 were not shown in the plot). (Reproduced with permission of Elsevier from the supplementary
data of [118] © 2014 Elsevier).

4.4 Conclusions
The proposed method enhanced the accuracy of the estimated RNA concentrations from UV
spectrometry (from 64% and 642% deviation to 0% to -50% deviation for 25 ng/µl RNA in
0.01% and 0.1% TRIzol respectively). We recommend this method to be used when
determining the concentrations and quality of RNA to decide whether further purification is
worthwhile or whether the RNA can be used directly. It is best to obtain high quality RNA for
reliable result but there is need to make the best use of RNA of slightly poorer quality in
certain instances when other limitations have restricted the availability of high quality RNA at
a sufficient yield. Real time-PCR with SYBR green was performed to assess the level of
TRIzol contamination that can be tolerated for gene expression quantification. There is no
significant difference in the Ct values obtained for RNA contaminated with up to 0.1% TRIzol
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(phenol level index, PLI ~5.6) for GAPDH and ACAN genes under test. We introduced an
index for phenol contamination (the phenol level index, PLI). This allows a better assessment
of the suitability of RNA for RT-qPCR application when a very minute contamination with
phenol can be tolerated. From our data, it is justified to use RNA with PLI < 0.5 for RT-qPCR
application but it is advisable to test the performance in individual systems for reliable
conclusions.
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Chapter 5 Isolation and Culturing of MSCs for Chondrogenic /
Discogenic Studies
5.1 Introduction
5.1.1 Use of mesenchymal stem cells (MSCs) in IVD regeneration
One of the regenerative strategies in IVD under research is injection of mesenchymal stem
cells (MSCs) into the discs in order to restore disc height and disc function [163-165]. In mild
degenerated discs, chemicals or growth factors may be applied to stimulate the matrix
production by the native NP cells to restore the disc function. However, in more degenerated
discs, the health status of native NP cells may not be good and autogenic or allogenic sources
of NP cells are not readily available and this makes MSCs an attractive candidate in IVD
regeneration due to their proliferative and differentiation potential and comparative ease of
availability in a sufficient number.

Figure 5-1 Intervertebral disc tissue engineering procedures based on mesenchymal stem cells
(MSCs). MSCs are collected from the bone marrow or adipose tissue, amplified in vitro, and cultured with

various factors to produce cells of NP phenotype. The cells are then seeded on a biomaterial, and the
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substitute thus obtained is implanted into the damaged disc. (Reproduced from [1] Copyright © 2009
Elsevier Masson SAS. All rights reserved).

5.1.2 MSC isolation techniques
In research, MSCs from different species were used. The commonly used sources are from
human [60, 90, 166, 167], rabbit [168], rat [169] and mouse [170, 171]. There are a number of
MSC isolation methods and the method based on the ability of the MSCs to selectively adhere
to plastic surfaces is the most common one.

A variety of sources have been explored for the isolation of MSCs from human. Bone marrow
is one of the most widely used sources used in IVD studies [60, 90, 166]. Mesenchymal
progenitor cells were also identified from other sources [172] such as muscle [173], bone
[174-178], tendon [179, 180], adipose tissue [181-186], blood vessels [187], umbilical cord
[188, 189] and umbilical cord blood/ stroma [190, 191].

For harvesting MSCs from other species such as rabbit, rat and mouse, the animals were
killed and the tibia and/ or femurs were obtained [168-170]. Then the marrow inside these
bones was flushed out. MSCs were further cultured based on their plastic adherence
properties. Sometimes, the harvesting of the MSCs from large animals is similar to that of
human if sufficient bone marrow can be harvested without killing the animals.

5.1.3 Validation of MSC properties
The identification of MSCs is achieved through their ability to adhere to plastic in vitro,
through a combination of positive expression or distinct lack of defined cell surface markers
and also through their multilineage differentiation potential in vitro [192]. MSCs were often
characterized phenotypically by flow cytometry and suggested to be positive for CD29, CD44,
CD105, CD73, CD166, and Sca-1, and negative for CD11b, CD14, CD31 and CD45 [193].
Nevertheless, the lack of specific markers renders the characterization of MSCs difficult and
sometimes ambiguous [193]. Besides flow cytometry, the multipotent property of MSCs was
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also used to give information about the identity of the harvested cells. MSCs differ from other
differentiated cells that they can be differentiated into different cell types of the mesenchyme
origin. Osteogenesis, adipogenesis and chondrogenesis assays are the widely used
differentiation assays to test the multipotent properties of MSCs [170, 171, 176, 177, 187,
190].

5.1.4 Culture conditions of MSCs during expansion and differentiation
Different culture conditions were tested in this Chapter. These conditions have been used in
studies by other groups. Hypoxia promoted chondrogenesis in rat MSCs [194] and human
MSCs [195]. Treatment with basic fibroblast growth factor (FGF-2) during MSC expansion
could inhibit the differentiation of MSCs [196, 197]. FGF-2 used in cell expansion enhanced
the chondrogenic differentiation of MSCs in low glucose DMEM [198]. FGF-2 and
parathyroid hormone-related protein (PTHrP) were also reported to be potent inhibitors for
early and late chondrogenic differentiation in contrast to bone morphogenetic proteins (BMPs)
[199].
For pathway inhibition, inhibiting p38 mitogen-activated protein kinase (MAPK) in rabbit NP
cells increased mRNA for matrix proteins (aggrecan, collagen II, versican, collagen I) and
anabolic factors (IGF-1, TGF, and SOX9) while decreased basal prostaglandin E2 (PGE-2)
accumulation, but had no effect on message for TIMP-1, MMP-3, or cycloxygenase-2
(COX-2) [200]. Expression of collagen II and aggrecan was elevated when rat MSCs were
inhibited by PD98059, an extracellular-signal-regulated kinase (ERK) inhibitor, during
stimulation with TGF-β1 [201]. Further information about hypoxia and MAPK pathway was
described in the Sections 5.7.1 to 5.7.3 in the Appendix of this Chapter.

We hypothesize that the chondrogenic potential is influenced by cell sources and culturing
conditions.
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5.2 Objectives
The objectives of experiments in this Chapter is to understand the platform with associated
techniques for the study of MSC differentiation into chondrocytes. Experiments were
performed and can be categorized into two major categories: (1) the sources of MSCs and (2)
the culture conditions of MSCs as represented and explained in Figure 5-2.

Figure 5-2 Experiments involved in Chapter 5. The choices of MSC sources under test were mainly

based on availability in our laboratory. Lewis rats were initially used for isolating MSCs due to its relative
easy availability as laboratory animals in many institutes. However, the MSCs isolated from Lewis rats did

not show strong chondrogenic potential. Thus we tested the MSCs from NOD/SCID mice which were also
readily available in our laboratory. The mouse 10T1/2 cell line was used as it was reported to have MSC
properties. In our department, MSCs from patients were also possible. Hence we also tested human MSCs.

5.2.1 The sources of MSCs
Different sources of MSCs which were available in our group were investigated and listed
below:
•

Bone marrow and cortical bones of Lewis rats

•

Bone marrow and cortical bones of NOD/SCID immunodeficient mice

•

Bone marrow and umbilical cord of human
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•

Mouse cell line C3H/10T1/2

Since NP cells in adult human are chondrocyte like, the chondrogenic potential was focused
in the characterization of the MSCs. Due to the availability of mouse MSC markers, flow
cytometry was also done for the MSCs from the immunodeficient NOD/SCID mice.

5.2.2 The culture conditions of MSC
The following culture conditions were tested:
•

the use of α-MEM with human FGF-2 (hFGF-2) in culturing rat MSCs

•

the effect of dexamethasone, sodium ascorbate and TGF-β1 on human MSCs and
C3H10T1/2 cells

•

the effect of hypoxia on human MSC pellets

•

the effect of p38 and MEK inhibition on MSC chondrogenic differentiation

5.3 Materials and Methods
5.3.1 Rats used in MSC harvest
Rat MSCs were harvested from Lewis rats maintained by the Laboratory Animal Unit of the
University of Hong Kong. The experimental protocol was approved by the Committee of the
Use of Live Animals in Teaching and Research, the University of Hong Kong (CULATR Ref.
No.: 2202-10). Additional rats were also kindly provided by Dr. Jacqueline Lim or Miss
Karen Kwan after being sacrificed for collections of other tissues. The MSCs were harvested
within 1-2 h after the killing of the animals.

5.3.2 Harvest of rat MSCs from bone marrow
The Lewis rats were euthanized through intraperitoneal injection of sodium pentobarbitone.
Tibia and femur were collected and placed in a 50 ml tube with DMEM (Gibco, catalog #
12100-046) with 10% (v/v) FBS (Biosera, catalog # FB-1001/500) kept on ice (the condyli
was kept intact). Then the bones were transferred to a biosafety cabinet (BSC) for cell harvest.
Briefly, the condyli was cut away and bone marrow was flushed from femurs and tibias with 5
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ml of DMEM with 10% (v/v) FBS using a 5 ml syringe with a 19G needle into 10 cm dishes.
The bone was flushed until marrow became white. The clumps were dispersed by drawing the
marrow in and out of the syringe through needle. The cell suspension was collected into a 15
ml tube. It was centrifuged at 600 × g for 5 min to collect cells. The cells were resuspended in
5 ml of DMEM with 10% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin (Gibco, catalog #
15140) and 0.4% (v/v) Fungizone Antimycotic (Gibco, catalog # 15290-018).

Figure 5-3 Isolation of rat MSCs from bone marrow with cell separation using Ficoll. (a) Femurs and

tibias were collected from rats. (b) The condyli was cut away and bone marrow was flushed from femurs

and tibias using a syringe and culture medium. (c) The collected bone marrow was centrifuged to collect
the cell pellets. (d) The re-suspended bone marrow was overlaid on a Ficoll solution. (e) The mononuclear

cells were at the interface of the medium and the Ficoll solution after centrifugation without using brake

for deceleration. (f) The cell pellet collected after collecting the cells at the interface with subsequent

re-suspension and centrifugation.

5.3.3 Culture of rat MSCs using α-MEM with hFGF-2
In our study, we used α-MEM with hFGF-2 for the culturing of human MSCs and did not
observe flattening of cells. We speculated that α-MEM with hFGF-2 may maintain the
differentiation potentials of MSCs, thus we tried to culture rat MSCs in α-MEM (Gibco,
Technique and Method Development for Intervertebral Disc (IVD) Research

116

Chapter 5 Isolation and Culturing of MSCs for Chondrogenic / Discogenic Studies

catalog # 11900-024) with 15% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin, 0.1% (v/v)
Fungizone Antimycotic and 0.5 ng/ml hFGF-2 recombinant protein (eBioscience, catalog #
14-8986-62). Photos of cells were captured using a phase contrast microscope (Leica DM IL).

5.3.4 Harvest of rat MSCs using bone chip method
MSCs were harvested using the bone chip method adapted from the isolation of MSCs from
mouse [170] within 1-2 h after the killing of the rats. In brief, the tibias and femurs were
collected from the rats and placed in a 50 ml tube with full DMEM kept on ice (the condyli
was kept intact). Then the bones were transferred to a biosafety cabinet for cell harvest.
Briefly, the condyli was cut away and bone marrow was flushed from femurs and tibias with 5
ml of DMEM with 10% (v/v) FBS using a 5 ml syringe with a 19G needle into 10 cm dishes.
The bone was flushed until marrow became white. The bone was cut into pieces and digested
with 0.1% (w/v) collagenase type 2 (Worthington) at 37 °C with shaking for 1 h. The bone
chips were then washed three times with PBS and the bone chips were then placed in a 10 cm
cell culture dish with 10 ml of DMEM with 10% (v/v) FBS.

Figure 5-4 Procedures of MSC isolation from rats using the bone chip method.

5.3.5 Mouse MSC isolation, culturing and flow cytometry
Some dead immunodeficient mice (NOD/SCID mice, nude mice) were kindly provided by Dr.
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Vivian Tam after sacrifice of her mice and collections of the IVD samples (with the associated
experimental protocol approved by the Committee of the Use of Live Animals in Teaching
and Research, the University of Hong Kong). MSCs from NOD/SCID mice were harvested
within 1-2 h after the killing of the animals. MSCs were harvested from the bone marrow
[171] and the bone [170]. The harvested cells were cultured in DMEM with 10% (v/v) FBS,
1% (v/v) Penicillin-Streptomycin and 0.4% (v/v) Fungizone Antimycotic. At passage 4, the
cells were detached using 1.5 ml of accutase (Gibco, catalog # A11105-01) with incubation at
37 °C for 5-10 min. 1 ml of DMEM with 10% (v/v) FBS was then added to the cell
suspension and the cell suspension was centrifuged at 500 × g for 4 min. The cells were
washed twice with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldich, catalog # A7906) in
PBS with 0.1% (w/v) sodium azide (Sigma-Aldich, catalog # S2002) and then re-suspended
in 1% (w/v) BSA in PBS with 0.1% (w/v) sodium azide. Antibodies were added to the cell
suspension in 1:200 dilution (CD44, abcam catalog # ab25064; VCAM/ CD106, abcam
catalog # ab25452; CD11b, abcam catalog # ab25507; CD45, abcam catalog # ab82408;
CD29, eBioscience catalog # 17-0291). Immediately before the measurements, the cells were
filtered using 70 μm cell strainers into FACS tubes and flow cytometry was performed using a
BD LSR Fortessa analyzer.

5.3.6 Human MSC isolation and culturing
Human bone marrow samples were obtained from patients undergoing spinal fusion and
transferred in ice. The study was carried out with the approval from the Institutional Review
Board of the University of Hong Kong/ Hospital Authority Hong Kong West Cluster (IRB #
UW12-346) with consents from the patients. Information about the donors was given in Table
5-1. The marrow was diluted 5 times with 1× Hank's Balanced Salt Solution (HBSS) which
was then laid on top of Ficoll (Ficoll-Paque PLUS, GE Healthcare Life Sciences, product
code 17-1440-02) with minimal perturbation. The tubes were centrifuged at 500 × g for 30
min at 4 °C without using a brake during deceleration. The upper layer was removed and the
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interface was collected and transferred into another tube. The cells in the interface was then
diluted with medium and centrifuged at 500 × g for 5 min at room temperature. The
supernatant was removed and the pellet was re-suspended in 10 ml of α-MEM. The
centrifugation and re-suspension steps were repeated once and the cell suspension was
transferred to plastic culture dishes and incubated at 37 °C with 5% CO2. Cells were cultured
with α-MEM with 15% (v/v) FBS, 1% (v/v) Penicillin-Streptomycin, 0.1% (v/v) Fungizone
Antimycotic and 0.5 ng/ml hFGF-2 recombinant protein. The use of FGF-2 during MSC
expansion improves the chondrogenic potential in the study by Hagmann et al. [198]. They
used 10 ng/ml of FGF-2. In our group, a lower concentration of 0.5 ng/ml has maintained the
chondrogenic potential of hMSC. Thus we used 0.5 ng/ml instead.

Human umbilical cord MSCs were kindly given by Dr. Fengjuan Lv in the form a tube of
frozen stock at passage 4.

Table 5-1 List of donors for MSCs involved in this study
Donor

Gender

Age

Medical conditions

1

F

12

Adolescent idiopathic scoliosis

2

F

49

L4/5 degenerative spondylolisthesis

3

M

16

Adolescent idiopathic scoliosis

4

F

12

Adolescent idiopathic scoliosis

5

F

15

Adolescent idiopathic scoliosis

6

M

19

Adolescent idiopathic scoliosis

7

F

22

Adolescent idiopathic scoliosis

8

F

14

Adolescent idiopathic scoliosis
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Figure 5-5 Schematic showing MSCs obtained from different portions of human bone marrow.
Human bone marrow was collected from iliac crest of patients undergoing spinal fusion. The bone marrow

was diluted with 1× HBSS solution and then overlaid on Ficoll. The tube of cells was centrifuged and the

interface cells were washed and transferred to a cell culture dish. After 2-3 days, the medium was

transferred to a new dish (labeled as "Transferred") and fresh medium was added to the original dish. The
clot (if any) in the collected bone marrow was transferred to a dish with cell culture medium (labeled as
"Clot"). The dishes of cells were put in a 37 °C incubator with 5% CO2. (Scale bar = 200 µm).

5.3.7 Adipogenic and osteogenic differientiation of human MSCs
The adipogenic and osteogenic potential of human MSCs were checked using StemPro®
Adipogenesis Differentiation Kit (Gibco, catalog # A10070-01) and StemPro® Osteogenesis
Differentiation Kit (Gibco, catalog # A10072-01) respectively according to the manufacturer’s
instruction. In brief, MSCs were plated at 1×104 cells or 2×104 cells per well of a 24 well
plate for differentiation check in 0.5 ml of DMEM of low glucose with 10% (v/v) FBS or
adipogenic/ osteogenic differentiation medium prepared with the kits. The cells were
incubated at 37 °C and 5% CO2 for two to three weeks before staining.
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5.3.8 Oil Red O staining (for adipogenesis)
Oil Red O powder was purchased from Sigma-Aldich (catalog # O0625). Oil Red O working
solution was prepared by diluting the stock solution (0.25 g of Oil Red O powder in 100 ml of
isopropanol) by mixing 3 parts of stock solution to 2 parts of nanopure water, followed by
filtering after 10 min. Cells were fixed using 4% (w/v) paraformaldehyde (PFA, Sigma,
catalog # P6148) and then washed with PBS. The fixed cells were washed twice with 60%
(v/v) propanol at room temperature. 0.5 ml of Oil Red O working solution was added to each
well of a 24 well plate. The cells were washed with nanopure water after 10 min. Photos were
taken using an inverted microscope with phase contrast setting (Leica DM IL).

5.3.9 Alizarin Red S staining (for osteogenesis)
Alizarin Red S powder was purchased from Sigma-Aldich (catalog # A5533). Cells were
fixed using 4% (w/v) PFA and then washed twice with nanopure water. The fixed cells were
stained with 2% (w/v) Alizarin Red S solution (pH 4.2) for 2 to 3 min. The wells were rinsed
three times with distilled water and photos were taken using an inverted microscope with
phase contrast setting (Leica DM IL).

5.3.10 Pellet formation of MSCs or C3H10T1/2 cells
Pellets were prepared in 96 well plates using a method similar to the method described by
Penick et al. [202]. In brief, cells were detached from culture surfaces using TrypLE Express
(Gibco, catalog # 12604021) on the day of cell seeding. Cell suspensions of 1 × 106 cells/ml
were prepared in low glucose DMEM (Gibco, catalog # 11054) with 1X ITS (Sigma, catalog
# I2771), 0.25 µg/ml fungizone amphotencin B (Invitrogen, product # 15290-018), 5 µg/ml
gentamycin (Gibco, catalog # 15750-060), L-glutamine and 40 µg/ml L-proline (Sigma,
catalog # P5607). Dexamethasone (Sigma, catalog # D4902), sodium ascorbate (Sigma,
catalog # A4034) and TGF-β1 (Peprotech, catalog # 100-21) were used at final concentrations
of 39 µg/ml, 50 µg/ml and 10 ng/ml respectively. SKF-86002 (Sigma, catalog # S0193) and
PD98059 (Sigma, catalog # P215) were used as inhibitors of p38 and MEK respectively.
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These two pathway inhibitors were added to a final concentration of 10 µM. 200 µl of cell
suspension were aliquoted into wells of an autoclaved-sterilized 96-well V-bottom
polypropylene plate (greiner bio-one, item # 651201) and covered with a sterile polystyrene
lid (greiner bio-one, item # 656171). The plate was centrifuged at 500 ×g for 2-5 min. The
plates with cells were incubated in a humidified 37°C incubator with 5% CO2 for normoxia or
in a modular incubator chamber filled with premixed gas (3% O2, 5% CO2 in N2) placed
inside a 37°C incubator for hypoxia.

5.3.11 Preparation of pellets for histology
The pellets were fixed with 4% (w/v) PFA, washed with PBS and dehydrated stepwise in 70%
(v/v) ethanol, 100% ethanol, 1:1 ethanol/ xylene, xylene, then wax. The embedded pellets
were cut with a Leica microtome into 6 µm sections.

5.3.12 FAST staining of the pellets
Selected slides were dewaxed in xylene and stepwise rehydrated in 100% ethanol, 70% (v/v)
ethanol, 30% (v/v) ethanol, tap water. FAST staining (a staining method using Fast Green,
Alcian Blue, Safranin O, and Tartrazine) was performed according a published method in our
group [203] and the detailed protocol is attached to the Appendix of this Chapter. In brief, the
sections were immersed in different solutions in the following sequence: 1% (w/v) Alcian
Blue solution, 0.1% (w/v) Safranin O solution, 50% (v/v) ethanol, 0.1% (w/v) Tartrazine
solution, 0.01% (w/v) Fast Green solution with a brief rinse with tap water in between
successive solutions. The stained sections were then dried and mounted with DePex. Photos
were taken using an upright microscope (Nikon, Eclipse 80i).

5.3.13 RT-qPCR of the pellets
On the day of harvest, the pellets were transferred to new 1.5 ml tubes and homogenized with
disposable pellet pestles (Kimble® Kontes) in TRIzol (Invitrogen, catalog # 15596-018). The
lysates were stored in a -80 °C freezer prior to RNA extraction. RNA extraction was
Technique and Method Development for Intervertebral Disc (IVD) Research

122

Chapter 5 Isolation and Culturing of MSCs for Chondrogenic / Discogenic Studies

performed according to the manufacturer’s instruction but with the following modifications:
Bromochlorpropane (BCP) was used instead of chloroform as it has been suggested that it is a
safer yet equally effective phase separation reagent in RNA extraction [112]; 2 µl of glycogen
(Invitrogen, catalog # AM9510) was added to each sample during the RNA precipitation step
using propanol to better visualize the RNA pellet; and an additional 75% (v/v) ethanol wash
step was includeed to remove the salts more completely. The RNA solution was quantified
using a Nanodrop 2000c spectrophotometer (Thermo Scientific). DNase1 treatment and
reverse transcription were performed as described in Chapter 2.

The cDNA was diluted five times by adding 40 µl of autoclaved water. For rat Gapdh, Acan
and Col2A1 genes, qPCR was performed as described in Chapter 2 using the rat primer
sequences in Chapter 3. For human COMP gene, qPCR was performed as described in
Chapter 2 using the following primer sequences (COMP forward primer: 5'-GCTCTG
TGGCATACAGGAGA-3' and reverse primer: 5'- CATAGAATCGCACCCTGATG-3'). For
other human genes, qPCR was performed with a total reaction volume of 10 µl using Taqman
Gene expression Master Mix (Applied Biosystems, part # 4369016) and Taqman Gene
Expression Assays (Applied Biosystems) listed in Table 5-2, in 96 well reaction plates using
standard PCR protocol (Applied Biosystems, StepOnePlus). Primers were ordered from Tech
Dragon Limited. Autoclaved water was used as a negative control and RNA before reverse
transcription was used to estimate the level of genomic DNA contamination. DNase1
treatment by Amplification Grade DNase1 (Invitrogen, catalog # 18068-015) was also
included when necessary. The relative gene expression was calculated based on comparative
Ct method.
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Table 5-2 List of Taqman Gene Expression Assays used in experiments in this Chapter
Gene

Taqman Gene Expression Assay ID

GAPDH

Hs02758991_g1

ACAN

Hs00153936_m1

COL1A1

Hs00164004_m1

COL2A1

Hs00264051_m1

COL3A1

Hs00943809_m1

SOX5

Hs00753050_s1

SOX6

Hs00264525_m1

SOX9

Hs00165814_m1

MIA

Hs00197954_m1

RUNX1

Hs00231079_m1

5.3.14 Setting up of hypoxic culture
5.3.14.1 Hypoxia using a hypoxic incubator with nitrogen
Initially, cells were cultured in hypoxia using the hypoxic incubator with nitrogen input in the
Department of Biochemistry in the University of Hong Kong (Figure 5-6). The specifications
of the incubator are shown in Table 5-3. There are a CO2 sensor and a O2 sensor in the
incubator, allowing a CO2 concentration range of 0% to 20% and a O2 concentration range of
1% to 21%. The nitrogen gas was supplied from a R size cylinder (from Linde HKO Limited)
connected to the incubator. The volume of gas in the cylinder was equivalent to about 6 m3
(6000 L) of gas under atmospheric pressure. Theoretically, it seemed that one cylinder of gas
(~6000 L) was sufficient to maintain the low oxygen concentration of the incubator (184 L,
Table 5-3) even after several openings of the incubator door which increase the oxygen level.
However, even with only 2 to 3 openings of the incubator door, the cylinder of compressed
nitrogen was consumed completely in about 3 days. It was noted that even when the door of
incubator was kept closed, the nitrogen gas was intermittently injected into the incubator in
the gas composition regulation process. Using much larger tanks of compressed nitrogen can
be a possible solution but not practical due to the space limitation where the incubator was
situated in. Having considered the large scale of experiments involved in our study, we
thought it might not be feasible to use this hypoxic incubator for our study. Thus we moved
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on to using modular incubator chambers with premixed gas to create hypoxic culture
conditions.

Figure 5-6 Hypoxic set up using an incubator with O2 control and N2 inlet. (A) Thermo Scientific

Forma Water Jacketed CO2 Incubator (photo from http://www.coleparmer.com/Product/Thermo_

Scientific_Forma_Water_Jacketed_CO2_Incubator_TC_230/EW-39320-06), (B) the display of the incubator

and (C) the gas regulator of nitrogen gas for the hypoxic incubator used in the Department of Biochemistry,
HKU (Model number 3131 of FormaTM Series II 3110 Water-Jacketed CO2 Incubators).

Table 5-3 Some specifications of the Thermo Scientific Forma Water Jacketed CO2 Incubator 3131,

used as hypoxic incubator (information from http://www.thermoscientific.com/en/product/formaseries-i-3110 -water-jacketed-co-sub-2-sub-incubators.html)
Specifications
Brand

Thermo Scientific™

Model number

3131

CO2 Concentration Range

0 to 20%

CO2 Sensor Technology

TC

Oxygen Control

1 to 21%

O2 Sensor Technology

galvanic

Humidity Delivery

Water Pan

Relative Humidity

Ambient to 95% at 37 °C

Temperature range

Ambient + 5 °C to 55 °C

Capacity

184 L
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5.3.14.2 Setting up hypoxia using a modular incubator chamber
Sealed Modular Incubator Chambers (Thermo Scientific, catalog # 190043) were purchased
as accessory units of the Steri-Cycle® CO2 Incubators (Figure 5-7A). Before the first time use,
the incubator chamber were dissembled and cleaned with 70% (v/v) ethanol followed by UV
sterilization inside a biosafety cabinet for at least half an hour. The cylinder of premixed gas
(3% O2, 5% CO2, 92% N2) (Figure 5-7B), the 2-stage gas regulator and the flashback arrester
(Figure 5-7C) were purchased from the Linde HKO Limited. Flashback arrester was included
in the set up as recommended by the company for gas having O2 in it. The connection of the
gas cylinder to the incubator chamber was set up with the help of Mr. Henry Yip with his
expertise from the mechanical workshop.

Figure 5-7 Components for setting up hypoxia using a sealed modular incubator chamber. (A)

Sealed modular incubator chamber, (B) the cylinder of premixed gas with an arrow showing the tubing for
connection to the incubator chamber, and (C) the 2-stage gas regulator connected to the gas cylinder for

control of gas release to the incubator chamber and the flashback arrestor connected to it for gas involving
oxygen.
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5.4 Results
5.4.1 Harvest of rat MSCs from bone marrow
Figure 5-8 shows the cells harvested from rat bone marrow. At day 1 and day 4, there were
many floating cells (Figure 5-8A and B). After medium change, attached cells were observed
at day 7 (Figure 5-8C). The cells at day 4 of passage 1 were not flat in morphology (Figure
5-8D) but became flat when the cells were cultured further (Figure 5-8E). The cells remained
flat when passaged (Figure 5-8F).

Figure 5-8 Phase contrast photos of cells isolated from rat bone marrow with Ficoll separation
cultured with DMEM with 10% FBS. (A) Passage 0 cells at day 1, (B) passage 0 cells at day 4, (C) passage

0 cells at day 7 with medium changed at day 4, (D) passage 1 cells at day 4, (E) passage 1 cells at day 9, and
(F) passage 2 cells at day 5 (scale bar = 200 µm).

To obtain enough cells for the studies using pellet culture, we cultured the rat MSCs and
performed pellet culture at passage 4. At passage 4, the rat MSCs were flat in morphology
(Figure 5-9A) and these cells did not form pellets well (the pellets were easy to break during
cryosection preparation) (Figure 5-9B). Pellets from bovine NP cells were stained blue while
the pellets from rat MSCs were more greenish, indicating less amount of glycosaminoglycan
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(GAG) in the pellets formed from rat MSCs. The Acan and Col2a1 expression did not
increase significantly when the cells were cultured with the addition of TGF-β1 (Figure 5-9C)
which was not expected for typical MSCs. Neuhuber et al. reported that flat subpopulation of
rat MSCs have lost adipogenic and chondrogenic potential [204]. In our study, the rat MSCs
harvested had flat morphology and they have lost the chondrogenic potential which was
consistent with the conclusion by Neuhuber et al.

Figure 5-9 Rat MSCs with flat morphology. (A) Cells at passage 4 isolated from rat bone marrow (scale

bar = 200 μm), (B) cryosections of pellets cultured with dexamethasone, ascorbic acid, with or without

TGF-β1 for 20 days and stained by FAST staining (scale bar = 500 μm) and (C) relative mRNA levels of

matrix genes Acan and Col2a1 in rat MSC pellets cultured with dexamethasone and sodium ascorbate but

with and without TGF-β1 (relative to Gapdh and the sample group with TGF-β1 added; mean ± SD,

biological duplicates).

5.4.2 Harvest of rat MSCs using bone chip method
The percentage of MSCs in bone marrow is low and the volume of bone marrow available
from each rat is rather limited due to the small size of the animal. MSCs has been reported to
be present in human trabecular bones and Zhu et al. has demonstrated that MSCs could be
isolated from the compact bone of mice [170]. They showed that the number of MSCs that
could be obtained from the mouse compact bones was significantly higher than that from
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mouse bone marrow. Thus we attempted to isolate MSCs from rat bones. Consistent to the
report by Zhu et al., we found cells to migrate from the bone chips to the plastic culture
surfaces (Figure 5-10A and B). The cells were spindle-like or polygonal in shape at passage 1
(Figure 5-10C and D) but became flat in passages 2 and 3 already (Figure 5-10E and F).
Similar to the rat MSCs harvested from the bone marrow in the previous Section, pellets from
rat MSCs were greenish after FAST staining (Figure 5-11) which indicated the GAG content
in these pellets was not high. This implies the cells may have already lost the chondrogenic
potential. Therefore, we did not use the data from these MSCs.

Figure 5-10 Phase contrast photos of cells isolated from rat cortical bones cultured with DMEM
with 10% FBS. (A) Passage 0 cells at day 1, (B) passage 0 cells at day 6, (C) passage 1 cells at day 2, (D)
passage 1 cells at day 4, (E) passage 2 cells at day 4, and (F) passage 3 cells at day 5 (scale bar = 200 µm).

Figure 5-11 Rat MSCs from compact bones. (A) Cells at passage 2 isolated from rat compact bones

(scale bar = 200 μm), and (B) cryosections of pellets from rat compact bone MSCs cultured with

dexamethasone, ascorbic acid, with or without TGF-β1 for 20 days and stained by FAST staining (scale bar
= 500 μm).
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5.4.3 MSCs from immunodeficient mice did not show CD44 surface marker expression
Using the method developed by Zhu et al., cells were obtained from the cortical bones of
NOD/SCID mice. The cells were polygonal in shape and remained polygonal without
becoming flattened as observed for the rat MSCs for the first four passages (Figure 5-12).
This indicates the chondrogenic potential of these cells may be retained.

Figure 5-12 Phase contrast photos of cells isolated from mouse cortical bones cultured with DMEM
with 10% FBS. (A) Passage 0 cells at day 8, (B) passage 1 cells at day 13, (C) passage 2 cells at day 4, (D)
passage 3 cells at day 2, and (E) passage 4 cells at day 5 (scale bar = 200 µm).

Due to the availability of antibodies for mouse MSC markers in our lab, flow cytometry was
used to assess the surface marker expression of the isolated mouse MSCs. In this study, the
mesenchymal markers CD29, CD44, hematopoietic markers CD11b, CD45 and CD106 used
by other groups [170, 171, 205] were chosen to characterize the isolated mouse MSCs. Figure
5-13 shows the histograms of fluorescence for these markers. The cells isolated from the
cortical bones of immunodeficient NOD/SCID mice were negative for CD11b, CD45 and
CD44 while positive for CD106 and CD29. It was expected that the MSCs will be positive for
the mesenchymal markers CD29, CD44 but negative for the hematopoietic markers CD11b,
CD45 and CD106. However, no expression of CD44 was observed in these isolated cells
while the cells were also positive for CD106. Thus we further searched from literature about
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the MSC markers and summarized some of them in Table 5-4. Interestingly, the CD106
which was considered as a hematopoietic marker was also detected in the MSCs from human
bone marrow, human chorionic villi and human umbilical cord while CD11b and CD45 were
not detected [206]. This shows that there can be considerable variations in surface markers for
MSCs obtained from different sources.

Figure 5-13 Histogram analysis of cell surface markers by flow cytometry for cells stained with
CD44, CD45, CD29, VCAM and CD11b for mouse MSCs isolated with bone chip method from
NOD/SCID mice.

Table 5-4 Summary of marker expression for MSC characterization
Group

Source

CD11b

CD45

CD106

CD29

CD44

Nadri et al. 2007 [205]

Bone marrow of Balb/c mice

-

-

-

/

+

Soleimaini et al. 2009

Bone marrow of Balb/c mice

-

-

-

/

+

[171]
Zhu et al. 2010 [170]

Bone of mice

-

-

/

+

+

Yang et al. 2013 [206]

Human bone marrow

-

-

+

+

+

Yang et al. 2013 [206]

Human adipose tissue

-

-

-

+

+

Yang et al. 2013 [206]

Human chorionic villi

-

-

+

+

+

Yang et al. 2013 [206]

Human umbilical cord

-

-

+

+

+

Bone of nude mice

-

-

+

+

-

This study
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5.4.4 The adipogenic and osteogenic potential of the harvested human MSCs was
confirmed
As shown in Figure 5-14, oil droplets and minerals were observed in human MSCs
underwent adipogenesis and osteogenesis respectively. In the differentiation assays, the cells
cultured with DMEM with 10% FBS have grown to confluence at higher cell density
compared to those cultured in adipogenic medium. The oil droplets were stained red by Oil
Red O staining and the minerals stained red by Alizarin S staining. The adipogenic potential
and osteogenic potential of the harvested human MSCs were confirmed.

Figure 5-14 Human MSCs differentiated into adipocytes and osteocytes before and after Oil Red O
staining and Alizarin Red S staining respectively. Controls were cells cultured using DMEM with 10%

FBS. Oil Red O stains lipid droplets while Alizarin Red S was used to identify calcium present in the
samples. (Scale bar = 200 µm).

5.4.5 Human MSCs from bone marrow clot and transferred medium
The yield of MSCs from the bone marrow of each donor may vary from batch to batch due to
a variety of factors such as age of donor, volume of bone marrow obtained, isolation
procedures, etc. During MSC isolation, it was noticed that there were clots in some bone
marrow samples and some cells remain unattached at the time of first medium change of the
culture which were then discarded. Thus we investigated whether MSCs can be utilized from
these two sources as well.
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When collecting bone marrow from the iliac crest of donors, the bone marrow was placed in
tubes with ethylenediaminetetraacetic acid (EDTA) or heparin, which acts as an anti-clotting
agent to prevent the clotting of marrows. However, clots were still observed. This may be due
to the clotting of marrow before the marrow was transferred to the tubes or insufficient
mixing of the marrow with the anti-clotting agent. MSCs may be trapped within the clots and
got discarded during the separation with Ficoll as the clot may get to the bottom of the tube
which will reduce the numbers of cells obtained from the samples. Instead of discarding the
clot or breaking the clots with brutal force, we cultured the clot in a 10 cm cell culture dish
with medium. We speculated that MSCs may migrate from the clot into the culture dish like
the MSCs migrate from the cortical bone in the bone chip method. Interestingly, when we
cultured the clot in human MSC growth medium, the clots disintegrated at day 3 (Figure
5-15A). In addition, attached cells were observed after washing the cells with PBS and then
replacing the PBS with cell growth medium (Figure 5-15B).

Figure 5-15 (A) Photo of a dish with bone marrow clot showing that the clot has been disintegrated
at day 3 and (B) a phase contrast photo of human MSCs from bone marrow clot at day 3 after PBS
wash and medium change. (Scale bar = 200 µm).

Normally when changing cell culture medium, we discard the medium in the dish with cells
and replace it with fresh medium. For human MSCs from bone marrow, it was noticed that
there were still quite a lot of cells not attached to the cell culture surface when we changed the
medium at day 3. Thus instead of discarding the medium, we transferred them to a new dish
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to observe whether these cells would attach to the culture surface at a later time. As shown in
Figure 5-16A, attached cells were observed from the transferred medium. Cells of different
morphologies such as spindle-like and polygonal were observed. When the cells were cultured
further, majority of the cell population was spindle-like (Figure 5-16B), which may be due to
the higher proliferation rate of these spindle-like cells.

Figure 5-16 Phase contrast photos of human MSCs from transferred medium at (A) day 11 and (B)
day 17. (Scale bar = 200 µm).

In order to assess the adipogenic and osteogenic potentials of the MSCs from the clot and
from the transferred medium, differentiation assays were performed. Oil droplets and minerals
were observed for MSCs from the marrow clot and from the transferred medium (Figure
5-17). This indicates the MSCs from these sources may be used when there is a need to
maximize the cell yield.
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Figure 5-17 Photos of human MSCs differentiated into adipocytes and osteocytes with Oil Red O
staining or Alizarin Red S staining for cells obtained from Ficoll interface, from transferred
medium and from bone marrow clot. Controls were cells cultured using DMEM with 10% FBS. (Scale
bar = 200 µm).

There have been difficulty in obtaining MSCs from our rats that would not become flattened
in morphology after several passages but spindle-like cells could be obtained from human
bone marrow with relative ease (The eight MSC lines from all bone marrow samples I
isolated showed spindle-like morphology). These spindle-like cells are likely to have retained
their differentiation potential compared to flattened cells. In our group, we have good access
to clinical bone marrow samples. Therefore, the project focused on using human bone marrow
MSCs due to better clinical relevance and ease of maintenance.

5.4.6 Source of MSCs had influence in the chondrogenic differentiation and inhibition
Sections from all pellets showed staining by Alcine blue, indicating the presence of
glycosaminoglycans (GAGs) (Figure 5-18). Compared to pellets from bone marrow MSCs,
the pellets from umbilical cord were easier to be fractured during sectioning for the pellets
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without TGF-β1 added or with TGF-β1 added but also with p38 inhibitor. This may be due to
the lower extracellular matrix (ECM) content as shown by the lower expression of ACAN and
COL2A1 for pellets formed from umbilical cord MSCs in general (Table 5-5). The cells from
the umbilical cord underwent less cell divisions and may be at a more primitive stage
compared to cells from bone marrow of adolescents, requiring longer time for differentiation.
Yet further experiment is required to confirm this.

Figure 5-18 Photos of paraffin sections of pellets formed from human MSCs from umbilical cord
(CMSC) and from bone marrow (BMSC) cultured with different conditions. (Without TGF-β1, with

TGF-β1 with and without p38/ MEK inhibitors) for 14 days under normoxia and stained with FAST
staining (scale bar = 200 µm).

Table 5-5 Relative mRNA levels of pellets formed from CMSCs and BMSCs cultured with different
conditions. (Without TGF-β1, with TGF-β1 with and without p38/ MEK inhibitors) for 14 days

(normalized to GAPDH and relative to the sample of BMSC with TGF-β1 without inhibitors) (ND denotes
"not detected" in the qPCR)

w/o TGF

w TGF

w TGF & p38i

wTGF&MEKi

CMSC

BMSC

CMSC

BMSC

CMSC

BMSC

CMSC

BMSC

ACAN

ND

0.07

ND

1

ND

0.29

0.00

1.57

COL2A1

0.00

ND

ND

1

ND

0.00

ND

0.71

SOX9

0.09

1.01

0.27

1

0.31

0.79

0.07

1.02

MIA

0.00

0.06

0.01

1

0.01

0.04

0.01

1.55

RUNX1

0.51

1.18

0.49

1

0.92

2.11

0.86

1.32
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5.4.7 Culture of rat MSCs using α-MEM with hFGF-2
In culturing human MSCs, we used α-MEM with 15% FBS and 0.5 ng/ml hFGF-2 and the
cells remained spindle-shape even until passage 9 (Figure 5-19). Thus we speculated that that
α-MEM with 15% FBS and 0.5 ng/ml hFGF-2 may be better in maintaining the shape of cells
during culturing. However, the use of hFGF-2 in medium to culture the rat MSCs we
harvested did not help in maintaining the shape of the cells. The cells became rather flat and
large in morphology even at passage 1 (Figure 5-20). The use of the culture medium for
culturing human MSCs did not help in maintaining the morphology of rat MSCs we
harvested.

Figure 5-19 Phase contrast photos of cells isolated from human bone marrow cultured with α-MEM
with 15% FBS and 0.5 ng/ml hFGF-2 at passage 9 at (A) a lower density region and (B) a higher
density region of the dish. (Scale bar = 200µm).
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Figure 5-20 Phase contrast photos of cells isolated from rat bone marrow without Ficoll separation
cultured with α-MEM with 15% FBS and 0.5 ng/ml hFGF-2. (A) Passage 0 cells at day 2, (B) passage 0

cells at day 6, (C) passage 0 cells at day 12, (D) passage 1 cells at day 3, (E) passage 1 cells at day 10, and (F)
enlarged photo of (E) (scale bar = 200 µm).

5.4.8 Human bone marrow MSCs can form pellets even in the absence of
dexamethasone, sodium ascorbate and TGF-β1
In this project, experiments were set up with an aim to study the formation of NP-like cells
through pathway inhibition as described in the Appendix. It was observed that pellets could be
formed from human bone marrow MSCs even in the absence of TGF-β1. Hence we
investigated the requirement of different chondrogenic supplements, namely dexamethasone,
ascorbic acid/ ascorbate and TGF-β1, in differentiating human bone marrow MSCs along
chondrogenesis. Data showed that pellets could be formed even in the absence of any
chondrogenic supplement (Figure 5-21).

Figure 5-21 Photos of pellets in 96-well polypropylene plates cultured at day 1 in normoxia
condition. (Arrows indicate the pellets formed) (Dex: dexamethasone, asc: sodium ascorbate, TGF:
TGF-β1).
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Pellets could be formed with or without different supplements added for human MSCs
(Figure 5-21) and therefore RT-qPCR was performed to study the gene expressions in these
pellets. ACAN and COL2A1 expression was significantly enhanced when MSC pellets were
cultured with dexamethasone, ascorbic acid and TGF-β1 (Figure 5-22). The addition of
dexamethasone and/ or ascorbic acid did not have significant effect on ACAN expression. The
COL2A1 expression was not detected when either dexamethasone or ascorbic acid was added
alone. The COL2A1 was greatly enhanced when the three supplements were added together.

Figure 5-22 Relative mRNA levels of matrix genes ACAN and COL2A1 in hMSC pellets cultured with
different supplements. (Dex: dexamethasone, asc: sodium ascorbate, TGF: TGF-β1) (relative to GAPDH

and the sample group treated with Dex, asc and TGF; mean ± SD, biological duplicates).

Unlike ACAN and COL2A1, the expression of SOX9 and RUNX1 was not greatly enhanced
when the three supplements were added (Figure 5-23). The MIA expression seems to be
enhanced but with difference of less than twofold. Thus further experiment will be required
for reliable statistics.
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Figure 5-23 Relative mRNA levels of chondrocyte markers in hMSC pellets cultured with different
supplements. (Dex: dexamethasone, asc: sodium ascorbate, TGF: TGF-β1) (relative to GAPDH and the
sample group treated with Dex, asc and TGF; mean ± SD, biological duplicates).

5.4.9 Hypoxia
Hypoxia was suggested to promote chondrogenesis in rat MSCs [194] and human MSCs
[195]. Thus we investigated the effect of hypoxia on hMSC chondrogensis in our system with
pathway inhibitors. Similar to pellet culture in normoxia, pellets were formed from human
bone marrow MSCs for all treatment groups under study for hypoxia (Figure 5-24). However,
there was no significant difference in ACAN, SOX9, MIA and RUNX1 expression between the
pellets cultured in hypoxia and the pellets cultured in normoxia except that MIA expression
was higher for normoxia when the pellets were cultured with TGF-β1 and p38 inhibitor
(Figure 5-25).
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Figure 5-24 Photos of pellets in 96-well polypropylene plates cultured after 14 days in hypoxia
condition. (arrows indicate the pellets formed, scale bar = 2 mm).

Figure 5-25 Comparison of hMSC pellets cultured in hypoxia (3% O2) and normoxia (21% O2) at
day 14. (Relative to GAPDH and the average gene expression of the samples of hypoxia; mean ± SD,
biological triplicates, p < 0.05 for the orange bracket).

5.5 Discussion
5.5.1 Chondrogenic potential of rat MSCs
There were limited studies about the gene expression using rat MSC pellet culture. A large
number of chondrogenic differentiation studies using pellet culture was performed with
human MSCs [207-211]. Risbud et al. have used rat MSCs in studying differentiation towards
NP-like phenotype but they used 3-dimensional alginate hydrogel [169]. The effects of plating
density and culture time of rat MSCs were studied by Neuhuber et al. using Fischer rats and
they demonstrated the heterogeneous MSCs plated at all densities sustained the chondrogenic,
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osteogenic and adipogenic potential through at least passage 5 [204]. There are over 200
different rat strains [212] and at least 7 rat stocks/ strains for experiments in laboratory. These
include two outbred rat stocks (Sprague–Dawley, Wistar) and five inbred rat strains (Lewis,
Fischer 344, ACI, Wistar-Kyoto, Brown Norway) [213]. Different strains have different
responses to repeated electrical stimulation of a limbic brain region [213] and drugs [212]. It
may be possible that the MSCs from different rat strains may have differences in ability in
chondrogenesis. Peisteret al. showed that the MSCs from five different strains of inbred mice
have variations in surface epitopes, proliferation rates and differentiation potential [214] while
Barzilay et al. showed that MSCs from different rat strains (Fisher, Lewis, Sprague-Dawley
and Wistar) shared similar characteristics [215]. However, with regard to differentiation
potential, only adipogenesis and osteogenesis were assessed for the rat MSCs in Barzilay’s
study [215]. Cells may have retained adipogenic and osteogenic potential but lost the
chondrogenic potential. For example, 9 out of 10 clones of TIE2/ GD2 double positive cells
isolated from human NP had adipogenic and osteogenic potentials but only 5 out of 10 clones
had chondrogenic potential [58]. Thus whether MSCs from different rat strains differ in
chondrogenic potential in Barzilay's study was unknown. In this study, we also did not rule
out the possibility that the conditions of supplements used for chondrogenesis may cause the
difference. Contamination with cells other than stem cells may be another reason for the
observed loss of chondrogenic potential.

5.5.2 Genetic background of MSCs might affect the phenotype of MSCs harvested
In this study, we used immunodeficient mice for MSC harvest as they were available in our
group. These mice were used in our lab for a human cell injection study as they had inhibited
immune systems and mounted no rejection response when human cells were injected to them.
They are also called "nude" mice since they do not have body hair. In these nude mice, the
gene, forkhead transcription factor, Foxn1 (Whn) was mutated [216] and the mice are athymic
[217]. CD44 is a widely-expressed adhesion receptor that is associated with diverse biological
processes involving migrating cells, including inflammation, angiogenesis, bone metabolism
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and wound healing [218]. In a normal immune system during the responses of naive T
lymphocytes against invading microbes, CD44 is upregulated after the activation of the T
lymphocytes. Once an infection is cleared, the levels of CD44 remain elevated on the surface
of memory T cells which mediate protection against re-infection [218]. The expression of
CD44 in cells of nude mice was not studied before and it may be possible that the mutation of
the Foxn1 gene also affects the expression of CD44 in the cells in the bone marrow of nude
mice.

The special characteristics of MSCs from some strains may be employed to study specific
protein function. In addition to its role in immune system, CD44 is a type I transmembrane
glycoproteins that binds the ligand, hyaluronic acid (HA), a major glycosaminoglycan
component of the extracellular matrix (ECM) involved in maintaining tissue integrity [219].
HA binding to CD44 was shown to activate Rac1 in an immortalized mouse mammary
epithelial cell line [220]. In breast and ovarian tumor cells, the HA-CD44 interaction activates
stem cell marker Nanog (an embryonic stem cell transcription factor) and the expression of
pluripotent stem cell regulators Rex1 and Sox2 [221]. These imply the immunodeficient mice
may have special characteristics other than impaired immune system and MSCs from these
mice may be used to study CD44 along with MSCs from wild type mice without
immunodeficiency.

5.5.3 Exogenous TGF- β1 is required in pellet formation in mouse C3H10T1/2 cells but
not in human bone marrow MSCs
From Table 5-4 in Section 5.4.3 in the Results Section, it was shown that MSCs from
different species and different sources may have different surface markers. And pellets could
not be formed well from the rat MSCs I harvested but could be easily formed from the human
MSCs. Thus I investigated whether cells from different species had different requirements in
forming pellets and performed pellet culture with mouse C3H10T1/2 cells. The C3H10T1/2
cell line was established from C3H mouse embryos in 1973 [222]. These cells have
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fibroblastic morphology and are functionally similar to mesenchymal stem cells. Inhibiting
methylation with 5-azacytidine in C3H10T1/2 cells produces cells that exhibit stable
morphological and biochemical features of muscle, adipose or cartilage cells [223]. It was
considered as pluripotent stem cells [224-229] or multipotent cells [230] in a number of
studies and used in studying chondrogenic differentiation in alginate culture [231]. Unlike
human bone marrow MSCs, the C3H10T1/2 cells only form pellets when TGF-β1 was added
(Figure 5-26). For both human bone marrow MSCs and the mouse C3H10T1/2 cells, p38
inhibition by SKF86002 and MEK inhibition by PD98059 did not affect pellet formation.
This experiment confirmed the pellet forming ability of C3H10T1/2 cells and may indicate
that this cell line may be used for chondrogenesis study using pellet culture. Compared to
primary cells isolated from bone marrow, this cell line may have the advantage of less
variability in results when different passages were used and for easier comparison with results
from other groups.

Figure 5-26 Photos of pellets in 96-well polypropylene plates cultured after 14 or 21 days in
normoxia condition. (Arrows indicate the pellets formed, scale bar = 2 mm).
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5.6 Summary and Conclusions
In this study, the pellet forming ability of mouse pluripotent stem cell line, C3H10T1/2, was
confirmed in this study, indicating that this cell line may be used in preliminary chondrogenic
study. It has the advantage of less variability in results when different passages were used and
for easier comparison with results from other groups. Besides, primary cells could be
harvested from the cortical bones of deficient mice and they showed negative expression of
CD44, suggesting animals of different genetic backgrounds may have different MSC marker
expression. These differences may be employed to study the effect of certain genes when
appropriate controls are used.

The MSCs from Lewis rats isolated from bone marrow and cortical bones in our study
showed flattened morphology within three passages with loss of chondrogenic potential. The
use of cell culture medium for human MSCs (α-MEM with 15% FBS and 0.5 ng/ml hFGF-2)
did not rescue the change in cell morphology upon culturing on monolayer. It was unknown
that whether MSCs from Lewis rats have high chondrogenic potential due to limited related
systematic studies available in literatures. In contrast, human MSCs were used extensively in
chondrogenesis and spindle-like cells were obtained from all eight human bone marrow
samples used in our study without much difficulty.

Exogenous TGF- β1 is required in pellet formation in mouse C3H10T1/2 cells but not in
human bone marrow MSCs, indicating there may be difference in requirements for
chondrogenesis between mouse and human. The study of human umbilical cord MSCs and
bone marrow MSCs implied the age of the donors or source of MSCs may have influence on
the chondrogenic potential of the isolated MSCs. The MSCs from bone marrow clot and
transferred medium have showed adipogenic and osteogenic potential, suggesting they may
be used as well. Contrary to what was expected, culturing human MSC pellets in hypoxia (3%
oxygen) did not show significant differences in gene expression compared to normoxia (21%
oxygen). This may be due to the intrinsic hypoxic conditions developed by the high density
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cell culture when the cells reduce the oxygen level during respiration. Yet further experiments
may be required for more concrete evidence.

In short, different aspects of mouse, rat and human MSCs were studied and summarized in
this Chapter, which help in the understanding of researches related to MSCs. Practically, the
following were decided/ will affect our decisions in the experimental design.
o With the availability of human bone marrow in our department, we will focus on using
human bone marrow MSCs.
o MSCs from other species may be considered for studying the effect of specific
mutation such as in the NOD/SCID mice.
o The difference in requirements of chondrogenic supplements between mouse 10T1/2
cells and human bone marrow MSCs alerts us that cautions should be taken when
deciding the experiment conditions based on studies using other species as cells from
different species may behave differently.
o The pellet culture system may generate a hypoxic state in cells at the centre of the
pellets which reduces the difference between the culturing at normoxic (21% O2) and
the culturing at hypoxic conditions (3% O2). However, this study did not rule out the
possibility of difference between normoxia and even lower oxygen concentrations
such as 1% O2.
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5.7 Appendix
5.7.1 Hypoxia
5.7.1.1 Effect of oxygen tension on IVD
NP in the adult IVD is avascular [232, 233] and the oxygen tension is low within the IVD
[234]. The disc cells were suggested to be highly adapted to the local environment by having
limited need for oxygen [235]. HIF-1β was present in NP, AF and CEP but at lower levels in
AF and CEP, while HIF-1α was only expressed in NP but not in AF or CEP. The
immunostaining of HIF-1α in NP was light and diffuse [236]. Risbud et al. showed that HIF-2
protein was expressed in vivo. The protein and messenger RNA (mRNA) expression were
similar under both normoxic and hypoxic conditions but a significant increase in HIF-2
transactivation was observed under hypoxic conditions. VEGF is a common target gene for
HIF-1 and HIF-2 in NP cells and forced expression or suppression of cited2 caused
corresponding changes of VEGF expression, suggesting some mechanisms in the inhibition of
blood vessel formation in the healthy disc [237]. Risbud et al. also showed that rat NP and AF
cells expressed components of the Notch signaling pathway. Notch1 and Notch4 mRNA
expression was increased in hypoxia and inhibition of Notch signaling blocked disc cell
proliferation. The expression of Notch signaling proteins was found to be higher in
degenerated discs [238]. In normoxia, HIF-1α subunit is constantly expressed in rat, sheep
and human NP cells. Unlike other skeletal cells, when maintained under hypoxia, the NP cells
had a minimal induction in HIF-1α protein levels. The HIF-1α in NP cells had increased
transcriptional activity under hypoxia compared to normoxic level but this induction was
small when compared to other cell types. These results indicate that normoxic stabilization of
HIF-1α is a metabolic adaptation of NP cells to a unique oxygen-limited microenvironment.
The study confirmed that HIF-1α can be used as a phenotypic marker of NP cells [88].
Regarding polymorphism, Lin et al. suggested that HIF-1α 1790 A > G polymorphisms may
be used as a molecular marker to determine the susceptibility and severity of lumbar disc
degeneration [239].
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5.7.1.2 Effect of oxygen tension on cartilage
Compared to IVD, there are more studies of hypoxia in cartilage. NP cells in adult animals
such as human, monkey and cow are chondrocyte-like and thus the understanding of the
effects of hypoxia in cartilage is highly relevant to IVD. In cartilage of large animals, the cells
are under hypoxia due to lack of blood supply. They are highly adapted to this hypoxic
condition and use it to promote tissue-specific function [240]. Lafont et al. found that the
matrix synthesis and SOX9 expression was enhanced by hypoxia for human articular
chondrocytes [241]. In explant culture, spontaneous and induced destruction of human
cartilage was suppressed by hypoxia [240]. They showed that HIF-2α, but not HIF-1α, is
essential for hypoxic induction of the human articular chondrocyte phenotype. Depleting
SOX9 prevented hypoxic induction of matrix genes, suggesting that HIF did not directly
target matrix genes but up-regulated their expression via SOX9 [241]. HIF-2α was later found
to promote SOX9-independent factors as well [242]. Under hypoxia, HIF-2α can directly bind
to SOX9 and affects matrix synthesis. And HIF-1α mediates anticatabolic responses.
Depleting HIF-targeting prolyl hydroxylase-containing protein 2 (PHD-2) further enhanced
cartilage responses as compared to hypoxia alone. Similar hypoxic regulation of
tissue-specific metabolism were found in cartilage of human and pig but not of mouse [240].

5.7.1.3 Different approaches of achieving hypoxia
As shown in Figure 5-27, there are different approaches of achieving hypoxic response in
cells which are further explained in the following sections.

Technique and Method Development for Intervertebral Disc (IVD) Research

148

Chapter 5 Isolation and Culturing of MSCs for Chondrogenic / Discogenic Studies

Figure 5-27 Some common approaches of achieving hypoxia. (A) Using a hypoxic incubator with

oxygen control by nitrogen influx, (B) a sealed modular incubator chamber which can be filled with
premixed gas of defined compositions and (C) the mimicking of hypoxic responses using cobalt (II)
chloride.

5.7.1.4 Hypoxia using hypoxic incubator with nitrogen (Figure 5-27A)
In normal cell culture incubator, the carbon dioxide (CO2) content is maintained at 5-10% to
provide suitable CO2 content in equilibrium with the bicarbonate buffered cell culture medium.
This CO2 concentration was maintained by the supply of CO2 into the incubator in a
controlled manner through a sensor and a regulator. Similarly, hypoxia can be achieved by
using nitrogen to replace oxygen in the incubator, thus lowering the oxygen (O2) content. In a
hypoxic incubator (Figure 5-27A), there are both O2 and CO2 sensors and controls. The
desired CO2 content is regulated by the CO2 sensor and control to supply appropriate quantity
of CO2 into the incubator while the desired O2 content is regulated by the O2 sensor and
control to supply appropriate quantity of nitrogen (N2) into the incubator. The more nitrogen
is injected into the incubator, the lower the oxygen content is in it.

Technique and Method Development for Intervertebral Disc (IVD) Research

149

Chapter 5 Isolation and Culturing of MSCs for Chondrogenic / Discogenic Studies

5.7.1.5 Hypoxia using a modular incubator chamber (Figure 5-27B)
Another method of achieving desired oxygen concentration is by filling a sealed modular
incubator chamber with premixed gas of the desired gas compositions (Figure 5-27B). As the
chamber is sealed, there is no gas exchange with the surroundings, thus the cells are cultured
in an environment with the compositions similar to the premixed gas. The compositions of the
premixed gas can be tailored by mixing different gases in particular ratios in the gas cylinder
and this is done by the gas supply company (for HKU, Linde HKO Limited). The
compositions of gases may be slightly different from the premixed gas compositions as water
is normally excluded in the premixed gas but supplied in the chamber by placing a dish of
sterile water without a lid covering it.

5.7.1.6 Hypoxia by Cobalt (II) chloride (Figure 5-27C)
When cells are cultured under hypoxia, the HIF1A expression is elevated. During hypoxia,
hypoxia inducible factor alpha (HIF) is stabilized and regulates various genes such as those
involved in angiogenesis [243]. Cobalt (II) chloride can mimic hypoxia by inducing HIF-1/3α
(Figure 5-27C) and this method is comparatively inexpensive and fast. However, it can also
regulate other genes, thus it may be necessary to check whether other non-hypoxia related
effects are also induced by the chemical. The use of cobalt (II) chloride allows researchers to
open the culture containers many times without affecting the "hypoxic condition" [244].

5.7.1.7 Calculations of gas compositions
In this study, we set up the hypoxia for studying MSCs. For in vitro cell culture, hypoxic/
normoxic conditions were maintained by controlling the air composition. In this section, we
calculate the gas composition in order to understand the hypoxic system better. The
percentage of water vapor in the incubator is not given directly by the manufacturer but it can
be calculated based on relative humidity. In order to maintain a humid environment in the
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incubator to avoid drying of cell culture, it is suggested that the relative humidity of the
incubator should reach 95%. The following equation defines relative humidity:
𝑅𝐻 =

vapor pressure of a sample
× 100%
SVP of the sample at same temperature

where RH is the relative humidity and SVP is the saturated vapor pressure of water at a given
temperature [245]. The saturated vapor pressure of water at 37 °C can be calculated by the
following Antoine equation:
ln 𝑃 𝑠𝑎𝑡 = 16.262 −

3799.89
+ 226.35

𝑇 𝑠𝑎𝑡

where Tsat is the temperature in °C and Psat is the vapour pressure in kPa [246]. Thus the
calculated saturated water vapor pressure was 6.25 kPa and 95% relative humidity
corresponds to 6.25 × 95% kPa = 5.94 kPa.

At normal ambient atmosphere, the total air pressure is 101.325 kPa. Thus the percentage of
water in air at 37°C with 95% relative humidity = 5.94 kPa / 101.325 kPa × 100% = 6%.

Table 5-6 Percentages of some major gases in atmosphere and hypoxic conditions used in cell
culture
Atmosphere

Normoxia

Hypoxia

Nitrogen

78%

68%

84-88%

Oxygen

21%

21%

1-5%

0.04%

5%

5%

1%

6%

6%

Carbon dioxide
Water

5.7.2 Influence of ERK on NP cells/ MSCs
There is increasing evidence suggesting the association of obesity and aberrant proliferation
of NP cells with IVD degeneration. Leptin, a hormone with increased circulating level in
obesity, has been shown to induce human NP cell cyclin D1 expression and proliferation
through the activation of JAK/STAT3, PI3K/Akt or MEK/ERK signaling [247]. Rat NP cells
are adapted for survival in hypoxic condition through the activation of the PI3K/Akt and
MAPK survival pathways [248]. On the other hand, NP cells were suggested to be optimally
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adapted to a hyperosmotic state and the adaptation of the NP cells to their hyperosmotic
milieu is dependent on activation of the ERK and p38-MAPK pathways acting through
TonEBP and its target genes [249]. Expressions of collagen II and aggrecan were elevated
when rat MSCs were inhibited by PD98059, an ERK inhibitor, during stimulation with
TGF-β1 [201].

5.7.3 Influence of p38 on IVD cells/ MSCs/ spine
In a study of obesity in ECM degradation using rats, Cheng et al. concluded that p38 MAPK
activation seemed to be an intermediate mechanism inducing ECM degradation in the IVD of
diabetic rats by affecting MMPs/ TIMPs balance [250]. Studer et al. suggested that production
of factors associated with inflammation, pain, and disc matrix catabolism can be reduced by
inhibiting the p38 MAPK in cytokine-activated NP cells [99]. Besides, inhibiting p38 MAPK
in rabbit NP cells increased mRNA for matrix proteins (aggrecan, collagen II, versican and
collagen I) and anabolic factors (IGF-1, TGF and SOX-9) while decreased basal PGE-2
accumulation, but had no effect on message for TIMP-1, MMP-3 or COX-2 [200].

Activated p38 may be involved in the pathophysiology of pain following lumbar disc
herniation [251]. It was also suggested that the p38 MAPK pathway signals are responsible
for much of IL-6 and proteoglycan secretion from AF cells with macrophage-like cells, which
suggest blocking this signal may be a therapeutic approach to discogenic pain [252]. The
results of a study by Niu et al. supported that the p38 MAPK signal may be responsible for
many of the inflammatory and catabolic changes seen in the human disc degeneration, and
hyperbaric oxygen treatment may provide a therapeutic approach to slow the course of IVD
degeneration [253]. The effect of asialo-erythropoietin, a neuroprotective agent, may be
related to the inhibitory action of p-p38 and TNF-α in the dorsal root ganglion [254]. With the
study using RAW 264.7 cells, Xiao et al. suggested that TGF-β1 inhibits inflammatory
cytokine production selectively through cross-talk between MAPKs [255].
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5.7.4 Gene expression markers
5.7.4.1 Matrix genes and typical chondrocyte markers
ACAN and COL2A1
Aggrecan (ACAN) and collagen II are two major extracellular matrix in NP [10, 22, 256] and
they are commonly used as molecular markers for IVD cell studies [34, 169, 257, 258].
Collagen II is a fibril-forming collagen and three collagen type II alpha 1 chains (coded from
COL2A1) form a triple helix. It is expressed in cartilage, vitreous body and NP [256, 259]. In
transgenic mouse embryos, a 48bp sequence in the first intron of Col2a1 drove gene
expression specifically in cartilage [260].

COL1A1 and COL3A1
Collagen I and collagen III are two other fibril-forming collagens [256, 259]. Each triple helix
of collagen I was formed by two collagen type I alpha 1 (COL1A1) chains and one collagen
type I alpha 2 (COL1A2) chain. Collagen I is abundant and widespread. For example, it is
present in dermis, bone, tendon, ligament and cornea. Collagen III is made of three collagen
type III alpha 1 chains and it is present in skin, vessel wall and reticular fibers of most tissues
[256, 259].

COMP
Cartilage oligomeric matrix protein (COMP) was shown to be a primary response gene of
TGF-β1 and it was upregulated earlier than COL2A1 during chondrogenic differentiation of
human bone marrow MSCs [261]. Comp relative mRNA expression is lower in rat NP
compared to AF and AC [262].

SOX9, SOX5 and SOX6
Lefebvre et al. showed that Col2a1 expression correlated with SOX9 mRNA and protein in
chondrocytes and SOX9 is involved in the control of the cell-specific activation of COL2A1
in chondrocytes [263]. L-Sox5, Sox6, and Sox9 are transcription factors that bind and
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cooperatively activate the enhancer of Col2a1 in vitro. They were co-expressed in all
pre-cartilaginous condensations in mouse embryos and continued to be expressed in
chondrocytes until final hypertrophy of the cells [260]. When Sox9 cDNA was stably
overexpressed in rat chondrocytic cells like CFK2, there was a larger proportion of
SOX9-transfected cells accumulated in the G0/ G1 phase [264]. SOX9 changes the rate of
chondrocyte cell cycle progression and their differentiation by enhancing or inhibiting the
expression of p21cip1 and ERK1, and N-cadherin is an additional direct target of SOX9
[264].

MIA
Melanoma inhibitory activity (MIA) is a protein isolated from human melanoma cell lines
while the same protein isolated from primary bovine chondrocytes and cartilaginous tissues is
called cartilage-derived retinoic acid-sensitive protein (CD-RAP). The expression of MIA was
limited to cartilaginous tissues and was initiated with the advent of chondrogenesis, remaining
abundant throughout development [265]. The nuclear RNA-binding protein 54-kDa (p54nrb), a
recently described modulator of Sox9 activity was shown to be downregulated in the cartilage
tissue MIA deficient mice [266]. When human MSCs were cultured in the presence of MIA
and BMP-2, osteopontin and osteocalcin expression was downregulated compared with
BMP-2 treated MSCs cultured in the absence of MIA. Besides, MIA stimulates extracellular
matrix deposition and increased the glycosaminoglycan content of human primary
chondrocytes [267].

RUNX1
Runx1 and Runx2 were co-expressed in undifferentiated mesenchyme during embryonic
development and Runx1 is highly expressed compared to Runx2 during chondrogenesis [268].
It was suggested that Runx1 may have a role in mediating early events in endochondral and
intramembranous bone formation [269]. From in situ hybridization study in mouse embryo,
Runx1 and Sox9 were specifically expressed in the osteogenic cell compartments and
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downregulated when the osteoblasts were terminally differentiated [270]. Runx1 was required
for the commitment and differentiation of chondroprogenitors into the chondrogenic lineage
[271].

Figure 5-28 Relative mRNA levels of matrix genes in hMSC pellets cultured with different
conditions (without TGF-β1, with TGF-β1 with and without p38/ MEK inhibitors) under normoxia.
(relative to GAPDH and one of the samples with TGF-β1 at day 14 without inhibitors added; mean ± SEM

for ACAN; mean ± SD for COL2A1, COL1A1 and COL3A1; for ACAN and COL2A1, two independent

experiments, biological triplicates and technical duplicates; for COL1A1 and COL3A1, biological triplicates;
p < 0.05, orange brackets for comparison between sample groups and blue brackets for comparison
between day 14 and day 21).
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Figure 5-29 Relative mRNA levels of chondrogenic genes in hMSC pellets cultured with different
conditions (without TGF-β1, with TGF-β1 with and without p38/ MEK inhibitors) under normoxia.
(relative to GAPDH and one of the samples with TGF-β1 at day 14 without inhibitors added; mean ± SEM

for SOX9, MIA, RUNX1 and COMP; mean ± SD for SOX5 and SOX6; for SOX9, COMP, MIA, RUNX1, two

independent experiments, biological triplicates; for SOX5 and SOX6, biological triplicates; p < 0.05, orange
brackets for comparison between sample groups and blue brackets for comparison between day 14 and
day 21).

Technique and Method Development for Intervertebral Disc (IVD) Research

156

Chapter 5 Isolation and Culturing of MSCs for Chondrogenic / Discogenic Studies

5.7.5 FAST staining
The following protocol is provided by Dr. Victor Leung.
5.7.5.1 Principle
This protocol is designed for multi-color labeling of histological structure of IVD using a
combination of Alcian blue, Safranin O, Tartrazine, and Fast green stain. The rationale of the
technique is that, by first staining the acidic glycoproteins with Alcian blue, they are
chemically blocked and will not react further with Safranin O. The neutral glycoproteins are
subsequently demonstrated in a contrasting manner with Safranin O staining. Where there is a
mixture of acidic and neutral glycoproteins, the resultant colour will reflect the dominant
moiety. The Safranin O staining of the disc, mainly in the AF, is differentiated from the
growth plate cartilage by a subsequent alcohol treatment. The remaining mucin and collagen
moieties in bone and fibrous structures are finally stained by Tartrazine and Fast green. An
extended staining in Alcian blue can further help defining the AF into discrete layers and
visualization of the CEP in the expense of contrast between NP/ AF [203].

5.7.5.2 Reagents
1% (w/v) Alcian blue, pH 1.0
Alcian blue 8GX

5g

Distilled water

450 ml

Hydrochloric acid 1M

50 ml (915 ml H2O + 85 ml concentrated HCl)

(Dissolve the dye in the distilled water first, then add acid.)

0.1% (w/v) Safranin O Solution
Safranin O

0.5 g

Distilled water

500 ml
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0.25% (w/v) Tartrazine Solution
Tartrazine

1.25 g

Distilled water

500 ml

Acetic acid

1.25 ml

0.01% (w/v) Fast Green (FCF) Solution
Fast green, FCF

0.05 g

Distilled water

500 ml

All materials can be obtained from Sigma.
5.7.5.3 Methods
FAST staining pattern largely depends on the proteoglycan content. Decalcification process
has a strong impact on the staining pattern and intensity because inappropriate decalcifying
agents may lead to a loss of proteoglycans from the tissue. Ethylenediaminetetraacetic acid
(EDTA) is commonly used but is known to give inconsistent results due to this reason.
Morse’s solution (10% w/v sodium citrate, 20% v/v formic acid) has been tested and
suggested to be a better choice of decalcifying agent for FAST staining. Bad quality sections
might also result in altered behavior of the stains.

Procedures
Dewaxing and rehydration of paraffin sections
Step 1:

Place in the oven at 60 oC for 2 h and leave it to cool down for 20-30 min

Step 2:

Dewax in xylene for 10 min for 2 times

Step 3:

Rehydrate the sections in 100% ethanol (5 min for 2 times), 70% (v/v) ethanol (5
min), 30% ethanol (5 min), tap water (5 min for 2 times)
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FAST staining
Go through the following steps non-stop until sections are air-dried.
Step 1:

Stain in Alcian blue solution for 2.5 min (10 min for extended protocol) a

Step 2:

Rinse 3 times with tap water, briefly and gently

Step 3:

Stain in Safranin O solution for 3 min

Step 4:

Rinse 3 times with tap water, briefly and gently

Step 5:

Differentiate in 50% ethanol for 1 min

Step 6:

Rinse 3 times with tap water, briefly and gently

Step 7:

Stain in Tartrazine solution (2.5X dilution) for 10 s b

Step 8:

Rinse 3 times with tap water, briefly and gently

Step 9:

Stain in Fast green solution for 5 min

Step 10:

Rinse 3 times with tap water, briefly and gently

Step 11:

Dry the sections using a hairdryer c

Step 12:

Put into xylene and mount with Depex

Technical notes of FAST staining
a.

Prolonged staining in Alcian blue will result in a domination of blue stain over red/
orange stain in the outcome. In practice, as IVD from different species will have slightly
different GAG compositions and hence preference to Alcian blue interaction, researcher
may wish to slightly adjust (usually reduce) the length of incubation time for a
particular species to optimize the contrast. Increase the staining to 10 min for study of
additional features (see Principle in Section 5.7.5.1 described previously).

b.

Overtime in tartrazine will result in loss of Safranin O stain.

c.

The use of ethanol for dehydration should be avoided as it will result in loss of Safranin
O stain.
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Chapter 6 Optimization and Development of Cell Micropattern
Preparation
6.1 Background
6.1.1 Effect of cell shape or geometry
It has been shown by different groups that cell shape can affect biological responses such as
DNA synthesis, apoptosis and differentiation. In 1978, Folkman and Moscona studied the role
of cell shape using different concentrations of poly(2-hydroxyethyl methacrylate) (pHEMA)
[272]. In their study, the polymer solutions were applied on plastic culture surface to form a
thin, hard, sterile and optically clear film that was tightly bonded to the plastic surface after
the alcohol evaporated. Endothelial cells cultured on thicker layers of polymer were more
spherical while the cells cultured on thinner layers were flatter. With this system, Folkman
and Moscona observed a decrease in DNA synthesis when the endothelial cells were more
spherical in shape. In 1997, Chen et al. has shown that endothelial cell shape could govern the
growth and death of individual cells, independent of the type of matrix protein used to
mediate the adhesion [273]. Consistently higher apoptosis rates were observed for endothelial
cells cultured on 20 µm circles compared to non-patterned substrates prepared using different
matrix proteins [273].

For chondrocytes, the relationship between cell shape and chondrogenesis has also been
studied extensively for more than two decades [274]. Chondrogenesis in single cells was
promoted when cultured in suspension, agarose, collagen gels or non-adhesive substrata
which supported a round cell shape [274-277]. When isolated chondrocytes were cultured in
monolayer, de-differentiation is observed which may be contributed by at least two possible
mechanisms: (i) the de-differentiation of the differentiated chondrocytes and (ii) the
proliferation of the less differentiated progenitor population which increases in its ratio in the
cultured cells along passaging due to its potentially higher proliferation rate. Chondrocyte
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de-differentiation may be partially reversed by restoring the round shape of cells [43]. This
may be through the "re-differentiation" of the de-differentiated chondrocytes and the
differentiation of the progenitor cells into chondrocytes.

Cell shape changes are mediated by proteins of cytoskeleton, cell surface receptors and
molecules of extracellular matrix [278]. Cell shape and cytoskeleton were co-studied in some
studies [278-282]. An alteration of mechanotransduction by blockage of integrin binding or
disruption of actin filament organization has been shown to promote chondrogenesis [283,
284]. Actin organization can be affected by other cytoskeletal components or growth factors.
It has notably been shown that the configuration of the actin cytoskeleton in bovine articular
chondrocytes (AC) is indirectly altered when the intermediate filament structure is disrupted
[285]. Actin organization can also be affected by exogeneous growth factors or cytokine. With
GFP-actin expressed in human chondrocytes, Haudenschild et al. showed that TGF-β
enhanced actin extensions and lamellar ruffling, while IL-1β resulted in cellular contraction
[286].

NP cells in adult human are generally accepted as chondrocyte-like as they also constitutively
express collagen II and proteoglycans [287, 288]. The cytoskeletal organization in bovine NP
and AF cells has previously been studied. A differential distribution and expression of β-actin,
tubulin and vimentin was observed between bovine NP and outer AF tissues [289]. A
significantly higher expression of β-actin mRNA and protein levels was observed in the outer
AF compared with NP in discs from both young and skeletally mature animals [289]. To date,
however, little is known about how disc cells respond to cell shape in in vitro culture. It has
been suggested that NP cells cultured in monolayer might revert to their native characteristics
when returning to a 3D environment [44]. In our study, we optimized a platform for creating
NP cell micropatterns.
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6.1.2 Micropatterning
Micropatterning is the creation of patterns in micron scale, often in an array in a controlled
fashion. It has been used to study different biological phenomenon such as apoptosis [273],
traction force generation [290], cell internal organization [291] and division axis [292]. When
the cells are cultured on small micropatterns, they are rounder in shape. When they are
cultured on large micropatterns or flat culture surface of large cell adhesive area, they are
more spread. Using micropatterns, it has been demonstrated that cell shape/ spreading plays
an important role in the differentiation of MSCs to specific lineages or maintenance of the
phenotypes in differentiated cells. For example, the expression of chondrogenic markers was
higher when cells were round in shape compared to cells spread on planar surfaces. Gao et al.
showed that the stimulation of well-spread hMSCs on 10000 µm2 square micropatterns with
TGF-β3 upregulated the expression of smooth muscle cell-specific genes, whereas cells
allowed to spread on small square micropatterns of 1024 µm2 upregulated chondrogenic genes
[293]. Microcontact printing has also been used to study chondrocytes [294, 295] but has not
been utilized to study NP cells to date.

Similar to chondrocytes, NP cells are spherical in shape when they are in the NP tissue in vivo.
However, when the cells are isolated from the tissue and cultured on planar plastic surface
using standard cell culture practice, the cells become flattened (Figure 6-1A). In order to
maintain the native spherical shape of NP cells, several strategies have been used in the field.
Cells can be seeded in a conical tube or polypropylene plates with V-shape bottoms to form
dense pellet culture. The cells are in close contact with each other and maintain their spherical
shape (Figure 6-1B). Alternatively, cells can be cultured in 3-dimensional biomaterials such
as hydrogels where the cells remain spherical in shape (Figure 6-1C). These two methods
have been commonly used in chondrogenic study but are often associated with nutrient and
metabolite diffusion issues. The cells in the center of the pellets or 3-dimensional materials
may have less access to nutrients or oxygen compared to cells near the pellet/ biomaterial
surfaces. In this project, we impose defined cell shape by culturing cells on protein
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micropatterns of defined shapes created by microcontact printing on plastic surfaces (Figure
6-1D).

Figure 6-1 Schematic showing how cells are maintained in round shape using different methods. (A)
Cells became flattened when cultured on a planar plastic surface, (B) cells cultured in pellets, (C) cells
cultured in biomaterials and (D) cells cultured on a protein micropattern. Cells can be maintained in
near-round shape when they are cultured in pellets or in biomaterials such as alginate beads but the cells

at the centre of the pellets/ beads will have less access to nutrients and oxygen compared to those near the
surface. With the use of micropatterns, the cells can be maintained in near-round shape at single cell level
and surrounded by medium of concentrations the same as the bulk medium.

6.1.3 Micropatterning methods
A number of techniques have been developed to generate protein micropatterns, including
photolithography, stencil-assisted patterning, laser/ electron beam etching, micro/ nano
printing, microcontact printing, UV-based patterning, etc. [296-299]. Each method has its
advantages and drawbacks. Although photolithography and stencil-assisted patterning give
good spatial resolution, the requirement of specialized microfabrication facility with the
involvement of highly toxic chemicals limits their use in biology studies [299]. Laser/
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electron beam etching and micro/ nano printing are quite versatile but require special
equipments and may be slow for generating a satisfactory spatial resolution [299]. UV-based
methods can be more available to biologists but often require special surface chemistry and
photomasks [299].

Microcontact printing technique was originally developed for the production of patterns in
microelectronics application [300] but was later adapted to the creation of substrates for
cellular patterning [301]. In microcontact printing, an elastomeric stamp is formed by casting
the liquid-phase polymer over a microstructured master. The stamp is removed from the
master after hardening and the surface with patterns is inked with protein solution. Excess
protein solution is blown away and the stamp surface with proteins is brought into contact
with the surface of a selected culture material, to which the proteins get transferred (Figure
6-2). Subsequently, the non-patterned area is backfilled with non-fouling molecules after
which cells can be seeded and attached exclusively (or predominantly) on the area with “ink”
[296]. Microcontact printing requires no special equipment and no special chemistry once the
mold (silicon wafer with micropatterned photoresist) for stamp fabrication is available [299]
(See Section 6.1.4 for the details of the fabrication process). Thus this microcontact printing
method may have great potential for use in most biology laboratories and it is cost-effective.
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Figure 6-2 Simplified schematic showing cell patterning through microcontact printing of proteins.
PDMS stamps with different patterns can be molded from the silicon master patterned with
photolithography technique. Then these PDMS stamps can be used to print proteins on plastic surfaces.

The cells take up the shapes of the patterns. Representative phase contrast photos of chondrocytes on

different shapes of patterns after 1 day seeded on the protein micropatterns are shown on the right (scale
bar = 100 μm).

6.1.4 General procedures involved in patterning with microcontact printing
Figure 6-3 shows the fabrication of silicon master with defined micropatterns and preparation
of polydimethylsiloxane (PDMS) stamps. First, the silicon wafer is cleaned to remove any
contaminant on it. A thin layer of photoresist is then spin-coated on the wafer (Figure 6-3A).
The thickness of the photoresist will determine the height of the micropattern features in the
PDMS stamps and can be controlled by choosing appropriate photoresits and tuning the spin
coating speed. Then the silicon wafer with photoresist is covered with a photo mask
containing the desired patterns and exposed to UV light (Figure 6-3B). Light can pass
through the transparent area of the photomask and cause chemical change in the photoresist
while the opaque part of the photo mask obstructs the UV, protecting the photoresist
underneath. Afterwards, the photomask is removed and the photoresist is developed in a
developer solution, followed by rinsing with water and drying with a flow of filtered air. The
zones of photoresist that have been exposed to UV are removed by this development process,
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leaving patterns on the silicon wafer that replicate as the opaque area of the photomask. This
silicon master can then be used to fabricate PDMS stamps (Figure 6-3C). PDMS with
micropatterns can be formed from the silicon master by pouring PDMS polymer mixed with
curing agent on to the silicon master (Figure 6-3D). The PDMS gets into the cavities of the
master and takes up the shape of the micropatterns. Then the PDMS is cured into a solid
polymer block by heating at an elevated temperature (60 °C) overnight. The cured polymer
block can be detached from the silicon master by careful cutting and peeling. PDMS stamps
with appropriate sizes (eg. 1 cm × 1 cm) are cut from this polymer block.

Figure 6-3 Fabrication of silicon master with micropatterns and preparation of PDMS stamps. (A)

Coating of silicon wafer with photoresist by spin coating; (B) Changing the solubility of photoresist in a

developer solution using UV radiation (the solubility of the area underneath the opaque area of the photo

mask was not changed); (C) Removing the photoresist which has been irradiated by the developer solution;
and (D) Preparation of a PDMS block on the patterned silicon wafer. The PDMS polymer will take up the
patterns of the patterns on the silicon master.

The preparation procedures to produce protein patterns and eventually cell patterns are
slightly different for different laboratories and Figure 6-4 shows a simplified flow of the
procedures used in our lab. To prepare cell micropatterns, the PDMS stamps are plasma
treated in air to make the surfaces more hydrophilic which facilitate the uniform spreading of
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protein solution on the stamp surface. This may also facilitate the transfer of proteins from the
PDMS to the culture substrate surface when the proteins have weaker adhesion on hydrophilic
surface [302, 303]. The stamps are then covered with a drop of protein solution (eg.
fibronectin solution) and incubated at room temperature to allow time for the adsorption of
proteins to the PDMS surfaces (Figure 6-4A). After the incubation, excess protein solution is
blown away by compressed air, resulting in a thin film of protein on the PDMS stamps
(Figure 6-4B). Immediately after this, the stamps are put into contact with the culture
substrate surfaces such as untreated cell culture plates with the patterns facing down (Figure
6-4C). Gentle force is applied to ensure good transfer of proteins from the PDMS stamps to
the culture surfaces. Insufficient force may result in incomplete pattern transfer and excessive
force may result in non-specific transfer of proteins. The PDMS stamps are removed after
several minutes of contact with the culture surfaces, leaving protein micropatterns on them
(Figure 6-4D). The surfaces without protein patterns are passivated (made cell non-adhesive)
by a passivating agent such as a 1% (w/v) pluronic solution (Figure 6-4E). After 30 to 60 min
incubation at room temperature, the pluronic solution is removed and the culture surfaces are
washed with PBS three times (Figure 6-4F). Cells in medium without serum are then seeded
on the culture surface with protein micropatterns (Figure 6-4G). When cells have attached to
a sufficient number of patterns (eg. 2 h after cell seeding), the cell suspension is removed and
replaced by medium with serum. The attached cells remain on the culture surface while
unattached cells are removed (Figure 6-4H). Longer time may be required for the cells to
spread on the patterns.
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Figure 6-4 Preparation of protein micropatterns and cell micropatterns. (A) A drop of protein
solution is put onto a PDMS stamp treated with plasma treatment; (B) Excess protein solution is blown
away; (C) The PDMS stamp with protein on it is put into contact with a culture surface; (D) The PDMS

stamp is removed from the culture surface leaving the protein behind as protein micropatterns; (E) The

passivation chemical is put on top of the protein micropatterns; (F) The excess passivation chemical is

removed and the culture surface is washed with PBS, leaving a thin layer of passivation chemical behind in
area without protein patterns; (G) Cells are seeded on top of the protein patterns with non-specific area

passivated; and (H) Unattached cells are removed by washing with PBS and replaced with fresh cell
culture medium.

6.1.5 Cell type specific requirements of micropatterning
Table 6-1 summarized some studies of IVD cells, chondrocytes and hMSCs undergoing
chondrogenesis that involve cell micropatterning. A variety of micropatterning methods were
used in these studies and there were more studies using chondrocytes than IVD cells. In the
study by Mwale et al. involving NP and AF cells, the authors created square micropatterns
with the use of metal grids as masks and plasma treatments [304]. This method may be a
feasible approach for creating square micropatterns of NP or AF cells but patterns of other
shapes have not been reported for this method.
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Table 6-1 Studies of IVD cells, chondrocytes and hMSCs in chondrogenesis which involved cell
micropatterning (AFM: atomic force microscopy, DMMB: 1,9-dimethylmethylene blue, HUVEC: human
umbilical vein endothelial cell, LbL: layer by layer, PDMS: polydimethylsiloxane, PEG: polyethylene glycol,

RT-qPCR: reverse transcription-quantitative polymerase chain reaction, SAMs: self-assembled monolayers,

SEM: scanning electron microscopy)

Materials

Patterns

Readout

Mwale et al.

bovine AC,

nitrogen and

polypropylene

30 µm and

microscopy

2008 [304]

growth plate

ammonia plasma

film

200 µm

chondrocytes,

treatment with the

NP and AF

use of metal grids

cells

as masks

Shaik et al.

canine

photolithography

microscope

strips of 80

phase contrast

2013 [294]

chondrocytes

and LbL

cover slips

µm and 100

microscopy

Group and

Cells

year

Micropattern
method

squares

µm
Darling et

porcine

microcontact

glass cover

al. 2009 [43]

chondrocytes

printing, with

slips

8 µm circles

AFM, SEM, RT-qPCR

gold electrode

100 µm

microscopy, DMMB

coated with

circles

assay, interfacial

SAMs
Otsuka et al.

bovine AC

photolithography

2012 [295]

PEG hydrogel
Yuan et al.

juvenile

printing using

2014 [305]

bovine
meniscus cells

plastic slides

potential measurements
1000 µm

microscopy, RT-qPCR,

PDMS, with

wide, 200

DNA assay, DMMB

hydrogel

µm high

assay, hydroxyproline

and HUVECs
Gao et al.
2010 [293]

hMSCs

assay, ELISA
microcontact
printing

flat PDMS

100 µm and

microscopy, RT-qPCR,

32 µm

western blot, Rho

squares

GTPase assay, Rac
GTPase assay

Different cell types display different behavior on micropatterns [306]. Fink et al. observed
two challenges with cell micropatterns. They found that some cells can escape from the
micropatterns and spread over the passivated area more easily. They also observed that some
cells can round up and detach from the micropatterns after long incubation periods. Three cell
types were tested to produce the findings in their study: HeLa cells, human retinal pigment
epithelial (RPE1) cells and mouse embryonic fibroblasts. The mouse fibroblasts had the
highest potential to escape and tear off the protein patterns, followed by RPE1 cells, while
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HeLa cells gave patterns of higher stability [306]. Hence in our study, the micropatterning
procedures were tested with different cell types related to IVD research.

6.1.6 Requirement of thin substrate for high resolution microscopy using an inverted
microscope
In our study, we investigated methods in preparing cell micropatterns compatible with high
resolution microscopy. The resolution of a microscope is defined as the minimum distance
between two Airy disks that can be distinguished as shown in Figure 6-5A. It can be
represented by the following equation:
𝑅=

𝑑
2

0.61𝜆

= 𝑛 sin 𝛼 =

0.61𝜆
𝑁𝐴

(1)

where R is the resolution of a microscope, d is the minimum distance between the centers of
two Airy disks, n is the refractive index of the medium between the object and objective lens,
α is the half-angle of the cone of light entering the objective lens (Figure 6-5B), λ is the
wavelength of the light and NA is the numerical aperture [307]. The larger the NA, the
smaller the resolution in terms of the minimum distance between two Airy disks which means
higher resolution.

Figure 6-5 Resolution of microscope. (A) Intensity distribution of two Airy disks with a distance of d/2.

I1 indicates the maximum intensity of each point and I2 represents overlap intensity. (B) The cone of light
entering an objective lens showing α is the half angle. (Reproduced with permission of John Wiley and
Sons from [307] © 2013 John Wiley and Sons).
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Phase contrast microscopy and fluorescent microscopy have been used extensively to assess
the behavior of cells on micropatterns. With the use of computer software, many important
parameters can be extracted from the images. Confocal fluorescent microscopy has the
advantage over ordinary fluorescent microscopy in terms of resolution and 3-dimensional
reconstruction. However, for high resolution microscopy, microscope objectives of high NA
are needed and generally only a short working distance is allowed for these objective lens.

Free working distance of a microscope objective is defined as the distance from the front lens
element of the objective to the closest surface of the cover slip when the specimen is in sharp
focus [308] (Figure 6-6). In general, an objective lens with high resolution has a short
working distance.

Figure 6-6 Schematic showing the working distance of a typical microscope objective. For an

objective lens with a short working distance, the lens needs to be close to the sample. Thus only a thin

material such as a glass cover slip can be placed in between the sample and the lens. Thicker materials will
prevent the focus of sample using a lens of a short working distance, which is usually the case for higher
resolution objective lens.

There can be two configurations of viewing cells at high resolution as shown in Figure 6-7.
Cells can be cultured in ordinary culture containers and viewed using dipping objective lens
which the lens is used in the solution. In another configuration, the cells are cultured in a thin
bottomed container and viewed with an immersion objective lens from below through the thin
bottom. In general, the objectives in the latter configuration give higher resolution. For
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example, the 63× water immersion objective has a higher resolution (greater NA) than the
water dipping objective of the same magnification power (Table 6-2).

Figure 6-7 Schematic showing (A) a dipping lens in an upright microscope and (B) an immersion
lens in an inverted microscope. Thin substrate is required for microscopy using an inverted microscope

with objectives of a short working distance. Though the dipping lens configuration allows the imaging of
cells cultured on ordinary culture plastic of about 1 mm thick, the resolution of dipping lens is generally
lower than that of immersion lens and it is more difficult to keep the cells in sterile conditions for live cell
imaging when dipping lens is used.

Table 6-2 Comparison of water dipping objective and water immersion objective for confocal
microscopy that are available in Facility for Imaging by Light Microscopy (FILM) of Imperial College
London (ICL)
Water Dipping Objective

Water Immersion Objective

Serial number

506148

506279

Magnification

63×

63×

NA

0.9

1.2

The use of objective lens with large NA requires transparent substrates of small thickness but
the preparation of cell micropatterns for high resolution confocal microscopy was not well
documented in literature. Therefore, the preparation of cell micropatterns for confocal
microscopy with minimal changes to cells was developed in my study. The technical details
were explained in Section 6.5.7 in the Results and Discussion Section.
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6.2 Introduction
Micropatterning is a useful approach to study the effect of cell shape, the role of cell-cell
contact, as well as the impact of specific cell-matrix interactions on phenotype. Microcontact
printing is one of the micropatterning techniques that has high potential for applications in
biological studies as it does not require special equipment or chemicals once the mold is
available. When the mold is available by in-house fabrication or from other laboratories,
PDMS stamps can be prepared using the same mold repeatedly. The requirement of
micropattern design is cell type specific but there was no reported study involving
micropatterning bovine NP cells by microcontact printing. This necessitates the determination
of the micropattern conditions optimal for bovine chondrocytes and NP cells. Besides, the
micropatterning procedures used in different studies were slightly different (eg. the
sterilization method, the choice of passivation reagent, the use of serum and the substrate used)
without explanation about the principles. Hence different parameters involved in cell
micropatterning using microcontact printing were investigated.

High-resolution microscopy that allows the cells on micropatterns to be studied in details
requires the use of a thin substrate. Thus, we also explored different approaches to create cell
micropatterns suitable for high resolution microscopy.

We hypothesize that micropatterning can be compatible with high resolution microscopy
through surface modification or selection of suitable surfaces.

6.3 Objectives
The objectives of experiments described in this Chapter are:
•

to optimize the micropatterning technique with bovine cells
o the pattern size and the gap size

•

to study and identify the critical parameters in the micropatterning procedures
o sterilization by UV
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o requirement of pluronic and serum
o glass substrate vs polystyrene substrate
•

to develop a method for cell micropatterning compatible with high resolution
microscopy
o different approaches to micropattern cells on thin substrates

6.4 Materials and Methods
The experimental procedures involved in this Chapter are given in Figure 6-8.

Figure 6-8 Experimental procedures involved in this Chapter. Part A represents some preparative

work for micropatterning which does not need to be done for each experiment. The sizes of different cell

types were determined and the patterns for the mold fabrication were designed. Silicon mold was

fabricated to prepare the PDMS stamps. The stamps could be re-used in different experiments after
washing and drying. Part B represents preparative work which involves cell isolation for primary cells

which does not need to be done for each experiment. Some primary cells/ cell lines were also obtained
from other group members. Part C represents procedures involved in each experiment in this Chapter.

Surface preparation is an optional step which can be skipped for sterile untreated plates and Ibidi
untreated dishes/ µ-slides. (Different surface preparation procedures are given in Section 6.4.4 of this
Chapter.) Then the protein micropatterns were prepared using microcontact printing, followed by cell

seeding on the micropatterns. At last, the images of cells were taken using widefield/ confocal microscopy
and the images were analysed using Fiji (software). a. optional/ dependent on substrate used.
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6.4.1 Cell isolation
Bovine NP and AF cells were harvested from adult cow tails purchased from a local butcher
in Brixton of London, United Kingdom. The surfaces of the tail were cleaned with 2% (w/v)
Virkon and 70% (v/v) ethanol. The tails were dissected and the NP and AF tissues were
collected in a biosafety cabinet. The tissues were cut into approximately 2 mm × 2 mm pieces
and digested with 0.05% (w/v) collagenase Type II in DMEM (Invitrogen, catalog #
17101015) with 1% (v/v) antibiotic-antimycotic (Invitrogen, catalog # 15240-062) and 10%
(v/v) fetal bovine serum (FBS) overnight at 37 °C with shaking. The subsequent cell isolation
steps were the same as described in Chapter 2 of this thesis.

Bovine AC cells were obtained from Dr. Jean-Philippe St-Pierre of the Stevens group. Human
umbilical vein endothelial cells (HUVECs) were obtained from Dr. Paola Campagnolo and
Ms. Katie Hansel of the Stevens group in ICL. Human AC cells were obtained from Mr. Li
Teng of the Orthopaedics and Traumatology Department in HKU. Human NP cells were
obtained from Ms. Peng Yan in the spine research group in HKU.

6.4.2 Cell size estimation of different cell types
6.4.2.1 Cell diameter estimation of cells in suspension
Photos of human MSCs, human AC cells, human NP cells and bovine NP cells in suspension
were taken and the diameters of cells were measured using the measurement tool in Adobe
Photoshop.

6.4.2.2 Measurement of areas, aspect ratios and roundnesses of cells on culture surfaces
Bovine NP cells and AC cells were stained with CellTracker™ Green (Invitrogen, catalog #
C2925) at room temperature in dark for about 20-30 min, washed three times with serum free
medium and then seeded in a 12 well culture plate. Photos of the cells were taken at 4 h after
cell seeding. The areas, aspect ratios and roundnesses of bovine NP cells and AC cells were
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measured from images captured by fluorescent microscopy using Fiji (ImageJ) using the
particle analysis function with the detailed procedures given in the following:

First, the photos were converted to 8-bit grayscale images (Image > Type > 8-bit). Second, the
brightness and contrast were adjusted so that the edges of the cells were clear (Image > Type
> Adjust > Brightness / Contrast). Third, the cells were “detected” by setting the threshold
(Image > Type > Adjust > Threshold…). Fourth, the check boxes for "Area" and "Shape
descriptors" were checked (Analyze > Set measurements…). Fifth, the area and other
parameters of the cells were measured (Analyze > Analyze particles...).

The descriptions of the aspect ratio and roundness are given in the guide of the software
ImageJ (http://rsbweb.nih.gov/ij/docs/guide/146-30.html) and in the following.
Aspect ratio
Roundness

Major axis

refers to the aspect ratio �Minor axis� of the particle’s fitted ellipse
Area

refers to 4 × (Major axis)2

6.4.3 PDMS stamp preparation
6.4.3.1 Silicon master design and fabrication
Patterns to be fabricated on silicon master were designed using LayoutEditorTM (available
from http://www.layouteditor.net/) and film masks of the desired patterns were ordered from
JD Photo - Tools (http://www.jdphoto.co.uk/). Fabrication of the silicon master with patterned
photoresist was done by Dr. Ciro Chiappini of the Stevens group. Silicon masters for this
project were also obtained from Dr. Mark Steedman or borrowed from Dr. Thomas Von
Erlach of the Stevens group.

6.4.3.2 Preparation of PDMS stamps
PDMS and the curing agent (Sylgard 184) were mixed in 10:1 ratio in a wide mouth plastic
bottle and mixed thoroughly. The PDMS mixture was then degassed under vacuum to remove
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the air bubbles generated during mixing. A layer of degassed PDMS mixture (2 to 3 mm thick)
was cast onto the photoresist master and cured at 60 °C overnight. The PDMS layer was
gently peeled from the photoresist master and cut into stamps of approximately 1 cm x 1 cm.
The PDMS stamps were washed with isopropanol, distilled water and 70% (v/v) ethanol
sequentially for 5 to 10 min for each wash.

6.4.4 Preparation of surfaces for micropatterning
Different surfaces used for micropatterning in this Chapter and the next Chapter are
summarized in Table 6-3.
Table 6-3 Surfaces used for micropatterning studies in Chapter 6 and Chapter 7.

Materials/ surfaces

Application(s)

Passivation

Remarks

Untreated polystyrene plates (6
well, Nunc, catalog # 150239;
12 well, Nunc, catalog #
150200)

Widefield
microscopy,
RT-qPCR

Pluronic

Supplied sterile

Glass cover slip (VWR, catalog
# 631-1571)

Widefield/
confocal
microscopy

PLL-gPEG

UV sterilization required

Polystyrene coated glass cover
slip (prepared from VWR,
catalog # 631-1571, with
coating using polystyrene)

Widefield/
confocal
microscopy

Pluronic

UV sterilization required

1st generation tailor-made
container for confocal
microscopy

Widefield/
confocal
microscopy

Pluronic

UV sterilization required;
allow more accurate cell height
measurement compared to the
glass cover slip method;
hole punching not required;
allow other surface modification

2nd generation tailor-made
container for confocal
microscopy

Widefield/
confocal
microscopy

Pluronic

UV sterilization required;
hole punching required;
allow other surface modification

(Figure 6-9B)
Ibidi untreated dish (Ibidi,
catalog # 81151)/ μ-slide 2 well
(Ibidi, catalog # 80281)

Widefield/
confocal
microscopy

Pluronic

Supplied sterile

(Figure 6-9A)
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Materials/ surfaces

Application(s)

Passivation

Remarks

Polystyrene-coated PEN (Life
Technologies, catalog #
LCM0531) or PET (Zeiss,
catalog # 415190-9101-000)
membrane frame slides

Laser capture
microdissection
(LCM)

Pluronic

UV sterilization required;
the membranes have high
absorbance at 355 nm which
assists cutting using laser

Figure 6-9 Approaches for preparing substrates for confocal microscopy of cell micropatterns. (A)

1st generation container made from a rubber ring sealed on a glass cover slip and (B) 2nd generation
container made by attaching a glass cover slip to a punched untreated cell culture plate. The 1st generation

container does not require the punching of holes on the brittle plastic but it is more difficult to handle
during cell culturing compared with the 2nd generation one. For both prototypes, the glass cover slip may

also be modified by different means (eg. spinning coating with PDMS of different stiffness) and still retains
its thin thickness required for high resolution confocal microscopy.

6.4.4.1 Preparation of polystyrene coated glass cover slips
To prepare polystyrene solution for coating, the cover of an untreated polystyrene cell culture
plastic was broken into pieces and weighted. The pieces of polystyrene were then dissolved in
toluene to a final concentration of 25% (w/v) by rotating the glass vial overnight. Polystyrene
in toluene (0.5% w/v) was prepared by diluting the 25% (w/v) solution with toluene. Glass
cover slips were cleaned with 70% (v/v) ethanol and dried with KimWipe. A thin layer of
polystyrene was coated on the glass cover slip using 200 µl pipet tips (without graduation
mark so as not to leave scratches on the coating, as shown in Figure 6-10) inside a chemical
fume hood.
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Figure 6-10 Schematic showing the preparation of polystryene coated cover slips. (A) A pipet tip

without graduation marks; (B) A pipet tip without graduation marks; (C) A thin film of polystyrene was

coated on a glass cover slip by adding a drop on polystyrene solution in toluene on the cover slip and
spread it by using a pipet tip. The solution will form a thin film upon the evaporation of toluene. Using a

pipet tip for solution spreading, a smooth coating can be formed but scratch marks will be formed when a

pipet tip with graduation marks is used (D). Thus it is important to use a pipet tip without graduation
marks to spread the polystyrene solution to avoid scratch marks left behind.

6.4.4.2 Preparation of thin bottom containers for confocal microscopy (1st generation)
Silicone tubing was cut to form rings of 3-5 mm thickness and washed with isopropanol,
distilled water and 70% (v/v) ethanol sequentially. The rings of tubing were placed at the
centres of the cover slips (Figure 6-11A) and sealed with PDMS 184 mixture (the same
preparation method as the mixture used for PDMS stamp preparation). The sealant of the
containers was cured at 65 °C overnight (Figure 6-11B). The containers were sterilized using
UV in a biosafety cabinet for cell culture. When used in cell culturing, the containers were put
in 60 mm dishes as shown in Figure 6-9A.

Ordinary untreated culture plates with bottom of approximately 1 mm thickness were not
compatible with high resolution microscopy. For viewing under confocal microscopy,
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different methods of preparing containers with thin bottom were devised and Figure 6-9
shows two of the successful setups during the process. At first, we tried to punch holes in
untreated plastic culture dishes with a metal puncher or an electric drill but the plastic cracked
without forming intact holes due to its brittleness. Hence we attached a silicone tubing ring to
the polystyrene coated glass cover slip with PDMS as a sealant (shown in Figure 6-9A with
schematic of preparation in Figure 6-11). The silicone ring kept the cells with cell culture
medium at the centre of the cover slip.

Figure 6-11 Preparation of a thin bottom container with a silicone ring. (A) A silicone ring was cut

from a silicone tubing and placed on top of a polystyrene coated cover slip; (B) PDMS mixed with the

curing agent was applied around the edge of the silicone ring-cover slip interface and the polymer was

cross-linked by putting the whole setup in a 65 °C oven overnight.

6.4.4.3 Preparation of 6 well plates with thin bottom glass cover slips for confocal
microscopy (2nd generation)
We continued to explore different methods of creating holes on the plastic culture plates with
the equipments we had. With special equipments and technical support from the mechanical
workshop, holes can be drilled in plastic culture plates without creating large cracks.
Originally, we attached the coated glass slips to bottom with PDMS as sealant but this method
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was quite time-consuming and required overnight curing of the PDMS in oven. Besides, there
was leakage of the solution when cold PBS was put in the plates which may be due to the
thermal shrinkage effect. Therefore other sealing methods were explored. We decided to use
Parafilm® to attach the cover slips to plates with holes.

In this preparation method, holes of 15 mm in diameter were drilled in 6 well untreated
culture plates by Mr. Russell Stracey. Special machine and techniques were required for the
hole drilling of these plates as they were brittle and easy to break upon drilling. The 6 well
plates were cleaned with 70% (v/v) ethanol, dried with KimWipes and sterilized with UV in a
biosafety cabinet for cell culture. Parafilm® was cut into 1 in. × 1 in. (2.54 cm × 2.54 cm) and
holes of 16 mm diameter were punched at the centre of the film in a stack. The paper attached
to the Parafilm® was removed and the Parafilm® was placed on the 6 well plates with holes
and cover slips prepared as in Section 6.4.4.1 were put underneath. The cover slips were
mounted to the 6 well plates by melting the Parafilm® in between the cover slips and the
plastic plates using a heat block set at around 100 °C. Light pressure was applied using the
wide opening side of a 200 µl pipet tip to ensure good attachment of the slips to the culture
plates. A finished plate with cover slips mounted was shown in Figure 6-9B with schematic
of preparation in Figure 6-12. The plastic plates with mounted cover slips were sterilized
using UV in a biosafety cabinet for cell culture.
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Figure 6-12 Preparation of a thin bottom container with a hole drilled at the centre of the culture
plate well / dish (only one of the wells was shown for simplicity). (A) The three main components in

the setup: the well/ dish with a hole drilled in the mechanical workshop, a Parafilm® sheet with a hole
punched by a metal puncher and a square polystyrene coated cover slip. (B) The cross sectional view of

the three components. They were placed together with alignments between the hole of the well and the
Parafilm® sheet and also between the square Parafilm® and the square cover slip. (C) The Parafilm® in

between the culture well and the cover slip was melted with a heat block heated to approximately 100 °C,
forming the water leakage-free assembled setup.

6.4.4.4 UV sterilization of surfaces for micropatterns
Glass cover slip, polystyrene coated glass cover slips, the 1st generation container and the 2nd
generation container were sterilized by UV in a biosafety cabinet for cell culture. Both sides
of the cover slips were irradiated in turn (15 - 30 min for each side). The untreated
polystyrene plates and Ibidi untreated dishes/ µ-slides were supplied sterile and required no
sterilization before micropatterning.

6.4.5 Preparation of protein micropatterns by microcontact printing
The PDMS stamps were plasma treated in air for 3 min at room temperature to make the
surfaces more hydrophilic. Fibronectin solution (Sigma, catalog # F1141) in PBS (DPBS,
Gibco, catalog # D-PBS14190-169) at 20 µg/ml was added on top of the stamps with
spreading using a pipet tip. Around 50 µl of fibronectin solution was used for each PDMS
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stamp with 1 cm × 1 cm surface on the top side with micropatterns. Too little solution can
result in drying of the stamps before stamping and too much solution results in overflowing of
the solution to the side of the PDMS stamps as well as the surface underneath which reduces
the volume of solution on the surface with patterns and may also result in drying of stamps.
The stamps were incubated with the fibronectin solution for an hour at room temperature.
Excess solution was blown away and the stamps were placed on the surfaces described in
Table 6-3 in Section 6.4.4 of this Chapter. The PDMS stamps were pressed gently using the
plastic forceps and the surfaces were left in contact for 3 - 15 min. Afterwards, the stamps
were removed and 1 ml of 1% (w/v) pluronic in PBS was added to each well of the 6 well
plates (0.5 ml per well for 12 well plates) and incubated at room temperature for at least 30
min. The pluronic solution was prepared by dissolving pluronic powder (Pluronic® F-127,
Sigma, catalog # P2443) in PBS and vortexing after letting the solution stand with
undissolved power at room temperature for 30 to 60 min. After all the powder was dissolved,
the solution was sterilized by filtering with a 0.2 µm syringe filter. The solution was stored at
4 °C and was stable for at least a month. Prior to cell seeding, the pluronic solution was
removed and the wells of the plates were washed 3 times with PBS with 1% (v/v)
Antibiotic-Antimycotic (Gibco, catalog # 15240-062).

6.4.6 Seeding of cells on the micropatterns
Cells were seeded in serum-free DMEM (Invitrogen, catalog # 17101015) with 1% (v/v)
Antibiotic-Antimycotic (Invitrogen, catalog # 15240-062) at a cell density of 104 cells per cm2
(105 cells and 4 × 104 cells per well of 6 well plate and 12 well plate respectively). At 2 h after
cell seeding, the plates were washed with PBS to remove unattached cells and the cells were
cultured in DMEM with 1% (v/v) Antibiotic-Antimycotic and 10% (v/v) FBS.

6.4.7 Phase contrast microscopy and fluorescent microscopy of cells on micropatterns
Phase contrast photos were taken using an Olympus IX51 inverted microscope. For actin and
nuclei staining, the cells were washed with PBS three times and then fixed with 4% (w/v)
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paraformaldehyde (PFA) for 10 min. The cells were then washed three times with PBS and
permeabilized with 0.2% (v/v) Triton X-100 (Sigma, catalog # X100) in PBS for 5 min. The
cells were then washed with PBS twice and the surface was blocked with 1% (w/v) bovine
serum albumin (BSA) in PBS for 20 min. The blocking solution was removed and replaced
with the staining solution. The staining solution consisted of 1U/ml Alexa Fluor® 568
phalloidin (red, catalog # A12380, Life Technologies) or Alexa Fluor® 488 phalloidin (green,
catalog # A12379, Life Technologies) and 300 nM 4’,6-Diamidino-2-phenylindole
dihydrochloride (DAPI, catalog # 32670, Sigma) in 0.1% (w/v) BSA in PBS. The cells were
stained for 20 min to 2 h and then washed twice with PBS. The stained cells were imaged
under a fluorescent microscope. Fluorescent microscopy photos were taken using an Olympus
IX51 inverted microscope or a confocal microscope Leica SP5 MP. The areas, aspect ratios
and roundnesses of bovine NP cell nuclei were estimated using the method described in
Section 6.4.2.2 of this Chapter.

6.4.8 Statistical analysis
P-values were calculated using Student’s two-tailed t-test of unequal variance.

6.5 Results and Discussion
6.5.1 Different cell types exhibit different sizes and morphologies
The optimal size of micropatterns required will change depending on the cell types. In our
study, we aimed to maintain the round shape of cells by constraining the area of substrates
that the cells can attach to. As bovine NP cells have smaller diameters than human MSCs, AC
cells and NP cells (Table 6-4, p < 0.05), patterns designed for human cells may not be
applicable to bovine cells. More specifically, the pattern size that allows one human cell to
attach may be too large for a bovine cell and more than one cell may attach to each protein
pattern. There were a number of studies using human MSCs but limited characterization of
patterns for bovine cells was available (Table 6-5).
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Table 6-4 The cell diameters of cells in cell suspension (mean ± SD, 20 cells per cell type)

Cell diameter (µm)

human MSC

human AC

human NP

bovine NP

16.9 ± 4.0

22.1 ± 5.4

22.5 ± 4.4

13.8 ± 2.2

Table 6-5 Summary of some single cell micropattern studies a measured from photos: ~50-60 µm.
Group

Gadhari et

Year

2013

al. [309]

Shape

circle, square and

Pattern size

Gap size

2

2000 µm

not given

rectangle

Cell type

a

mouse embryonic

kidney fibroblast cell
line

Chen et al.

2013

rectangle

2

900, 1600, 2500 µm

not given

[310]
Wang et al.

fibroblast
2013

[311]
Lee et al.

2013

circle with and

diameters of 30, 50

without

and 70 µm

protrusion lines

(~700-3850 µm2)

circle, ellipse, star

1000, 3000 and 5000

not given

hMSCs

not given

hMSCs

not given

hMSCs

~1150 µm2

not given

hMSCs

1000, 2500 and 5000

not given

hMSCs

2

[312]
Song et al.

mouse NIH 3T3

µm
2011

circle

[313]

diameters of 40, 60
and 80 µm
(~1250-5000 µm2)

Song et al.

2011

[314]

triangle, square,
pentagon,
hexagon, circle

Kilian et

2010

al. [315]

square, rectangle,
flower, pentagon,

2

µm

star
Gao et al.

2010

square

1024 and 10000 µm2

not given

hMSCs

2004

square

1024 and 10000 µm2

not given

hMSCs

1997

square

width of 5, 10, 20, 30,

not given

Human and bovine

[293]
McBeath
et al. [279]
Chen et al.
[273]

40 µm (~25-1600
2

µm )

capillary endothelial
cells

Figure 6-13 shows that different cells have different sizes and morphologies when they are
allowed to spread on culture surfaces to reach confluence. A rough estimation of the cell
spread area was given in Table 6-10 in Section 6.7.2 of the Appendix. The areas occupied by
bovine NP cells and mouse 10T1/2 cells were smaller than HUVECs and hMSCs when the
cells were allowed to spread on culture surfaces. This observation further supports that a
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micropattern that can be fully filled by a single cell of a specific type may be too large for
another type. From the literature (Table 6-5), a number of studies used patterns of more than
1000 μm2. These patterns are probably too large for bovine NP cells which have area smaller
than 700 μm2 when well spread on culture surfaces based on our analysis. This indicates the
necessity to fine tune the micropattern design for studying bovine NP cells.

Figure 6-13 Phase contrast photos of (A) bovine NP cells, (B) mouse 10T1/2 cells, (C) HUVECs
(human cells) and (D) hMSCs at confluence. (Scale bar = 100 μm). Different cells have different
morphologies and cell areas at confluence.

In order to estimate the individual cell area of bovine NP and AC cells more accurately, the
cells were pre-stained with fluorescent dye CellTracker green and photos were captured after
the cells have attached to the culture surface (Figure 6-14A). The cell areas, aspect ratios and
roundnesses were estimated from the photos through a particle analysis function in Fiji
(ImageJ) and a sample of the outline of cells in the particle analysis was shown in Figure
6-14B. As shown in Table 6-6, bovine NP and AC cells had roughly the same areas of 368
µm2 and 396 µm2 respectively at 4 h after cell seeding. Hence micropatterns of area smaller
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than 368 µm2 were designed for bovine NP cells in order to restrict the spreading of cells.
These two cell types had no significant differences in aspect ratios and roundnesses. Bovine
NP cells from adult animals are regarded as chondrocyte-like cells and this may explain the
similarity of the cell areas, aspect ratios and roundnesses of bovine NP cells and AC cells. In
our study, circle miropatterns of 20 µm in diameter were included as this is equivalent to an
area of about 314 µm2 which is smaller than the spread cell area of bovine NP and AC cells.

Figure 6-14 (A) Sample fluorescent photo of bovine NP cells at 4 h after cell plating used for cell
area and shape analysis using Fiji; (B) Outline of cells in the particle analysis of Fiji. (Scale bar = 100
μm).

Table 6-6 Areas, aspect ratios and roundnesses of bovine NP and AC cells at 4 h after cell plating.
(Mean ± SD, 125 cells for NP and 96 cells for AC). Bovine NP and AC cells have similar area of around 368 –
396 µm2.

Bovine NP

Bovine AC

Area (µm )

368 ± 144

396 ± 197

Aspect Ratio

1.50 ± 0.55

1.53 ± 0.61

Roundness

0.72 ± 0.17

0.72 ± 0.18

2

6.5.2 Pattern and gap size affect the success of single cell micropatterns
The differences in spreading areas of different cell types at confluence (Table 6-10 in Section
6.7.2 of the Appendix) and the lack of information from literature about the gap sizes between
patterns (Table 6-5 in the previous section) necessitates the optimization of pattern design.
When bovine cells were seeded on 50 μm circle patterns, most patterns were occupied by
more than one cell (Figure 6-15A). As bovine NP cells are smaller than human MSCs, the
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pattern sizes need to be adjusted to obtain single cell patterns that retain the round shape of
cells. As indicated in Chapter 2, the diameter of bovine NP/ AF cells isolated from tissues was
determined to be approximately 13 μm, thus patterns of 10 μm, 15 μm and 20 μm were also
tested. Cells could specifically attach to patterns with 20 μm or 50 μm diameters (Figure
6-15A and B) but not to those with 10 μm and 15 μm diameters (Figure 6-15C and D).
Non-specific cell attachment was seen for 15 μm patterns separated by 85 μm gaps and 10 μm
patterns separated by 90 μm gaps.

Figure 6-15 Phase contrast photos of bovine chondrocytes on fibronectin patterns of different
circle sizes at 4 h after cell seeding. (Scale bar = 100 μm). (A) 50 μm circle patterns separated by 50 μm

gaps, (B) 20 μm circle patterns separated by 80 μm gaps, (C) 15 μm circle patterns separated by 85 μm

gaps, and (D) 10 μm circle patterns separated by 90 μm gaps. Non-specific patterns were observed for 15

μm micropatterns separated by 85 μm gaps and 10 μm patterns separated by 90 μm gaps.

Possible causes of these non-specific patterns are illustrated in Figure 6-16. One of the
possible causes is that the gap is too wide causing the trench region of the PDMS stamps to
come in contact with the culture surface when force is applied (Figure 6-16A and B). Thus
gap size of not more than 50 μm was used in my study. Another cause is the deformation of
the pillar part of the stamp when force is applied (Figure 6-16C and D). The smaller the
patterns, the greater deformation results for a same force applied (Figure 6-17) and this can
also make the trench part of the stamp get into contact with the culture surface, creating
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non-specific cell patterns. Hence pattern sizes of no smaller than 20 μm were used in my
study. The effects of gap size and pattern size illustrated in Figure 6-16 may co-exist and it is
not possible to evaluate the extent of each parameter independently based on these data but it
was not deemed worthwhile to carry out extensive experiments to further investigate the
effects of gap size and pattern size because desired protein patterns were achieved to elicit
appropriate single cell attachment. As a rule of thumb, we used patterns no smaller than 20
μm and gap sizes not greater than 50 μm and one of our designs was shown in Figure 6-31 in
the Appendix. This is based on stamps created from the silicon master fabricated in our group,
for which the thickness of photoresist is around 10 to 15 μm (Figure 6-18). For photoresists
of different thicknesses, the parameters may need to be adjusted. In our study, the
compression was applied by hands through forceps and the force required was decided based
on experience. Deformation of the PDMS stamps was observed during the stamping and it
was used as a guide to decide whether stronger or weaker force was required.

Figure 6-16 Schematic of possible explanation for the non-specific patterns. Non-specific patterns

may be resulted due to the deformation of the PDMS stamp. (A) When the gap is narrow enough, the
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deformation of the trench part will not cause touching of the stamp with the substrate but when the gap
size is too large as in (B), the deformation of the PDMS may allow the trench part touch the substrate,

causing the non-specific transfer of proteins to the substrate. (C) When the pattern size is large enough,
the pillar part of patterns will prevent the trench part from touching the substrate but when the pattern

size is too small as in (D), the pillars of the stamps may be deformed more readily for the same applied
force and may cause non-specific transfer of proteins.

Figure 6-17 The relationship between the change in length and the cross-sectional area. (A) The

Young's modulus is defined as the ratio of stress σ over strain ε where stress is the force F per area A and
strain is the ratio of change in length ΔL to the length L. The Young's modulus is a property of material and

independent of the shape of the material. For constant F, L and E, the change in length ΔL is inversely

proportional to the area A. For cylindrical material, ΔL is inversely proportional to the square of diameter,
d. When the diameter is halved, the change in length will be 4 times (as shown in B and C). The figure is
not exactly drawn to scale.

Figure 6-18 Photos of cross-sections of PDMS stamps captured under phase contrast microscopy.
PDMS stamps fabricated from silicon masters from (A) Dr. Mark Steedman and (B) Dr. Thomas Von Erlach
(scale bar = 50 μm). The thickness of the patterns is around 10 to 15 μm.
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With the PDMS stamps fabricated from the design in Figure 6-31 (in the Appendix of this
Chapter), NP cells could be patterned in different arrangements, a selection of which is shown
in Figure 6-19. For 20 μm circles, most patterns were occupied by single cells while 50 μm
patterns were occupied by several cells on each pattern. The cells on 20 μm strips were highly
elongated, forming strips of cells of 1-2 cells in width. The cells on 50 μm strips were
elongated but less compared to 20 μm strips. Compared to strip patterns, the cells on circle
patterns were rounder in shape. The cells on fibronectin without micropatterns were spread
and had a morphology that resembled that on 50 μm strips more than on circle patterns.
Besides the overall shapes, the nuclear areas and shapes were also different for cells on
different patterns as shown in the next Section. Using the PDMS stamps designed, bovine NP
cells can be patterned into round shape, elongated shape and spread shape.

Figure 6-19 Phase contrast photos of bovine NP cells on fibronectin patterns of 20 μm circles, 50
μm circles, 20 μm strips, 50 μm strips and fibronectin coating at day 1. (Scale bar = 100 μm). With

gap size not more than 50 μm and pattern size not less than 20 μm, micropatterns of bovine NP cells could

be successfully formed.
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6.5.3 Quantification of nuclear areas and shapes
In Figure 6-19 in the last Section, it was shown that the shape of NP cells can be changed
using micropatterns. The shape of nuclei has been suggested to affect many cellular processes
but no study to date was done with IVD cells. Thus we investigated whether using the
micropatterns can change the shape of NP cell nuclei through the use of DAPI staining and
fluorescence microscopy. From Figure 6-20, the cell nuclei were round in shape when the
cells were cultured on 20 μm circles but were more elongated with a larger aspect ratio and a
lower roundness when cultured on 20 μm strips. The nuclei of cells cultured on 20 μm circle
or strip patterns had smaller areas compared to those of cells cultured on fibronectin without
micropatterns.

Figure 6-20 Fluorescent photos of nuclei of bovine NP cells stained with DAPI at day 1 (scale bar =
25 μm) and the quantification of areas, aspect ratios and roundness descriptors using Fiji. (Mean ±

SD, n = 19 cells for 20 μm circles, 55 for 20 μm strips and 80 for non-pattern; for 20 μm circles, only

patterns with only one cell per pattern were taken into account; * p < 0.001). The cells on non-patterns

had larger projected nuclear area than the cells on 20 μm circles or strips. The cells on 20 μm strips were

elongated as in the photo and reflected by the higher aspect ratio and lower roundness.
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An analysis of the nucleus orientation showed that the nuclei of cells on 20 μm strips aligned
with the patterns as shown by the preferential orientation of nuclei at 0-30° and 150-180°
(Figure 6-21). There is no such preferential orientation for 20 μm circles or fibronectin
without micropatterns.

Figure 6-21 The alignment of cells on 20 μm strips compared to 20 μm circles and non-patterns. (n

= 55 cells for 20 µm strips, 19 cells for 20 µm circles and 80 cells for non-pattern). The nuclei of cells on 20

μm strips had their long axes in the elliptical fit aligned with the strips.

6.5.4 Fewer cells were observed on protein patterns irradiated with UV
UV irradiation is a common method to sterilize materials for cell culture. When
micropatterning was performed on a polystyrene coated glass cover slip without sterilization
using UV, contamination with bacteria was often observed (little dots in Figure 6-22A).
Therefore UV sterilization using a biosafety cabinet was used to sterilize surfaces before
micropatterning if they were not supplied sterile or when there might be potential
contamination during additional surface processing. Besides, as there may be a chance of
contamination during protein micropatterning procedures, the use of UV sterilization on the
protein patterns was investigated. Cells bind to fibronectin via specific binding sequences on
the protein as listed in Table 6-7 through integrin receptors on the cell membrane [316].
When the culture surface was UV sterilized without further sterilization after protein
patterning, cell micropatterns could be obtained without noticeable contamination (Figure
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6-22B). However, UV irradiation after protein patterning reduced the number of cells attached
on patterns (Figure 6-22C). This may be due to the fact that UV may induce covalent
modifications of proteins by oxidation. This may change the binding sites or affect the
conformation of the protein, which may affect the binding of the cells to this protein. Some
fibronectin-binding integrins are given in Table 6-7.

Figure 6-22 Schematics and phase contrast photos of (A) bovine NP cells on fibronectin patterns on
surfaces without UV sterilization, (B) bovine AF cells on fibronectin patterns on UV sterilized
surfaces without UV irradiated protein patterns and (C) with UV irradiated protein patterns. Photos

were taken at 3 h after cell seeding (scale bar = 200 μm). When the cover slip was not sterilized before
micropatterning, contamination was often observed as shown in (A). When the surface was sterilized by

UV without further sterilization by UV after micropatterning, cells micropatterns could be observed as
shown in (B). When the cover slip was sterilized by UV both before and after micropatterning, cell patterns
could be formed but the density was lower (as shown in C) than the one without UV irradiation after

micropatterning. The UV treatment on proteins may have damaged the proteins, causing fewer cells being
able to attach on the protein micropatterns.
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Table 6-7 Fibronectin-binding integrins (Reproduced with permission of Frontiers in Bioscience from
[316] for reproduction of educational nature) (FN: fibronectin, FG: fibrinogen, LN: laminin, MAdCAM:

mucosal addressin cell adhesion molecule, OP: osteopontin, TN: tenascin; TSP: thrombospondin, VCAM:

vascular cell adhesion molecule, VN: vitronectin, vWF: von Willebrand factor)
Receptor

Main binding site in FN

Additional binding sites in FN

Other protein ligands

α3β1

RGD

α4β1

LDV in CS1

H1, CS5, (RGD)

α5β1

RGD

PHSRN

α8β1

RGD

αVβ1

RGD

αVβ3

RGD

αIIbβ3

RGD

αVβ6

RGD

TN

α4β7

LDV in CS1

MAdCAM-1, VCAM-1

α?β8

CS1

LN5

VCAM-1
VN, TN
VN, OP, vWF, FG, TSP

PHSRN

FG, vWF, VN

6.5.5 Pluronic is required for micropatterning
We investigated the need for pluronic and serum for cell micropatterning. Before cell seeding,
protein patterns were clearly seen on the culture surface (Figure 6-23). As the fibronectin was
dissolved in PBS, the protein patterns seen were probably fibronectin together with crystals of
salts from PBS. The confirmation of protein patterns ensured that the success or failure of cell
patterns was due to the effect of pluronic or serum but not incomplete transfer of protein
patterns from the stamps to the culture surfaces. From Figure 6-23, cell micropatterns could
be formed only on surfaces treated by pluronic no matter in the presence of serum or not. This
demonstrated that the use of pluronic was critical for the success of cell micropatterns while
whether serum was used during cell seeding was not critical. Using untreated polystyrene
culture plates as the substrate and with a pluronic passivation step, cells micropatterns could
be formed using different cell types as shown in Section 6.7.3 of the Appendix.
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Figure 6-23 Phase contrast photos of bovine NP cells with and without surface passivation by
pluronic and with and without serum (10% FBS) used during cell seeding. Photos are taken at 2 h

after cell seeding. (Scale bar = 100 μm). Cell micropatterns could be formed only on surfaces treated by
pluronic no matter in the presence of serum or not. This demonstrated that the use of pluronic was critical
for the success of cell micropatterns while whether serum was used during cell seeding was not critical.

6.5.6 Stability of cell patterns
In this work, polystyrene untreated culture plates were used in combination with pluronic
passivation. In other studies, glass or plasma treated culture plates were also used in
combination with poly(l-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG). This is probably
due to the difference in hydrophilicity of the surfaces and hence the requirement of different
passivation reagents. Pluronic adsorption occurred on surfaces of intermediate to low
wettability but glass or plastma treated culture plates have hydrophilic surfaces [317]. A more
detailed study of surface hydrophilicity is given in Chapter 7. For bovine AC cells, cell
patterns were obtained for both polystryene surface and glass surface at 2 h after cell seeding
but the bovine AC cells spread to non-pattern area for micropatterns formed on glass
passivated by PLL-g-PEG at day 3.

Cells could be patterned on glass substrate directly by microcontact printing but the patterns
were not as stable as on polystyrene (Figure 6-24). This may be due to the shelf-life of the
reagent used in passivation. PLL-g-PEG is used for the passivation for patterns on glass slide
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and it is usually available commercially in solution form. The stability may be lower than the
pluronic F127 used for polystyrene substrate which can be readily purchased in powder form.
Stable patterns could be obtained on glass coated with polystyrene.

Figure 6-24 Schematic showing the covering of area without proteins with passivation chemicals to
prevent cell attachment. Phase contrast photos of fibronectin patterns before passivation and bovine AC
cells on fibronectin patterns at 2 h and day 3 after cell seeding. Pluronic solution was used as the

passivation reagent for the polystyrene coated cover slip and PLL-g-PEG solution for the glass cover slip

(scale bar = 100 μm). Both polystyrene together with pluronic and glass together with PLL-g-PEG gave cell

micropatterns at 2 h after cell seeding but the bovine chondrocytes spread to non-pattern area for

micropatterns formed on glass passivated by PLL-g-PEG at day 3.

6.5.7 Preparing cell micropatterns for confocal microscopy
As mentioned in Section 6.1.6 in the Background Section, confocal fluorescent microscopy
has the advantage over ordinary fluorescent microscopy as it allows increased resolution and
3-dimensional reconstruction. Objectives with larger numerical apertures can give higher
resolution images but have shorter working distances, requiring the cell micropatterns to be
prepared on thin substrates. One common substrate used to visualize cells for confocal
microscopy is glass cover slips but as shown in Figure 6-24 in the previous section, cells
spread to non-pattern area after only 3 days of culture, which is short for studies on
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chondrogenesis. To address this issue, the use of polystyrene coated glass cover slip for
confocal microscopy was explored.

Glass cover slips have been widely used in confocal microscopy but if cell heights are to be
measured, the cells need to be in a hydrated state throughout the staining and viewing process
but without extra weight (eg. weight of cover slip) on them as explained in Figure 6-25. Thin
bottom containers are ideal choices but typical thin bottom culture dishes with glass cover slip
bottom are not good for micropatterning when pluronic is used as a passivation agent. Hence,
we attempted to create containers with polystyrene coated glass cover slips. First, we tried to
punch holes in untreated plastic culture dishes with a metal puncher or an electric drill but the
plastic cracked without forming intact holes. Hence we attached a silicone tubing ring to the
polystyrene coated glass cover slip with PDMS as a sealant (shown in Figure 6-9A in the
Materials and Methods Section). This set up allows cells to be cultured on the polystyrene
coated glass cover slip which is compatible with cell micropatterning. Meanwhile, we
continued to try different hole preparation approaches. With special equipments from the
mechanical workshop, holes can be drilled in plastic culture plates without creating large
cracks. Originally, we attached the coated glass slips to the bottom of plates with PDMS as
sealant but this method was quite time-consuming and required overnight curing of the PDMS
in an oven. Besides, there was leakage of the solution when cold PDMS was put in the plates
which may be due to the thermal shrinkage effect. Therefore other sealing methods were
explored. We decided to use Parafilm® to attach the cover slip to plates with holes. The
detailed procedure was described in Section 6.4.4.3 of the Materials and Methods. The
biocompatibility of Parafilm® was previously shown in a study where Parafilm® was used as a
microopatterning method [318].
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Figure 6-25 The requirement of thin bottom substrate for high resolution confocal microscopy with
immersion lens for reliable cell shape or height estimation. (A) The cells can be viewed directly when

they are cultured on thin bottom container, (B) the cells cultured on glass cover slip can be mounted on

another glass slide to image the cell morphology but the cell will be compressed by the pressure exerted
by the cover slip placed on top. Thus it is not advisable to measure cell heights using this setup.

Using Ibidi untreated dishes, cells could be micropatterned on a thin substrate which enabled
the use of immersion objective with a working distance smaller than the thickness of typical
culture dishes or plates which is around 1 mm. Figure 6-26 shows the micropatterned NP
cells with nuclei stained blue and actin stained red captured using a 20× objective in a
confocal microscope Leica SP5 MP. The working distance of this 20× air objective is 0.59
mm. It was not possible to use this objective with cell culture plate directly when the
objective was placed underneath the plate as the bottom thickness exceeded the working
distance. But this objective is compatible with the Ibidi untreated plastic dish with bottom
thickness of 0.18 mm. The Ibidi untreated plastic contains cyclic olefin but the exact
composition was not disclosed by the company. The surface hydrophilicity and optical
absorbance of this plastic were further characterized and are discussed in the next Chapter.
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Figure 6-26 Fluorescent photos of bovine NP cells on (A) 20 µm strips, (B) 50 µm strips, (C) small
circles and (D) large area of fibronectin. The cells were seeded in Ibidi untreated dishes at 1×105 cells
per dish, fixed at 2 h and stained blue with DAPI for cell nuclei and red with Phalloidin Alexafluor 568 for

actin. The density of cells was higher than the cells seeded at the same density in 6 well plates with wells
of similar diameter as there was higher tendency of the cells to concentrate at the centre of the Ibidi dish
compared to the culture plate or flat bottom culture dish. Note: There is a shallow well at the centre of the

Ibidi dish. (Scale bar = 50 μm, photos captured using a 20× air objective using a confocal microscope Leica

SP5 MP).

Stress fibers of cells were one of the subcellular features that can be studied with high
resolution confocal microscopy but difficult to be studied with widefield microscopy. Thus we
stained the cells with phalloidin stain and viewed the cells using a confocal microscope.
However, the stress fibers were not conspicuous for the bovine NP cells (Figure 6-27).

On small round patterns, the NP cells have smaller areas to spread, resulting in less
stress-fibers. In vivo, F-actin is predominantly punctate in NP cells but extends into the
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processes of the outer AF cells [289]. When the NP cells are cultured on planar surfaces
without micropatterns, the cells tend to spread much and more conspicuous stress fibers were
observed. Thus the small circular fibronectin patterns which resulted in fewer stress-fibers in
NP cells simulate the in vivo conditions better than planar surfaces without micropatterns.

Figure 6-27 Fluorescent photos of bovine NP cells on a circle fibronectin pattern (left) and
non-pattern fibronectin (right). The cells were seeded in an Ibidi untreated 35 mm dish, fixed at day 1,

stained blue with DAPI for cell nuclei and red with Phalloidin Alexafluor 568 for actin (scale bar = 50 μm,
photos captured using a 63× water objective using a confocal microscope Leica SP5 MP). The morphology

of the bovine NP cells on micropatterns could be viewed using confocal microscopy but the stress fibers
were not conspicuous.

From the equation given in Section 6.1.6 in the Background Section of this Chapter, the
resolution is also dependent on wavelength. The shorter the wavelength is, the better is the
resolution. In my study, two main Alexa Fluor dyes were used (green Alexa Fluor 488 and red
Alexa Fluor 568). They have emission wavelengths of 519 nm and 603 nm respectively
(Table 6-8). The calculated resolutions of different objectives based on this information and
the numerical apertures (NA) are given in Table 6-9. The resolution obtained using Alexa
Fluor 488 is 12-16% smaller than when Alexa Fluor 568 is used. Using a 63× water
immersion objective, resolution of 0.26 μm can be obtained (Table 6-9).
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Table 6-8 Excitation (Ex) and emission (Em) wavelengths of the fluorescent probes used in this
study. Alexa Fluor 488 has a slightly shorter emission wavelength and will give slightly better resolution
based on the equation given in the Section 6.1.6 in the Background Section in this Chapter.
Probe

Ex (nm)

Em (nm)

DAPI

345

455

Alexa Fluor 488

499

519

Alexa Fluor 568

579

603

Table 6-9 Estimated resolutions of objectives for confocal microscopy available in Facility for
Imaging by Light Microscopy (FILM) of Imperial College London (ICL). The highest resolution
achievable using the water immersion objective is 0.26 μm when Alexa Fluor 488 dye is used.
Air (dry)

Water

Water

Oil

Oil

Objective

Dipping

Immersion

Immersion

Immersion

Objective

Objective

Objective

Objective

Serial number

506513

506148

506279

506188

506042

Magnification

20×

63×

63×

63×

100×

NA a

0.7

0.9

1.2

1.4

1.4

Free working

0.59

2.2

0.22

0.1

0.09

0.45

0.35

0.26

0.23

0.23

0.53

0.41

0.31

0.26

0.26

distance (mm)
Resolution (Alexa
Fluor 488) (μm)
Resolution (Alexa
Fluor 568) (μm)
a.

NA: numerical aperture

From literature, no high resolution image of cultured bovine cells was found while HUVECs
was previously reported to have stress fibers [319]. Hence we prepared micropatterns with
HUVECs and stained it with phalloidin Alexa Fluor 488 instead of Alexa Fluor 568, which
may give a slightly better resolution compared to Alexa Fluor 568 as explained earlier. As
shown in Figure 6-28, cells in different shapes had different amounts of stress fibers. The
cells which were free to spread on the surface had conspicuous stress fibers in different
orientations while the elongated cells had stress fibers aligned to the long axis of the pattern.
The cell on the 20 μm circle was round in shape with less clear stress fibers and the cell on a
triangle pattern had stress fibers pointing towards the vertices of the triangle.
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Figure 6-28 Fluorescent photos of HUVECs on (A) circle pattern, (B) triangle pattern, (C) rhombus
pattern and (D) large area of fibronectin. The cells were seeded in an Ibidi untreated 2 well µ-slide,

fixed at day 1, stained blue with DAPI for cell nuclei and green with Phalloidin Alexafluor 488 for actin
(scale bar = 20 μm, photos captured using a 63× water objective using a confocal microscope Leica SP5

MP). Stress fibers were not conspicuous for the cell in round shape but conspicuous for the cells
extensively spread on the culture surface.

When stacks of images along z-direction were captured, orthogonal views of the cells could
be generated using image processing software such as Fiji (Figure 6-29 and Figure 6-30).
They gave a better idea about the shape of the cells cultured on micropatterns along the plane
orthogonal to the cell culture surface. With this view, the height of cells at different points can
be measured using the tools in Fiji. For instance, the cell heights at the centers of the cells
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were estimated to be 2-4 µm and 28-29 µm for the cells in Figure 6-29 and Figure 6-30
respectively.

Figure 6-29 Orthogonal view of a HUVEC in spread morphology stained blue with DAPI for cell
nuclei and green with Phalloidin Alexafluor 488 for actin. (Stacks of photos captured using a 63×

water objective using a confocal microscope Leica SP5 MP and processed using Fiji.) The window on the

right indicates the cross-sectional view of the cell along the purple line in the vertical direction of the cell

in the main window in the top left corner and the window in the bottom indicates the cross-sectional view
of the cell along the orange line in the horizontal direction of the cell in the main window. The resolution in

the x- or y- direction is higher than the z-direction for confocal microscopy. The cell height at the center of

this cell was estimated to be 2 - 4 µm.
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Figure 6-30 Orthogonal view of a HUVEC in round morphology stained blue with DAPI for cell
nuclei and green with Phalloidin Alexafluor 488 for actin. (Stacks of photos were captured using a 63×

water objective using a confocal microscope Leica SP5 MP and processed using Fiji.) The window on the

right indicates the cross-sectional view of the cell along the purple line in the vertical direction of the cell

in the main window in the top left corner and the window in the bottom indicates the cross-sectional view
of the cell along the orange line in the horizontal direction of the cell in the main window. The resolution in
the x- or y- direction is higher than the z-direction for confocal microscopy. The cell height at the center of

this cell was estimated to be 28 - 29 µm.

In addition to the orthogonal view, the cells could be viewed from different angles with 3D
reconstruction from stacks of images taken in the z-direction (orthogonal to the culture
surface). Examples were created using a round cell, an elongated cell, a triangle cell and a cell
allowed to spread freely from micropatterns of HUVECs. With 3D reconstruction, we can
have a better idea about the spatial conformation of the cells.
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6.6 Conclusions
Micropatterning of bovine NP cells has been optimized. Cells can be constrained into round
shape when they are cultured on 20 µm circular protein patterns while they become elongated
on 20 µm strips. Passivation of the non-patterned zones by pluronic is essential while the
presence of serum during cell seeding does not affect the success of cell micropatterns. The
cell patterns formed on polystyrene surfaces passivated with pluronic solution are more stable
than the patterns on glass surfaces passivated with PLL-g-PEG.

With DAPI staining, the area and shape of the nuclei of NP cells on micropatterns can also be
analyzed. Cells cultured on 20 µm circles or strips have smaller nucleus area compared to
cells allowed to spread freely. Nuclei of cells on 20 µm strips had the highest aspect ratio and
the lowest roundness. The ability to assess the nucleus shape and monitor gene expression
quantitatively as described in the next Chapter will allow more systematic studies of the
effects of cell shape, cell-cell contact and cell-matrix interactions on NP cell phenotype.

Different methods to prepare cell micropatterns compatible with high resolution confocal
microscopy were explored and the use of Ibidi untreated dishes was found to be applicable to
cell micropatterning. With this, high resolution photos were taken using confocal microscopy
and enabled the estimations of cell heights, the creation of orthogonal views to visualize the
cells from the sideway and the construction of 3D view of the cells. These allow the study of
cellular features down to a small scale that was not possible with ordinary widefield
microscopy.
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6.7 Appendix
6.7.1 Patterns of cells could be successfully formed when gap size was not larger than 50
μm while pattern size not smaller than 20 μm
Based on the design criteria in Section 6.5.2 in the Results and Discussion Section, circle and
strip patterns were designed as shown in Figure 6-31 using LayoutEditor. This software
allows drawing with high precision and creating repeating patterns using the "Cell" function.
After the design has been made, the film with patterns was ordered from JD Photo-Tools. The
photographic film used is a polyester-based film with a dense photographic emulsion. The
smallest feature that can be imaged on this photographic film is 8 µm at super-high resolution
option. Film mask was chosen in this study as it was inexpensive and gave circle and strip
patterns of reasonable quality with patterns without great deviation from the design. For Film
mask, patterns for four silicon wafers can be put in the same film mask which saved cost.
However, when more complicated patterns (eg. star shape) with small pattern sizes (eg. each
pattern of area < 500 μm2), glass/ chrome mask should be used. It allows the fabrication of
higher resolution patterns but it is more expensive and one chrome mask is required for each
silicon wafer.

Figure 6-31 Design of patterns in the software LayoutEditor to mimic the round shape of NP cells
and the elongated shape of tendon cells.
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6.7.2 Cell area evaluation at cell confluence
Estimates of the average cell areas of bovine NP cells, mouse C3H10T1/2 cells, HUVECs and
hMSCs at confluence were estimated from phase contrast photos captured using a 10×
objective and evaluated using the software Adobe Photoshop. Squares of 200 µm × 200 µm
were drawn on the photos and the numbers of cells within the squares were counted. Cells
with > 90% of area lying within the square were counted as one cell while cells with 10-90%
area lying within the square were counted as half a cell. Three regions on each photo were
counted for each cell type. The areas of cells were calculated based on the estimated number
of cells in a known area.

Table 6-10 The approximate numbers of cells per mm2 and areas of cells estimated from photos in
Figure 6-13 in the Results and Discussion Section (mean ± SD, counted from 3 areas of 200 μm × 200
μm each for each cell type)
2

Number of cells per mm
2

Area (µm )

bovine NP

mouse 10T1/2

HUVEC

hMSC

1513 ± 172

1204 ± 104

479 ± 155

579 ± 26

667 ± 79

835 ± 75

2283 ± 909

1729 ± 79

6.7.3 Study of spheroid formation by NP cells
Using untreated polystyrene culture plates as the substrate and with a pluronic passivation
step, cell micropatterns could be formed using different cell types as shown in Figure 6-32.
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Figure 6-32 Phase contrast photos of micropatterns formed from cells of different sources. (NP:

nucleus pulposus, AC: articular cartilage, tendon, AF: annulus fibrosus, CEP: cartilaginous endplate, AD:
adipose tissue). Photos were taken at 2-6 h after cell seeding (scale bar = 100 μm).

Interestingly, our preliminary experiments showed that different cells have different ability to
proliferate on patterns. NP cells could proliferate on the patterns and form spheres which
eventually detached from the surface (Figure 6-33A). AC cells could proliferate on the
patterns and formed a dense mass without detaching from the patterns (Figure 6-33B).
Tenocytes did not appear to proliferate and form micromass on the patterns (Figure 6-33C).
The ability of NP cells to form microspheres spontaneously will allow NP cells to be studied
in 3D conformation but without the diffusion limitation that are characteristic of pellet
cultures formed from about 2×105 cells. It was reported that in 2% oxygen conditions,
micropellets formed by approximately 167 MSCs have higher aggrecan and collagen II
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expression compared with pellets from 2×105 MSCs [320]. Using methylcellulose culture,
Sakai et al. found that spheroid-forming cells have higher NP matrix gene expression
compared with fibroblast-like cells in the primary cell population [58]. In this study, the NP
spheroid formation can be monitored by phase contrast microscopy and the relative gene
expression levels estimated by RT-qPCR.

Figure 6-33 Different behavior of cells on micropatterns. (A) Spheroid – forming cells eg. NP cells; (B)
Proliferating cells eg. AC cells; and (C) Slow/ non-proliferating cells eg. cells from tendon (all photos

shown were cells at day 7 after cell seeding, scale bar = 100 μm).
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Chapter 7 Quantitative Gene Expression Analysis
of Micropatterned Cells
7.1 Introduction
7.1.1 Background about laser capture microdissection (LCM)
7.1.1.1 LCM and its advantages
Before the introduction of laser capture microdissection (LCM), regions of interest from
tissue sections on glass slides were isolated manually [321] using a scalpel or a razor blade
[322] or using a needle with higher precision [323]. However, it is difficult to achieve high
precision without contamination with manual microdissection [324]. In 1976, Meier-Ruge et
al. developed a novel method using a laser for microdissection and this enabled
microdissection with greater speed, higher precision and higher reproducibility compared to
manual methods [325, 326]. To date, LCM has been applied in diverse applications such as
RT-PCR, proteomic and genomic profiling, forensic analysis of mixed cell samples and hair
follicles, evaluation of tumor microenvironment, studies in developmental biology and
embryology, animal models and xenografts as well as infectious disease biology [327].

The most widely used sample types for LCM are tissue sections, in particular cryosections.
Tissue sections often consist of a mixture of different cell types, which may affect the
interpretation of the studies and LCM can provide great insight on specific cell
subpopulations [328]. RT-qPCR of the whole tissue results in averaging of gene expression of
different cell types, which may mask the expression profile of specific cell populations. Hence
the ability to isolate cells into different categories from a tissue sample is beneficial to specific
molecular analysis. LCM is one of the methods to achieve this on tissue sections while flow
cytometry and glass capillaries are other methods to collect single cells from cells isolated
from tissues [329]. With micropatterning techniques, cells can be manipulated into different
shapes and spatial arrangement. Variations within the cell population can be observed and the
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use of LCM on cell micropatterns allows the selection of cells of interest from the
micropatterns.

7.1.1.2 Two types of LCM
There are a variety of instruments with different system configurations and intended
applications but LCM is the standard terminology used regardless of laser method type [330].
Two different laser capture microdissection platforms were developed almost concurrently in
the late 1990s [326, 327]. They are the infrared (IR) capture systems [331, 332] and the
ultraviolet (UV) cutting systems [333-338]. All commercially available LCM systems are
based on one of these two platforms [326].

The first platform using IR laser capture microdissection system was built by Emmert-Buck et
al. at the National Institutes of Health in 1996 [331]. This system was commercialized as the
PixCell system by Arcturus Engineering a year later. As shown in Figure 7-1 (from [326]), a
thin transparent thermoplastic film is placed over a tissue section and cells of interest are
selectively adhered to the film with a fixed-position, short-duration, focused pulse from an IR
laser [331]. The selective removal of the cells of interest was attained when the adherence of
the cells to the film is stronger than the adhesion to the glass slide [339]. Then the film is
lifted and the cells together with the film are transferred to a micro-centrifuge tube containing
buffer solutions for the isolation of DNA or RNA [328].
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Figure 7-1 Schematic representation of the two main LCM systems: the Arcturus PixCell II IR laser
system and the PALM Zeiss UV laser system. (Reproduced with permission of Elsevier from [326] ©

2013 Elsevier).

In 1996, Schütze et al. developed the second platform with the UV laser microbeam
microdissection system [333]. In this system, the cells or regions of interest are cut by a
highly focused laser beam. They are then catapulted against gravity into a collection device by
increasing the power of the laser as shown in Figure 7-1 (from [326]). This system was
subsequently made commercially available by PALM Zeiss Microlaser Technologies.

In 2013, Vandewoestyne et al. compared the IR and UV laser systems using bovine peripheral
blood mononuclear cells cytocentrifuged on a glass slide as well as sections of bovine
blastocysts [326]. They compared the speed, precision, user-friendliness, sample preparation

Technique and Method Development for Intervertebral Disc (IVD) Research

213

Chapter 7 Quantitative Gene Expression Analysis of Micropatterned Cells

necessities, and effect on DNA and RNA quality of these two systems and concluded that the
UV system allows faster and more precise sample collection and permits the collection of
single cell samples for DNA extraction and downstream PCR applications. In this study, a UV
laser system from Zeiss was used.

7.1.1.3 Laser cutting and catapulting in PALM MicroBeam from Carl Zeiss
PALM MicroBeam is an equipment for laser capture microdisssection from Carl Zeiss. There
are two types of laser uses associated with it: the laser cutting function and the catapulting
function (Figure 7-2). In laser cutting, the movement of the sample is controlled by a
computer so that specific shape can be cut. In catapulting, the laser generates an upward force
that pushes the area of interest to the cap of the collection tube.

Figure 7-2 The laser cutting function and the catapulting function in PALM MicroBeam from Carl
Zeiss.

7.1.2 Motivation for developing methods for preparing micropatterns compatible with
LCM
Phase contrast microscopy and fluorescence microscopy have been widely used in studying
cell micropatterns but they provide limited quantitative information on the cell phenotype. A
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number of studies have been performed using immunostaining of cells on micropatterns. With
this method, only a limited number of proteins (typically one or two) can be monitored for
each sample. Besides, the protein expression of some genes such as extracellular matrix and
growth factors which are secreted out of the cells can be difficult to be assessed using
immunostaining and subject to the availability and quality of antibodies. Furthermore, the
quantification of protein expression levels through immunostaining is affected by the
photobleaching effect of the fluorescent dyes involved, making quantification difficult. In situ
PCR has been used in assessing micropatterned cells [340] but it requires the synthesis of a
probe for each gene under study and it is not quantitative. In contrast, RT-qPCR allows
multiple genes to be monitored from the same sample, including genes that code for proteins
that are secretory. The quantification using RT-qPCR is not affected by photobleaching. One
of the challenges associated with RT-qPCR of micropatterned cells is the small number of
cells available from micropatterned surfaces compared with culture surfaces of the same area
where cells can spread throughout. Commercially available kits such as Ambion®
Cell-to-CtTM kit from Life Technologies now allow RT-qPCR to be performed with cells
without a RNA extraction step. Therefore, in this study, the Cell-to-CtTM kit was adapted for
micropatterned cells.

Cells attached on micropatterns are not a uniform population (eg. some patterns may contain
single cells while others may contain more than one cell on the same micropattern) and
RT-qPCR using the cell lysate from the whole micropattern surface will result in averaging of
the individual differences. To study specific cell population within a mixed population, LCM
has been applied to frozen sections in genomic and proteomic studies in both clinical and
research laboratories [327, 331, 341-343] and to sections of chemically fixed tissues [344].
LCM has also been used to study cells on micropatterns created by microarray techniques
[345, 346]. However, only circular patterns of around 150-500 µm diameter could be made
using this microarray technique. In contrast, a wide range of pattern shapes and sizes can be
obtained using microcontact printing without sophisticated instruments in every run of
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experiments. Nevertheless, there is no study using LCM for micropatterned cells prepared by
microcontact printing. The microcontact printing technique is dependent on the substrate used.
Hence a micropatterning procedure compatible with LCM was developed and optimized. We
hypothesize that micropatterning can be compatible with LCM through surface modification.

7.2 Objectives
The objectives of experiments described in this Chapter are:
•

to adapt a commercial kit for RT-qPCR of micropatterned cells

•

to develop a method for gene expression analysis of selected cells using laser capture
microdissection (LCM)

7.3 Materials and Methods
There are three main parts in this Chapter and the Materials and Methods Section is organized
as shown in Figure 7-3.

Figure 7-3 Experimental procedures involved in this Chapter. There are three main parts in Chapter 7.

Part A is comparing the direct RT approach and the RNA extraction approach of RT-qPCR of
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micropatterned cells. Part B is the investigation of the properties of materials considered for
micropatterning. Three main types of materials were used and they are plastic, glass and membrane
surfaces. The wettability and UV absorbance properties were assessed by contact angle measurement and

UV spectrometry. Part C is the preparation of cell micropatterns that are compatible with LCM and
downstream RT-qPCR.

7.3.1 Preparation of micropatterned surfaces in cell culture plates
The preparation of micropatterned surfaces for RT-qPCR in untreated cell culture plates and
the cell seeding protocol were described in Chapter 6.

7.3.2 RT-qPCR of micropatterned cells in cell culture plates
Reverse transcription (RT) was performed on cell lysate prepared with the Cell-to-Ct kit
directly without RNA extraction or on purified RNA using QuantiTect Rev Transcription Kit
with RNA extracted with RNeasy kit. qPCR was performed using QuantiTect SYBR Green
PCR Kit as depicted in the two approaches in Figure 7-4.

Figure 7-4 Two approaches of RT-qPCR used for micropatterned cells in this study.

7.3.2.1 RT using Cell-to-Ct kit
The reagents in this section were supplied in the Cell-to-Ct kit (Power SYBR® Green
Cells-to-CT™ Kit, catalog # 4402953, Life Technologies). Cells seeded on micropatterns in 6
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well or 12 well plates were washed with PBS (DPBS, Gibco, catalog # D-PBS14190-169).
Cell lysis solution with DNase1 was freshly prepared before each experiment by mixing the
cell lysis solution and the DNase1 in 100:1 v/v ratio. Immediately after removing the PBS, 10
μl of cell lysis solution with DNase1 was added to the well and the cell lysis was aided by
pipetting the solution up and down. The cell lysate was then transferred to a sterile 0.2 ml
PCR tube and incubated at room temperature for 10 min. After this incubation, 1 μl of stop
solution was added to the lysate, mixed and incubated at room temperature for 2-5 min. The
lysate was put on ice before further steps when several samples were handled in a single
experiment. For each RT reaction, 5 μl of 2× SYBR® RT Buffer was mixed with 0.5 μl of 20×
RT Enzyme Mix and 4.5 μl of lysate. RT reactions were performed at 37 °C for 60 min
followed by 95 °C for 5 min using a thermocycler. The samples were cooled to 4 °C and then
put on ice. The cDNA was diluted 5× by adding 40 μl of autoclaved water. No RT controls
were prepared by the same RT reactions except that the RT Enzyme Mix was replaced by
DEPC-treated water. The cDNA was used immediately for qPCR or stored at -20 °C.

7.3.2.2 RNA extraction using RNeasy kit
RNA extraction using the Qiagen RNeasy Mini Kit (catalog # 74106, Qiagen) was performed
according to the manufacturer’s instruction (RLT buffer, RW1 buffer and RPE buffer
mentioned below were provided in the RNeasy Mini Kit). In brief, the cells were washed with
PBS and lysed with 350 μl of RLT buffer per well of cell micropatterns. The lysate in RLT
buffer was proceeded with RNA extraction or stored at -80 °C before extraction. For RNA
extraction, 1 volume of 70% (v/v) ethanol was added to the lysate, and mixed well by
pipetting. Around 700 μl of the sample, including any precipitate, was transferred to an
RNeasy Mini spin column placed in a supplied 2 ml collection tube. The tube was centrifuged
for 15 s at 8000 × g. The flow-through was discarded. 700 μl of Buffer RW1 was added to the
RNeasy spin column and centrifuged for 15 s at 8000 × g. The flow-through was discarded.
500 μl of Buffer RPE was added to the RNeasy spin column and centrifuged for 15 s at 8000
× g. The flow-through was discarded. 500 μl of Buffer RPE was added again to the RNeasy
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spin column and centrifuged for 2 min at ≥ 8000 × g. The RNeasy spin column was then
placed in a new 1.5 ml collection tube and 30 μl of RNase-free water was added directly to
the spin column membrane. The tube was centrifuged for 1 min at ≥ 8000 × g to elute the
RNA.

7.3.2.3 RT using QuantiTect Rev Transcription Kit
Genomic DNA elimination reactions were performed with 100 ng of total RNA per sample
with the gDNA Wipeout Buffer provided in the QuantiTect Rev Transcription Kit (Qiagen,
catalog # 205314 in a reaction volume of 7 µl). The samples were incubated at 42 °C for 2
min using a thermocycler for good heat transfer and temperature control. The samples were
then placed on ice immediately. Reverse transcription was performed to generate cDNA in a
10 µl reaction volume with 1 µl of Quantiscript reverse transcriptase, 4 μl of 5X Quantiscript
RT buffer, 1 μl of RT primer mix and 3 μl of genomic DNA elimination reaction with RNA in
it. The samples were incubated at 42 °C for 15 min followed by 95 °C for 3 min using a
thermocycler. Afterwards, the samples were put on ice (or stored at -20 °C before further
experiments). The cDNA was diluted five times by adding 40 µl of autoclaved water.

7.3.2.4 qPCR
qPCR was performed with a total reaction volume of 10 µl, containing 1 µl of single stranded
cDNA, 5 µl of QuantiTect SYBR Green PCR Kit (Qiagen, catalog # 204145) and 500 nM
each of forward primer and reverse primer (GAPDH, ACAN, COL2A1, CDH2, KRT18 and
KRT19 from [113] with sequences given in Chapter 2), in 0.1 ml strip tubes and caps (catalog
# 981103, Qiagen) using a standard PCR protocol for SYBR green reactions (Rotor-Gene Q,
Qiagen) with a melt curve analysis. The primers were ordered from Invitrogen. Autoclaved
water was used as a negative control when necessary and no RT control was used to estimate
the level of residual genomic DNA contamination. The relative gene expression was
calculated based on comparative Ct method. The qPCR program was as follows:
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Table 7-1 Conditions used in qPCR using Rotor Gene Q (Qiagen)
Temperature
Time
DNA polymerase heat activation
95 °C
15 min
Thermocycling (40 cycles)
94 °C
15 s
60 °C
15 s
72 °C
15 s
Melt curve
70 to 95 °C (step of 1 °C)
/

7.3.3 Surface modifications, contact angle measurement and UV spectrometry
Contact angles of different materials were analyzed in this study as shown in Figure 7-5 with
details of modifications given in Table 7-2 and explained in the next paragraph.

Figure 7-5 Materials and types of modifications involved in this study.

The contact angles of different surfaces were measured using Krüss Easydrop. Nunc untreated
polystyrene plastic (catalog # 150200) and Ibidi plastic untreated dish (catalog # 81151) were
studied as cell micropatterns could be formed on these materials (involved in experiments in
Chapter 6). Untreated culture dish from Sterilin (catalog # PDS-140-180P) was also studied as
an untreated polystyrene from another company. In Chapter 6, the polystyrene untreated
plates used for the 2nd generation containers were cleaned with 70% (v/v) ethanol after hole
punching in the mechanical workshop. Thus the effect of cleaning with 70% (v/v) ethanol was
assessed.

Technique and Method Development for Intervertebral Disc (IVD) Research

220

Chapter 7 Quantitative Gene Expression Analysis of Micropatterned Cells

In Chapter 6, cell micropatterns could be prepared with glass cover slip with PLL-g-PEG
passiviation and polystyrene-coated glass cover slip with pluronic passivation. The patterns
formed on polystyrene-coated glass cover slip with pluronic passivation was more stable for
the bovine AC cells compared to the glass cover slip treated with PLL-g-PEG. In the
polystyrene-coated cover slip preparation, the cover slip was cleaned with 70% (v/v) ethanol
and coated with polystyrene. Hence the contact angles of glass cover slip, cover slip after 70%
(v/v) ethanol cleaning and after polystyrene coating were measured. The contact angle of the
ethanol cleaned cover slip was re-measured at day 1 after cleaning to assess whether the
change of wettability resulted from cleaning was reversed upon storage. For the Zeiss
Microbeam LCM machine, there was a holder for glass or metal slide but not cover slip. Thus
we measured the contact angles of a glass slide before and after cleaning as well as storage
and after polystyrene coating similarly.

Although cell micropatterns could be formed with polystyrene coated glass cover slips, our
study in this Chapter demonstrated that the cutting and catapulting did not work well with
polystyrene coated glass slide (see Figure 7-9 in Section 7.4.2 of the Results and Discussion
Section). This urged us to study the PEN (Life Technologies, catalog # LCM0531) or PET
(Zeiss, catalog # 415190-9101-000) membrane slides specially designed for LCM application.
In the product information provided by Zeiss about the membrane slides, it is recommended
to irradiate the membrane with UV light at 254 nm for 30 min, which makes the membrane
becomes more hydrophilic for tissue section adherence. This step can sterilize and destroy
potentially contaminating nucleic acids. Therefore we examined the effect of UV treatment
using the UV light in a biosafety cabinet (BSC). In the membrane slide product information, it
is also suggested that this UV treatment is preferably performed shortly before use (up to
some days before), which implies the treatment may not be stable. Hence the contact angles
were re-measured at day 3 and day 8 after the UV irradiation for the PEN membrane slide
irradiated with UV overnight. On the other hand, UV/ ozone treatment is also a method of
surface sterilization. Thus the contact angles were also measured after this treatment.
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UV-vis spectrometry measurements were performed with six different materials using a
Perkin Elmer Lambda 25, UV-Vis spectrophotometer. The materials measured were the
polystyrene (PS) in the untreated culture plates from Nunc (catalog # 150200), the PS of
untreated culture dish from Sterilin (catalog # PDS-140-180P), the plastic bottom material of
Ibidi plastic untreated dish (catalog # 81151), plain glass slide from VWR (catalog #
631-0113), PEN membrane of PEN membrane frame slide from Life Technologies (catalog #
LCM0531) and PET membrane of PET membrane frame slide from Zeiss (catalog #
415190-9101-000). The scans of UV-visible light absorbances were from 300 nm to 500 nm
to include the 355 nm data point, which is the wavelength of laser used in cutting in LCM.

Table 7-2 Different types of surface treatments used in samples for contact angle measurements
Treatments
Descriptions
Cleaning with 70%
The surfaces were sprayed with 70% (v/v) ethanol, wiped with KimWipe and dried
ethanol
at room temperature.
Reason for testing this treatment:
Cleaning with 70% ethanol is a method to sterilize surface
Cleaned surface, stored at
After cleaning with 70% ethanol, the samples were put at ambient atmosphere and
ambient conditions
temperature for a particular length of time. Then the contact angles were
re-measured. This is to assess the changes in surface due to interaction with the
ambient.
Reason for testing this treatment:
Cleaning with 70% ethanol may change the surface properties of materials and
re-measurement of the contact angles after storage at ambient conditions was done
to assess the stability of the modification induced by the 70% ethanol treatment.
UV (in BSC)
The samples were put inside a BSC right under the UV lamp so that the distance
between the sample and the UV lamp is the shortest possible distance.
Reason for testing this treatment:
Irradiation under UV is a method to sterilize surface.
UV, stored at ambient
After UV irradiation in BSC, the samples were put at ambient atmosphere and
conditions
temperature for a particular length of time. Then the contact angles were
re-measured.
Reason for testing this treatment:
Irradiation in UV may change the surface properties of materials and
re-measurement of the contact angles after storage at ambient conditions was done
to assess the stability of the modification induced by the UV treatment.
UV/ ozone
The samples were put inside the drawer of the UV/ ozone machine (UV Ozone
Cleaner-ProCleaner™ Plus) and UV radiated for the desired length of time.
Reason for testing this treatment:
One of the applications of ProCleaner™ Plus is surface sterilization.
PS coating
The surfaces were coated with PS solution in toluene as described in Chapter 6.
Reason for testing this treatment:
Coating with PS is a method demonstrated in Chapter 6 to be effective for cell
micropatterning when pluronic solution was used as the passivation reagent.
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7.3.4 Preparation of slides for cell micropatterns for LCM
Polystyrene in toluene (0.5% w/v) was prepared as described in Chapter 6. PEN membrane
slides from Life Technologies (catalog # LCM0531) and PET membrane slides from Zeiss
(catalog # 415190-9101-000) were used. To prepare polystyrene coated membrane slides, the
membranes were coated with polystyrene by spreading the 0.5% (w/v) polystyrene in toluene
with a 200 µl pipet tip on the membranes. The slides were placed in vacuum to remove
residual solvent when they were used immediately or prepared 3-5 days before use in cell
culture so as to ensure complete evaporation of residual solvent. The membrane slides were
sterilized by UV prior to cell culture for 10-30 min for each side. Glass slides to be put
underneath the membrane frame slides were cleaned with 70% (v/v) ethanol and also
sterilized under UV in a BSC.

7.3.5 Preparation of protein micropatterns on membrane slides
Protein micropatterns were stamped on the polystyrene-coated membrane slides with
procedures similar to those described in Chapter 6 with the difference that a glass slide was
put underneath the membrane frame slide for more uniform pattern transfer (explained in
Figure 7-15 in Section 7.4.5 the Results and Discussion Section). Prior to cell seeding, the
surface without protein patterns was passivated by pluronic. This was done by adding about 1
ml of 1% (w/v) pluronic solution in PBS to the well of a frame slide. The slides were washed
three times with PBS before cell seeding.

Technical note: It is important to avoid spreading of the pluronic solution to the metal frames
of the membrane frame slides. Otherwise, the solution may leak out to the containers holding
the slides, causing the membrane to dry more easily. When the metal frame surface has been
wetted by the pluronic solution, the cell suspension will probably leak out even if the frame
slide is completely dried before cell seeding. This could be due to a modification of the
hydrophilicity of the metal surface by the pluronic. In such case, a larger volume of cell
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suspension should be used to ensure the cells in the well of the frame slide are not dried
before the replacement of cell suspension by cell culture medium.

7.3.6 Seeding of cells on membrane slides
In order to visualize the cells more clearly during the LCM, they were stained with
fluorescent dye(s). Cells in suspension were stained with CellTracker Green or CellTracker
Red. Cells were trypsinized from the culture flasks, centrifuged and resuspended in serum
free medium. Stock solutions (10 mM) of CellTracker™ Green CMFDA (Life Technologies,
catalog # C2925) and CellTracker™ Red CMTPX (Life Technologies, catalog # C34552)
were prepared by adding dimethyl sulfoxide (DMSO, Sigma, catalog # D2650) to the
chemicals. The stock solution of dye was added to the cell suspension in serum free medium
to a final concentration of 1 μM (10, 000× dilution). The cells were stained at room
temperature for 20-30 min in dark. The cells were then washed three times with serum free
medium. 1 ml of cell suspension was seeded in the well of the membrane slide with protein
micropatterns placed in a petri dish (Fisher Scientific, catalog # PDS-140-045V) or a
QuadriPerm cell culture plate (Greiner Bio-One, catalog # 96077307). The cells were
incubated at 37 °C with 5% CO2 for 2 h. Then the membrane slide was washed with PBS and
DMEM (Invitrogen, catalog # 17101015) with 10% (v/v) FBS and 1% (v/v)
Antibiotic-Antimycotic (Invitrogen, catalog # 15240-062) was added to the dish or plate so
that the whole membrane slide was covered with medium.

7.3.7 Dehydration of slides for LCM
At 4 h after cell seeding, the membrane slides for LCM were removed from the cell culture
medium, washed with PBS and immersed in 100% ethanol for about 5 min. The slides were
then dried at room temperature (and kept in the dark if the cells have been stained with a
fluorescent dye). After the slides have been completely dried, they were transferred to a 50 ml
centrifuge tube and stored at -80 °C or used immediately for LCM. The use of air tight
centrifuge tubes reduces the condensation of water vapor on the slide when they are taken out
Technique and Method Development for Intervertebral Disc (IVD) Research

224

Chapter 7 Quantitative Gene Expression Analysis of Micropatterned Cells

from the freezer. This reduces the chance of RNA degradation by keeping any potential
RNase present in an inactive dry state.

7.3.8 LCM
The procedures of LCM were performed according to the protocol from Zeiss with the
adaptations for using Cell-to-Ct kit. In brief, capped 0.6 ml tubes were pre-cooled on ice. The
frame slide with cell micropatterns was mounted to the stage holder of the LCM machine. The
cells of interest were selected using the Zeiss LCM software. Then 5 µl of Cell-to-Ct lysis
buffer was added to the centre of the cap of a 0.6 ml tube pre-cooled in ice and cells were
catapulted into the lysis buffer with the following settings in the Zeiss MicroBeam software
(positioning speed: 100%, LPC energy: 90 and focus: 86). The tube with catapulted cells was
removed from the tube holder and kept on ice before DNase1 treatment.

7.3.9 RT-qPCR of laser captured cells using Cell-to-Ct kit
RT-qPCR was performed on laser-captured cells with procedures similar to Sections 7.3.2.1
and 7.3.2.4 with the following modifications for the step before adding the stop solution of the
Cell-to-Ct kit. To adjust the volume of solution due to evaporation, the volume of the lysis
solution remained in the cap was approximately estimated using a pipet and DEPC-treated
water was added so that the total volume was 5 µl. The 5 µl of cell lysates in 0.6 ml tubes
were then mixed with another 5 µl of lysis buffer with 2× DNase1. The mixtures were
centrifuged and transferred to 0.2 ml tubes.

7.3.10 Statistical analysis
P-values were calculated using Student’s two-tailed t-test of unequal variance. P-values of
smaller than 0.05 was considered as statistically significant.
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7.4 Results and Discussion
7.4.1 The use of Cell-to-Ct kit for micropatterned cells
With the use of RNeasy mini kit for RNA extraction, gene expression could be studied for
micropatterned bovine NP cells cultured for 3 days. As shown in Figure 7-6, the ACAN and
COL2A1 expression of cells on 20 µm circles was higher than those on 20 µm strips. For
RNA extracted from cells on these micropatterns, the RNA concentrations were rather low
with an average concentration of 22.9 ng/µl for RNA from 20 µm circles (Table 7-3). The
number of cells available from micropatterns at day 1 may even be smaller than that of day 3
(Figure 7-7A&B compared to Figure 7-7C&D). Hence, we explored other methods to
perform RT-qPCR with cells on micropatterns. Cell-to-Ct kit was designed for studying gene
expression in a small number of cells (eg. cells from a well in a 96 well plate). It incorporates
a breakthrough cell lysis and RNA stabilization technology that eliminates the laborious and
time-consuming RNA purification process completely. These features suggest that this kit can
be a potential less laborious option for studying gene expression on cells cultured on
micropatterns.

Figure 7-6 Relative mRNA levels in bovine NP cells on fibronectin micropatterns of 20 µm circles
and 20 µm strips at day 3 with RNA extracted using a RNeasy kit and reverse transcribed using a
QuantiTect Rev Transcription Kit. (Relative to GAPDH and the average gene expression of the two
groups; mean ± SD; 1 sample from batch 1 and 2 samples from batch 2; technical duplicates in qPCR; * p <
0.05). ACAN and COL2A1 expression of cells on 20 µm circles was higher than those on 20 µm strips.
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Table 7-3 Concentrations, A260/A280 and A260/A230 of RNA extracted with a RNeasy kit from bovine
NP cells on fibronectin micropatterns at day 3. (Mean ± SD, 1 sample form batch 1 and 2 samples from
batch 2)

Conc. (ng/µl)

A260/A280

A260/A230

20 µm circles

22.9 ± 2.9

2.25 ± 0.05

1.10 ± 0.12

20 µm strips

156.1 ± 79.5

2.07 ± 0.02

1.68 ± 0.77

Figure 7-7 Phase contrast photos of NP cells on micropatterns. NP cells on (A) 20 µm circles at day
1, (B) 20 µm strips at day 1, (C) 20 µm circles at day 3 and (E) 20 µm strips at day 3. (Scale bar = 100

µm). The numbers of bovine NP cells on micropatterns increased at day 3 compared to day 1 after cell
seeding.

The Cell-to-Ct kit was designed for cells cultured in 96 well plates but the cells on
micropatterns were cultured in 12 well plates or 6 well plates. Therefore, the lysis buffer was
added to the 12 or 6 well plates and transferred to 0.2 ml tubes for subsequent steps instead of
carrying out the reactions in the plates. This could slow down the drying of the lysate resulted
from the larger area in each well of the 12 or 6 well plates compared to that of 96 well plates.
By adapting this Cell-to-Ct kit to the micropatterned cells, RT-qPCR analysis can be
performed on day 1 and day 3 cells (Figure 7-8). Higher expression of ACAN and COL2A1
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was consistently observed in cells on 20 µm circles compared to 20 µm strips for samples
assayed using both the RNeasy kit (Figure 7-6A&B) and the Cell-to-Ct kit (Figure 7-8C&D).

Figure 7-8 Relative mRNA levels in bovine NP cells on fibronectin micropatterns of 20 µm circles
and 20 µm strips detected using a Cell-to-Ct Kit. (Relative to GAPDH and the average gene expression of

the two groups; mean ± SD; 4 samples from 3 independent experiments for ACAN and 5 samples from 4
independent experiments for COL2A1; technical duplicates in qPCR; * p <0.05).

7.4.2 Laser cutting and catapult of polystyrene (PS) coated glass slide
According to the protocols available from the LCM company Zeiss, plain glass slides may
also be used for LCM. The use of plain glass slide with LCM of cryosections was
demonstrated in some literature [327, 347-352]. Thus the use of glass slide was tested in this
study. In order to make the glass surface compatible with the procedures of cell
micropatterning using pluronic as the passivation agent, plain glass slide was coated with
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polystyrene (PS) after cleaning with 70% ethanol and dried. Laser cutting and catapult was
done on PS coated glass slide. As shown in Figure 7-9A, the PS coating could not be cut by
the laser at the three laser energy settings tested (50%, 70% and 90%). 70% or 90% laser
energy damaged the glass slides without giving sharp cutting. Catapult with the PS coated
glass slide created a hole on the slide and the surrounding PS coating being cracked and
deformed (Figure 7-9B). This is in contrast to the catapult in the PEN membrane slide, which
is specially designed for LCM. The catapult on this PEN membrane created a hole with a
sharp edge (Figure 7-9C). Hence we studied the properties of different categories of materials
(plastic, glass and LCM compatible membrane) to obtain information for developing a
method to study the gene expression of micropatterned cells using LCM.

Figure 7-9 Laser cutting and catapult using Zeiss LCM on PS coated glass slide. (A) Laser cutting and

(B) catapult on PS coated glass slide, and (C) catapult on PEN membrane slide (scale bar = 50 µm for A and
scale bar = 25 µm for B and C).

7.4.3 Identifying materials for micropatterning compatible with LCM through
understanding the material wettability and UV absorbance
In order to create cell micropatterns compatible with LCM, the wettability and the UV
absorption of different materials were studied. Contact angles (as indicators of wettability)
were measured as the success of micropatterning depends on the wettability of substrates
[317]. UV absorption properties were assessed as the cutting and catapulting of the Zeiss
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Microbeam LCM system uses a laser at 355 nm, which is in the UV range. Three main
categories of materials were measured and they were plastic, glass, and membrane slides. In
Chapter 6, micropatterning could be performed with polystyrene plastic and Ibidi plastic
dishes using pluronic as the passivation agent. The use of plain glass slide with LCM of
cryosections was demonstrated in some literature [327, 347-352] and membrane slides were
specially designed for LCM applications. The details of the materials and the associated
surface modifications were given in Section 7.3.3 in the Materials and Methods Section.

7.4.3.1 Contact angles of plastic
Contact angles were measured for the plastic surfaces that were used in the micropattern study.
Cells were successfully patterned on these surfaces using pluronic as the passivation agent.
The water drops on the surfaces were dome shaped (Figure 7-10). As shown in Table 7-4, all
the untreated plastic surfaces being used have hydrophobic surfaces with average contact
angles greater than 70°. Cleaning the Sterilin polystyrene surface with 70% ethanol did not
change the wettability of it.

Figure 7-10 Photos of water droplets on plastic substrates in contact angle measurements.

Table 7-4 Contact angles of plastic substrates without and with cleaning with 70% ethanol
measurements)

Substrate

Substrate and treatment

Contact angles

dish

60 mm dish

82.0 ± 2.0

cleaned 60 mm dish

79.6 ± 6.4

plate

12 well plate

78.3 ± 3.9

Ibidi

Ibidi untreated dish

70.5 ± 6.8
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7.4.3.2 Contact angles of glass
The water drop on untreated glass cover slip was dome shaped but the water contact angle
decreased from 65.9° to 43.3° after the glass cover slip was cleaned with 70% ethanol and
dried (Figure 7-11 and Table 7-5). Unlike polystyrene, the cleaning of glass using 70%
ethanol changed its wettability. Compared to glass cover slip, the glass slide before cleaning
with 70% ethanol was highly hydrophilic with contact angles of around 5.2° (Table 7-5) and
became more hydrophobic with a contact angle of 27.8° after cleaning with 70% ethanol.

It was reported that PDMS has hydrophobic recovery properties i.e. the PDMS surface that
has been made hydrophilic by surface treatments such as plasma treatment will regain its
hydrophobicity after some time when it is left in air [353]. Thus the contact angles of cleaned
glass cover slip were also measured one day after cleaning with 70% ethanol. There was no
significant difference in contact angles for the glass substrate at day 1 after cleaning (Table
7-5).

Figure 7-11 Photos of water droplets on glass substrates in contact angle measurements.
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Table 7-5 Contact angles of glass substrates without and with different treatments
measurements)

Substrate

Substrate and treatment

Contact angles

Cover slip

glass cover slip

65.9 ± 3.7

cleaned glass cover slip

43.3 ± 5.7

cleaned glass cover slip day 1

49.4 ± 2.5

PS coated glass cover slip

96.8 ± 1.6

glass slide

5.2 ± 6.8

cleaned glass slide

27.8 ± 8.4

cleaned slide day 1

23.8 ± 1.7

PS coated glass slide

96.0 ± 1.3

Slide

(n = 4

In Chapter 6, cells were successfully cultured on micropatterns prepared on Nunc untreated
culture plates, thus we used the polystyrene from the untreated culture plate to coat glass
cover slips. The polystyrene coating rendered the glass cover slip or glass slide more
hydrophobic (Table 7-5). Cell patterns were performed on polystyrene coated glass cover slip
and polystyrene coated glass slides with attempts to prepare cell patterns for LCM. Coating
detachment was always observed for glass slide but not for glass cover slip. The lower
hydrophobicity of glass slides compared to glass cover slip (Table 7-5) may be the cause of
the difference in coating adhesion strength.

7.4.3.3 PEN and PET membrane slides have higher absorbance at 355 nm
Although cell micropatterns could be formed on polystyrene-coated glass cover slip, the
polystyrene-coated glass was not compatible with LCM (as shown previously in Figure 7-9).
In the Zeiss Microbeam LCM system, a laser of 355 nm is used. Hence, we measured the
UV-vis spectra of six different materials listed in Table 7-6 to further understand the material
requirements for LCM with the reasons for choosing these materials given earlier in Section
7.3.3 in the Materials and Method Section. As the absorbance of light is dependent on the
thickness of materials, the thickness was either measured by a caliper, obtained from
manufacturer's data or by assumption when thickness values from the prior two sources were
not available. The thickness of the Ibidi untreated dish was available from the Ibidi company
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website and was 0.18 mm. The thickness of Nunc PS, the Sterilin PS and the VWR glass slide
were measured by a caliper and were 1.12 mm, 0.8 mm and 1.08 mm respectively. The PEN
membrane and PET membrane were too thin to be measured by a caliper and was assumed to
be less than 0.18 mm thick as it was definitely thinner than the bottom plastic of the Ibidi
dishes. The absorbances in UV-vis spectrometry were normalized by the thickness. 0.18 mm
was used for the normalization of the absorbances of PEN membrane and PET membrane as
the exact thickness was not known. This will cause under-estimations of the normalized
absorbances of these two materials.

Table 7-6 Materials used for UV-vis spectrometry measurements and contact angle measurements
Thickness
Brand

Catalog #

(mm)

Source

Nunc PS

Nunc

150200

1.12

Caliper

Sterilin PS

Sterilin

PDS-140-180P

0.8

Caliper

Ibidi

Ibidi

81151

0.18

Manufacturer's data

Glass slide

VWR

631-0113

1.08

Caliper

PEN

Life Technologies

LCM0531

< 0.18

By assumption

PET

Zeiss

415190-9101-000

< 0.18

By assumption

Figure 7-12A shows the UV-vis spectra of materials listed in Table 7-6. PEN membrane and
PET membrane have higher absorbances than other materials. However, the absorbances
measured were underestimated due to the uncertainty of the membrane thickness. At 355 nm,
which is the wavelength of laser used in LCM for cutting, PEN membrane had the highest
absorbance followed by PET membrane (Figure 7-12B). Compared to PET membrane, PEN
membrane has nearly 30 times higher absorbance at 355 nm. Even with under-estimation, the
normalized absorbance of PET was still more than double that of Ibidi plastic, PS or glass.
This is possibly one of the reasons for using PET membrane and PEN membrane in LCM as
the membrane can be cut more easily using a laser at 355 nm.
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Figure 7-12 (A) UV-vis spectra of materials listed in Table 7-6 normalized with material thickness
and (B) the corresponding normalized absorbances at 355 nm. (* The absorbances for PEN and PET
were under-estimated due to the assumption of thickness of 0.18 mm which is an overestimated value).

Table 7-7 shows the chemical structures of polystyrene (PS), polyethylene naphthalate (PEN)
and polyethylene terephthalate (PET). The peak wavelengths tend to be shifted towards the
long wavelength as the conjugated systems (connected p-orbitals with delocalized electrons
from the benzene ring) get larger (Figure 7-13). Among the three molecules, PEN has the
largest conjugated system due to the naphthalene, thus the largest shift of absorbance to
longer wavelength. The benzene ring in the PET can form delocalized electron clouds with
the neighbouring p-orbitals of the double bonds, which also shifts the peak to longer
wavelength compared to polystyrene without extended delocalized electrons outside the
benzene ring. Thus the peak absorbance wavelengths are: PS < PET < PEN as observed in
Figure 7-12 (the absorbance peak of PS was out of the detection range measured).
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Table 7-7 Chemical structures of polystyrene (PS), polyethylene naphthalate (PEN) and
polyethylene terephthalate (PET)
Polystyrene (PS)
Polyethylene naphthalate (PEN)

Polyethylene terephthalate (PET)

Figure 7-13 Absorption spectra of benzene, naphthalene and anthracene in cyclohexane. The

spectra were plotted from the database in the software PhotochemCAD, which is downloadable from

http://www.photochemcad.com. The data of absorption spectra of benzene, naphthalene and anthracene
in the database were provided by Ruchun A. Fuh and plotted using Microsoft Excel.

7.4.3.4 Contact angles of membrane slides
As explained in the previous Section, PEN membranes and PET membranes facilitate cutting
by laser in LCM due to their high absorbances at 355 nm. It was suggested that wettability is
an important factor that affects the success of micropatterning [317] but little information is
available. Therefore the contact angles of the PEN and PET membranes were measured with
results shown in Figure 7-14 and Table 7-8. The contact angles were approximately 90.5° for
PEN and 79.7° for PET but the difference was not statistically significant due to the large
standard deviations for the measurements for the PEN membrane.
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Since the membrane slides were supplied non-sterile, the effects of UV on surface
hydrophobicity were also assessed. According to the product information of the membrane
slides of Zeiss, UV treatment for membrane-covered slides is an optional procedure. It is
recommended to irradiate the membrane with UV light at 254 nm for 30 min, which makes
the slides more hydrophilic. This treatment is preferably performed shortly before use (up to
some days before), which implies there may be changes during storage after UV treatment.
Hence the contact angles were measured again at day 3 and day 8 after the UV treatment of
PEN membrane.

Figure 7-14 Photos of water droplets on glass substrates in contact angle measurements.
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Table 7-8 Contact angles of membrane slides without and with different treatments
measurements)

Substrate

Substrate and treatment

Contact angles

PEN

PEN

90.5 ± 9.4

45min UV PEN

88.8 ± 3.0

overnight UV PEN

72.4 ± 6.2

overnight UV PEN day 3

78.4 ± 8.0

overnight UV PEN day 8

75.6 ± 14.7

PEN 1min UV/ozone

77.1 ± 3.3

PEN 5min UV/ozone

52.2 ± 9.6

PET

79.7 ± 0.8

45min UV PET

83.3 ± 11.5

PET 1min UV/ozone

59.1 ± 14.4

PET 5min UV/ozone

38.2 ± 4.9

PET

(n = 4-5

As shown in Table 7-8, the contact angles were 88.8° and 83.3° for PEN membrane and PET
respectively after 45 min of UV treatment using the UV light in a biosafety cabinet (BSC) for
cell culture. With overnight UV treatment using BSC UV light, the surface seemed to become
more hydrophilic with contact angle decreased from 90.5° to 72.4° compared to without UV
treatment but the difference was not statistically significant. No obvious hydrophobic
recovery was observed at day 3 and day 8. With UV/ ozone treatment, the water drops spread
more with 5 min treatment for PEN membrane and with 1 min treatment for PET membrane.
For PEN membrane, the contact angles reduced to 77.1° and 52.2° for 1 min and 5 min UV/
ozone treatment respectively and for PET membrane, 59.1° and 38.2° respectively. Compared
to BSC UV light, the UV/ ozone was much stronger in changing the hydrophobicity of the
membrane surfaces of PEN and PET.

7.4.4 Summary of findings of contact angle measurements and UV spectrometry
Based on the findings in Sections 7.4.3.1 - 7.4.3.4 presented earlier, the following information
was used in developing a method to prepare cell micropatterns compatible with LCM.


PEN membrane and PET membrane have high absorbance at 355 nm and PEN has
higher absorbance than PET
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Cleaning with 70% ethanol may induce changes to glass surfaces but not to polystyrene



Coating with polystyrene can increase the contact angles of the glass surface



UV/ ozone treatment makes the surface of PEN/ PET membrane more hydrophilic

Therefore, in our study, we used PEN/ PET membrane slides and attempted to coat them with
polystyrene. UV treatment using BSC was used instead of UV/ ozone to avoid making the
surface hydrophilic.

7.4.5 Critical precautions in successful cell micropatterning on membrane slides
Initially, micropatterning of cells on PEN membrane glass slides were attempted but protein
patterns could not be formed reproducibly. Hence we explored different types of membrane
slides and also tried coating the membrane with polystyrene. There are two types of
membrane slides available commercially: the PEN membrane glass slide and the PEN
membrane frame slide. For membrane glass slide, a thin membrane is mounted on a glass
slide with a thin layer of air in between to facilitate catapulting in LCM. For membrane frame
slide, a thin membrane is mounted on a regular metal frame with the outer dimension same as
an ordinary microscopy glass slide. We compared the cell patterns formed on PEN membrane
glass slides and PEN membrane frame slides with and without polystyrene coating. Patterns
were not formed for PEN glass slide for the area observed (Figure 7-15B&C). Occasionally
cell patterns were found for PEN glass slide but this was not reproducible. The schematic of
the structure of a membrane glass slide in Figure 7-15 illustrates this. During micropatterning
of proteins, the PDMS stamps coated with proteins were pressed against the membrane. As
there was a thin layer of air between the membrane and the glass underneath (Figure 7-15A),
the "non-pattern" part of the PDMS stamp could touch the membrane due to its flexible nature,
resulting in protein transferred to the "non-patterned" area. In contrast, only a very thin layer
of air exists in between the membrane and substrate underneath for membrane frame slide
(Figure 7-15D). In my study, a glass slide was put underneath the membrane frame slide for
better contact of the PDMS stamps and the membrane, which resulted in higher
reproducibility of patterns. Without PS coating, cells attached non-specifically (Figure
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7-15E). With PS coating on frame slides, cell micropatterns could be obtained as shown in
Figure 7-15F.

Figure 7-15 Fluorescence images of bovine NP cells cultured on fibronectin patterns on a PEN
membrane glass slide and a PEN membrane frame slide with and without polystyrene coating.
(Scale bar = 100 μm). (A) A PEN membrane slide and the schematic showing an air layer between the

membrane and the substrate underneath; (B) cells on a PEN membrane glass slide without polystyrene
coating and (C) with polystyrene coating; (D) a PEN membrane frame slide and the schematic showing a

negligible air layer between the membrane and the substrate underneath; (E) cells on a PEN frame

membrane slide without polystyrene coating and (F) with polystyrene coating. Photos were captured at 2
h after cell seeding. For the membrane glass slide, punched PDMS blocks were put on the slide for cell
seeding to create reservoirs for holding the cell suspension on the slide.

It was suggested that a hydrophobic surface is required for micropatterning when pluronic
passivation is used. PEN membranes are hydrophobic even after 45 min of UV treatment in a
BSC but cell patterns were not stable on this membrane. Taken together, hydrophobic surface
seems to be an essential but inadequate requirement for micropatterning when pluronic is
used as a passivation agent.
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7.4.6 Specific area of cells on membrane slide could be cut or catapulted precisely
As shown in Figure 7-16, precise cutting and catapulting of the selected area was made
possible by LCM. With control using computer, different patterns and shapes can be drawn
using the software for the LCM and patterns can be cut exactly the same as the patterns drawn
(Figure 7-16A). After cutting the membrane with cells (Figure 7-16B), the specific area of
membrane could be catapulted to the cap for collection (Figure 7-16C). Cells of interest from
the micropatterns could also be selected precisely (Figure 7-16D-G).

Figure 7-16 Precise cutting and catapulting. (A) Photo of patterns "CELL mP ☆" cut by the laser in

Zeiss Microbeam on a polystyrene-coated PEN membrane frame slide with bovine NP cells pre-stained

with CellTracker green. The photo was taken after catapult. (B) Photo of pattern "mP" cut by the laser in

Zeiss Microbeam on a polystyrene-coated PEN membrane frame slide with bovine NP cells pre-stained

with CellTracker red. The photo was taken before catapult. (C) The corresponding membrane with cells of
the pattern "m" in (B) which was catapulted to the adhesive cap for sample collection. (D-G) Photos of
HUVECs on fibronectin micropatterns on a polystyrene-coated PET membrane frame slide post-stained

with Alexafluor 488 - phalloidin. (D) and (E) show cells on circle micropatterns before and after catapult

repetitively. (F) and (G) show cells on a triangle pattern before and after catapult respectively with prior

laser cutting. The arrows show the holes that were left behind on the membranes when the cells were

catapulted to the collection caps. (Scale bar = 150 µm for A - C and scale bar = 25 µm for D - G).
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7.4.7 Minimum cell number required to perform RT-qPCR
To evaluate gene expression from LCM samples, Vandewoestyne et al. used the Arcturus
PicoPure RNA Isolation Kit, an extraction kit specifically designed for a small number of
cells, and has demonstrated sufficient RNA can be extracted from as few as 10 cells for
RT-qPCR analysis [326]. Now, direct cDNA synthesis with crude cell lysates is possible and
Van Peer et al. have demonstrated this approach has good accuracy and superior sensitivity
[354]. In this study, we directly lyse the cells in Cell-to-Ct lysis buffer and perform
subsequent RT-qPCR without column based RNA extraction. This avoided the potential loss
of RNA during extraction. Other modifications were made to adapt the use of this kit for
micropatterned cells.

To assess the number of cells required for qPCR analysis, we catapulted different numbers of
cells from small circle patterns of fibronectin on polystyrene-coated PEN membrane frame
slide at 4 h after cell seeding. GAPDH and 18S rRNA expression were detected in all samples
of 5 to 40 cells and the relative levels were in good correlation with the number of catapulted
cells with R2 of 0.975 and 0.976 respectively (Figure 7-17A and B). To assess whether this
method allows the detection of the expression levels of gene encoding proteins that are
secreted out of the cells and may not be best assessed reliably by immunostaining in cell
culture, we assessed the mRNA level of ACAN and COL2A1. These two genes can be detected
in all samples (Figure 7-17C-F). The ACAN and COL2A1 expression relative to GAPDH and
18S rRNA were similar for samples of different numbers of cells, indicating that the detected
relative expression level is cell number independent after normalization with the
housekeeping genes GAPDH or 18S rRNA.

Technique and Method Development for Intervertebral Disc (IVD) Research

241

Chapter 7 Quantitative Gene Expression Analysis of Micropatterned Cells

Figure 7-17 Titration of bovine NP cells. Cells were stained with CellTracker green and seeded on
polystyrene-coated PEN membrane frame slides. The cells were fixed at 4 h after cell seeding. Different
numbers of cells (5, 10, 20, 40) were collected using the Zeiss Microbeam by catapult. ΔCt of the house

keeping genes (A) GAPDH and (B) 18S rRNA relative to the Ct of the sample of 5 cells. The ΔCt defined here
is (Ct of the sample of 5 cells - Ct of the sample of 5/ 10/ 20/ 40 cells). (C-F) ACAN and COL2A1 expression

of cells relative to GAPDH or 18S rRNA. (2 batches of experiments, biological duplicates and technical

duplicates; mean ± SD). GAPDH and 18S rRNA expression were detected in all samples of 5 to 40 cells and

the relative levels were in good correlation with the number of catapulted cells with R2 of 0.975 and 0.976
respectively. Besides, the ACAN and COL2A1 expression relative to GAPDH and 18S rRNA were similar for

samples of different numbers of cells, indicating that the detected relative expression level is cell number
independent after normalization with the housekeeping gene GAPDH or 18S rRNA.

Keays et al. have performed direct RT with laser captured single cells without RNA
purification [355]. They used SuperScript III first-strand RT buffer containing 1% NP40 to
lyse the collected cell and performed RT on the cap surface. Amplications of heavy chain IgG
were detected in four out of six samples using nested PCR. In our study, we modified the
protocol of a commercial kit designed for cells in 96 well plates and detected GAPDH and
18S rRNA expression in all of our samples with 5 cells or more. This may suggest the
adaption of the Cell-to-Ct kit to laser captured cells may provide an easier way of RT-qPCR
with higher chances of successful amplification.
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We further tested the RT-qPCR of smaller numbers of cells (1 cell, 3, cells and 5 cells)
collected from cell micropatterns. As shown in Table 7-9, amplifications were detected in all
reactions for 18S rRNA, which was highly expressed in cells (reflected by the smaller Ct
values compared to other genes). However, amplifications of GAPDH, COL2A1 and ACTB
were not always detected for 1 cell. This indicates the minimum number of cells required
depends on the genes to be studied. A smaller number of cells was required for highly
expressed genes.
Table 7-9 The Ct values and frequency of amplification detected for GAPDH, COL2A1, ACTB, 18S
rRNA in samples of 1 cell, 3 cells and 5 cells. The specified number of cells was catapulted into a 0.6 ml
tube with 5 µl of lysis solution placed at the center of the cap. To adjust the volume of solution due to

evaporation, the volume of the lysis solution remained in the cap was approximately estimated using a

pipet and DEPC-treated water was added so that the total volume was 5 µl. The lysis solution with

catapulted cells was transferred to a 0.2 ml tube and DNase1 treatment was performed by adding 0.5 µl of

10× DNase solution. The following RT-qPCR was performed using the Ambion Cell-to-Ct kit and the Qiagen

QuantiTect SYBR Green PCR Kit. (Ct values were represented as mean ± SD for groups with more than one
amplification detected; the ratio in bracket represents the frequency of amplification detected. For
example, 3/4 denotes amplifications were detected in 3 out of 4 reactions.) Amplifications were detected

in all reactions for 18S rRNA, which was highly expressed in cells (reflected by the smaller Ct values
compared to other genes).

1 cell

3 cells

5 cells

GAPDH

32.93 (1/4)

31.4 ± 1.3 (3/4)

31.9 ± 1.1 (4/4)

COL2A1

/ (0/4)

32.5 ± 2.6 (4/4)

33.0 ± 1.3 (4/4)

ACTB

35.5 ± 0.8 (2/4)

32.1 ± 1.0 (4/4)

32.9 ± 1.9 (4/4)

18S rRNA

26.1 ± 2.5 (16/16)

23.1 ± 2.6 (16/16)

21.5 ± 1.7 (16/16)

7.4.8 Gene expression profile in single-cell patterns versus two-cell patterns
In Section 7.6.1 in the Appendix of this Chapter, it was shown that it was unlikely to obtain
cell micropatterns with only one cell per pattern throughout the whole pattern area as the
expected number of cells per micropattern followed a distribution similar to a Poisson
distribution. There was a higher chance of getting single cells when the patterns were smaller
but might not be exclusive. Even for small 20 µm circles, patterns with two cells attached
were observed. The use of LCM on cell micropatterns enabled the study of the gene
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expression difference between single round cells versus double round cells which was
difficult with ordinary RNA extraction methods which the whole area of cells were lysed to
form a single sample. Figure 7-18 shows the ACAN and COL2A1 expression of single round
cells and two cells from the same slide. There was no significant difference for the COL2A1
expression between the two but the ACAN expression was slightly lower on patterns with 2
cells compared to patterns with single cells. Yet the difference was small and with a p-value of
around 0.06. A large number of samples was required to confirm the slight difference.
Nevertheless, this experiment demonstrated that different cells could be sampled from the
same slide to answer different biological questions with fewer limitations associated with
changes in the medium as all the cells on the same slide shared the same cell culture medium.

Figure 7-18 ACAN and COL2A1 gene expression of single round cells and double round cells of
bovine NP at 4 h after cell seeding. (Relative to GAPDH and the average gene expression level of both

sample groups; 6 samples from 3 independent experiments; technical duplicates in qPCR; mean ± SD). The
cells were stained with CellTracker green and seeded in a polystyrene-coated PEN membrane frame slide.

Photos of the fluorescent cells were taken using the Zeiss MicroBeam (scale bar = 20 μm). Cells were
selected using the catapult function in the MicroBeam and RT-qPCR was performed with the Cell-to-Ct kit.

There was no significant difference for the COL2A1 expression between the two but the ACAN expression
was slightly lower on patterns with 2 cells compared to patterns with single cells (p = 0.06).

Technique and Method Development for Intervertebral Disc (IVD) Research

244

Chapter 7 Quantitative Gene Expression Analysis of Micropatterned Cells

7.4.9 LCM to select different cell populations on micropatterns
To assess whether different cells can be selected from the same slide using LCM, we
pre-stained cells from bovine articular cartilage (AC) and cells from bovine adipose tissue
(AD) in different colors and seeded them on the same membrane slides with polystyrene
coating and fibronectin micropatterns. LCM was used to select AC cells and AD cells
separately into different tubes. Higher ACAN and COL2A1 expression was detected for the
AC cells compared to the AD cells (Figure 7-19), which is consistent with the literature.

Figure 7-19 Study of two cell types from the same membrane slide. (A) Phase contrast and fluorescent
photos of AC cells stained with CellTracker green and AD cells stained with Vybrant Dil (red) on rhombus

patterns. (B) Phase contrast and fluorescent photos of AC cells stained with CellTracker green and AD cells
stained with CellTracker red on circle patterns. Cells were seeded on fibronectin micropatterns prepared
on polystyrene-coated PEN membrane frame slides and photos were taken using a widefield fluorescent

microscope at 4 h after cell seeding (scale bar = 50μm). (C) ACAN, COL2A1 and SOX9 expression of AC cells
and AD cells cultured on fibronectin micropatterns on PEN membrane frame slides. The membrane slides

were fixed in ethanol and dried at 4 h after cell seeding. The cells of a particular type were selected using
the catapult function in the MicroBeam and RT-qPCR was performed with the Cell-to-Ct kit (8 samples

from 4 independent experiments; mean ± SEM; * p < 0.05). On average, higher ACAN and COL2A1

expression was observed for AC cells than AD cells, which is consistent with the literature. This shows that
the Zeiss Microbeam can be used to select cells of different types co-cultured on micropatterns on the
same membrane slide.
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7.5 Conclusions
In summary, modifications have been made to the protocol of the Cell-to-Ct kit to allow the
study of cells cultured on micropatterns with RT-qPCR. Furthermore, we developed a method
to selectively study the gene expression of cells of interests on micropatterns, which was
impossible with existing methods. This method only requires simple coating of the membrane
slides and a modified protocol for direct RT-qPCR for laser captured cells on micropatterns.
This qPCR analysis combined with laser capture microdissection can be used to study gene
expression quantitatively for the selected cells on micropatterns. This will enable the
investigation of the effect of cell shape, cell spreading and cell-cell interaction at mRNA level
in a particular group of selected cells. With the simplicity of the modifications required, we
anticipate this can be incorporated into a variety of projects when LCM equipment is
available.
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7.6 Appendix
7.6.1 Relationship between cell seeding density and number of cells per micropattern
Although gene expression could be studied using the Cell-to-Ct kit, the gene expression
detected was the average of the whole populations of cells on the micropatterns. There are
some occasions when the study of subpopulations of cells on micropatterns is beneficial eg.
studying single isolated cells or cells in contact with each other. When cells were seeded on
micropatterns, more than one cell per micropattern could be observed occasionally. Thus we
tested the cell micropatterning with different numbers of seeded cells with an attempt to find a
cell seeding density that yields only one cell per micropattern. However, as shown in Figure
7-20, none of the cell seeding density gave micropatterns of one cell per pattern only
throughout the whole area. The higher the cell seeding density, the more cells attached to the
patterns on average and the more patterns with more than one cell meanwhile. There was a
trade-off between percentage of micropatterns with single cell and percentage of occupancy
of the micropatterns.

Figure 7-20 Trade off between obtaining single cells and percentage occupancy. Bovine AC cells were

seeded at different cell densities (20,000 cells, 10,000 cells, 5,000 cells and 2,500 cells per well of a 12 well
plates). The red broken line circles indicate the micropatterns that have more than one cell per pattern.
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The number of cells per pattern is a probability function, which can be estimated by a
binomial distribution model. The probability of getting exactly k successes in n trials is given
by the probability mass function:
𝑛!

𝑓(𝑘; 𝑛, 𝑝) = Pr(𝑋 = 𝑘) = 𝑘!(𝑛−𝑘)! 𝑝𝑘 (1 − 𝑝)𝑛−𝑘

(1)

where X is the random variable that follows the binomial distribution.

This distribution can be approximated by Poisson distribution due to the large n (>> 20) and
small p (<< 0.05) [356]. For Poisson distribution, with a discrete random variable X' with
parameter λ > 0 for k = 0, 1, 2, …, the probability mass function of X' is given by the
following formula [357]:
𝑓(𝑘′; 𝜆) = Pr(𝑋′ = 𝑘′) =

𝜆𝑘 𝑒 −𝜆
𝑘′!

(2)

where e is Euler's number which is equal to 2.71828, k'! is the factorial of k' and λ is a
positive real number that is equal to the expected value and also the variance of X' as shown
in the relationship below:
𝜆 = E(X′) = Var(X′)

(3)

Note: The symbol ( ' ) was used in the probability function of the Poisson distribution here in
order to distinguish from the symbols used in Binomial distribution in this section.

Gobaa et al. observed distinct Poisson distributions of cells in their microwell study [358].
They tested 3 different seeding densities (5×104, 7.5×104 and 105 cells) and obtained λ of 0.86,
1.90 and 4.58 respectively for the number of cells per microwell. It was noted that seeding 105
cells resulted in a number of cells per microwell five times more than that of seeding 5×104
cells, which indicated the expected number of cells per microwell was not exactly
proportional to the cell seeding density (as shown in Figure 7-21 by the deviations from the
trend line assuming perfect proportionality between the number of cells seeded and λ). The
deviation from the perfect proportionality may be due to the events that are not taken into
account in the simplified probability model, eg. the spreading of cells, the difference in time
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that cells sank to micropattern surface, etc. Nevertheless, the λ increased with cell seeding
density which indicated that we could tune the expected number of cells by changing the cell
seeding density.

Figure 7-21 Relationship between the number of cells seeded and λ. (Plotted from values in figures in

[358]). The expected number of cells per microwell was not exactly proportional to the cell seeding

density as shown by the deviations from the trend line assuming perfect proportionality between the
number of cells seeded and λ.

Figure 7-22 shows a plot of Poisson distribution with different λs and Table 7-10 shows the
percentage of single/ double cells and the percentage of single/ double cells over other cells.
In the 5 tested values of λ, the highest percentage (37%) of single cells was obtained for λ = 1
but only 58% of micropatterns occupied by cells had one cell per pattern in such case (i.e. 42%
of occupied micropatterns had more than one cell). With smaller λ, a higher percentage of
single cells over other cells (88% for λ = 0.25) was obtained but only 19% of micropatterns
were occupied by single cells.

Technique and Method Development for Intervertebral Disc (IVD) Research

249

Chapter 7 Quantitative Gene Expression Analysis of Micropatterned Cells

Figure 7-22 Plot of Poisson distribution with different λs.

Table 7-10 Poisson distribution of numbers of cells per micropattern for different values of λ.
λ

0.25

0.5

1

1.5

2

% of single cells

19%

30%

37%

33%

27%

% of single cells over other cells

88%

77%

58%

43%

31%

% of double cells

2%

8%

18%

25%

27%

% of double cells over other cells

11%

19%

29%

32%

31%

Taken together, these results show that it can be difficult to obtain micropatterns of only one
cell per pattern with a high percentage of pattern occupancy. In the method described in this
study, the use of LCM in cell micropatterns enables the study of patterns containing one cell
versus two cells from the same membrane slide as described in Section 7.4.8 of the Results
and Discussion Section.
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Chapter 8 Overall Conclusion and Perspective
In my study, different aspects of IVD researches were involved and this thesis focuses the
optimization and development of methods along the way which can accelerate scientific
discovery, reduce the sacrifice of animals and enable more effective use of funding.

Some of the aspects studied are summarized in the following:

8.1 Optimization of NP cell isolation from tissues
In summary, the cell yield from bovine NP tissue can be increased by using a high collagenase
concentration, long digestion time or with pronase pre-treatment in general. Depending on
different purposes, the procedures should be fine tuned with a good understanding of the
various factors involved in the isolation. For cell culturing, we can obtain a reasonably good
yield with a wide range of protocols. In other words, either using a higher collagenase
concentration for shorter time or a lower collagenase concentration for longer time may
achieve a similar yield. The use of pronase prior to collagenase treatment may facilitate the
isolation but not absolutely necessary for bovine NP tissue. For RNA extraction, shorter
isolation duration is preferable. And for flow cytometry characterization, cautions are required
for cells with pronase treatment for reliable interpretation. Based on this information,
researchers can devise their own cell isolation protocols for their applications based on a clear
rationale and enhance the efficiency and reliability of the associated experiments. With a
better understanding of the isolation procedures, the cell yield can be increased without
sacrifice of the quality of cells obtained.

8.2 RNA extraction from IVD tissues
RT-qPCR gene expression analysis of cells in bovine IVD tissues was made possible without
the requirement of cell isolation before RNA extraction. This method does not require a
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specialized homogenizer and cryosections can be prepared simultaneously. The introduction
of second phase separation in the TRIzol isolation protocol also enables RNA to be extracted
from tissue with high proteoglycan content with low cellularity such as bovine or human NP
tissue. The protocol avoids the futile attempts of RNA extraction from bovine NP tissue which
is particularly difficult.

8.3 Concentration correction for RNA contaminated with TRIzol
We developed a computational method based on subtraction to correct the concentrations of
RNA contaminated with TRIzol. The accuracy of the RNA concentration with phenol
contamination was improved after using the correction. The findings that low level of
contamination (< 0.1% TRIzol) did not show detectable inhibition in the reaction systems
used in this study also suggest RNA with a low level of contamination may provide
meaningful results if used appropriately.

8.4 Isolation and culturing of MSCs for chondrogenic / discogenic studies
MSCs have been implicated in tissue engineering and regenerative medicine for disc
degeneration therapy in the future. Different aspects of MSCs were investigated for the set up
of study for MSC differentiation into NP-like cells through signaling pathway inhibition. In
our group, it is easier to obtain MSCs with chondrogenic potential from human compared to
from Lewis rat. There may be possibility that the MSCs from different rat strains differs in
properties. Unlike MSCs from other sources, MSCs from immunodeficient NOD/SCID mice
did not display CD44 surface marker expression. Though hypoxia was suggested to enhance
chondrogenic phenotype for human MSCs cultured in alginate beads or on 3D materials, this
enhancement was not observed for human MSCs cultured in pellets. Exogenous TGF- β1 is
required in pellet formation in mouse C3H10T1/2 cells but not in human bone marrow MSCs,
suggesting the difference in requirement of culture conditions for MSCs from different
sources.
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8.5 Study of micropatterning methods and imaging
Micropatterning of bovine NP cells has been optimized in this study. Preparation of
micropatterns compatible with high resolution microscopy was also investigated. We
developed two prototypes of cell culture containers for micropattern study using high
resolution microscopy. After testing with different commercially available materials, we
successfully obtained micropatterns on untreated culture dishes from Ibidi® with pluronic
passivation. High resolution images and 3D models can be obtained using confocal
microscopy for the cell micropatterns.

8.6 Methods for gene expression study at mRNA levels
The use of Cell-to-Ct kit has been explored and adapted for the micropatterned cells. With
modified procedures, it has been shown that RT-qPCR can be successfully performed as
demonstrated in the gene expression of the NP cells on 20 µm circles compared to 20 µm
strips. It has been demonstrated that cell micropatterns can be formed on PEN membrane
frame slides with polystyrene coating and cells of interest can be selected precisely using
LCM.

8.7 Significance
Chapter
Chapter 2
(NP cell isolation)

Significance
A guide to NP cell isolation was provided based on theoretical
analysis and experimental study. This may increase the cell
yield obtained which reduces the number of animals that need
to be sacrificed. It can lead to better utilization of clinical
samples, allowing more studies to be performed with limited
samples.

Chapter 3
(RNA isolation from NP
tissue)

The isolation of RNA from bovine NP tissue was made possible
with an extra phase separation step together with other
modifications to the TRIzol extraction protocol. This allows the
study of gene expression of cells in NP tissue directly, assisting
the understanding of the changes that may be introduced during
the cell isolation process.
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Chapter
Chapter 4
(RNA concentration
correction)

Significance
A mathematical model was developed to correct the
concentrations estimated from UV spectrometry for samples
with low levels of TRIzol. With the correction, the
concentration of RNA of low concentration such as from NP
tissue can be estimated more accurately. The method can also
be applied to other RNA samples with phenol contamination.

Chapter 5
(Isolation and culturing of
MSCs for chondrogenic/
discogenic studies)

Different aspects of MSCs were studied and provided
information in the setting up and understanding of the
experiments. This avoids futile experiments which were due to
lack of associated information in the field and hence enables
more effective experimental design to answer specific
biological questions.

Chapter 6
(Optimization and
development of cell
micropattern preparation)

Various aspects of micropatterning IVD cells were studied and
the maintenance of roughly round shape of cells was achieved
through the use of small circular micropatterns. This allows
studies about cell shape without the bulk diffusion issues that
are present in pellet or alginate bead cultures.
It was also first reported about the high resolution imaging of
the micropatterned cells that the cells are not being compressed
by the weights of cover slips. This enables the spatial
arrangement of cellular structures to be examined in more
details.

Chapter 7
(Quantitative gene
expression analysis of
micropatterned cells)

A commercial kit without the need of RNA isolation was
adapted to micropatterned cells. This facilitates the study of
gene expression using RT-qPCR for a relatively small number
of micropatterned cells, increasing the practicality and
feasibility of such studies.
The novel method to produce cell micropatterns compatible
with laser capture microdissection (LCM) allows the selection
of cells of interest in micropatterns for RT-qPCR. This permits
the setting of more precise questions about different cells
cultured on the same micropattern surface.
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In this thesis, different methods related to IVD research were developed and optimized. We
have developed methods in cell isolation, RNA extraction and RNA concentration correction.
Different aspects of MSC isolation, characterization and culturing were also studied. Besides,
micropatterning was optimized and the novel method of performing qPCR with selected cells
from the micropatterns with the use of laser capture microdissection was developed. With
improved methods together with a better understanding of the underlying rationale,
researchers can save time and cost in their experiments and reduce experiment failure rate.
This will help to accelerate researches. New methods also enable studies which were not
feasible in the past.
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