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If life is only a dream.
Why then labour and worry ?
Li Tai Po

ABSTRACT
The incorporation of a protein such as human growth hormone (hGH) into
biomaterials may adversely effect its structural integrity. In this Thesis the delivery
of bioactive hGH from a range of biomaterials has been investigated. The bioactivity
was measured using the uniquely sensitive and precise MTT-ESTA bioassay system.
Hormone damage was further assessed by determining the ratios of bio- to
immunoacdve hGH released.
Only ~ 1% of the total hormone incorporated into a range of methacrylate based
bone cements was released in vitro. However, because high hormone loading doses
were possible, even these low percentage recoveries provided physiologically
sufficient concentrations in the eluates. Release occurred in two phases, with more
than 90% being delivered in the first 24hrs followed by a prolonged slow release.
Recovery and B:I ratios depended upon the formulation of the bone cements;
recoveries were enhanced if combinations of monomers were used; no direct
relationship with the water uptake properties of the cements was found.

Greater

recoveries (e.g. > 2 0 %) were obtained from a biodegradable material (poly(ecaprolactone)) and systems where the hGH was surface loaded such as porous
polymeric scaffolds and hydroxyapatite coatings.
The bioassay was adapted to assess the in vitro cytotoxicities of the
biomaterials.

All of the methacrylate bone cements, but not the biodegradable

materials, proved to be cytotoxic.
influenced the cytotoxicity.

Monomer composition of the former greatly

The colorimetric bioassay was also further developed.

Use of the newer

tétrazolium salts (XTT and MTS) combined with one of several intermediate electron
acceptors yielded improved microculture tétrazolium assays (MTAs). Observations
made during this optimization challenged common assumptions regarding links
between changes in bioreduction of a tétrazolium salt and cell proliferation.

In

addition, the new MTAs were shown to depend exclusively upon the DT-diaphorase
mediated electron-transfer pathway.
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WST-1

4-f3-(iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate

XTT

Sodium 2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-2H-tetrazolium-5carboxanilide, inner salt.
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Chapter 1. Introduction
1.1. TOTAL HIP ARTHROPLASTY.
1.1.1. General Introduction.
Total hip arthroplasties (THA) have revolutionised the care of patients with
arthritis of the hip (Ling & Timperley, 1995). In the 35 years since Chamley’s
original description (Chamley, 1961) the annual number of THAs provided by the
National Health Service has escalated to over 40,(X)0 (British Orthopaedic Association
Survey, 1990).

As a consequence THA is now one of the commonest elective

surgical procedures (Barber & Healy, 1993) and in the USA, in 1987, almost 120,000
THAs were performed; this represents an increase of over 90% since 1980 (Friedman
& Elixhauser, 1993).
THAs result in functional improvement for the patient (Amstutz et al., 1982;
Jonsson & Larsson, 1991; Evans, 1995). This increased mobility leads to savings
which allow the operation costs to be recovered within approximately 18 months
(Jonsson & Larsson, 1991). For example, in the latter study, 4 patients returned to
full employment after only 3 months and reduced need for patient care provided
savings which were sufficient to cover the cost of another 12 THAs. Patients who
have received a THA obviously have a greatly improved quality of life (Wilklund &
Romanus, 1991; Jonsson & Larsson, 1991; O’Boyle et at., 1992) and this, with the
large number now involved, clearly benefits society as a whole (Wilklund &
Romanus, 1991; Saul, 1994).
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1.1.2. An outline o f the procedure o f a total hip arthroplasty.
A diagram of a cemented THA is shown in Figure 1.1. (Adams & Stossel,
1992). At the onset of a THA the femoral head and acetabulum are exposed and the
surrounding capsule and synovial membranes excised. The femoral head is then
removed from the socket and the neck of the femur cut at an angle which matches the
flange of the prosthesis. The femoral shaft is prepared to receive the stem of the
prosthesis by enlarging the medullary canal by removal of the soft cancellous bone;
thus the bed for the cement wiU be mainly firmer cortical bone.
The acetabulum is then deepened so that the prosthetic polyethylene socket fits
into its roof.

After this the cement, most commonly poly(methylmethacrylate)

(PMMA), is prepared and when it has reached the required consistency i.e. so that
it is firm but does not adhere to a dry surgical glove (see section 1.3.1.3.), it is
manually positioned in the acetabulum. The replacement polyethylene socket is then
embedded in this cement.
Prior to insertion of the femoral component, a polythene catheter is passed into
the medullary canal of the femur to provide an air vent for when the cement is
introduced. The canal is cleared of blood and debris and the cavity is filled with
freshly prepared cement. It is preferable to do the latter with a cement gun (Mulroy
& Harris, 1990). The catheter is then removed and the metal prosthesis inserted and
this is followed by reconstruction of the hip and closiu'e. The metal prosthesis is
usually made from titanium or cobalt-chromium alloys (Galante et a l , 1991;
Friedman gf a /., 1993; Callister, 1994).
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Acetabulum

Polyethylene socket

PMMA
cement

Ball
PMMA
cement

Hipbone

Shaft

Femur

Figure 1.1. A diagram of a cemented total hip arthroplasty
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1.1.3. Problems associated with total hip arthroplasty.
The most significant long-term complication is loosening of the prosthesis
(Amstutz et al., 1982; Pizzoferrato et a i , 1991; Schulte et al., 1993; Mulliken &
Bourne, 1994; Neumann et al., 1994; Evans, 1995). Two early studies in particular
highlighted the significance of loosening which was observed radiographically. In a
10 year prospective follow-up study Sutherland et al. (1982) found evidence of
radiographic loosening in

6 8

% of all THAs examined and 29% of these required

revision. However, in a parallel study over the same time span, Stauffer (1982)
reported radiographic loosening in only 37 % of the patients examined. The variability
has been attributed to subtle differences in the radiographic criteria used (Mulroy &
Harris, 1990) but loosening is usually defined by the appearance of a radiolucent line
greater than 1mm wide between the bone and cement (Freeman et al., 1982; Stauffer,
1982; Pizzoferrato et al., 1991). Both Stauffer (1982) and Sutherland et al. (1982)
reported that aseptic loosening generally occurs within the first 5 years after THA.
In another study Amstutz et al. (1982) reported that 25% of the THAs which were
performed at their institution were revision procedures.
Fortunately these rates have decreased with improvements in component design
and cementing techniques (Harris et al., 1982; Burke et al., 1984; Harris & McGann,
1986) and more recent studies have reported femoral loosening in only 3% after 10
years follow up (Mulroy & Harris, 1990). However, the incidence of acetabular
loosening has remained high (Mulroy & Harris, 1990), and is greater than for femoral
loosening (Stauffer, 1982; Schulte et al., 1993). In general a higher incidence of
loosening is associated with males, younger subjects and the obese being particularly
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vulnerable (Mulroy & Harris, 1990; Muirhead-All wood, 1992; Solomon er û/., 1992).
Unfortunately the revision procedure itself has quite high failure rates (Amstutz et al .,
1982; Muirhead-Allwood, 1992; Wyssa et a l , 1995). However, in spite of these
problems, it is generally considered that for people aged 70 years and over, in whom
replacement joints will survive their life span, THAs are especially beneficial (Jones
& Hungerford, 1987; Mulliken & Bourne, 1994; Saul, 1994).

1.1.4. The mechanisms o f prosthesis loosening.
Loosening of the prosthesis may be caused by either infections with micro
organisms (septic loosening) or mechanical (Carlsson & Gentz, 1980; Stauffer, 1982;
Wright & Robinson, 1982; Huiskes, 1993) and biological problems (aseptic loosening)
(Linder

a /., 1983; Jones & Hungerford, 1987; Pizzoferrato

a /., 1991; Lieberman

& Zohman, 1994).
Septic loosening usually results from the contamination of the wound with
micro-organisms during surgery.

Improvements in prophylactic measures before,

during and after surgery (Pizzoferrato et at., 1991), have led to a reduction in
infection rates which range from 0.4 to 3.9% (Salvati et at., 1982; Surin et al., 1983;
Solomon et al., 1992; Neumann et al., 1994).
Aseptic loosening is the commonest cause of failure of THAs (Chamley, 1979;
Stauffer, 1982; Linder et al., 1983; Pizzoferrato et al., 1991; Mulliken & Bourne,
1994; Saker & Cuckler, 1994).

Aseptic loosening usually occurs because of

instability at the bone-cement interface. This destabilises the implant, resulting in
pain and a loss of the surrounding bone. The anchorage of the cement to bone is
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never more stable than immediately after surgery (Willert et al., 1974) and once
prosthesis fixation is lost stabilization cannot be re-established (Linder et at., 1983).
Soon after implantation, local reactions to PMMA are found in both bone and
bone-marrow and there may be necrosis due to the effects of surgical trauma, heat
from the exothermic polymerization reaction and the toxic effects of the monomer
methylmethacrylate (MMA) (Chamley, 1970; Willert et al., 1974; Linder, 1982;
Goodman et al., 1985). This is followed by the development of a fibrous membrane
at the bone-cement interface (Chamley, 1970; Willert et al., 1974; Freeman et al.,
1982; Linder et al., 1983; Goodman et al., 1985; Linder & Carlsson, 1986; Jasty et
al., 1992). In the acetabulum a fibrous membrane between the bone and cement

always develops and one may also form at the femoral site (Linder & Carlsson, 1986;
Muirhead-Allwood, 1992). The presence of histiocytes and giant cells indicate that
this is due to a foreign body reaction (Linder et al., 1983; Goodman et al., 1985;
Friedman et al., 1993). The formation of the fibrous layer may be related to the
release of cytokines from these monocytes and macrophages since these agents
modulate fibroblast metabolism and proliferation (Kovacs, 1991). In addition, there
is reduced bone remodelling in areas adjacent to the cement (Goodman et al., 1985).
Aseptic loosening is initiated by both micromotion (Jones & Hungerford, 1987;
Friedman et al., 1993; Giddins, 1994) and the formation of debris (Maloney & Smith,
1995). The latter falls into three categories: metal debris, and particles of either
polyethylene from the acetabular cup or PMMA from cement (Muirhead-Allwood,
1992; Goldring et al., 1993; Goodman et al., 1993; Lieberman & Zohman, 1994).
Movement between components of the artificial joint, for example between the head
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of the femoral prosthesis and the acetabular cup, produce wear particles (Galante et
al., 1991; Friedman et al., 1993). Wear occurs either because of frictional shear

forces which exist between two surfaces or as a result of third body abrasion such as
when PMMA particles become trapped between the metallic and polymeric
articulating surfaces (Galante et al., 1991).
PMMA particles are phagocytosed by macrophages (Willert et al., 1974;
Linder etal., 1983; Downes & Kayser, 1990; Murray & Rushton, 1990a; Jasty etal.,
1992; Horowitz et al., 1993). It has been reported that powdered PMMA bone
cement increases lysosomal enzyme activity as monitored by N-acetyl-B-Dglucosaminidase (fi-NAG) activity in macrophages (Davis et al., 1993). Damage to
fibroblasts and macrophages by particulate PMMA was observed by Thomson et al.
(1992) who detected the release of cytosolic lactate dehydrogenase from both cell
types and lysosomal 6 -NAG from macrophages. Larger polyethylene particles from
the acetabular cup are engulfed by multinuclear giant cells and these polyethylene
particles can be observed in the cytoplasm of these cells (Willert et al., 1974;
Pazzaglia & Pringle, 1988; Friedman et al., 1993).
The formation of metallic debris can lead to osteolysis either by stimulation
of an inflammatory response or by direct toxic action upon the cells. Macrophages
and giant cells have been shown to phagocytose wear particles from titanium and
cobalt-chromium alloys (Haynes et al., 1993; Al Saffar & Revell, 1994) and Maloney
et al. (1993) reported that fibroblasts engulfed titanium particles.

These titanium

particles induced the release of inflammatory mediators, whilst cobalt particles proved
to be particularly toxic to surrounding cells (Haynes et al., 1993; Maloney et al.,
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1993). Particles from chromium, titanium and a titanium/aluminium alloy have in
addition been shown to stimulate fibroblast proliferation as assessed by the increased
uptake of tritiated thymidine (Maloney et al., 1993).

Goldring et at. (1990)

demonstrated that fibroblasts and human osteoblasts proliferated more rapidly when
grown on titanium as opposed to cobalt-chrome surfaces.

Internalised PMMA

particles have also been reported to stimulate fibroblast protein synthesis and
proliferation and were consequently considered non-toxic (Frondoza et at., 1993).
It is possible that the initiation of the fibrous inter-layer is due to stimulation of
fibroblast proliferation by particles of PMMA and metal debris (Maloney et at.,
1993). Particles too big to be phagocytosed may become engulfed by foreign body
giant cells and a granulomata may subsequently form.
In the loosened THA the surface of the fibrous membrane changes to resemble
a synovial membrane, and is then referred to as a pseudosynovial membrane (Goldring
et at., 1983). This membrane contains 60-80% macrophages (Jiranek et at., 1993)

and is made up of three distinct layers. At the cement surface there is a synovial-like
layer, whereas the middle section comprises histiocytes and mononuclear cells, and
finally there is a fibrous layer adjacent to bone (Goldring et at., 1983; Jasty et at.,
1992). The cells within this membrane ingest these particles and release cytokines
(e.g. interleukin-1, interleukin-6 , and tumour necrosis factor) (Appel et at., 1990;
Haynes et at., 1993; Jiranek et al., 1993) and other factors (e.g. collagenase and
prostaglandin E2 ) (Goldring et al., 1983; Appel et al., 1990) which promote bone
resorption (Goldring et al., 1983; Murray & Rushton, 1990a).
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Migration of activated macrophages and the release of enzymes and
inflammatory mediators both play an important role in the loosening at the bonecement interface and the ensuing periprosthetic bone resorption (Lieberman &
Zohman, 1994).

Although in the past the osteoclast has been the cell usually

associated with bone resorption (Zheng et al., 1991), more recently the macrophage
has been implicated in low grade resorption (Murray & Rushton, 1990a; Athanasou
et at., 1992; Quinn et at., 1992), challenging earlier studies which have questioned

this idea (Chambers & Horton, 1984; Pazzaglia & Pringle, 1988).
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1.2. BONE PHYSIOLOGY.
Bone is a unique form of connective tissue made up of crystals of calcium
phosphate, which is largely in the form of carbonated hydroxyapatite (HA), embedded
within a matrix of collagen, non-collagenous proteins and proteoglycans (LeGeros,
1993; Silver et al., 1994; Ganong, 1995). This is a highly dynamic and adaptive
structure, and the fulfilment of its physiological roles depends upon its ability to both
form and resorb mineralised extracellular matrix (ECM). The cells concerned with
bone formation and resorption are osteoblasts and osteoclasts respectively.

Bone

metabolism is modulated by both systemic mechanisms such as parathyroid hormone
(PTH), 1,25 (0 H) 2 vitamin D3 (vit D3 ) and calcitonin (Watrous & Andrews, 1989;
Marie et at., 1990) and also local mechanisms involving autocrine and paracrine
factors (Canalis et at., 1989; Mohan & Baylink, 1991; Mundy, 1993) (Table 1.1.)
with the latter gaining increasing prominence (Zheng et al., 1992; Silver et al.,
1994).
Bones are made up of an outer layer of compact (cortical) bone surrounding
trabecular (cancellous, spongy) bone and often a bone marrow cavity. In the body
approximately 80% of bone is compact and 20% trabecular (Kruse, 1995).
Trabecular bone is made up of boney spicules (trabeculae) separated by spaces.
Compact bone is denser and has less metabolic activity (Housden, 1994).
In trabecular bone, nutrients diffuse from bone extracellular fluid into the
trabeculae, but in compact bone nutrients are provided via Haversian canals which
contain blood vessels.

Around each Haversian canal, collagen is arranged in

concentric layers forming cylinders called osteons or Haversian systems.
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stimulation of bone formation
Insulin
Insulin-like growth factor (IGF) I and II
Growth hormone
Thyroid hormones
Oestrogens and androgens
Parathyroid hormone (chronic)
1.25 (OH) vitamin
(chronic)
Platelet derived growth factor
Transforming growth factor 6
Bone morphogenetic protein
2

Inhibition of bone formation
Glucocorticoids
Epidermal growth factor
Fibroblast growth factor

Stimulation of bone resorption
Parathyroid hormone (acute)
Parathyroid hormone related peptide
1.25 (OH) vitamin
(acute)
Thyroid hormones
Interleukin-1
Interleukin-6
Tumour necrosis factor a and B
Fibroblast growth factor
Epidermal growth factor
Granulocyte macrophage colony stimulating
factor
Macrophage colony stimulating factor
Transforming growth factor a and B
Prostaglandin Eg
2

Inhibition of bone resorption
Calcitonin
Glucocorticoids
Interferon y
Transforming growth factor B
Oestrogens and androgens

Table 1.1. The control of bone metabolism. Bone metabolism is
regulated via both systemic and local factors. The plethora of mediators
fall into multiple categories. The action of each factor is concentration
dependent and may be influenced by the local environmental conditions
(Mohan & Baylink, 1991; Silver et a i , 1994; Kruse, 1995).
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1.2.1. Osteoblasts.
Osteoblasts are bone forming cells which have been derived from stromal cell
precursors in the bone marrow. These are situated on the periosteal and endosteal
surfaces of bone.

The principle function of the osteoblast is to construct an

extracellular matrix (osteoid) which will eventually mineralize (ossification). The
osteoblastic lineage is of mesenchymal origin and consists of osteoblasts, their
progenitors and descendants of these. The progenitor cells are multipotential giving
rise to fibroblasts, myoblasts, chondrocytes and adipocytes as well as osteoblasts
(Alberts et al., 1994; Silver et at., 1994) (Figure 1.2.). Differentiation of these
precursor cells into osteoblasts has been induced via chemical mediators (e.g.
transforming growth factor

6

superfamily) (Wozney et at., 1988; Bradbeer, 1992;

Centrella et al., 1994) and by mechanical forces (Dodds et al., 1993).

Adipocytes

Fibroblasts

Osteoprogenitorcells

Osteoblasts

Myoblasts

Osteocytes

Chondrocytes

Figure 1.2. The osteoblastic cell lineage. One proposed model (Silver et al.,
1994) of the osteoblastic cell lineage suggests that osteoprogenitor cells are, at early
stages of development, capable of forming adipocytes, myoblasts, fibroblasts,
chondrocytes or osteoblasts. These cells can undergo extensive interconversion. It
is likely that the transforming growth factor B (TGF-B) superfamily are influential in
these transformations (Bradbeer, 1992; Centrella et al., 1994).
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The osteoblastic phenotype is defined by the response of osteoblasts to
osteotropic hormones such as PTH and vit D3 , the synthesis of type I collagen and
bone specific non-collagenous proteins (e.g. osteocalcin, osteonectin and osteopontin),
and a positive reaction for alkaline phosphatase (ALKP) (Robey & Termine, 1985;
Kyeyune-Nyombi et al., 1991; Thavarajah et al., 1993).
Once initiated, osteoblasts differentiate along a sequential pathway in which
genes coding for the osteoblast-associated phenotypic traits such as those listed above
are expressed at defined times in a consistent order. In vitro the expression of certain
genes associated with osteoblast differentiation is linked to the cessation of
proliferation and/or the establishment of matrix (Stein & Lian, 1993). Osteoblasts
terminally differentiate into osteocytes, which are surrounded by bone matrix. In the
canaliculi, the processes of neighbouring osteocytes contact each other, form tight
junctions, and facilitate inter-cell communication.

1.2.2. Osteoclasts.
Osteoclasts are multinuclear cells that erode and resorb previously formed bone
(Chambers & Horton, 1984; Pazzaglia & Pringle, 1988; Zheng et al., 1991). The
osteoclastic lineage is of haematopoietic origin and includes mature, multinucleated
osteoclasts and their progenitors in the monocytic population (Figure 1.3.) (Zheng et
al., 1991).

Phenotypically, osteoclasts exhibit multinuclearity and distinctive morphologic
features such as a ruffled border; they are able to excavate lacunae in bone, synthesise
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tartrate resistant acid phosphatase (TRAP) and express receptors for calcitonin (Zheng
e ta l., 1991).

Haematopoietic
stem cells

■Monocytes

Osteoclasts
■Macrophages

Figure 1.3. The osteoclastic cell lineage. Osteoclasts arise from a
subpopulation of the monocytic line of haematopoietic cells.

The differentiation of the monocytic precursors into osteoclasts requires the
participation of mesenchymal cells (Silver et al., 1994). Both bone marrow stromal
cells and osteoblast-like cells share the ability to promote the formation of osteoclasts
in vitro (Takahashi et al., 1988).

These cells act at several levels to stimulate

osteoclast formation and their effects are mediated by cytokines and growth factors
(Canalis et al., 1991; Mohan & Baylink, 1991; de Vemejoul et al., 1993).
Osteoclasts degrade both the mineral and organic phases of bone matrix. They
attach themselves to bone by membrane processes which surround and isolate a
discrete area between the bone and osteoclast (Pazzaglia & Pringle, 1988). Integrins
are essential for the adherence of the osteoclast to the bone and the principle integrin
found in this area is aV153; this has been identified as the vitronectin receptor (Horton
& Davies, 1989; Hynes, 1992). This integrin will bind a wide variety of molecules
which contain the Arg-Gly-Asp (ROD) sequence. These include osteopontin and bone
sialoprotein (Grzesik & Robey, 1994).

Proton pumps, which are H^-dependent

ATPases, then migrate from endosomes into the cell membrane apposed to the isolated
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area. They then secrete acid and acidify the area to approximately pH 4. The sealed
off space formed by the osteoclast then resembles a large lysosome. The acid pH
removes the mineralized matrix and acid proteases secreted by the cell dissolve
collagen and other bone proteins, resulting in the formation of a shallow depression
in the bone.

1.2.3. Bone growth.
The bones of the skull develop by intramembranous bone formation whereby
ossification of membranes occurs, without any involvement of a cartilage matrix. In
contrast, the long bones develop by endochondral bone formation. They are first
modelled in cartilage and then transformed into bone by ossification that begins in the
shaft of the bone (Horton, 1990; Ganong, 1995; Kruse, 1995).
As growth progresses, specialised areas at the ends of each long bone, referred
to as epiphyses, are separated from the shaft of the long bone by a plate of actively
proliferating cartilage. This is named the epiphyseal plate. The plate lays down new
bone on the end of the shaft and this eventually leads to increased length of the long
bones. The width of the epiphyseal plate is proportional to the rate of growth and this
is regulated by a number of hormones such as pituitary growth hormone (OH) and
insulin like growth factor ! (IGF-I) (Slootweg, 1993; Kruse, 1995). Linear bone
growth occurs as long as the epiphyses are separated from the shaft of the bone but
growth ceases after epiphyseal closure when the epiphyses fuse with the shaft. These
closures occur in an ordered temporal sequence, with the last epiphyses closing after
puberty.
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1.2.4. Bone formation and resoqition.
During life, bone is continuously resorbed and replaced with new bone. This
is modified adaptively in response to mechanical or hormonal stimuli (Murray &
Rushton, 1990b; Bradbeer, 1992; Reeve & Zanelli, 1992).

Bone remodelling is

mainly a local process and is carried out in small discrete areas by populations of cells
called bone remodelling units (Bradbeer, 1992). Firstly, osteoclasts resorb bone, then
osteoblasts advance and lay down new bone in the same area. The cycle of resorption
and formation takes about 60-80 days (Reeve & Zanelli, 1992), and in adults at any
one time about 5% of the total bone mass is being remodelled. The renewal rate for
bone is usually about 4% per year for compact bone and 20% per year for trabecular
bone, but the amount of remodelling is related to the stresses and strains experienced
by the skeleton and is regulated by systemic hormones and growth factors. Normally
the amount of bone resorbed equals the amount of bone laid down by osteoblasts i.e.
the processes are coupled (Housden, 1994).
The processes responsible for calcification of newly formed bone matrix are
unclear. Whether calcium phosphate precipitates out of a solution depends upon the
product of the concentrations of Ca^^ and PO / . When the solubility product for
these ions is reached the solution is saturated, and if the solubility product is
exceeded, calcium phosphate precipitates (Posner, 1985). Osteoblasts secrete ALKP
which hydrolyses phosphate esters such as pyrophosphate.

This increases the

concentration of phosphate in the vicinity of the osteoblasts to a point where the
solubility product is exceeded and amorphous calcium phosphate precipitates.
Synthesis of osteonectin and osteopontin is increased as calcification begins. The
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precise function of these proteins remains unknown (Zheng et al., 1991), but it is
likely that they play an important role in the initiation and control of mineralisation
(Epstein, 1988; Azria, 1989; Shen et al., 1993).

The mineral phase is usually

described as hydroxyapatite (HA) but it is more accurately described as a carbonate
substituted apatite associated with minor and trace elements and which has a Ca/P
ratio of about 1.67 (Posner, 1985; LeGeros, 1993).
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1.3. ORTHOPAEDIC BONE CEMENTS.
Bone cement is used as a grout to anchor the prosthesis in a stable position and
ideally, it should survive the life span of the patient (Mulliken & Bourne, 1994; Saker
& Cuckler, 1994; Saul, 1994). The rapid in vivo setting of these cements allows the
early ambulation of the patient.

The cement distributes the biomechanical load

generated by the prosthesis over a large area and this helps to prevent the formation
of high stress concentrations (Haas et al., 1975; Linder, 1982; Mulliken & Bourne,
1994).

1.3.1. Poly (methylmethacrylate) based polymers.
1.3.1.1. General Introduction.
Poly(methylmethacrylate) (PMMA) bone cement has been used extensively in
orthopaedic surgery, and is the most commonly used non-metallic implant material
(Saha & Pal, 1984).

Acrylic type cements have been in use for about 35 years

(Chamley, 1960; Chamley, 1961). Previous to this they were used for artificial
dentures (Stafford & Braden, 1968; Smith, 1973).
Unfortunately PMMA cement provokes adverse reactions in the tissue
surrounding a prosthesis and this can cause major problems (Linder, 1982;
Pizzoferrato et at., 1991; Mulliken & Boume, 1994). Despite this, PMMA is still
used extensively and attitudes to it have been summarised in the statement that it is
"a material that surgeons like because it is very forgiving and has been used for years"
(Saul, 1994).
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1.3.1.2. The chemistry of PMMA cements.
The

monomeric

unit

of

hardened

PMMA

bone

cement

is

the

methylmethacrylate monomer (MMA) (Figure 1.4.).

CH:
C=CH
C=0
0-CH

Figure 1.4. The chemical structure o f the monomer
methylmethacrylate.

PMMA powder consists of beads which are approximately 10-30/xm in size
(Linder, 1982). The powder also contains an initiator of polymerization (benzoyl
peroxide) and agents to render the cement radio-opaque. These agents have generally
been either barium sulphate or, for Palacos and Sulfix cements, zirconium dioxide
(Linder, 1982; Ling & Timperley, 1995), and are present in amounts ranging from
10-15% w/w. Some PMMA powders also contain polystyrene which may improve
their working properties by reducing water uptake and the temperature of
polymerization (Haas et al., 1975). The polymer powder is sterilised by gamma
radiation.
The liquid monomer MMA contains an activating amine of polymerization,
usually N,N,dimethyl-p-toluidine (NNDPT), together with hydroquinone and ascorbic
acid which prevent spontaneous polymerization.
filtration.
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During polymerisation, the monomer units are covalently linked and form the
macromolecular bulk polymer (Greek: "many parts"). PMMA is formed by freeradical polymerization (Figure 1.5.) (Linder, 1982; Morrison & Boyd, 1992). The
powder and monomer are mixed to form a dough.

The monomer dissolves the

exterior of the polymer beads with the release of residual benzoyl peroxide. Free
radicals are generated from an initiator, such as benzoyl peroxide (Haas et al., 1975)
and the process is accelerated by NNDPT. The free radicals from the initiator first
react with the double bond of the monomer and then with that of the growing polymer
molecule. With each successive step the consumption of a free radical is associated
with the formation of a new, larger free radical. The reaction is terminated by steps
that consume but do not form free radicals such as combination or disproportion of
two radicals.
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(D Peroxide

Rad'

Rad' + CH =CH

RadCH^-CH'

2

(D RadCHz-CH' + CH =CH

RadCHz-CH-CHz-CH'
I
I
G
G

2

G
t h e n s t e p s like

chaininitiating
steps

G

-,chainpropagating
-*steps

are repeated, un t i l f inal c h a i n t e r m i n a t i n g steps;

® 2Rad(CH2CH)„CH2CH'

G

G

combination

Rad (CHzCH )^CHzCH-CHCHz (CHCH^ )nRad

I

I

G

G

I

G

I

chainterminating
steps

G

© 2Rad(CH2CH)„CH2CH'

G

G

disproportionation

Rad(CH2CH)„CH2CH2 + Rad(CH2CH)„CH=CH

G

G

G

G

Figure 1.5. A diagram of free radical polymerization. This will apply to all the
methacrylates described in this and subsequent sections with the different pendent groups
(G) attached to the polymer backbone (Morrison & Boyd, 1992).
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1.3.1.3. The characteristics of PMMA.
The setting time of the cement ranges from 5-15 minutes depending upon the
specific formulation of the PMMA being used and the ambient conditions (Haas et
al., 1975; Linder, 1982; Burke et at., 1984; Ling & Timperley, 1995). The dough

time of the cement is the time taken for the freshly mixed cement to obtain a
consistency such that it no longer adheres to surgical gloves. The difference between
the dough time and the setting time is referred to as the handling time. All these
times are reduced if the ambient temperature is increased (Haas et al., 1975).
During the early stages of polymerization the cement consists of the solid
phase already present in the formulation and new polymer formed by polymerization
of the monomer (Migliaresi et al., 1994). Topoleski et al. (1993) refers to four
components in bone cement; the polymer matrix, the polymer beads, barium sulphate
(if used) and the pores in the cement. During THA the bone cement is sometimes
inadvertently mixed with blood and bone debris (Lee, 1979; Bhambri & Gilbertson,
1995).
Although the cement sets within 15 minutes, full polymerization only
approaches completion after 24 hours (Migliaresi et al., 1994). During this time,
steady state biomechanical properties are acquired. After 24 hours, the polymerized
PMMA contains 0.8-2.5% unreacted residual monomer (Haas et al., 1975; Trap et
al., 1992; Migliaresi et al., 1994); these levels are lower if barium sulphate is

included and this radio-opaque agent increases setting and handling times (Haas et al.,
1975). The porosity of the cement is marginally reduced by the addition of barium
sulphate but is increased by rapid mixing (Haas et al., 1975). In addition, after
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polymerization, both unreacted NNDPT and benzoyl peroxide may be detected within
the cement (Haas et aL, 1975; Trap et al., 1992; Migliaresi et al., 1994).
The high temperatures reached during polymerization is one of the major
disadvantages of PMMA (Jefferiss et al., 1975; Linder, 1982). The amount of heat
generated is a direct function of the amount of monomer that polymerizes (Jefferies
et al., 1975). The reported peak temperatures vary with values ranging from 48-

124°C (Jefferiss et al., 1975; Linder, 1982; Saha & Pal, 1984; Jonck & Grobbelaar,
1990).

Haas et al. (1975) reported that the peak temperature of PMMA during

polymerization was normally 72-87®C but that if the mould was heated to 38®C this
increased to 93®C. The temperature at the cement interface has generally been shown
to be lower (44-58°C) (Jefferies et al., 1975; Weinstein et al., 1976; Burke et al.,
1984) which is close to the threshold of thermal tissue damage which has been
estimated to be 48-60®C (Huiskes, 1980). The peak temperature can be reduced by
up to

12®C by decreasing the rate of polymerization or decreasing the

powder:monomer ratio. This may not be practical since it can increase the setting
time of the cement inordinately (Haas et al., 1975).

However, in recent studies

(Stiirup et al., 1994), the contribution of thermal damage during polymerization has
been questioned. They demonstrated that when the influences of monomer toxicity
and the exothermic polymerization reaction were isolated, the heat generated had little
effect on the viability of canine tibia.
During polymerization shrinkage of PMMA occurs, reducing its volume by 38

%, and this is another major disadvantage of this polymer system (Haas et al., 1975;

Patel et al., 1987).

The shrinkage can be reduced by rapid mixing during
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preparation, but this creates a more porous cement. The shrinkage has been reported
to occur primarily in the interbead matrix (Topoleski et al., 1993).

1.3.1.4. The biomechanical properties of PMMA.
Biomechanically PMMA compares poorly to bone since it has a relatively low
modulus of elasticity; ideally this parameter should be a closer match (Haas et aL,
1975; Jonck & Grobbelaar, 1990).

PMMA is weak in tension but strong in

compression, and it is also weak in its shear strength (Saha & Pal, 1984). The fatigue
life of bone cement is probably shorter than the anticipated fatigue history of many
THAs (Burke et at., 1984), and a deterioration in the mechanical properties of
PMMA has been shown to occur with time (Lee, 1979; Hailey et al., 1994). The
studies by Weightman et al. (1987) on the biomechanical properties of this polymer
system detailed some of the biomechanical failings of PMMA as a bone cement.
PMMA fractures because its breaking strain is exceeded, whereas a more ductile
cement would yield to these forces without fracturing. The entrapment of air during
preparation appears to be the main reason for the low strength of surgical PMMA
when compared against industrial PMMA (Plexiglass) (Haas et al., 1975; Saha & Pal,
1984)
Fractures of PMMA bone cement tend to develop in the interbead matrix and,
with barium sulphate acting as a void initiator, in the areas of high porosity (Wright
& Robinson, 1982; Topoleski et al., 1993; Bhambri & Gilbertson, 1995). Pores act
as nucléation sites for microcracks and as a consequence any reduction in porosity
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enhances the life of the cement (Burke et al., 1984; Linden, 1991 ; Topoleski et at.,
1993).
The addition of barium sulphate to cement reduces its compressive strength
(Haas et al., 1975). Lee (1979) reported that barium sulphate reduced compressive
strength by —5% when added by the manufacturer, but that if added by hand and
manually mixed the strength may fall by 10-20%. Agglomerations of the radiopaque
agent will also occur when added in this manner. Since clumps of barium sulphate
act as crack initiators, it may be better to avoid this radiopaque agent and use
methacrylate based polymers that can themselves absorb X-rays (Benzina et al.,
1994).
Higher molecular weight polymers have improved biomechanical properties
(Haas et al., 1975). However for the rapid diffusion of monomer into the powder,
which is preferable during polymerization, a lower molecular weight polymer is
required (Haas et al., 1975).
Reinforcement of PMMA would improve load carrying capacity. For example
the addition of carbon fibres reduces creep (Migliaresi et al., 1994) and crack
propagation (Wright & Robinson, 1982). Reinforcing materials such as carbon fibres
can also improve the fatigue and tensile characteristics of the biomaterial. However,
they may increase the viscosity; this prevents the good trabeculae penetration required
for THA (Pilliar et al., 1976).
Refinement in cementing techniques so as to decrease air entrapment and
porosity of PMMA has improved the outcome of THAs (Harris et al., 1982; Burke
etal., 1984; Jones & Hungerford, 1987; Mulroy & Harris, 1990). These refinements
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include pre-plugging the femoral medullary canal (Harris et al., 1982) and cement
pressurization (Oh et at., 1978) both of which lead to better penetration of the
cement.

In addition a number of different preparative procedures such as

centrifugation and ultrasonic vibration decrease its porosity and improve the
biomechanical properties (Burke et at., 1984; Saha & Pal, 1984; Wixson et at.,
1987).
Low viscosity PMMA is particularly suitable for pressurised injection of
PMMA using cement guns. This technique leads to improved filling of the femoral
canal and reduces the voids and laminations in the cement mantle which can decrease
its strength (Lee, 1979; Mulroy & Harris, 1990).

1.3.1.5. The tissue response to PMMA.
Some of the adverse tissue reactions to PMMA have been attributed to the
free unreacted monomer MMA (Linder, 1982; Jones & Hungerford, 1987) which has
been reported to be cytotoxic (McLaughlin et al., 1973; Linder, 1976; DanilewiczStysiak, 1980; Revell et al., 1992a; Sylvest et al., 1992). In both human and canine
subjects the highest concentration of MMA was found in pulmonary blood 1 minute
after cement insertion (Sylvest et al., 1992; Gentil et al., 1993). It has a short halflife (~0.5mins) (Sylvest et al., 1992; Gentil et al., 1993) and is therefore cleared
rapidly with excretion being primarily via the lungs (McLaughlin et al., 1973; Gentil
et al., 1993).

Higher concentrations of MMA were achieved after acetabular as

opposed to femoral insertion (Gentil et al., 1993). The highest concentration of
MMA detected was 12.3;tg/ml, which was well below the concentrations needed to
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evoke pulmonary complications (Gentil et al., 1993).

High monomer levels are

required to produce pulmonary and cardiovascular toxicity (e.g. ~ lOO^g/ml); the main
side effects have been reported to be mild hypotension together with an increased risk
of myocardial infarction and pulmonary embolism.

For example, Revell et al.

(1992a) investigated the toxicity of MMA in rabbits and demonstrated
cardiorespiratory changes that included hypotension and bradycardia. Additionally
Mir et al. (1973a) demonstrated that MMA caused cardiac changes in perfused rabbit
hearts.

Danilewicz-Stysiak (1980) investigated the in vitro effect of MMA upon

fibroblasts and concentrations at, or above, lO/ig/ml were shown to retard cell
growth. In more recent studies, Stiirup et al. (1994) reported that monomer from
freshly prepared PMMA inhibited blood perfusion and bone remodelling in a canine
model. The monomer mixture supplied was more toxic than MMA alone, and this
suggested that the additives in the former were themselves cytotoxic. This has been
previously demonstrated for other polymer systems (Étol et al., 1988; Trap et al.,
1992).

In addition it has been reported that MMA, at concentrations exceeding

2mg/ml, may have the potential to be mutagenic (Moore et al., 1988).
There have been conflicting reports on the cytotoxicity of bulk PMMA. Jasty
et al. (1992) suggested that the biological response to PMMA is influenced by its

physical form, such that bulk PMMA elicited a fibrous response; particulate PMMA
evoked a vigorous foreign body reaction. Schachtschabel & Blencke (1976) reported
that PMMA inhibited cell growth, DNA metabolism and glycolytic metabolism of
Ehrlich tumour cells but they observed no adverse effects on fibroblasts. However
Frondoza et al. (1993) reported that PMMA particles enhanced DNA and protein
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synthesis and proliferation in fibroblasts.

PMMA particles are phagocytosed by

macrophages and this reduces cellular uptake of tritiated thymidine (Horowitz et al .,
1993).

Thomson et at. (1992) reported that PMMA particles were toxic to

macrophages and fibroblasts causing the release of cytosolic lactate dehydrogenase
from both and lysosomal 6-N-acetyl-D-glucosaminidase from macrophages.

1.3.2.

Alternative methacrylate bone cements: Poly(ethylmethacrylate) based

polymers.
1.3.2.1. General Introduction.
It has been suggested that higher homologues of methacrylates than PMMA
may possess more favourable biomechanical properties (Haas et at., 1975; KindtLarsen et a l , 1995) and reduced toxicity (Mir et at., 1973a; Mir et at., 1973b;
Moore et at., 1988; Sylvest et at., 1992). Accordingly a polymer system based upon
poly(ethylmethacrylate) (PEMA) polymerized with the monomer n-butylmethacrylate
(n-BM) (Figure 1.6.) was introduced as a dental material by Schwarz & Braden
(1973) and has proved to be successful.

This system has also been applied to

orthopaedics. It was named London Hospital Bone cement (LHBC).

CH:
C = CH;
C=0
O-CH2-CH2-CH2-CH:

Figure 1.6. The chemical structure of the monomer
n-butylmethacrylate.
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Like PMMA, LHBC is a cold-curing polymer system. Its advantages over
PMMA are its lower shrinkage, reduced exotherm, increased ductility and more
homogeneous microstructure; in addition it has been suggested that its monomer is
less toxic (Patel & Braden, 1994). Weightman et al. (1987) reported that LHBC had
a modulus of elasticity which is 50% lower than PMMA, and that it is 5-10 times
more ductile than PMMA. Although LHBC has only 50% of the strength of PMMA,
its lower modulus reduces any stress experienced by the cement and the increased
ductility allows it to be deformed to a greater extent before it finally breaks. As a
consequence LHBC is less prone to cracking around the stems of the femoral
prosthesis.
Scanning electron microscopy

(SEM) of PMMA revealed rounded

protuberances in the form of tightly packed beads. This contrasted with the smoother
surfaces of LHBC (Revell et at., 1992b) which are obtained because, with this
cement, the polymer powder (PEMA) dissolves in the monomer n-BM prior to
polymerization. This results in a mixed polymer system, which consists of PEMA
together with poly (n-butylmethacrylate). Viscoelastic studies demonstrated that this
system has a relatively homogeneous microstructure which is made up of an inter
penetrating network of polymers (Clark & Braden, 1982).

1.3.2.2. The tissue response to PEMA based polymers.
When used in vivo, LHBC did not have any major adverse effects upon soft
tissues (Schwarz & Braden, 1973), and was minimally irritating to dental pulp
(Braden et al ., 1976a). These encouraging results may have been due to the relatively
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low heat of polymerization of this cement (50-60®C) (Braden et al., 1976a). Revell
et at. (1992a) compared the toxicological properties of the monomers n-BM and

MMA which are used in LHBC and PMMA respectively.

Injections of either

monomer into rabbits produced cardiovascular changes, with hypotensive responses
which were related to the dose of monomer used. At lower doses n-BM was shown
to be more toxic than MMA. However, at higher concentrations their effects were
similar and the LD5 0 were determined to be
respectively.

1

.0 - 1 .2 ml kg^ and

1

.2 ml kg^

These effects differed from the toxicity studies on methacrylates

reported by Mir et al. (1973a), who found n-BM to be less toxic than MMA with an
LD5 0 of 1.7ml kg^ and 1.2ml kg^ respectively. They also reported that n-BM had a
reduced effect on perfused rabbit hearts, whilst both of the monomers induced similar
responses on isolated guinea pig ileum (Mir et al., 1973b). The in vivo cardiac
effects may have been due to a direct vasodilator effect on coronary circulation
(Revell et al., 1992a). In contrast, the studies reported in Chapter 4 showed that in
vitro n-BM proved considerably more toxic than MMA (Goodwin et al., 1995a).

Revell et al. (1992b) reported that polymer beads of either PEMA or PMMA
which had been implanted subcutaneously into rats, provoked a macrophage foreign
body response for six weeks. After this time there was no evidence of either tissue
necrosis, or inflammation. Implantation of freshly polymerised PMMA, which was
cured in situ in the paraspinal musculature, caused an invasion of macrophages and
giant cells into areas which were adjacent to the cement and tissue damage to the
muscle. Less tissue damage was observed when PMMA was cured in vitro, prior to
implantation; this was associated with a lower number of invading macrophages and
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giant cells.

In contrast, for LHBC, no difference in the cellular response was

observed between the responses to cement cured ex vivo or in vivo, both of which
caused a reaction similar to that seen for PMMA which had been cured in vitro. A
fibrous coating formed around both PMMA and LHBC, and this was thickest for
PMMA which had been cured in situ. The relatively smaller effect on tissue obtained
with LHBC as opposed to PMMA may be due to the reduced release of free monomer
from LHBC (Davy & Braden, 1991).
Fewer macrophages were observed at the smoother siuface of LHBC compared
with rougher surface of PMMA (Revell et at., 1992b). This is consistent with the
conclusions of Taylor & Gibbons (1983) who demonstrated that more active
macrophages were present at rough polymer surfaces.

1.3.3. Alternative methacrylate bone cements : Heterocyclic methacrylate based
polymers.
1.3.3.1. General Introduction.
A systematic study of heterocyclic methacrylates was undertaken by Patel &
Braden (1994). They reported that the high polymer shrinkage which is characteristic
of PMMA, may be avoided by using heterocyclic methacrylates. The low shrinkage
is due to the low molar volume of the monomer and the increasing number of carbon
atoms in the methacrylate side chain (Patel et al., 1987).
A polymer system which polymerizes at room temperature was developed
based upon PEMA and the monomer, tetrahydrofurfurylmethacrylate (THFMA)
(Bhusate & Braden, 1985) (Figure 1.7.).
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o CH.
H^C CH-CH2-0-C-C=CH;

Figure 1.7. The chemical structure of the monomer
tetrahydrofurfurylmethacrylate.

This polymer possesses biomechanical properties which are similar to LHBC
and superior to those of PMMA: it has good flexural strength together with a lower
modulus than PMMA (Patel & Braden, 1991a).

The heat of polymerization of

PEMA/THFMA is similar to LHBC (50-60®C) and significantly lower than PMMA
(Patel & Braden, 1991b). The high water uptake of PEMA/THFMA has been shown
to be 34% after immersion in water for 2 years (Patel & Braden, 1991c; Patel &
Braden, 1994). This was originally considered disadvantageous but it has recently
been found to be a good promoter of cartilage repair (Downes et al., 1994a; Reissis
et at., 1994a, 1994b) and a relatively efficient drug delivery system (Di Silvio et at.,

1994a; Patel et at., 1994).

1.3.3.2. The tissue response to heterocyclic methacrylate based polymers.
In vitro PEMA/THFMA has been shown to support the growth of

chondrocytes (Sawtell et at., 1995). This polymer, which is able to swell in situ and
remain rigid, has been shown to aid the repair of full thickness defects in articular
cartilage. The polymer enhanced chondrocyte metabolism and matrix organization
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and consequently these defects were resurfaced with hyaline-like articular cartilage
(Downes et al., 1994a; Reissis et al., 1994a, 1994b). This polymer has also been
shown to be well tolerated by the oral mucosa and dental pulp (Pearson et al., 1986).

1.3.4. Alternative methacrylate bone cements : Hydroxy ethylmethacrylate based
polymers.
1.3.4.1. General Introduction.
Hydrogels are synthetic polymers with hydrophilic properties and they swell
in the presence of water (Smetana,

1993).

The polymer which utilises

hydroxy ethylmethacry late (HEMA) as its monomer (Figure 1.8.) is the most widely
used example of these hydrogels (Montheard et al., 1992; Netti et al., 1993;
Smetana, 1993).

CH
C=CH
c=o
0

-CH -CH -OH
2

2

Figure 1.8. The chemical structure of the monomer
hydroxyethy Imethacry late.

Hydrogels are three dimensional polymeric networks which are held together
by crosslinks formed by both covalent bonds and weaker cohesive forces due to
hydrogen or ionic bonds. HEMA can be readily polymerized and the hydrophilic
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pendent group allows it to form hydrogels. Because of the hydrophilic nature of
HEMA it has been exploited for numerous biomedical applications, the most common
usage being contact lenses (Montheard et al., 1992). Polymerized HEMA imbibes
water and the weight can, thereby, increase by as much as 60% (Lydon et at., 1985;
Netti et at., 1993). It has also been incorporated into other polymer systems so as to
improve their water uptake properties (Downes et at., 1994b; Di Silvio et at., 1994a;
Downes et al., 1995a; Goodwin et al., 1996a).
The ability of poly(HEMA) to swell in the presence of water has been utilised
as a potential method for stabilising femoral implants (Netti et al., 1993). When the
swelling of the hydrogel in the presence of water is physically constrained by limiting
its volume, the water molecules continue to penetrate into the polymer network, due
to osmotic forces, and a hydrostatic pressure is thereby generated.

This process

continues until the hydrostatic pressure counterbalances the opposing osmotic pressure
of the water. However, the initial favourable biomechanical properties, which were
reported from in vitro tests, were not realised in vivo (Netti et al., 1993).

1.3.4.2. The tissue response to HEMA based polymers.
Mir et al. (1973a) demonstrated that HEMA was about three fold more toxic
than either methyImethacrylate or n-BM.

HEMA was also shown to inhibit the

spontaneous contraction of isolated guinea pig ileum (Mir et al., 1973b).

In

cytotoxicity studies, exposure of fibroblasts to HEMA (0.1-0.3%) for 6 hrs resulted
in extensive cell death (Maile et al., 1987).
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When HEMA is polymerized in situ, cytotoxicity may arise from the release
of either unreacted monomer or other compounds such as residual polymerization
initiator and any decomposition products (Stol et al., 1988). The unreacted residual
HEMA and other low molecular weight compounds are rapidly washed out of the
polymer (Brynda et at ., 1985). Sodium benzoate, a decomposition product of benzoyl
peroxide, together with the residual monomer and also breakdown products of the
polymerization reaction were all found to be toxic to rats (Stol et at., 1988). Despite
these problems with toxicity, poly(HEMA) based hydrogels have been shown to
exhibit favourable haemocompatibility properties (Montheard et at., 1992).
Poly(HEMA) coated pins implanted into rabbits, did not appear to be
detrimental to either cell viability or bone formation (Netti et at . , 1993). Cifkova et
at. (1988) demonstrated that a fibrous capsule developed around poly (HEMA) when

implanted into muscle. They also observed a layer of macrophages and giant cells.
When several different initiators of polymerization were investigated, the formation
of the fibrous capsule appeared to be greatest with benzoyl peroxide. These findings
contrasted with the studies of Netti et al. (1993) who did not observe the formation
of an analogous fibrous membrane.

Using subcutaneous implants of collagen-

poly(HEMA) hydrogels in rats a chronic inflammatory response occurred and a
fibrous capsule was observed after 2 weeks (Jeyanthi & Rao, 1990).

However,

Chinese hamster ovary (CHO) fibroblasts encapsulated within HEMA/MMA
copolymers have been shown to maintain their viability and ability to proliferate for
up to 14 days (Uludag & Sefton, 1990; Uludag & Sefton, 1993).
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The adsorption of proteins such as fibronectin is not enhanced in extremely
hydrophilic polymers. As a consequence the attachment of cells to these polymers is
reduced (Horbett et al., 1985; Horbett & Schway, 1988; Smetana, 1993).
Fibronectin adsorption has been shown to be greatest for polymers which are made
by mixing hydrophobic ethylmethacrylate with hydrophilic HEMA as opposed to
polymers which are made from either PEMA or poly (HEMA) (Horbett et at., 1985;
Smetana, 1993). In vitro, the growth of cells on polymers which contained a high
proportion of HEMA was poor, but cell growth improved when the hydrophobicity
of the monomer was increased (Horbett etal., 1985). A PEMA/HEMA polymer was
shown not to support chondrocyte attachment (Sawtell et al., 1995) even though the
polymer has a water uptake of —15% (see Chapter 5). It has been reported that the
PEMA/HEMA system has a smoother surface than the PEMA/THFMA polymer
(Downes et al., 1994b; Downes et al., 1995a) and it has been suggested that smooth
surfaces are not optimal for cell adhesion (Sawtell et al., 1995). Whereas PEMA and
PMMA support good cell growth, cell attachment to poly (HEMA) is relatively poor
(Lydon et al., 1985). Although poly (HEM A) is nonadhesive for cells in culture it
may be rendered adhesive by various treatments including the replacement of hydroxyl
groups with hydrogen (i.e. poly (HEMA) to PEMA) or increasing the length of the
pendant alkyl chain (poly(HEMA) to poly(hydroxybutylmethacrylate)) (Lydon etal.,
1985).
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1.4.

BIODEGRADABLE MATERIALS.

1.4.1. General Introduction.
Biodegradable materials have been used for bone and cartilage remodelling
(Lekovic & Kenney, 1993; Coombes & Meikle, 1994), the repair of fractures (Bos
et al., 1989; Hofmann, 1992; Hofmann & Wagner, 1993), and as vehicles for drug

delivery (Pitt et at., 1979a, 1979b; Kitchell & Wise, 1985; Holland et at., 1986;
Fukuzaki et a i , 1991; March et al., 1994). Surgical sutures have been made from
biodegradable materials for at least 30 years; these have usually been made from
poly (glycolic) acid (PGA) and poly (lactic) acid (PLA) (Williams, 1982). Resorbable
polymeric implants may be used to overcome the problems of tissue supply and the
long resorption times associated with bone grafts (Goldberg & Stephenson, 1987;
Coombes & Meikle, 1994).

These materials are useful alternatives to the metal

implants used for the internal fixation of fractured bones and joints since the latter
need to be removed once healing has occurred (Hofmann, 1992; Hofmann & Wagner,
1993; Coombes & Meikle, 1994).
The important criteria for the use of biodegradable polymers as implant
materials are their outstanding biocompatibility and susceptibility to complete
biodégradation, the resorption of the subsequent metabolic products and the successful
elimination of all final residues by physiological excretory pathways (Hofmann &
Wagner, 1993). The timing of their biodégradation must be such that this occurs after
the biomaterial has fulfilled its function.

The disadvantages of biodegradable

biomaterials include their difficulty in changing shape, their inability to be imaged
with conventional X-rays and their unsuitability for the repair of load bearing bones
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(Hofmann, 1992). Because of the latter disadvantages, biodegradable materials are
generally used for cancellous bone replacement, where high mechanical strength is not
required (Coombes & Meikle, 1994).
The biodegradable material poly(e-caprolactone) (PCL) was selected for the
studies reported in Chapter 6 . The characteristics of this polymer are outlined below.

1.4.2. Poly(€-caprolactone) (PCL).
Poly(e-caprolactone) is a biodegradable poly(a-hydroxy acid), which is an
aliphatic polyester.

It is usually prepared by the stannous octoate catalysed

polymerization of e-caprolactone at 140°C (Pitt et al., 1979a, 1979b; Woodward et
at., 1985; Cha & Pitt, 1990) (Figure 1.9.).

The polymer can be fabricated into

implants by methods such as solution or melt processing (Coombes & Meikle, 1994).
The resultant polymer has a melting point of 58-63®C and a glass transition
temperature of -60 to -70®C (Pitt et at., 1981a; Thies, 1989; Cha & Pitt, 1990;
Coombes & Meikle, 1994; Huatan gra/., 1995). The low glass transition temperature
is due to the long hydrocarbon chains in the structure, and is characteristic of a
rubbery polymer (Coombes & Meikle, 1994).

- ( - o - ( CHz ) 5 - c o - ) Figure 1.9. The structure of monomeric
e-caprolactone. When polymerized, yields
poly (e-caprolactone).
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1.4.3. The biodégradation of PCL.
The biodégradation of PCL is described in detail below (Pitt et al., 1981a,
1981b; Woodward et al., 1985; Ali et al., 1994), and is similar for related polyesters
such as PLA and PGA and their co-polymers (Williams, 1982; Wang et al., 1990;
Williams, 1992; Coombes & Meikle, 1994).
The in vitro biodégradation proceeds via several mechanisms but hydrolysis,
which results in molecular fragmentation of the polymer, plays a major role
(Williams, 1992).

Degradation depends upon the type of polymer, its molecular

weight, crystallinity and also the presence of any co-monomers, residual monomers
or additives (Wang et al., 1990; Williams, 1992).

Additionally, the mechanical

stresses to which the material is subjected can influence degradation (Williams, 1992),
and the degradation rate is influenced by the morphology of the material (Cha & Pitt,
1990).

For example, high porosity results in increased fluid ingress, with a

concomitant increase in hydrolytic chain scission due to a larger reactive surface area.
The initial solvation and wetting of the surface will depend on the pendent hydrophilic
groups at the polymer surface and this in turn will influence the susceptibility of the
surface to hydrolytic attack (Davies et al., 1990).
Enzymatic degradation can play an important role in in vivo degradation
particularly for polymers which are in a rubbery state (Schindler & Pitt, 1982;
Holland et al., 1986; Williams, 1992).

Moreover enzymes have been shown to

significantly alter the surface properties of PCL (Jarrett et al., 1983; Gurav &
Downes, 1994).

The presence of PCL particles within phagosomes of activated

macrophages suggest that lysosomal acid-hydrolases can degrade the polymer
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(Woodward et al. , 1985). Micro-organisms may also play a role in degradation. For
example, Jarrett et at. (1983) have shown that the amorphous region of PCL is
preferentially degraded by a yeast (Crytococcus luarentii) and a fungus (Fusarium),
and Fields et al. (1974) reported that the bacterium Pullularia pullulans can degrade
PCL.
PCL degradation takes place as a two stage process (Pitt et al., 1981a, 1981b;
Woodward et al., 1985; Ali et al., 1993). Firstly, non-enzymatic bulk hydrolysis of
ester linkages occurs, autocatalyzed by the carboxylic acid end of the polymer. This
initial phase lasts at least

6

months. Clearly hydrolytically unstable bonds make a

polymer susceptible to hydrolysis (Williams, 1982), and heterochain polymers such
as PCL with oxygen or nitrogen atoms in the main chain are particularly vulnerable
in this respect (Williams, 1992; Ali et al., 1993). The major breakdown product of
the hydrolytic cleavage is e-hydroxycaproic acid.
With time hydrolytic degradation of the ester groups leads to a net increase in
crystallinity (Pitt et al., 1981a, 1981b; Ali et al., 1993).

This is because the

amorphous phase of PCL is more susceptible to hydrolytic attack than the crystalline
phase. This process accounts for the gradual increase in the brittleness of implanted
films and capsules of PCL.

Changes in crystallinity are also observed following

treatment with hydroxyl free radical systems (Williams, 1992; Ali et al., 1993).
During degradation, random hydrolytic chain scission occurs which leads to the
formation of shorter polymer chains, with a reduction in molecular weight to —5000;
despite these changes there is no overall weight loss (Pitt et al., 1981a; Woodward
eta l., 1985).
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In the second stage the crystallized areas are attacked and removed (Williams,
1982; Jarrett et al., 1983; Ali et al., 1994). Weight loss then occurs because random
chain cleavage produces fragments which diffuse from the polymer (Pitt et al., 1981a)
and through the polymer bulk (Woodward et al., 1985). The polymer then becomes
prone to fragmentation and mechanical disruption occurs. Due to the semi-crystalline
nature of PCL, the total resorption time of the polymer is approximately 2 years, but
the timing of this process may be controlled. The rubbery characteristic of PCL
increases its permeability relative to PLA which has a short resorption time and this
can be exploited to improve the controlled delivery of drugs (Pitt et al., 1979a,
1981b; Holland et al., 1986; Huatan et al., 1995). For example, a co-polymer of
lactic acid and e-caprolactone will have a reduced degradation rate whilst retaining the
high permeability which is characteristic of PCL (Pitt et al., 1979a, 1981b).

1.4.4. The tissue response to PCL.
In general, there have been comparatively few problems with the
biocompatibility of biodegradable materials, even though their degradation creates an
acidic environment (Hofmann, 1992). There may be a foreign body reaction by
macrophages against PCL implants; enzymes and free radicals which are released
during the accompanying respiratory burst may enhance biodégradation (Williams,
1992; Ali et al., 1994). The more extensive and rapid the polymer degradation the
greater the cellular response.

The host response consists of encapsulation of the

implant by filaments of collagen containing occasional giant cells (Woodward et al.,
1985; Fukuzaki et al., 1991). This capsule develops in the presence of a transitory
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inflammatory response (Woodward et al., 1985). Fibrin deposition occurs on the
surface of particles following implantation (Woodward et at., 1985). Small particles
of PCL ( < 80/xM) are phagocytosed by macrophages and fibroblasts, although the role
of the latter may be less significant since the fibroblasts contain fewer lysosomal
enzymes (Woodward et at., 1985). Fibroblasts have been shown to proliferate in
response to PCL particles (Woodward et at., 1985) (c.f. PMMA and proliferation of
fibroblasts, see section 1.3.1.5.). At the end stages of degradation when the device
becomes mechanically disrupted, the fragments elicit another foreign body reaction
which involves both macrophages and giant cells. A chronic inflammatory response
accelerates PCL degradation, which suggests an active role of macrophages (Ali et
at., 1994). An increased number of inflammatory cells was also observed in the

presence of PCL when the polymer was used as a guide for tissue regeneration in
dogs (Lekovic & Kenney, 1993).
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1.5. GROWTH HORMONE: STRUCTURE, FUNCTIONS AND ACTIONS.
1.5.1. Growth hormone structure.
Growth hormone (GH), prolactin (PRL) and placental lactogen form a family
of polypeptide hormones with significant amino acid sequence homology, and share
a range of biological functions (Nicoll et al., 1986; Lewis, 1992).
Growth hormone is synthesized, stored and secreted by somatotroph cells. GH
was first isolated in the form of bovine GH (Li & Evans, 1944) and from human
pituitaries by Li & Papkoff (1956) and Raben (1957). The major isoform of human
growth hormone (hGH) is a single chain polypeptide of 191 amino acids (aa) with two
disulfide bridges (cys^^ - cys^“ and cys’*^ - cys^*^); it has a molecular weight of 21,500
Da (Baumann, 1991). The three-dimensional fold of the protein is characterized by
a four a-helix bundle core in which the first two helices are parallel to each other and
antiparallel to the last two helices. This has been deduced from investigations made
on the molecular complex formed with hGH binding protein (hGHbp) (de Vos et al .,
1992). The detailed structure of the free hormone is not known. However a variant
of the hormone, which has an especially high affinity for the growth hormone receptor
(GHR), has been crystallized and detailed structural analysis of this has confirmed the
structural features deduced from the hormone receptor complex (Lowman & Wells,
1993; Ultsch et al., 1994).

This was shown to have essentially the same three

dimensional structure as that seen when the hormone is complexed with the GHR (de
Vos et al., 1992; Lundqvist & Sundstrom, 1995).
There is sequence homology between the cDNAs of the mRNAs for human,
rat and bovine GH (Wallis, 1981; Miller & Eberhardt, 1983; Nicoll et al., 1986).
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Sequence analysis for both human and animal GH and PRL suggests that gene
duplication of a common evolutionary ancestor occurred 350 million years ago
resulting in the separate hormones (Wallis, 1981; Miller & Eberhardt, 1983). The
hGH gene exists in multiple copies and is located on chromosome 17 (Owerbach et
al., 1980).

It consists of 5 exons and 4 introns and has a highly conserved

exon/intron boundary (Moore etal., 1982; Parks, 1989). hGH exhibits a high degree
of molecular heterogeneity (Smith & Norman, 1990; Baumann, 1991; Lewis, 1992).
The 191 aa, 22 kDa, monomeric variant accounts for the majority of the naturally
occurring hGH (Baumann, 1991). A 20 kDa variety is the next most abundant form
(—10%) and is produced via alternative processing and splicing of pre-mRNA which
results in the removal of the nucleotides encoding amino acids 32-46 (Lewis et al.,
1978).
The hGH gene has been cloned and expressed in Escherichia coli both as the
methionyl derivative (Goeddel et al., 1979) and as the naturally occurring sequence
(Chang et al., 1987). Before the availability of the recombinant hormone the only
source of hGH was from human cadavers (Li & Papkoff, 1956).

1.5.2. Growth hormone actions.
The primary function of hGH is promotion of linear growth (Isaksson et al.,
1985; Kelly, 1990). In addition hGH has a number of specific effects that can be
divided into direct and indirect (Green et al., 1985; Isaksson et al., 1985). Most of
the growth promoting effects are mediated by the somatomedins (IGFs).

hGH

indirectly, via IGF-I, increases protein synthesis by enhancing amino acid uptake and
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directly accelerating transcription and translation of mRNA. In addition hGH tends
to decrease protein catabolism by mobilising fat as a more efficient fuel source. The
protein sparing effect may be the most important mechanism by which hGH promotes
growth and development.
The direct effects are involved in carbohydrate and lipid metabolism and
oppose the actions of insulin; they are mediated by receptors in the specific target
tissues. In excess, hGH decreases carbohydrate utilization and impairs glucose uptake
into cells. This hGH-induced insulin resistance appears to be due to a post-receptor
impairment of insulin action. These events result in glucose intolerance which in turn
stimulates insulin secretion.

hGH directly causes the release of fatty acids from

adipose tissue and enhances their conversion into acetyl CoA from which energy is
derived.
The hypothalamus produces two neurohormones which affect hGH secretion:
hGH-releasing factor, a peptide (44 aa) which stimulates the secretion of GH and
somatostatin (14 aa) which inhibits hGH secretion. These hypothalamic influences are
tightly controlled by an integrated system of neural, metabolic and hormonal factors.
In humans, GH is released in a pulsatile manner. Various feedback mechanisms are
in existence; IGF-I has an inhibitory action on hGH production at the level of the
hypothalamus and anterior pituitary, and hGH may also feed back on itself. Stress
and exercise also increase the circulating level of hGH.
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1.5.3. Growth hormone receptor binding.
The cell surface receptors for hGH and human prolactin (hPRL) belong to the
cytokine receptor superfamily (Kelly et al., 1991; Kelly et at., 1993; Wells & de
Vos, 1993). The binding of hGH to its receptor is required for regulation of normal
growth and development. The actions of hGH involve binding of the hormone to a
specific surface receptor, hGHR, located in the plasma membrane of the target cell.
The cDNA for the hGHR has been isolated (Leung et at., 1987).

hGHR is a

glycoprotein, containing an extracellular hormone binding domain (246 aa), a single
transmembrane domain (24 aa) and an intracellular domain (351 aa).

The

extracellular domain of the hGH receptor consists of two distinct regions of
approximately equal size, each with seven 6 -strands divided into two sheets forming
a

6

-sandwich motif (de Vos et at., 1992; de Vos & Kossiakoff, 1992).

The

extracellular domain is found in a free form in serum and is referred to as the hGHbp
(Baumann et at., 1986; Herington et at., 1986). The N-terminal sequence of the
protein is identical to that of the extracellular region of the hGHR suggesting that this
serum protein may be produced by receptor proteolysis (Leung et at., 1987).
High resolution functional (Cunningham & Wells, 1989; Cunningham et al.,
1989; Cunningham et al., 1991 ; Fuh et al., 1992) and structural studies using X-ray
crystallography (Ultsch et al., 1991; de Vos et al., 1992) have demonstrated two
receptor-binding sites on each molecule of hGH, identified as site 1 and site 2, when
it interacts with the hGHR as represented by the hGHbp (de Vos & Kossiakoff, 1992;
Wells et al., 1993). Site 1 consists of about 24 residues on helix 1 and a large part
of helix 4. The second site, which is composed of 13 residues, is formed by the N74
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terminus of helix 1 and residues on helix 3 (Cunningham et al., 1989; Cunningham
& Wells, 1989; Cunningham & Wells, 1991; Cunningham & Wells, 1993; Wells &
de Vos, 1993). In the hGH(hGHR) 2 complex both receptors donate essentially the
same residues to interact with the hormone, even though the two binding sites on the
hormone have no structural similarity (de Vos et al., 1992; Wells, 1994).
Dimerization of the cell surface receptor is an essential component of the signal
transduction mechanism for hGH (Cunningham et al., 1991).
This model suggests that at low concentrations of hormone, a hGHR first binds
to site 1 on hGH and subsequently a second receptor is recruited to bind to site 2 on
the hormone molecule (Figure 1.10.).

Binding sites 1 and 2 overlap on hGHbp.

Only a small number of residues on hGH are involved in the binding of hGH when
the first receptor binds (Cunningham & Wells, 1993; Wells, 1994); this conclusion
has been supported by parallel studies on the receptor itself (Clackson & Wells,
1995). Only about 50% of the 31 side chains on hGH that become buried when the
first receptor binds contribute to binding efficacy, and just

8

of these chains results

in —85% of the binding free energy (Cunningham & Wells, 1993; Wells, 1994).
Tryptophan at position 104 has more contact with the hormone than any other receptor
residue, which is consistent with the result that substitution of the residue with alanine
virtually abolished binding (Bass et al., 1991).
One prediction of the sequential dimerization model is that high doses of hGH
would occupy all the single receptors and prevent receptor dimerization (Cunningham
et al., 1991; Fuh et al., 1992) (Figure 1.10.). Since dimerization is essential for

signal transduction the higher doses of hGH would be expected to inhibit hormonal
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hGH
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Figure 1.10.

Inactive

A diagram of growth hormone receptor dimerization.

hGH

contains two areas termed site 1 and site 2. At low hormone concentrations (~ 2 0 p M ),
hGH binds first with site 1 and then with site 2. At very high hormone concentrations
(> 2 /zM ), it is possible to antagonize the receptors by saturating them as 1:1
complexes (Wells, 1994).
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stimulation and thereby induce bell-shaped dose response curves; this "auto-inhibition"
has been observed in other cellular systems (Hondo et al., 1994a; Ealey et at., 1995),
and the validity of the model is also supported by several observations. For example,
a mutant hGH, G120R, which has a fully functional site 1 but a defective site 2,
failed to activate proliferation of hGH target cells (Fuh et al ., 1993; Ultsch & de Vos,
1993).

The importance of receptor dimerization was also confirmed by the

observation that intact divalent antibodies to the receptor which can activate hGH
receptors are inactive when tested as monovalent Fab fragments (Fuh et at., 1992).
hGH binds to and activates receptors for both hGH and hPRL (Wells et al .,
1993; Wells, 1994). However, prolactin and placental lactogen, although similar in
structure to hGH, do not react with the somatogenic receptor for hGH.

1.5.4. Growth hormone signal transduction.
The cytokine/growth hormone/prolactin receptor family (class I) and the
interferon receptor family (class II) share similar structural features and signal
transduction pathways. Both receptor classes are intimately associated with members
of the Janus kinase (JAK) family and activate a family of transcription factors that
couple ligand binding to the activation of gene expression that have been named signal
transducers and activators of transcription (STATs) (Figure 1.11.) (Horseman, 1994;
Horseman & Yu-Lee, 1994; Ihle et al., 1994; Finidori & Kelly, 1995; Sotiropoulos
et al., 1995).
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F ig u re 1.11. A diagram o f grow th h orm one signal tra n sd u c tio n . Binding of
hGH initiates receptor dimerization, activation o f JAKs and tyrosine phosphorylation
of STAT proteins which migrate to the nucleus to regulate transcription. Signalling
may also occur through MAPK which involves the Shc/G rb2/SO S/Ras/Raf/M A PK
cascade (Avruch et al., 1994). However, for hGH signal transduction, the latter
pathways have yet to be completelv delineated. Adapted from Postel-Vinay &
Finidori, 1995. ’
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The extracellular domain of the receptor is composed of two globular
structures each composed of seven anti-parallel 6 -strands that form a barrel like shape
and the v-shape between them is thought to bind the ligand.

The extracellular

receptors show homology in their extra cellular domains, the common features are two
pairs of cysteines located in the N-terminal region and a Trp-Ser-X-Trp-Ser motif
(WSXWS) near the C-terminus of the extracellular region; the hGHR only contains
the last serine of this motif (Kelly et al., 1991; Baumgartner et aL, 1994).
As discussed previously (section 1.5.3.), it appears that dimerization of the
hGHR initiates signalling.

The hGHR receptor contains no kinase domains or

nucleotide binding motifs (Leung et at., 1987; Wang et at., 1993) yet is tyrosine
phosphorylated. hGH binding to the hGHR rapidly induces tyrosine phosphorylation
of cellular substrate proteins which include the receptor themselves (Campbell et al .,
1993; Sotiropoulos et al., 1994). However, tyrosine phosphorylation is not required
for some biological activities such as proliferation (Wang et al., 1995). The kinase
activity is closely associated with the receptors and is activated following ligand
binding (Wang et al., 1993). These kinases are termed "Janus associated kinases" or
JAKs and JAK2 is the tyrosine kinase associated with the hGHR (Argetsinger et al.,
1993). For the hPRL receptor JAK2 appears to be constitutively associated (Campbell
et al., 1994; LeBrun et al., 1994), whilst with the hGHR the association is ligand

dependent (Argetsinger et al., 1993). Receptor dimerization increases the affinity of
the cytoplasmic domain of the receptors for JAKs and results in a ligand dependent
increase in JAKs complexing with the receptor. For the hGHR, phosphorylation of
the most proximal C-terminal tyrosine is important for the activation of gene
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transcription (Sotiropoulos et al., 1994). Ligand induced homodimerization of the
hGHR and hPRL receptor brings about 2 JAK molecules in close contact allowing
cross-phosphorylation.
In the cytoplasmic region of the hGHR it has been reported that only the
proximal 54 amino acids appear to be required for mitogenic activity (Colosi et at .,
1993), and the proximal 46 amino acids are sufficient for activation of JAK2 and
mitogen-activated protein kinases (MAPK) (Sotiropoulos et at., 1994). An area of
this cytoplasmic region, known as box 1 has been identified as a proline rich sequence
that is important for hGH induced proliferation, activation of JAK and MAP kinases
and transcription (Goujon et at., 1994; Sotiropoulos et at., 1994; Wang & Wood,
1995). A single proline to alanine mutation at residue 284 abrogates both JAK-STAT
signalling and cell proliferation (Wang & Wood, 1995). The remaining 84% of the
intracellular domain, which are distal to this area, appear to be redundant for the
induction of proliferation in target cells (Colosi et at., 1993), but this domain has
recently been reported to be required for the induction of specific genes involved in
transcription (Sotiropoulos et at., 1994; Postel-Vinay & Finidori, 1995). However,
the claims regarding cell proliferation reached in some of these studies (Wang &
Wood, 1995; Wang et al., 1995) must be viewed critically, as the later studies
reported in Chapter 7 demonstrate.
hGH signal transduction is mediated by multiple parallel signalling pathways
(Figure 1.11.) (Horseman, 1994); however, the inter-relationship of these mechanisms
remains to be established.

These have been reported to include tyrosine

phosphorylation of She; an SHj domain within a protein which may serve as a
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signalling molecule in pathways such as the MAPK (VanderKuur et al., 1995).
Calcium ions have also been implicated in signal transduction and hGH was reported
to increase the cytosolic free calcium ion concentration in IM-9 cells, independently
from protein tyrosine phosphorylation or protein kinase C (PKC) activation (Hondo
et at., 1994b). However, the pathways by which hGH activates MAPK have yet to

be defined and it is possible that both the Ras pathway and the PKC route are
involved (Campbell gf a /., 1992; Moller

a/., 1992; Postel-Vinay & Finidori, 1995).

STAT proteins associate with the hGHR via their SHj domains which are then
phosphorylated by the JAKs already associated with the receptor. A family of STAT
proteins exist and for hGH, STATl, STAT3 and STAT5 have been identified (Ihle
et at., 1994; Meyer et at., 1994; Campbell et at., 1995; Wood et at., 1995).

Conformational changes follow which result in dissociation of the STATs from the
receptor-JAK complex. The STATs then form homo- or heterodimers, via their SH2
domains, with the tyrosine phosphorylated residues of each STAT. The STAT dimers
then translocate to the nucleus and bind to DNA elements responsible for gene
transcription. These regulate the transcription of early response genes such as c-fos
and c-jun (Gurland et at., 1990) and specific genes such as those involved in cell
differentiation (Doglio et at., 1986; Sliva et at., 1994). Following ligand stimulation,
both the hGHR receptor and the hormone translocates to the nucleus, although the role
of this translocation is unknown (Lobie et at., 1995). Nuclear receptors for hGH
exist and many of the signal transduction pathways for hGH are finally located in the
nucleus and this suggests that the nucleus may be the primary site of hGH action
(Waters et at., 1994; Lobie et at., 1995).
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1.5.5. Growth hormone and bone {in vivo).
Longitudinal growth of long bones results from the proliferation,
differentiation and maturation of chondrocytes in the cartilage of the epiphyseal
growth plate (Isgaard et aL, 1986; Isaksson et al., 1987; Isgaard, 1992). Growth
hormone regulates endochondral ossification and the longitudinal growth of the long
bones. Local injection of hGH at the site of the epiphyseal growth plate stimulates
unilateral bone growth, which increases in a dose-dependent manner (Russell &
Spencer, 1985; Isgaard ft a/., 1986).
Circulating levels of hGH peak during puberty and then diminish during the
adult years (Rudman et at., 1981; Herrmann-Bonert et al., 1995). This progressive
impairment of hGH secretion with age (Rudman et al., 1981; Marcus et al., 1990)
may be responsible for the senescent changes observed in the elderly and especially
senile osteoporosis (Rudman et al., 1990; Rubin, 1993). It has been observed that
adults with hGH deficiency show a decrease in bone mineral density (Bouillon, 1991;
Slootweg, 1993). Further evidence of a role for hGH in osteoporosis comes from the
measurement of IGF-I and the hGH dependent insulin-like growth factor binding
protein 3 (IGFBP-3), both of which were significantly lower in osteoporotic patients
than in age matched controls (Ljunghall et al., 1991; Wüster et al., 1991).
The availability of biosynthetic hGH has allowed studies to be made on the
possible therapeutic effects of the hormone in specific bone diseases. hGH stimulates
bone turnover by increasing osteoblast number and function in vivo as well as in vitro
(Bouillon, 1991); bone resorption is also stimulated but this is transitory (Clemmesen
et al., 1993; Slootweg, 1993; Brixen et al., 1995). In vivo administration of hGH
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to normal human volunteers increased the level of biochemical markers for bone
formation which suggested a stimulatory effect on osteoblasts (Brixen et al., 1990;
Marcus et at., 1990).

In both studies a rise in serum IGF-I followed the

administration of hGH and increased osteoblastic activity was indicated by raised
osteocalcin and ALKP levels. In normal young males, hGH administration resulted
in a rise in osteocalcin which remained elevated for a further six months (Brixen et
at., 1990). Osteocalcin is secreted exclusively by osteoblasts and blood levels of the

peptide are an index of bone formation (Epstein, 1988; Azira, 1989). Bone mineral
density was unaltered at the end of the study, although there was a transient rise after
14 days. A rise in urinary hydroxyproline was also reported suggesting that bone
formation was accompanied by an increase in resorption (Marcus et at., 1990).
Rudman et at. (1990) treated 12 elderly men who had low serum IGF-I levels
with hGH for six months. Their IGF-I levels increased to those of young adults and
there was an increase in lean body mass and a decrease in adipose tissue. There was
no change in the bone density of the radius or proximal femur but the lumbar
vertebral bone density increased by 1.6%. hGH was shown to strengthen bone and
it was suggested that it may help to prevent fractures in the elderly.
Administration of hGH to postmenopausal women with decreased bone density
increased biochemical markers of bone turnover after 12 weeks (Clemmesen et at.,
1993) although there was no change in bone density measurements. More recently
Brixen & co-workers (Brixen et at., 1995) have investigated the potential use of hGH
in postmenopausal osteoporosis. It was reported that treatment for 7 days increased
both osteoblastic and osteoclastic activity.
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stimulated these effects were transitory and osteocalcin secretion remained high.
Although no increase in bone mineral density was observed it was suggested that the
use of hGH in combination with anti-resorptive drugs may be useful as a possible
therapy for osteoporosis. Ghiron et al. (1995) also reported that hGH stimulated bone
turnover in elderly women.
investigated.

The effects of low and high dose IGF-I was also

Both hGH and IGF-I increased markers of bone resorption and

formation. However at the lower dose of IGF-I bone formation was stimulated whilst
resorption remained unaltered which may therefore provide a means of increasing
bone mass.
In rats, hGH did not enhance bone allograft incorporation (Aspenberg et at.,
1994). However, administration of hGH increased IGF-I levels and augmented the
size of the tibiae, tail vertebra and joint cartilage. The authors suggested that hGH
influences endochondral and membraneous ossification in different ways.

They

concluded that the hormone plays a greater part in remodelling rather than healing of
bone, particularly if the bone requiring repair is membraneous.
Improved fracture healing or bone formation after hGH administration has
been reported (Nielsen et at., 1991; Ehmberg et at., 1993; Mosekilde & Bak, 1993),
although Carpenter et al. (1992) observed no effect of systemic hGH on fracture
repair. The hormone enhanced the mechanical properties and increased callus size
during fracture healing in normal rats (Bak et al., 1990a, 1990b, 1991).
The effect of GH on osseointegration was investigated in a novel manner by
Morberg et al. (1995).

Transgenic mice, in which the gene for bovine growth

hormone was transfected, secreted high endogenous levels of the hormone and showed
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improved bone growth around titanium implants, when compared with controls which
secreted 10-fold less GH. It was suggested that systemic administration of hGH may
result in improved implant/prosthesis stability and potentially offer better long term
survival of an implant.

1.5.6. Growth hormone and bone {in vitro).
The effect of growth hormone on osteoblasts in vitro is controversial. Stracke
et at. (1984) were the first to report a direct effect of hGH on bone i.e. one which

was not mediated by IGFs from the liver.

hGH added to fetal tibia in culture,

activated osteoblasts and increased ALKP activity and IGF-I concentrations. Maor
et al. (1989) demonstrated that hGH induced de novo bone formation. The hormone

stimulated cartilage progenitor cells to develop into differentiated chondrocytes which
then mineralized and subsequently developed into trabeculae in close association with
osteoblasts and osteoclasts.

Direct effects of hGH on other cell types such as

fibroblasts, adipocytes and myoblasts have been described (Nixon & Green, 1984;
Green et at., 1985; Alberts et at., 1994).
GH' stimulates the proliferation of osteoblastic cells from fetal and neonatal
chicken, pig, mouse and rat calvaria (Ernst & Froesch, 1988; Slootweg et at., 1988a,
1988b, 1990; Morel et at., 1993; Denis et at., 1994), several osteoblastic cell lines
(Barnard et al., 1991; Scheven et al., 1991; Morel et al., 1993) and normal adult
osteoblastic cells (Chenu et al., 1990; Scheven et al., 1991; Kassem et al., 1993;

^ hGH was used in all studies except those by Denis et al. (1994) where porcine GH
was used in studies with porcine osteoblasts.
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Pfeilschifter et al., 1993; Cascone et at., 1994; Nilsson et at., 1995). Some studies
have indicated that hGH is mitogenic for the more differentiated and confluent cells
(Slootweg etal., 1988a, 1988b; Barnard et at., 1991; Scheven et at., 1991; Denis et
at., 1994; Nilsson et at., 1995), while others have demonstrated a mitogenic response

of the hormone on osteoprogenitor cells or subconfluent osteoblasts (Barnard et at .,
1991 ; Kassem et at. , 1993, 1994a, 1994b). Ernst & Rodan (1990) reported that hGH
had no proliferative effects on rat calvaria osteoblasts which appeared to be at
variance with their earlier studies (Ernst & Froesch, 1988), whilst Denis et al. (1994)
reported that porcine GH was non-mitogenic for either subconfluent or confluent
porcine osteoblasts.
The effect of hGH on osteoblast differentiation is also controversial. It has
been reported that hGH stimulates (Slootweg et al., 1988b; Chenu et al., 1990;
Kassem gf a /., 1993; Morel

a/., 1993; Cascone

«/., 1994; Nilsson et al., 1995),

inhibits or has no effect (Slootweg et al., 1988b; Denis et al., 1994) on ALKP
activity and has little effect on osteocalcin production (Chenu et al., 1990; Kassem
et al., 1993, 1994a). hGH induced a dose-dependent increase in collagen or collagen

type I carboxyterminal propeptide (PICP) levels (Ernst & Froesch, 1988; Kassem et
al., 1993) but not the aminoterminal propeptide of type II procollagen (PIIINP)

(Kassem et al., 1993). Denis et al. (1994) observed no increase in collagen synthesis
following stimulation with hGH. This suggests that the response of cells to hGH
depends on a range of factors such as species, bone type and age, their stage of
differentiation and the culture conditions.
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In addition it has been proposed that with some systems hGH is only mitogenic
once cells have reached a limiting density suggesting that the hormone requires a
degree of cell contact dependent maturation before it can be effective (Slootweg etal.,
1988b; Barnard et al., 1991). However, Kassem et al. (1994a) reported that hGH
provoked a mitogenic response in adult human bone cells only when they were at a
low density and non-confluent.
Kassem et al. (1993) suggested that osteoprogenitor cells are more responsive
to hGH which would be consistent with the dual effector hypothesis proposed by
Green et al. (1985). In their subsequent studies which used human bone-marrow
stromal osteoblast-like [hMS(OB)] cells, hGH induced a dose-dependent increase of
tritiated thymidine incorporation into DNA (Kassem et al., 1994a, 1994b). However,
they reported that the mitogenic response varied amongst the cell strains tested
(Kassem et al., 1994a). The effects of hGH on differentiation markers of hMS(OB)
cells was only observed using supraphysiological concentrations of the hormone. The
lack of effect of hGH on the differentiation markers may suggest that the role of hGH
is to expand the undifferentiated cell pool while other growth factors or hormones
may be needed to mediate differentiation of this expanded precursor pool (Kassem et
al., 1994a).

hGH and lGF-1 appear to interact differentially with chondrocytes at specific
stages of their development (Bentham et al., 1993). hGH was found to bind more
strongly to the less mature chondrocytes than lGF-1 (Bentham et al., 1993). This
supports the dual effector hypothesis, according to which hGH acts on progenitor cells
to induce both their clonal expansion and subsequent responsiveness to growth factors
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such as IGF-I (Green et al., 1985; Isaksson et at., 1987). In alternative cell systems
such as cartilage and adipocytes, it has also been recognised that hGH and IGF-I act
differentially on the cells depending upon the stage of their differentiation (Green et
at., 1985; Isaksson gf a/., 1987; Isgaard, 1992).

The response of osteoblasts to hGH, in terms of their release of insulin-like
growth factor II (IGF-II) and IGFBP-3 was variable (Kassem et at., 1993) but in this
study there was no increase in IGF-I. This is consistent with the suggestion that IGFII as opposed to IGF-I is the principle paracrine/autocrine IGF in human bone
(Kassem et al. , 1993). The rate of production of IGF-II is 50 to l(X)-fold higher than
IGF-I, and it is stored in human bone matrix at a 10-foId greater concentration
(Mohan et al., 1988; Mohan & Baylink, 1991). hGH has been reported to stimulate
osteoblasts to secrete a hGH-dependent IGFBP (Schmid et a l., 1989), which was later
identified as IGFBP-3 (Ernst & Rodan, 1990). It was suggested that hGH controls
local IGF actions by regulating both the synthesis of IGFs themselves and also their
binding proteins.
IGF-I has a greater mitogenic potential for subconfluent cells than confluent
cells (Denis et al., 1994). IGF-I was reported to be more potent in this respect than
hGH (Ernst & Froesch, 1988; Scheven et al., 1991; Denis et al., 1994; Nilsson et
al., 1995) whilst the presence of hGH appeared to potentiate IGF-I (Ernst & Froesch,

1988; Ernst & Rodan, 1990). It is possible that the induction of IGFBP-3 by hGH
accounted for the increased activity of IGF-I in the presence of the hormone (Ernst
& Rodan, 1990). hGH stimulates a dose-dependent increase in IGF-I production from
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osteoblasts both in vivo and in vitro and the IGF-I can then be mitogenic in an
autocrine manner (Chenu et al., 1990; Morel et al., 1993).
The role of 1,25 (0 H) 2 vitamin D3 (vit D3 ) on the effects of hGH on
osteoblasts is also controversial.

Chenu et al. (1990) observed that osteoblasts

responded to IGF-I in a dose-dependent manner when cultured with vit D3 with an
increase in ALKP activity and osteocalcin secretion; in the absence of vit D3 these
cells did not respond to IGF-I (Chenu et al., 1990).

It has been reported that

osteoblasts are only stimulated by hGH in the presence of vit D3 (Chenu et al., 1990;
Morel et al., 1993; Denis et al., 1994). In addition hGH has only a minor effect on
osteoblast differentiation in the absence of vit D3 (Chenu et al., 1990; Kassem et al.,
1993). Chenu et al. (1990) reported that vit D3 amplified the response of osteoblasts
to hGH in terms of ALKP activity, IGF-I and osteocalcin secretion. However, other
investigators have reported a mitogenic response to hGH in the absence of vit D3
(Barnard et al., 1991; Cascone et al., 1994; Kassem et al., 1994a; Nilsson et al.,
1995)
Kassem et al. (1994b), compared the responsiveness of hMS(OB) cells to hGH
from osteoporotic patients and from normal individuals and reported no difference
between the 2 groups. hGH was mitogenic to these cells in the absence of vit D3 .
However large between individual variations in responsiveness to hGH were observed.
hGH has been reported to be mitogenic to osteoblast-like cells from human
femoral heads (Scheven et al., 1991; Kassem et al., 1993; Pfeilschifter et al., 1993;
Cascone et al., 1994). However, Pfeilschifter et al. (1993) reported that only 67%
of osteoblasts from femoral heads but

1 0 0
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incorporated tritiated thymidine following treatment with hGH. This may be related
to the findings of others (Chenu et al. , 1990; Kassem et al. , 1993; Denis et al. , 1994)
who also reported that osteoblast sensitivity to hGH depended upon their site of
origin.
It should be remembered that many of the studies on human osteoblast like
cells have utilised cells firom the excised femoral head which is obtained at
arthroplasty (Chenu et al., 1990; Kassem et al., 1993; Pfeilshifter et al., 1993;
Cascone et al., 1994).

These cells are almost always from the elderly and it is

relevant that with ageing there appears to be a reduced responsiveness to several
hormones and growth factors (Derventzi & Rattan, 1991). The number of receptors
to hormones and growth factors has been shown to decrease with age (Derventzi &
Rattan, 1991). Despite this. Chenu et al. (1990) reported no detectable differences
in osteoblasts that could be related to the age or sex of donor. However, in another
study osteoblasts were shown to exhibit an age related decrease in responsiveness to
mitogenic stimuli, such that a 10-fold higher dose of hGH was required to induce
proliferation of osteoblasts in 80-90 year olds (Pfeilschifter et al., 1993). The agerelated effects were greatest for the responsiveness of osteoblasts from femoral heads
to hGH.
The somatogenic hGH receptor on osteoblasts and pre-osteoblasts (Slootweg
et al., 1988a, 1990; Barnard et al., 1991; Nilsson et al., 1995) and on chondrocytes

has been identified (Bentham et al., 1993). In addition. Morel et al. (1993) and
Nilsson et al. (1995) identified the mRNA for the hGH receptor in rat calvaria and
human osteoblasts respectively. This supports the hypothesis that hGH exerts a direct
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effect on osteoblasts. Ernst & Froesch (1988) reported that, with osteoblast-like cells
from rat calvaria, the proliferative response to hGH increased in a dose-dependent
manner, but that at supraphysiological hormone concentrations the response sharply
declined; such auto-inhibition would be consistent with the hOH-receptor dimerization
model proposed for hGH interaction with its receptors as discussed previously (section
1.5.3.). hGH has been detected by immunolocalization in osteoblast-like cells at the
plasma membrane, in the cytoplasm and in the nucleus of murine osteoblasts (Morel
et aL, 1993).

The ability of hGH to stimulate populations of mononuclear cells representing
osteoclasts and chondroclast precursors suggests that hGH may play an important role
in bone remodelling (Lewinson et al., 1993).
In normal mammalian development pituitary hGH does not have a role in
growth until 2-4 weeks after birth so that fetal and early post natal development
occurs independently of hGH (Herrmann-Bonert et at., 1995). Consequently the use
of osteoblast-like cells from the fetus or newborn (Ernst & Froesch, 1988; Slootweg
eta l., 1988a, 1988b; Schmid

a/., 1989; Slootweg gf a/., 1990; Morel et al., 1993;

Denis et al., 1994) to investigate hGH action may be of limited physiological
significance.
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1.6. GH AND BIOMATERIALS.
1.6.1. General Introduction.
To overcome the problem of aseptic loosening of THAs, which was described
previously (section 1.1.3.), a stable bone/cement interface and early stimulation of
both bone remodelling and new bone formation is desirable. These processes may be
encouraged by the introduction of growth promoting agents (Einhom, 1992) and a
range of hormones and growth factors have been used for this purpose (Ripamonti et
al., 1992; Gombotz et al., 1994; Kenley et al., 1994; Downes, 1995c; Hollinger et
al., 1995; Sumntr et al., 1995).

The following discussion and subsequent experimental studies (Chapters 3-6)
focus on the use of biomaterials to deliver recombinant human growth hormone. This
is an area which has been pioneered by Downes et al. (1990). The biomaterials are
selected firstly for their effectiveness in orthopaedics but may then be modified to
optimise their secondary role for delivering therapeutic agents. It appears that the
rapid release of hGH in the immediate post operative period following THA has
several potential benefits. It stimulates bone formation and prevents the generation
of a gap at the bone/cement interface and the subsequent formation of fibrous tissue
in this space. hGH has been delivered from a range of biomaterials which include
bone cements (Downes et al., 1990; Downes & Kayser, 1990; Downes, 1991;
Downes et al., 1991a, 1992; Goodwin et al., 1995a, 1996b), ceramics (Hann et al.,
1990; Downes et al., 1991b, 1992, 1995c; Guicheux et al., 1995), biodegradable
materials (Di Silvio et al., 1994b, 1994c), polymer systems (Cascone et al., 1994;
Di Silvio

a/., 1994a; Downes etal., 1994a, 1994b; Cascone era/., 1995; Goodwin
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et al., 1996a) and genetically engineered biological bandages (Andreatta-van Leyen
e ta l., 1993).

1.6.2. In vivo studies of hGH-Ioaded biomaterials.
One month after the implantation of hGH-loaded PMMA into the femur of
rabbits, significantly more osteoid was found to be in contact with the cement when
compared to the contralateral femur which contained unloaded cement (Downes etal.,
1990). This illustrated the early reparative response to hGH and later, after two to
four months, an increase in mineralized bone in contact with hGH-loaded PMMA was
observed (Downes et al., 1990).
Ultrastructural analysis of the hGH-loaded bone/cement interface revealed a
layer of active osteoblasts and newly formed collagen (Downes & Kayser, 1990;
Downes et al., 1991a). An osteoid seam lined the mineralized bone which had new
osteocytes along its surface (Downes et al., 1991a).

In some areas these cells

extended cytoplasmic processes between the polymer beads of the cement, suggesting
that hGH-loaded PMMA is osteoconductive.

The osteoblasts lining the interface

showed numerous lamellae of rough endoplasmic reticulum and golgi bodies which
indicated active protein synthesis. There was a marked increase in the synthesis of
collagen at the interface, and crystals of HA were associated with the collagen fibrils.
A feature of the bone/cement interface, when hGH-loaded PMMA is used, is
that no fibrous coating formed whereas when hGH is not used, a gap forms between
the bone and cement which eventually fills with fibrous tissue (Downes & Kayser,
1990; Downes et al., 1991a). In the latter situation, an amorphous tissue containing
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debris of bone, bone marrow and blood components eventually forms and, when
inspected one month after implantation, little evidence of bone remodelling was
observed (Downes & Kayser, 1990; Downes etal., 1991a). There were macrophages
at this interface which engulfed PMMA particles (Downes & Kayser, 1990).
hGH-loaded PMMA has been used clinically by Pritchett (1992), who
performed a series of THAs with a cemented femoral and an uncemented acetabular
prosthesis (Figure 1.12.). Following implantation, high local levels of both hGH and
IGF-I were detected in the drain fluid from the hip and these remained elevated up
to 72hrs. However there was no accompanying systemic increase in either hGH or
IGF-I. An initial rapid release of hGH was followed by a marked decline over 72hrs.
It was suggested that this may be a favourable situation, since a continuous release of
high concentrations of hGH may have had undesirable long-term effects. Only a
small group of patients were investigated and a larger randomized study is now needed
to establish whether there will be any long term reduction in aseptic loosening.
In in vivo studies it was reported that hGH-loaded ceramic pins implanted into
rabbits for one month gave close integration of bone with the ceramic (Hann et al.,
1990; Downes et at., 1991b). Both HA and tricalcium phosphate (TCP) ceramic pins
were used.

The close integration observed was associated with a greater increase in

osteoid at the hGH-loaded interface when compared with controls. A mineralising
front which advanced towards the ceramic, was observed one month after
implantation. The collagen at the hGH-loaded ceramic interface was especially dense
and exhibited finger-like processes which extended between the ceramic particles
(Downes et at., 1991b).
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hGH loaded
bone cement
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Ball
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Figure 1.12. A diagram of a cemented THA using hGH-loaded PMMA. hGH
is mixed with PMMA polymer powder prior to addition of the monomer. Once
implanted the hGH is released and can stimulate osteogenesis. The figure illustrates
the potential of hGH delivery to both the femur and the acetabulum, although in one
study (Pritchett, 1992) a cemented femoral and an uncemented acetabular prosthesis
was used.
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1.6.3. In vitro studies of hGH-loaded biomaterials.
The in vitro release of hGH from PMMA has been investigated by monitoring
the release of immunoactive hGH (Downes et al., 1990). There were two phases:
firstly, a rapid release occurred which was followed by a prolonged slow release phase
in which immunoactive hGH could be detected for 40 days (Downes et at., 1990).
The most rapid release of hGH from PMMA occurred during the first hour when
0.12% of the total hGH incorporated was recovered. Fracturing the cement increased
the release of hGH indicating that release occurred from the exposed surface of the
PMMA. The overall pattern of release was consistent with a diffusion controlled
process.
When the relatively fragile hGH molecule is incorporated into PMMA it is
exposed to a potentially hostile environment.

It could be damaged by the high

exotherm of polymerization, the hydrophobic conditions and the free peroxides
included in the formulation of PMMA (section 1.3.1.3.). However preliminary in
vitro studies suggested that the hormone released was bioactive (Downes et al ., 1991a)

and detailed investigations of this aspect are reported in this Thesis.
The release of hGH from dense ceramics, HA and TCP, was initially
investigated by measuring the release of total protein and of radiolabelled and
immunoactive hormone (Downes et al., 1991b). Unlike PMMA, where the hGH is
incorporated into the cement matrix during manufacture, for ceramics the hGH is
adsorbed onto the surface of the material.

Measurement of the release of

immunoactive hGH revealed that the first phase of release was rapid and accounted
for the bulk of the hormone liberated (—92% for HA and —77% for TCP respectively
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by 24hrs). This was followed by a slower release in a second phase and the hGH
could be detected even after elution for 25 days. After this period of time —20% more
hGH was released from TCP than HA. Guicheux et al. (1995) adsorbed hGH onto
a biphasic calcium phosphate and monitored release over a 21 day period. They also
reported that the adsorption process did not alter the hGH structure as assessed by
SDS-PAGE. Ceramic coatings were used by Downes et at. (1995c) to deliver hGH.
Both HA and a modified HA in which the hydroxyl groups were substituted with
fluoride were investigated. Both coatings released similar quantities of the hormone.
Heat-treatment, i.e. sintering, prior to the application of the hormone to HA resulted
in a six-fold increase in subsequent release. Osteosarcoma cells grown on the hGHloaded coatings were reported to have a flatter morphology with increased cell
division being reported for the heat-treated coatings.
Immunoactive hGH has also been delivered from hydrophilic polymer systems
based upon THFMA and PEMA (Di Silvio et at., 1994a).

All release profiles

showed an initial rapid phase which was followed by a slower secondary phase. The
conditions of manufacture of the polymers influenced their release of hGH; rapid
mixing increased release whereas slower mixing together with centrifugation or
pressurization, decreased release. These effects were less pronounced if BSA was
used in place of hGH (Di Silvio et al., 1994a). A preliminary investigation reported
that the hGH released was bioactive, and it was suggested that the release of the
hormone was partly governed by a diffusion related process.
Giusti et al. (1993) developed bioartificial polymers by blending soluble, but
non-degradable synthetic polymers (e.g. poly (vinyl alcohol) and poly (aery lie acid))
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together with natural macromolecules such as collagen and hyaluronan. These were
used to prepare sponges and hydrogels. They were loaded with hGH and the amount
of hormone released was reported to be proportional to the percentage of the natural
polymer incorporated into the bioartificial polymer (Cascone et al., 1994, 1995).
Biodegradable crosslinked gelatin microspheres have been reported to form
efficient hGH delivery systems (Di Silvio et al., 1994b, 1994c). The release of the
hGH was a diffusion controlled process, although some characteristics suggested that
there was also surface release. The magnitude of the hormone released could be
greatly increased by ultrasonic vibration (Di Silvio et al., 1994b).
A novel system of growth hormone delivery has been a genetically engineered
biological bandage designed for the promotion of wound healing (Andreatta-van Leyen
et al., 1993).

The bandage consists of kératinocytes that have been modified to

produce high levels of bovine growth hormone (bGH). The cells are confined within
a permeable polymeric barrier which allows release of the hormone. In this system,
bGH was released for three days, after which the hormone levels declined as the cells
become non-viable.
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1.7. THE MEASUREMENT OF hGH.
1.7.1. Immunoassays versus bioassays.
Bioassays measure a biological function of a hormone whereas immunoassays
essentially measure a concentration of antigenic determinants (Chayen & Bitensky,
1988; Robertson, 1990). Until recently it was thought that a hormone with a complex
structure, such as hGH, should ideally be characterized and defined by its biological
activity (Chayen & Bitensky, 1988). However this is currently being challenged for
the highly purified, recombinant preparations of a hormone and these are now being
defined in terms of their physical properties (Bristow & Jeffcoate, 1991, 1992;
Spieser, 1995).

There is a need to measure the biological as opposed to the

immunoactivity of complex and fragile hormones such as hGH but this has frequently
been frustrated by problems with bioassays.

For example, in vivo bioassays are

notoriously difficult technically, imprecise, insensitive and have limited sample
capacity. These difficulties lead to prohibitive costs and have been responsible for
their restricted use. Alternative in vitro bioassays also suffer from these problems,
but generally to a lesser extent.

The frustrations and difficulties associated with

bioassays were frankly summarized by Gaddum (1953) who concluded "No one would
do a bioassay if he could avoid it".
Immunoassays depend on the binding of one or more antibodies to an epitope
on the target hormone: such sites may be remote and unrelated to the bioactive site
on a hormone which is responsible for its interaction with the receptors present on the
target cells. Such assays may thus detect fragments or aggregates of the hormone
which are biologically inactive or, conversely, fail to recognize bioactive fragments
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in which the antibody binding site is absent or obscured (Smith & Norman, 1990;
Robertson & Bidey, 1990).
Immunoassays have been described as the least discriminating method for
detecting damage to the hGH molecule (Bristow & Jeffcoate, 1992; Jeffcoate, 1993).
Receptor assays have been established in an attempt to improve this situation (Lesniak
et a/., 1974; Tokuhiro et al., 1984; Hondo et al., 1994a). These utilise isolated

subceUular fractions which are enriched in receptors. However these assays only
reflect the capability of the hormone to bind to a receptor and this does not necessarily
equate with its ability to activate intracellular events. Post receptor events cannot be
determined using receptor assays although these have sometimes been referred to
incorrectly as in vitro bioassays (Tokuhiro et al., 1984).
The simultaneous estimation of hormone concentrations by both bio- (B) and
immunoassays (I) allows one to calculate the ratio of the bioactivity :immunoactivity ;
conventionally this is often referred to as the B:I ratio. Changes in this ratio have
been associated with endocrine dysfunction, or an effect of therapy (Subramanian &
Gala, 1986; Robertson & Bidey, 1990) and may arise from modification of the
molecular structure(s) of the hormone. For example, hormones such as hGH and the
gonadotrophins which are naturally present as heterogeneous mixtures of isoforms may
secrete a greater amount of one isoform under provocative stimuli or in specific
pathological conditions and this might alter the B:I ratio (Robertson et al., 1987;
Jeffcoate, 1993; Dattani et al . , 1995a). Conversely a decrease in B:I ratio may reflect
damage to the molecular structure of a hormone which, since the bioactive site may
be particularly vulnerable, has compromised its bio- but not its immunoactivity. As
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is discussed extensively later, declining B:I ratios have been observed for recombinant
hGH following its release from a range of biomaterials.
The original bioassays of hGH were in-vivo bioassays that measured a
biological response parameter in a hypophysectomised rat, be it an increase in weight,
tibial width or depth of the epiphyseal plate (Greenspan et al., 1949; Papkoff & Li,
1962; Wilhelmi, 1973; Bangham et at., 1985).
In-vitro bioassays have overcome some of the problems associated with in vivo

bioassays, which were discussed previously. They are in general quicker, cheaper and
more precise. Nowadays, when available, stable lines of target cells which can be
grown in continuous culture can provide a basis for these assays. Clearly these target
cells must respond to the hormone to be bioassayed in a specific and dose-related
manner.

The biological end-point of the bioassay should reflect a physiological

function of the hormone e.g. stimulated cell division, the release of specific products,
or the accumulation of intracellular products.
There are four in vitro cell systems which have been used to measure the
potency of hGH in in vitro systems.

1) The 3T3.F442A Pre-adipocyte bioassay.
3T3.F442A cells express somatogenic receptors on their surfaces.

hGH

stimulates these pre-adipocytes to differentiate into adipocytes.

This

transformation can be monitored by the measurement of intracellular
glycerophosphate dehydrogenase (Hayakawa et at., 1991).

The complete

procedure is lengthy, taking 2 weeks to perform. More recently Foster et al.
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(1993) described a hGH bioassay based upon these pre-adipocytes which used
as its end-point an increase in f l i p i d production. This improved assay was
still relatively insensitive and imprecise with at best a within-assay CV of 7%
and between-assay CV of 19%. In addition, largely due to difficulties in
maintaining the 3T3.F442A cells in culture, these bioassays are technically
demanding and have a limited sample capacity.

2) The 3T3-L1 adipocyte bioassay.
This bioassay measures the dose dependent inhibition by hGH of insulinstimulated

glucose uptake in 3T3-L1 adipocytes (Glenn et al., 1988;

Byatt et al., 1991). Again this bioassay is technically difficult and has limited
sample capacity.

3) The Nb2 rat lymphoma cell bioassay.
The Nb2 cell line expresses lactogenic receptors (Gout et al., 1980). hGH
stimulation of proliferation of these cells has conventionally been determined
by increases in either cell number, as assessed with a Coulter counter (Tanaka
et al., 1980), or tritiated thymidine incorporation (Emoto et al., 1987).

4) The FDC-Pl cell bioassay.
The cloning and subsequent transfection of the cDNA for the somatogenic
hGH receptor has resulted in the development of a hGH responsive model
system.

FDC-Pl cells were genetically engineered to express a hybrid
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somatogenic receptor (Fuh et al., 1992; Ishizaka-Ikeda et al., 1993; Wang et
û/., 1995). These cells are proprietary and have restricted availability. They
have been shown to express significantly fewer receptors than Nb2 cells (Fuh
et al., 1992; Ishizaka-Ikeda et al., 1993) and may consequently lack

sensitivity. More recently Rowlinson et al. (1995) have expressed the full
length hGHR in FDC-Pl cells as opposed to the hybrid receptor described
above. The range of cell lines transfected with the hGH receptor has been
reviewed by Lobie et al. (1995). In addition the lactogenic receptor to hGH
has also been transfected into the FDC-Pl cell line (Fuh et al., 1993).

Ealey et al. (1988) adapted the Nb2 cell system for use for the measurement
of bioactive hGH in the Eluted STain Assay system (ESTA). In this bioassay, the
tétrazolium salt, MTT, is added to the Nb2 cells which bioreduce the salt to its highly
coloured formazan.

The rate of formazan production increases in a dose-related

manner for Nb2 cells which have been activated with hGH. The colorimetric end
point is measured directly in the wells of a microtitre plate and this provides a highly
quantitative bioassay system for hGH with high sample throughput (Ealey et al.,
1988; Marshall et al., 1990; Ealey et al., 1995).

1.7.2. The ESTA bioassay system.
The ESTA bioassay is based upon the application of cytochemical procedures
to microcultures of endocrine target cells (Marshall et al., 1990).

Following

hormonal activation of the target cells, a cytochemical reagent is added and the
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colorimetric end-point of a given ESTA is finally quantified by elution of the reaction
product from the cells into the surrounding medium, with the subsequent
determination of its optical density. At present, two cytochemical procedures have
been applied in this way, each of which functions according to contrasting
cytochemical principles. The protein stain naphthol yellow S (NYS) has been applied
to adherent cells whilst the tétrazolium salt MTT, which functions as a redox reagent,
has been applied to both adherent cells and those in suspension culture.
The ESTA bioassay system has several distinctive advantages. The procedure
requires minimal manipulative steps and the entire bioassay is performed within the
wells of a microtitre plate. In addition the bioassay is carried out on homogeneous
microcultures. The latter consists of many cells (e.g. lO^/well) and are therefore
highly reproducible. These features, together with the precise colorimetric end-point
determinations, contribute to the precision of the system which is comparable to that
of immunoassays. In addition for some ESTA bioassays there is considerable signal
amplification (Ealey et al., 1988; Marshall et al., 1990; Metcalfe et a l , 1992;
Claffey et al., 1993; Ealey et al., 1995) and this also enhances the precision of the
bioassay. It is notable that in contrast to many other in vitro bioassays ESTAs do not
require error-prone extraction procedures, the use of radioisotopes or the measurement
of cellular products by ancillary methods such as immunoassays.
The success of this bioassay system has led to the development of ESTAs for
a range of hormones other than hGH; these include thyroid stimulating hormone and
thyroid stimulating antibodies (Ealey et al., 1988), insulin-like growth factors (Claffey
et al., 1993), chorionic gonadotrophin (Ealey et al., 1988), prolactin (Ealey et al.,
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1988) and epidermal growth factor (Metcalfe et al. , 1992).

In addition, a so called

sequential ESTA has been reported for microcultures of adherent cells. In this system
the measurement of cellular reductive capacity using the MTT reaction and protein
content using NYS have been performed sequentially on the same microcultures
(Ealey

1989).

1.7.3. The ESTA bioassay system for hGH.
The Nb2 node rat lymphoma cells (Noble et at., 1975; Gout et at., 1980;
Noble et at., 1980; Gout et al., 1986) express lactogenic receptors (Tanaka et al.,
1980; Shiu et al., 1983). The Nb2 rat lymphoma cell bioassay for the lactogens,
hGH and hPRL, was usually based upon increases in cell proliferation. This response
has been quantified by measuring either cell number with a Coulter counter (Tanaka
et al., 1980; Shiu et al., 1983; Thompson et al., 1989) or the incorporation of

tritiated thymidine (Emoto et al., 1987; Fuh et al., 1993; Hansen et al., 1993).
hPRL and hGH can each be assayed independently in serum samples by selectively
suppressing the bioactivity due to the other hormone by the addition of an appropriate
antiserum (Tanaka et al., 1980, 1982; McNeilly & Friesen, 1985; Emoto et al.,
1987; Smith & Norman, 1990; Adler et al., 1994; Dattani et al., 1995a).
The ESTA bioassay for hGH is precise and sensitive. The optimal withinassay imprecision was 2.5% at 0.3mU hGH/1. The between-assay imprecision for 12
independent bioassays was 11 % and 9% at hGH concentrations of 0.078 and 0.3 ImU
hGH/1 (Dattani et al., 1995a; Ealey et al., 1995). It was previously reported that this
ESTA had an index of precision of 0.01-0.05 over a hGH dose range of 0.05-5mU/l
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(Marshall et al., 1990). This is more precise than other Nb2 cell bioassays which
used tritiated thymidine or cell counting techniques (see, for example, Luthman et al.
(1991) who reported an interassay CV of 20%). Tanaka et al. (1980) and Tokuhiro
et al. (1984) reported a sensitivity of 0.52-1.04mU/l (0.2-0.4ng/ml) using cell

counting and Emoto et al. (1987) obtained a sensitivity of 26mU/l (lOng/ml) when
using tritiated thymidine; these results were inferior to the sensitivity of 0.02mU/l
(7.6 pg/ml) obtained by Dattani et al. (1995a) with the ESTA system. This is lower
than many immunoassays in routine use (Celniker et al., 1989; Pringle et al., 1992).
hGH stimulated a greater fold increase in formazan production than could be
accounted for by increases in cell number alone with, for example, a 177-fold increase
in ESTA occurring when cell numbers had increased by only 40-fold (Ealey et al.,
1995). This signal amplification has been attributed to increased metabolic activation
of the cells by hGH. In this bioassay there appeared to be two components to the
response, these being firstly an increase in cell numbers and secondly metabolic
activation (Ealey et al., 1988, 1995).
Although not referred to as an ESTA system, the same assay principle was
used for hGH determination by Byatt et al. (1991), Adler et al. (1994) and Rowlinson
et al. (1995). In addition Veress et al. (1993) used this system to measure hPRL but

reported exceptionally poor precision quoting an isolated value of 26.2%; although
not stated, this poor precision, was probably due to the elution system used.
The ESTA for hGH has been exploited for studies on the modulation of hGH
bioactivity by ionic zinc and hGH-binding protein (Dattani et al., 1993, 1994), and
the measurement of the integrated hGH bioactivity of human sera (Dattani et a l.,
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1995a). These relatively large scale studies are possible because of the high sample
capacity of ESTA. This feature has been particularly valuable for the current work
on the measurement of the bioactivity of hGH after its release from a range of
biomaterials (see, for example, Goodwin et al., 1995a, 1996a, 1996b).
One possible limitation of our bioassay is due to the fact that the Nb2 cells
constitutively express lactogenic as opposed to somatogenic receptors.

As a

consequence in this bioassay we are only able to assess the potency of hGH as a
lactogen. However, the domains on the hGH molecule which interact with these two
different receptors overlap (Cunningham & Wells, 1991; Wells, 1994), and it is
therefore not inconceivable that changes observed with the lactogenic bioassay could
reflect damage which has occurred primarily in the neighbouring regions responsible
for somatogenic activity.

1.7.4. The lactogenic versus somatogenic activity o f hGH.
It has long been recognised that hGH exhibits both growth promoting
(somatogenic) and PRL-like (lactogenic) activities (as reviewed by Nicoll et at.,
1986). A similar mechanism of interaction of hGH with its receptor applies for both
the somatogenic and lactogenic systems.

The latter can be represented by the

intermediate length prolactin receptor located on the Nb2 cells (Fuh et at., 1992,
1993). The activation of PRL receptors by hGH proceeds by a similar sequential
dimerization mechanism as for hGH binding to the hGHR as discussed previously
(section 1.5.3.) (Cunningham et al., 1991; Fuh et al., 1992). This conclusion was
supported by the finding that bivalent rat prolactin-receptor antibodies stimulate rat
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Nb2 cell proliferation whereas monovalent fragments did not (Elberg et al., 1990; Rui
et at., 1994a). In addition, this model accounts for the auto-inhibition observed when

excessively high concentrations of either hGH or hPRL are added to Nb2 cells (Fuh
et al., 1993; Dattani et at., 1995a; Ealey et al., 1995). However, final confirmation

of receptor dimerization for the PRL receptor (PRLR) must await three-dimensional
crystallography (Sotiropoulos et al., 1995). hGH interacts with the human prolactin
receptor (hPRLR) using the same contact residues as for the hGH receptor (Somers
et al., 1994) but a different, although overlapping subset of residues are functionally

critical for binding (Cunningham & Wells, 1991).
One striking difference between the lactogenic and somatogenic systems has
been the observation that zinc is important for the binding of hGH to the hPRLR but
not for its binding to the hGHR (Cunningham et al., 1990). Originally it was shown
that the site on the hGH for binding to the hPRLR contained three ligands which
coordinate zinc and that these were important for the binding of hGH to the hPRLR,
but not for hGH binding to hGHR (Cunningham & Wells, 1991). However, recent
crystallographic analysis of the hGH-PRL receptor complex has revealed that hGH
contains only two ligands for coordinating zinc (Somers et al., 1994). Dattani et al.
(1995b) compared hPRL and three different forms of recombinant hGH (20 kDa, 22
kDa and a mutant, G120R). They found that different lactogens exhibited a wide and
distinctive spectrum of sensitivities to zinc ions when interacting with the lactogenic
receptor on Nb2 cells (Dattani et al., 1993, 1995b).

These effects ranged from

inhibition of the bioactivity by micromolar concentrations of zinc (for G120R) through
to marked potentiation of 20 kDa hGH by intermediate zinc concentrations (lOmM).
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1.7.5. The Nb2 cell.
The Nb2 node rat lymphoma cells were derived from the lymph node of an
oestrogenized male rat of the Noble strain (Noble et al. , 1975). Cytological studies
showed that the cultured Nb2 cells arose from a thymocyte at an intermediate stage
of differentiation (Gout et at., 1980; Fleming et at., 1982). Oestrogens promoted
growth of these cells in vivo but not in vitro. This indicated that oestrogens caused
tumour growth by an indirect mechanism (Noble et at., 1980). Moreover, since
serum from rats with anterior pituitary tumours promoted growth whilst that from
hypophysectomized animals was non-mitogenic to Nb2 cells, it was evident that the
growth promoting substances were pituitary derived. It was further established that
only pituitary hormones which possessed lactogenic activity, namely PRL and GH,
promoted growth (Gout et at., 1980; Tanaka et al., 1980). In addition it has been
reported that supraphysiological concentrations of adrenocorticotrophic hormone also
stimulate proliferation of these cells (Gout et al., 1980; Ealey et al., 1991; Dattani
et al., 1994).

Nb2 cells were established as a stable cell system which could be maintained
as a suspension culture in the presence of 10% foetal calf serum (PCS). If deprived
of PCS the cells become quiescent, i.e. they stop replicating but remain viable (Gout
et al., 1980; Richards et al., 1982; Gout et al., 1986).

Removal of the PCS or

lactogens from exponentially growing Nb2 cells is followed by clearance of the cells
from the S, Gj and M phases of the cell cycle and they then accumulate in the Gq/Gi
phase (Gertler et al., 1985; Stevens & Yu-Lee, 1992). Subsequently, these cells can
be induced to re-enter the cell cycle by stimulation with lactogens. When quiescent,
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it has been estimated that 75-85 % of ceils arrest in the Gq/Gi phase, and that with the
addition of hGH these cells will pass into S and G2 and M phases (Richards et al .,
1982; Gertler et al., 1985; Stevens & Yu-Lee, 1992). In such circumstances the
maximal stimulation of DNA synthesis occurs after 18hrs (Richards et al., 1982;
Emoto et al., 1987), with a peak in RNA synthesis after 2-3hrs. The doubling time
of Nb2 cells in the exponential phase has been estimated to be about 20hrs (Gout et
al., 1980; Tanaka

a/., 1980; Richards er a/., 1982).

The Nb2 cell lactogenic receptor has been reported to be a 62 kDa protein
which originally was shown to be intermediate in length when compared with the
longer and shorter forms of the PRL receptor expressed in other tissues (Ali et al.,
1991; Kelly et al., 1991, 1993). However, it has been reported more recendy that
both the short and long form of the PRL receptor are also expressed in Nb2 cells
(Clevenger & Medaglia, 1994; Clevenger et al. , 1994). Nb2 cells have been reported
to express ~12,0(X) lactogenic receptors/cell (Shiu etal., 1983; Gerder etal., 1985),
although later studies have reported a lower number (~4(X)0) (Ashkenazi et al., 1987;
Fuh et al., 1993).

Maximal cell proliferation occurred when only 35% of these

receptors were occupied (Shiu et al., 1983). These cells have 20-30 times greater
affinity for PRL than those associated with tissue from the mammary gland. It is
possible that this high affinity coupled with their high density accounts for the unusual
sensitivity of Nb2 cells to lactogens (Shiu et al., 1983).
It has been reported that Nb2 cells also proliferate in response to interleukin-2
(lL-2), and that hGH and lL-2 act through separate receptors on Nb2 cells (Croze et
al., 1988; Rayhel et al., 1988; Too et al., 1989).
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Only primate GH binds to lactogenic receptors and expresses lactogenic
activity (Tanaka et al., 1980). GH from lower species is inactive in this respect even
at high concentrations (Tanaka etal., 1980; Shiu etal., 1983; Ashkenazi etal., 1987;
Fletcher-Chiappini et al., 1993; Adler et al., 1994). In general it has been reported
that isoforms of hGH other than 22 kDa, are less potent on Nb2 cells (Emoto et al.,
1987; Brostedt et al., 1990; Dattani et al., 1994). GH exhibits a direct mechanism
of action on Nb2 cells, as co-incubation with an antibody to IGF-I did not effect
proliferation (Marshall, personal communication).
Nb2 cells are unusual in that they require prolonged exposure to lactogens in
order to proliferate and proceed through the cell cycle (Fleming et al., 1985; Stevens
& Yu-Lee, 1992). Removal of a lactogen such as hGH decreases or suspends growth
(Fleming et al., 1985; Elsholtz et al., 1986; Stevens & Yu-Lee, 1992; Ealey et al.,
1995). This is because the lactogen acts both as a competence factor during the
transition from Gq to G, and as a progression factor which is necessary for the cells
to enter the S phase (Stevens & Yu-Lee, 1992; Horseman & Yu-Lee, 1994).
However, Murphy et al. (1988) reported that although proliferation ceased following
removal of lactogens a continued increase in DNA synthesis occurred as monitored
by tritiated thymidine uptake.
Nb2 cells have been used as a model system for the in vitro study of lactogenic
hormone signal transduction (Kelly et al., 1991, 1993). The cell surface receptors
belong to the cytokine receptor superfamily (Kelly et al., 1993). The mechanism for
activation of the intermediate forms of the PRLR are identical to that of the hGH
receptor (Fuh et al., 1993). PRL signalling in Nb2 cells has recently been shown to
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be initiated by JAK2 and utilises a protein kinase cascade (Carey & Liberti, 1993;
Campbell et al., 1994; Carey & Liberti, 1995) similar to that observed in 3T3-F442A
fibroblasts which contains the somatogenic receptor (Argetsinger et al., 1993;
Campbell et al., 1993). In Nb2 cells, lactogen signal transduction involves tyrosine
and serine/threonine phosphorylation pathways. These include those catalysed by
JAK2 (Campbell et al., 1994; LeBrun et al., 1994; Rui et al., 1994b), p59^
(Clevenger & Medaglia, 1994), Raf-1 (Clevenger et al., 1994), PKC (Gertler et al.,
1985; Buckley et al., 1986; Gertler & Friesen, 1986; Rayhel etal., 1988) and MARK
(Buckley et al., 1994; Carey & Liberti, 1995) (see Figure 1.11.).
Prior to the identification of the protein kinase cascade other mechanisms of
signal transduction in lactogen activated Nb2 cells have been proposed. These have
have included adenylate cyclase (Larsen & Dufau, 1988), G-proteins (Larsen &
Dufau, 1988; Too etal., 1989; Horn et al., 1994), involvement of phospholipase A2
and phospholipase C (Ofenstein & Rillema, 1987) and phosphoinositide utilization
(Gertler & Friesen, 1986).
Nb2 cells also exhibit high sensitivity to the antineoplastic Vinca alkaloids,
vinblastine and vincristine and have been used as a model system to study the actions
of these drugs (Gout et al., 1986).
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1.8.

THE USE OF TETRAZOLIUM SALTS TO MEASURE CELL

VIABILITY AND PROLIFERATION.
1.8.1. General Introduction.
Convenient methods for the unequivocal quantification of the number of viable
cells in a culture have proved difficult to devise. The problems derive from both
practical and theoretical considerations.

For example, the simple and direct

techniques such as cell counting with haemocytometer chambers or electronic particle
counters are unsuitable for the processing of large numbers of samples, and in
addition may not distinguish between viable and non-viable cells.
Recently, colorimetric methods based upon the reduction of tétrazolium salts
have been promoted aimed at measuring "cell proliferation" (Marshall et al., 1995).
These methods rely on the concept that tétrazolium salts are readily reduced to their
respective formazans by metabolically active cells. Since the formazans are intensely
coloured, these salts potentially provide colorimetric reagents for the cytochemical
quantification of the number of metabolically active cells. The basis of these methods
is illustrated in Figure 1.13.. These systems, with their convenient microtitre plate
format, provide a high throughput method and are promoted as alternatives to
techniques such as those which are based upon the uptake of tritiated thymidine (Table
1.2.). As a consequence, the microculture-colorimetric method, which is sometimes
referred to as a microculture tétrazolium assay (MTA), has been extensively applied
to situations where an increase in cell number is anticipated and also, on an even
larger scale, to monitor decreased cell viability. For example at the USA National
Cancer Institute, it was evaluated for high-flux in vitro primary screening programmes
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Add cells to the wells of a 96-well microtitre plate*
Add a solution of the tétrazolium salt ± intermediate electron acceptor at time zero
Incubate to allow formazan production^

Insoluble Formazan

Soluble Formazan

Add solubilising reagent^ to elute the
formazan into the surrounding medium
Shake plates to ensure an even
extraction of the soluble formazan

Shake plates to ensure an even
distribution of the soluble
formazan

Read absorbances on a microtitre-plate reader

Figure 1.13. A flow diagram of a typical MTA.
®When responses to treatment of the cells with potential stimulators or cytotoxic
agents are to be investigated, the cells are pre-incubated in the wells with the agent,
prior to addition of the tétrazolium salt.
^ Incubation times vary from 30 mins to overnight.
^ Most tétrazolium salts form insoluble formazans which may crystallize after long
incubation periods. A range of solubilizing reagents have been used for the additional
step required to elute the formazan (see Table 1.3.).

114

Chapter L Introduction

1.

Minimal cell manipulation required with, in
many protocols,
the entire assay being
performed within the individual wells of the
96-well microtitre plate.
This enhances
both the technical performance of the assay
and also its precision.

2.

Rapid,
reproducible
and
convenient
quantification of formazan production by
measuring the ODs of the 96 wells with a
microtitre plate reader.
This is easier
than the scintillation counting required for
tritiated thymidine.
Manufacturers have
responded by introducing 8-counters which
are adapted to the 96-well format.

3.

Use
of
colorimetric
as
opposed
to
a
radioactive reagent.
This confers numerous
practical advantages in terms of reagent
stability, radiation safety, waste disposal
and administration.

4.

Avoids
the
well
recognized
pitfalls
associated
with
the
interpretation
of
experimental results after using tritiated
thymidine (Maurer, 1981).

Table 1.2. Advantages commonly cited for microculture tétrazolium
assays compared with tritiated thymidine uptake systems.
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for anti-cancer drugs, as discussed in Alley et al. (1988) and Monks et al. (1991).
This programme aims to test more than 10,000 new compounds per year in terms of
their cytotoxic and/or growth inhibition potential on a panel of at least 100 human
tumour cell lines. In addition MTAs have been adapted to screen for AIDS-antiviral
activity at the rate of 40,000 compounds per year (Weislow et al., 1989). However,
there is evidence that with MTAs, certain pitfalls exist, despite the undoubted practical
attractions of the MTA systems. These pitfalls are in some ways analogous to those
associated with the use of tritiated thymidine (Maurer, 1981).
Descriptions of commercially available MTAs which are intended for use as
colorimetric cell proliferation assays sometimes link two types of experiments in a
manner which can encourage misleading assumptions. Firstly, the tétrazolium salt is
added to a series of wells containing cell suspensions with differing cell densities:
these have been generated by a straightforward serial dilution of a cell suspension.
After incubation to allow formazan production, a direct relationship is established
between increased coloured formazan production and the number of cells in each well.
Often, but not always, this is linear. In a second experiment, responsive cells are first
incubated with an appropriate mitogenic stimulator. The tétrazolium salt is then added
and a similar colorimetric assay is carried out. Any increase in formazan production
is then attributed to an increase in cell number. This assertion is sometimes supported
by demonstrating a parallel increase in tritiated thymidine uptake. However, often no
attempt is made to investigate whether the response generated in the MTA is derived
solely from the increased cell number or whether there are other components of the
response due, for example, to activation of metabolic pathways in the cells which are
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not linked to proliferation (see Chapters 7 & 10 for examples). In addition, it is
rarely emphasised that when the tétrazolium salt is applied to contrasting cell types
and extracellular activators, the answers to these questions almost certainly vary since
different types of cells have their own distinctive metabolic traits (Scudiero et al .,
1988; Chen et at., 1990; Ferrari et at., 1990; lost et at., 1992). The assumption is
also encouraged that all the intracellular metabolic pathway(s) responsible for
reduction of the tétrazolium salt to its formazan, are closely coupled to cell
proliferation, which is a stance that can be shown to be untenable, as is discussed later
in Chapter 7. In a similar way, the promotional literature also encourages the view
that following the exposure of cells to potentially cytotoxic agents, decreases in
formazan production are simply a function of the reduction in the number of viable
cells, or in other words a measure of cell killing rather than an effect on cell
metabolism.

1.8.2. Tétrazolium salts.
Since the synthesis of the first tétrazolium salt, which was triphenyl tétrazolium
chloride (Peckman & Runge, 1894a, 1894b), many analogues have been prepared by
varying the substituents (R’, R” and R’” in Figure 1.14.) (Nineham, 1955; Altman,
1976). They are all quaternary derivatives of tetrazoles. Di-tetrazolium salts have
been synthesized, but it is only the monotetrazoliums which have to date been used
in MTAs. Tétrazolium salts may be easily reduced, and opening of the heterocyclic
tétrazolium ring in this way results in the production of compounds known as
formazans (Figure 1.14.). The tétrazolium salts in common use today are relatively
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Figure 1.14. The basic structure of a tétrazolium salt and its reduction to its
coloured formazan. The name tétrazolium is derived from the prefixes "tetra" and
"azo” meaning 4 nitrogens, and the suffix "ole" meaning a five membered unsaturated
ring containing a hetero atom. R’, R” and R’” are substituents which vary greatly
from one tétrazolium salt to another, e.g. Figure 1.15. For a detailed discussion of
variants of these salts and their chemical nomenclature see Altman (1976). For
biological applications, the anions of the cationic salts shown in this figure are often
chloride or bromide.
The formazan is produced when the tétrazolium ring is opened. Each ring
requires two electrons and one proton (a "hydride ion") to open it. One electron and
one proton go to nitrogen 2, and the other electron goes to the quaternary nitrogen 3
to neutralise the charge. The extra proton reacts with the counter ion. Hunter &
Roberts (1941a,b) showed that formazan existed as internally coordinated hydrogen
bonded structures with two resonance hybrids, with quasiaromatic 6-membered rings.
The position of the tautomeric equilibrium is influenced by the electrophilicity of R”
and R’” .
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stable and water-soluble and vary in colour from white to yellow. Their most
important characteristic is that after mild reduction, the formazans which they produce
are intensely coloured.
The first major biological application of tétrazolium salts was based upon the
observation that when they were incubated with viable seeds, coloured formazans were
produced (Dutcher, 1945) and they are nowadays used to assess pre-transplant tissue
viability (Ferrera et al., 1993). Mattson et al. (1947) deduced that when applied in
this way, the tétrazolium salts were acting as electron acceptors for co-enzyme linked
dehydrogenases.

This gave impetus to the development of dehydrogenase

histochemistry. Tétrazolium salts with properties which were particularly suitable for
this application were synthesized, as reviewed in Pearse (1972). These included,
nitroblue and tetranitroblue tétrazolium chloride which were more easily reduced than
previously available analogues. The characteristics of the salts which made them
particularly suitable for histochemical purposes are discussed in detail by Stoward et
al. (1991). These include the ease and speed of their reducibility, susceptibility to

interference by atmospheric oxygen, the lipid insolubility of the formazan produced
and the substantivity of both the tétrazolium salt and its formazan.

For

histochemistry, substantivity is a most important property (Holt, 1956; Holt &
O’Sullivan, 1958; Holt & Withers, 1958), since to maximise the precision of
localisation of the dehydrogenase, the formazan should bind strongly to tissue
proteins. Substantivity can be enhanced by the substitution of nitro groups into the
tétrazolium structure, as with nitroblue and tetranitroblue tétrazolium chloride, which
are among the most commonly used reagents for dehydrogenase histochemistry.
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In 1983 Mosmann (1983) describe the first MTA for monitoring "cell growth
and survival", which utilised the methyl-thiazoiyl tétrazolium salt, MTT. This salt
is also comparatively easy to reduce, due to the introduction of the thiazolyl group
(Figure 1.15.) (Beyer & Pyl, 1954). The substantivity of both MTT and its formazan
is much lower than that of the nitro-substituted analogues.

This makes it more

suitable for MTAs. This is because quantification of the end-point in MTAs relies
upon solubilization of the formazan and its elution from the cells into the surrounding
medium (Figure 1.13.). With the increased use of microtitre-plate technology, MTT
has now been applied to a large variety of MTAs which aim to monitor cell
proliferation or, conversely, cell killing, in a convenient and technically amenable
manner.
Extensive practical difficulties have been experienced with the elution of the
MTT-formazan (Alley et al., 1988; Marshall et at., 1995). This is evident from the
wide range of solubilization protocols which have been employed for this (Table 1.3.)
some of which require removal of medium from adherent cells prior to elution (Alley
et at., 1988; Chen et at., 1990).

DMSO, which dissolves formazan crystals

extremely rapidly (Twentyman & Luscombe, 1987) and is frequently used, is
hazardous and can produce deleterious effects on some laboratory equipment. In
addition, some elution procedures could not be easily applied to non-adherent cells.
These practical frustrations have stimulated the recent synthesis of alternative
tétrazolium salts, PDTPT, XTT, MTS and WST-1 (Shiga et at., 1984; Pauli et at.,
1988; Barltrop et at., 1991; Ishiyama etal., 1993) which generate charged formazans
which are water soluble.

Two of these salts, XTT and MTS are investigated
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Figure 1.15. The chemical structure of MTT and two recently synthesized
tétrazolium salts, XTT and MTS. The latter form water-soluble formazans. XTT
was first described by Pauli et al. (1988) and Scudiero et at. (1988), and MTS by
Barltrop et al. (1991) and Cory et al. (1991). The phenoxyacetate group in MTS is
more acidic than an ordinary carboxyl group, and it is therefore completely
dissociated in pH 7 buffer. XTT and MTS are therefore both anions at physiological
pH whilst MTT is cationic. The presence of sulphonic acid groups on XTT and MTS
may hinder their entry into viable cells and influence their coupling with electron
donating systems.
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Solubilization
Method

Wavelength
(am)

References

Acidified Isopropanol

570

Mosmann, 1983

Acidified Triton X-lOO

595

Ealey et al. , 1988

Acidified SDS

570-590

T adaefn/., 1986

Dimethylformamide/SDS

570

Berg et at., 1990

Formic Acid in Isopropanol

577

Monner, 1988

Propanol/Ethanol

560

Denizot & Lang, 1986

DMSO

540

Alley et al. , 1988

SDS/Isopropanol

570

Niks & Otto, 1990

Acetone/TCA

565

Maehara et al. , 1988

Mineral Oil

570

Carmichael et a l , 1987a

DMSO/Ethanol

540

Sladowski et a l , 1993

Table 1.3. Examples of different solubilization methods which have been used
in MTAs. The problems of MTT-formazan solubilization are indicated by the range
of solubilization techniques described. The acidified isopropanol used originally by
Mosmann (1983) has the not insignificant problem of protein precipitation which
many of the later methods endeavour to avoid. The problem of protein precipitation
may also be avoided by removing the medium from the microplate prior to
solubilizing the formazan (Green et al., 1984; Alley et al., 1988; Plumb et al., 1989;
Chen et al., 1990); or even using serum free media (Twentyman & Luscombe,
1987). In addition acidification of the solubilization reagent has been used to convert
phenol red to its yellow form since it has been reported that phenol red interferes with
the measurement of MTT-formazan at 570nm (Mosmann, 1983; Monner, 1988;
Roehm ^ra/., 1991).
The manner of mixing to dissolve the formazan has also been subjected to a
range of techniques each of which are not without their deficiencies; shaking the
microplate by hand (Wan et al., 1994a), sonication (Niks & Otto, 1990); trituration
(Green et al., 1984; Carmichael et al., 1987a; Monner, 1988; Gieni et al., 1995;
Rowlinson et al., 1995) and using an automatic plate shaker (Tada et al., 1986; Ealey
et al., 1988). Even after the MTT-formazan has been dissolved problems may still
occur since formazan development is more intense with particular solvents e.g. DMSO
as opposed to acidified isopropanol (Page et al., 1988) and some solubilization
methods such as acidified isopropanol and SDS yield an unstable formazan (Alley et
al., 1988; Niks & Otto, 1990; Wan et al., 1994a). However, all of these problems
have been overcome by Colangelo et al. (1992) who quantitated the formazan crystals
by Pixel Image analysis.
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in the later studies described in Chapters 7,8 and 10; their formazans have been
rendered soluble by the introduction of sulphonic acids groups into their structures
(Figure 1.15). Clearly, with these salts, there is no need for the elution step in the
assay (Figure 1.13.).

1.8.3. The reduction of tétrazolium salts.
Formazans are obtained by the mild reduction of tétrazolium salts (Figure
1.14.). Stronger reduction leads to the disruption of the formazan structure (Altman,
1976). Although, as is shown in Figure 1.14., reduction is frequently depicted as the
addition of hydrogen, it is fundamentally due to the addition of electrons; the
simultaneous transfer of protons is incidental. Reduction can be induced by reducing
agents such as sodium dithionite or ascorbic acid and also by electron donating
systems within the cell. In the latter context, tétrazolium salts are sometimes referred
to as artificial electron acceptors. The reduction of MTT by viable cells has been
reported to follow first order kinetics and could be fitted to Michaelis kinetics (Gerlier
& Thomasset, 1986). Frequently, when discussing the reduction of tétrazolium salts
by cells, with little or no supporting evidence, undue emphasis is placed upon the role
of mitochondrial dehydrogenases (as discussed in Marshall et al. (1995)) and more
specifically the role of succinic dehydrogenase and the mitochondrial electron carriers
in the respiratory chain subsequent to ubiquinone (CoQ, Figure 1.16.) (Denizot &
Lang, 1986; Colangelo et at., 1992; Yamashoji et at., 1992; Kaneko et at., 1995).
However, when the biochemistry of MTT reduction is considered in greater detail,
it is evident that other intracellular systems may also donate electrons to the
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tétrazolium salt.

In addition, it should be noted that studies with Electron Spin

Resonance suggest that the reaction shown in Figure 1.14. proceeds via the formation
of a free radical intermediate, known as tetrazolinyl, in which only one electron has
been transferred to the tetrazole ring (Umemoto, 1989; Seidler, 1991; Carloni et al.,
1993; Rapta et at., 1994).

1.8.3.1. An assessment of the contribution of the mitochondrial respiratory chain.
The role of this electron transport system in formazan production has been the
most intensively investigated. Figure 1.16. summarises the most relevant information
about the mitochondrial respiratory chain. Electrons flow from compounds with low
redox potentials to the stronger electron acceptors with the higher potentials. The
specific inhibitors such as those shown on Figure 1.16. which block electron transfer,
have been used extensively to systematically sequence the electron carriers and also
to establish the sites at which tétrazolium salts couple with the system. The latter
investigations have been complicated by the finding that sometimes an inhibitor only
partially blocks formazan production. The interpretation of this is controversial, but
in histochemical studies it was frequently explained as being due to impurities present
in some preparations of tétrazolium salts (Altman, 1976). Another explanation is that
alternative metabolic pathways are also involved which are not susceptible to the
inhibitors. More recently, as is outlined below, these inhibitors have also been used
to identify the contribution which the mitochondrial respiratory chain, as opposed to
other systems, makes to electrons donated to MTT in a colorimetric assay. On Figure
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Figure 1.16. The mitochondrial respiratory chain and the potential points of
entry o f electrons from the oxidation of various substrates. The mitochondrial
respiratory chain showing ( t ) entry points of electrons from different dehydrogenase
substrates, (Î) points of action of commonly used inhibitors, and approximate regions
over which MTT or PMS may divert the electron flow. Standard redox potentials (V)
at selected points in the pathway are also indicated. The lowest (-0.32 V) is that of
the strong electron donor NADH and the highest (4-0.82 V) is that for oxygen, the
strongest electron acceptor. Note that there are large discrepancies in die redox
potentials quoted for a particular compound in the literature (Michal et al ., 1983) and
that these values are obtained for standard conditions which may be different from
those encountered locally within the cell. FP = flavoprotein.
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1.16. the range of redox potentials over which it is conventionally thought that MTT
couples with the mitochondrial transport system are indicated.

Numerous

dehydrogenases in the cell generate NADH and can thereby introduce electrons into
the respiratory chain via the action of NADH dehydrogenase (Figure 1.16.).
However, succinic dehydrogenase has been perhaps the most closely studied route for
entry of electrons (reviewed in Altman, 1976); this enzyme is tightly bound to the
mitochondrial inner membrane. Early work with liver homogenates demonstrated that
this system could generate electrons which would reduce MTT to its formazan (Slater
et aL, 1963). Subsequently, other investigators have utilised this pathway to design

colorimetric "chemosensitivity tests", and have developed what has been termed the
Succinate Dehydrogenase Inhibition test (Kondo et al., 1966; Anai et al., 1987;
Maehara et al., 1988; Nakaskima et al., 1989; Yamaue et al., 1991; Kondo et al.,
1994).

However some studies (Denizot & Lang, 1986; Colangelo et al., 1992;

Yamashqji et al., 1992; Kaneko et al., 1995) and promotional literature for the "cell
proliferation assays", have over emphasised this pathway as a source of electrons for
formazan production.

They have extrapolated the findings made with rat liver

homogenates to very different cell systems. Vistica et al. (1991) reported that there
was no substantive evidence to indicate that MTT reduction is confined to the
mitochondria.

Little attention appears to have been paid to long-standing

histochemical studies which showed that both NADH and NADPH could fuel cellular
MTT-formazan production and that tétrazolium salts have in fact been extensively
used in histochemistry to localise specific non-mitochondrial dehydrogenases (Pearse,
1972). In addition, it should be recalled that the mitochondrial-ffee erythrocyte has
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served as a useful model for the study of NAD(P)H driven MTT reduction (Raap et
aL, 1983).

Vistica et al. (1989, 1991) reported that in human tumour cell lines, cellular
reduction of MTT is particularly sensitive to intracellular concentrations of the
reduced pyridine nucleotides NADH and NADPH.

Recently, Berridge and Tan

(1993), using the bone marrow derived cell line, 32D, investigated the subcellular
localisation of MTT reduction, when they added not only succinate, but also NADH
and NADPH as substrates. They found that when using whole cell homogenates,
"MTT reduction was greatest with NADH and least with succinate, which accounted
for less than 10% of the combined activities". By studying the effects of the specific
respiratory inhibitors, they concluded that for the succinate driven pathway, there are
two coupling points for the transfer of electrons to MTT, as did Slater et at. (1963)
and more recently Vanhée et al. (1993). Berridge and Tan (1993) reported that the
most significant point, which accounted for 80% of the transfer, is subsequent to the
transfer of electrons from cytochrome c to the cytochrome oxidase Complex IV. This
point is at a relatively high redox potential and slightly to the right of the position
which has been formerly quoted and is shown in Figure 1.16.
The role of the mitochondria in MTT bioreduction has also recently been
questioned by Loveland et al. (1992). In their studies Namalwa lymphoblastoid cells
were cultured in the presence of ethidium bromide, which depleted mitochondrial
DNA to create auxotrophs.

These cells have abnormal mitochondria which lack

regular cristae and have defective mitochondrial respiratory and bioenergetic systems
because of the loss of proteins encoded by mitochondrial DNA. Consequently they
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completely lack respiratory complexes I, III and IV and therefore lack cytochromes
a-a3 , b and cytochrome oxidase and also the protein translocating portion of ATP
synthase (Desjardins et aL, 1985; Vaillant et aL, 1991). The electron transport chain
cannot function and cells are unable to carryout oxidative phosphorylation. These
cells rely exclusively on glycolysis for their energy requirements and require
exogenous pyruvate and pyrimidines for growth. Nevertheless when these cells were
tested in the MTT-assay formazan was produced in proportion to cell number; the
responses of these auxotrophs were indistinguishable from the MTT-formazan
production from untreated Namalwa cells. This findings mitigate against a substantial
role of the mitochondria in MTT bioreduction.

1.8.3.2. Contributions from alternative electron donating systems.
Little is known about tétrazolium salt interaction with other electron transport
systems. In their recent work with the 32D cells, Berridge and Tan investigated this
(Berridge & Tan, 1993), using the classical cell fractionation approach based upon
differential centrifugation. With succinate as a substrate, 96% of recoverable MTT
reducing activity was in the particulate fractions, and 77 % of this was recovered from
the mitochondrial and light mitochondrial/lysosomal fractions.

However the

distribution of formazan production when NADH and NADPH were provided as
substrates, which accounted for 90% of the total MTT reducing activity, was
strikingly different.

With these electron donors, increased proportions of MTT

reducing activity were associated with soluble fractions and the contribution from the
mitochondrial fractions was greatly decreased. NADPH-dependent MTT reduction
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was greatest in the soluble fraction which contained 43% of the total activity
recovered.

They

concluded

that

most

formazan

production

occurred

extramitochondrially and probably involved the pyridine nucleotide cofactors NADH
and NADPH. This challenges the first paper on the MTT-MTAs (Mosmann, 1983),
which strongly emphasised the role of active mitochondria in cellular reduction of
MTT and has thereby influenced much of the later thinking.
Thus, as discussed by Berridge and Tan, alternative NADH and NADPH
dependent electron transport systems (Lehninger, 1951; Noshiro, 1981; Lind et aL,
1982; Crane et aL, 1985; Guengerich, 1988; Morré & Brightman, 1991; Porter,
1991) need to be investigated further, to determine their contribution to the total
cellular reductive capacity. For example, cytochrome P-450 systems could provide
miniature routes for the supply of electrons, but at present little is known about their
sites of coupling with tétrazolium salts (Stoward et aL, 1991). In endocrine tissues
such as the adrenal, these are mitochondrial enzymes, and they accept electrons from
ferredoxins, but in the liver, they associate with the microsomal fraction. There are
two groups of the microsomal P-450s, one dealing with the oxidation of NADH, and
the other with NADPH.
In addition there are systems responsible for NADH-dependent electron
transport across plasma membranes (Crane et al., 1985; Morré & Brightman, 1991;
Sun et aL, 1992a, 1992b). Due to these, all eukaryote plasma membranes transport
electrons from cytoplasmic NADH to impermeant artificial electron acceptors such as
ferricyanide, when the latter are added to the medium of cultured cells (Crane et al.,
1985; Sun et al., 1992a, 1992b).

Furthermore, electron acceptors such as
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ferricyanide stimulate proliferation of melanoma and HeLa cells in culture, and
conversely, hormones such as insulin and glucagon have been shown to modulate the
extracellular reduction of ferricyanide via plasma membrane NADH dehydrogenase
(Crane et aL, 1985). In addition, it is proposed that a hormone- and growth factorresponsive NADH oxidase associated with plasma membranes can act as a ratelimiting step in growth regulation (Morré & Brightman, 1991 ; Brightman et al ., 1992;
Crane et aL, 1994).

Moreover formazan will accumulate in erythrocyte plasma

membranes when nitroblue tétrazolium is reduced by the integral NADH
dehydrogenase; it has been suggested that the latter is important as an ATP generating
system in the mitochondrion-free erythrocyte.
Other potential electron donor systems are those which are bound to an oxidase
enzyme complex, as for example with the flavin associated monoamine oxidases
which are bound to the outer mitochondrial membrane (Lehninger, 1951). Various
tétrazolium salts have been used for the detection of oxidase activity. Glenner et at.
(1960) and Rajagopalan and Handler (1964) showed that nitroblue tétrazolium could
accept electrons from one of the components of the electron transport chain of
aldehyde oxidase. This was either the flavoprotein or the iron-sulphur protein.
Superoxide free radicals will reduce tétrazolium salts such as nitroblue
tétrazolium to their formazans, and this forms the basis of a well-established indirect
assay for superoxide dismutase (SOD) (Halliwell & Gutteridge, 1985). Recently,
Burdon et aL (1993), working with HeLa cells, concluded that at least 20-30% of the
intracellular reduction of MTT was due to superoxide. Possible sources of this active
oxygen species, which incidentally can modulate expression of early growth related
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genes such as c-fos (Shibanuma et aL, 1990), could be mitochondria and/or cytosolic
xanthine oxidase (Kooij, 1994).

The latter was also suggested as a source for

intracellular superoxide, and appeared to account for up to 50% of the intracellular
MTT-formazan production (Burdon et al., 1993). The rate of extracellular formazan
production was however low, compared with that produced intracellularly. Burdon et
at. (1993) also suggested that a plasma membrane NADPH-oxidase may act as

another potential source of extracellular superoxide.
The redox potential of glutathione (GSH), the major intracellular thiol, is
estimated to be relatively negative (-0.24) (Rost & Rapoport, 1964) and thus, in
principle it could reduce tétrazolium salts which have less negative potentials. As
discussed later, this is a mechanism proposed for background formazan production,
due to GSH in the cell culture medium. However, the GSH concentrations in the
medium are relatively low (e.g. 2fiM) when compared with the relatively high,
millimolar levels, in cells (Halliwell & Gutteridge, 1985).

Therefore, it is not

inconceivable that intracellular GSH can also contribute to formazan production by
cells. GSH plays an important role in detoxifying by-products of oxygen metabolism,
in particular H2 O2 arising from the action of superoxide dismutases on superoxide free
radicals. As mentioned above, this could in turn influence the induction of proto
oncogenes such as c-fos (Shibanuma et al., 1990), and at a gross level, the mitotic
GSH/GSSG cycle (Jocelyn, 1971).

The detoxification of H2 O2 results in the

production of the oxidised form of GSH, namely GSSG, from which GSH can be
regenerated by NADPH dependent GSH reductase. The ratio of GSH/GSSG thereby
plays an important role in cell regulation, including modification of glucose-6131
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phosphate dehydrogenase, which is an important source of NADH.

In addition,

glutathione transferases catalyse the attack of GSH on a number of lipophilic
compounds which contain electrophilic atoms of C, O and N in an electrophilic state,
and they thereby detoxify carcinogens and drugs (Ketterer & Coles, 1991). These
intracellular mechanisms thus provide a complex and dynamic regulation system, such
that GSH/GSSG ratios may vary systematically throughout the cell cycle, and in
addition may be perturbed by the addition of cytotoxic drugs.

It is possible that

changes in the rates of formazan production may be influenced by these shifts in
relative concentrations of GSH. In this context, it may be relevant that Scharfenberg
et al. (1994) observed persistent and dose-related alterations in GSH/GSSG ratios at

the time when changes in formazan production were measured. This was 2 days after
BJA-B cells had been challenged with a pulse of the cytotoxic compound, ajoene. At
this time changes in GSH/GSSG ratios were observed for cells which were
metabolically compromised, as revealed by an 80% reduction in formazan production,
but which were still "viable” as judged by their ability to exclude Trypan blue.

1.8.3.3. The role of exogenous intermediate electron acceptors.
The most recent synthesized tétrazolium salts e.g. XTT and MTS (Figure
1.15.), which yield soluble formazans, require the addition of an intermediate electron
acceptor to accelerate the formazan production by many different cell types (Pauli et
aL, 1988; Scudiero

a/., 1988; Barltrop

a/., 1991; Cory et a t., 1991, Chapter 7).

The most commonly used redox intermediary is phenazine methosulphate (PMS:
Figure 1.17.), but there a number of alternatives such as the quinones
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Figure 1.17. The chemical structures of the intermediate electron acceptors
PMS, MEN and CoQq. IEAs are conventionally thought to bypass the endogenous
electron transport systems within the cell (Stoward et aL, 1991) and transfer electrons
directly from NAD(P)H to tétrazolium salts. Whilst not essential for MTT-formazan
production they are important to effect formazan production from the new tétrazolium
salts XTT and MTS.
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menadione (MEN) (Gam et aL, 1994) and Coenzyme Qo (Stevens & Olsen, 1993)
(Figure 1.17.). The latter has been used successfully with a wide range of bacterial
cells (Stevens & Olsen, 1993). At present, as is discussed below, this requirement
for an intermediate electron acceptor (lEA), is frequently presumed to be due to the
altered electrochemical properties, i.e. redox potentials, of XTT and MTS, compared
to MTT. However this may apply to only some electron transfer systems and other
mechanisms may play key roles in other routes for electron transfer. For example it
is also possible that the requirement for PMS is due to reduced uptake of tétrazolium
salts such as XTT and MTS by the cells. This might be expected because the charged
sulphonate groups which have been deliberately introduced into their structures
(Figure 1.15.) to increase the water solubility of their formazans, could limit their
cellular penetration (Vistica et aL, 1991; Shearman et aL, 1995).

It has been

reported that sulphonate containing compounds do not easily penetrate the plasma
membrane (Knauf & Rothstein, 1971a, 1971b). The role of PMS may thus be to
transfer electrons to reduce the tétrazolium salts extracellularly. In support of this
when devising a microculture-tetrazolium assay with 3T3-F442A fibroblast cells,
which utilised dismpted cells, PMS was not required to effect copious production of
XTT-formazan (Marshall, personal communication). This was also corroborated by
the findings of Shearman et aL (1995) who demonstrated that both MTS and XTTformazan production occurred in the absence of lEAs when incubated in the presence
of membranes from PC 12 phaeochromacytoma cells.

It is also possible, that the

effect of PMS could be to enhance the transfer of electrons from mitochondrial
dehydrogenases across mitochondrial membranes. This was suggested by Altman
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(1976) and has been proposed as a test of mitochondrial membrane integrity (Stoward
et aL, 1991). In addition, it is well recognised that quinones such as MEN, and also

PMS, undergo redox cycles intracellularly and generate superoxide radicals (Thor et
aL, 1982).

As was discussed above, such "oxidative bursts" could contribute to

formazan production. Raap (1983) showed that the magnitude of this contribution
will be a complex function of several variables including the concentrations of the
tétrazolium salt, PMS and also the oxygen tension.
PMS, with a quoted redox potential of +0.08 (Mathews & van Holde, 1990),
can impressively accelerate formazan production from a tétrazolium salt.

For

example, working with néotétrazolium chloride, Altman (1976) calculated that PMSmediated oxidation of NADH is 800-fold faster than the enzymic oxidation achieved
by tissue sections. PMS can accept electrons non-enzymatically from reduced co
enzymes and divert electrons from the endogenous intermediate carriers. It has been
suggested that the effect of PMS may be due to rapid reoxidation of NADPH,
thereby increasing the recycling of NADP for further reduction (Gumaa & McLean,
1969).
In addition it has also been proposed that the increase in formazan production
seen in the presence of PMS may be due to the diversion of electrons from metabolic
pathways originating from NADH and NADPH which are not normally available to
tétrazolium salts with the higher redox potentials (Altman & Chayen, 1970; Altman,
1976; Stoward et aL, 1991). In this way Altman and Chayen advocated the use of
tétrazolium salts with the higher redox potentials to distinguish two metabolic
pathways which branch from NADPH. These were the cytochrome P-450 dependent
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hydroxylation pathway and the malonyl CoA pathway for fatty acid biosynthesis. The
increase in activity seen with PMS would then be due to the capture of electrons from
the second, lipid biosynthetic pathway. These electrons would not normally be
available to a tétrazolium salt with a high redox potential. As discussed by Stoward
et al. (1991), this could explain the markedly variable effects which PMS has on

different tissues. For example, working with néotétrazolium and using glucose-6phosphate as a substrate, PMS hardly alters adrenal tissue production of formazan.
This is consistent with the major role of cytochrome P-450 mediated hydroxylation
of steroids in this tissue. With this electron transfer system in operation, as explained
previously, the electrons would be fully available to the tétrazolium salt, regardless
of the presence of PMS. In contrast, in adipose tissue, PMS substantially stimulated
neotetrazolium-formazan production from glucose-6-phosphate dehydrogenase. This
might be expected due to the dominance of lipid biosynthesis in fat cells, which would
normally channel electrons away from the tétrazolium salt.
Thus although exogenous intermediate electron acceptors are being increasingly
used in MTAs, at present there are several possible mechanisms for their action. The
interrelationships between these may well alter with different cell types, and this
makes it important to investigate each different cell system independently to establish
optimal conditions for formazan production.

This topic is further considered in

Chapter 9 when the use of lEAs in the MTT-ESTA is investigated and a mechanism
for IEA action is further considered in Chapter 10.
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1.8.4. Microculture tétrazolium assays - potential sources o f artifacts.
In the preceding sections the multiple metabolic pathways which may fuel
formazan production, and the roles of highly reactive intermediaries such as free
radicals and exogenous electron acceptors were summarized. Given this complex
situation, it is clear that in any one MTA the identification of the individual
components which may contribute to the net response is difficult. The final response
is probably a function of an integrated cellular redox activity.

The problem is

compounded by the fact that the metabolic reactions are susceptible to changes in the
culture medium which may occur during the exposure of the cells to potential
stimulators or inhibitors.

In addition the reduction of tétrazolium salts, can be

strongly affected by the reaction conditions.

As is outlined below, these

environmental fluctuations may distort the responses observed in an MTA.

1.8.4.1 ■ Glucose in the culture medium.
During extensive studies with a wide variety of human tumour cell lines,
Vistica et al. (1989, 1991) noted that MTT formazan production varied with the age
of the culture medium at the time of the assay. Some cell lines were more susceptible
to this effect than others.

Using cell lines representing seven difierent tumour

histologies, and which differed in their ability to metabolise D-glucose in the medium,
they demonstrated that MTT-formazan production declined with decreasing glucose
concentration in the medium. Cell lines which metabolised the sugar extensively were
the most susceptible to the "medium ageing" effect. However, the addition of Dglucose to the conditioned medium immediately prior to the colorimetric assay
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resulted in only a slight increase in formazan production. Because of this extremely
limited compensation, it seemed that glucose transport to support intracellular glucose
metabolism was required for optimal MTT reduction. This was consistent with their
additional finding, mentioned previously, that NADH, and to a lesser extent NADPH
concentrations in the cell declined as a consequence of deprivation of D-glucose.
Since these reduced pyridine nucleotides can act as the most important electron donors
for MTT reduction (Berridge & Tan, 1993), they can, as a consequence of glucose
deprivation, be rate limiting for intracellular formazan production. This was later
confirmed since inhibition of cellular glucose uptake by cytochalasin B and
chlorpromazine, a membrane reactive drug that inhibits a variety of electron transport
and membrane associated enzymes, resulted in a reduction of MTT-formazan
production (Berridge et a i , 1995; Berridge & Tan, 1995). These findings confirmed
the earlier studies of Denizot & Lang (1986) who observed reduced formazan
production in glucose free culture medium. This may also explain the divergent
effects of high glucose concentrations on MTAs and trypan blue exclusion assays
which Foultier et al. (1992) noted.
Many "cell-proliferation " assays, for example the mitogen-induced proliferation
of spleen cells described by Mosmann (1983), require exposure of the target cells to
the stimulator for a period of days rather than hours. It is probable that glucose will
be depleted over this time period and that subsequent MTT-formazan production is
restricted as a consequence. This effect could increase with stimulator dose and so
distort any dose response curve. This may be responsible for the non-linear formazan
production which has been observed at high cell densities (Green et at., 1984;
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Monner, 1988; Keepers et aL, \99\). To minimise this, it would be prudent to limit
initial cell inoculation densities and the time of incubation with the stimulator. When
working with adherent cells, it may be practical to replace aged with fresh medium,
although the timing of this would have to be carefully assessed, since as discussed
above, simple readdition of glucose to conditioned medium did not have an immediate
effect. The MTT-assay can be considered to be a sensitive measure of glucose uptake
and utilization by the cell (Berridge & Tan, 1995).

1.8.4.2. Medium pH.
The enzyme kinetics of reactions requiring pyridine nucleotide co-enzymes, the
redox potentials of tétrazolium salts, and the absorption spectra of formazans, can all
be sensitive to changes in pH (Altman, 1974).

Consequently, the importance of

carefully controlling the pH of the incubation medium in histochemical studies of
dehydrogenase activity which utilise tissue sections has long been emphasised (Pearse,
1972).

It may therefore be desirable to maintain a constant pH during MTAs.

Clearly most media and gassed incubators are designed to minimise changes in pH.
However, Jabbar et al. (1989) demonstrated that over a prolonged period of
incubation, e.g. 6 days, MTT-formazan production by COR-L23 cells declined, and
that this could be partially corrected by restoring the pH of the medium from the low
value of 6.9 which was observed at the end of the 6 day incubation period to more
alkaline values.

They reported that this effect was not due to a change in the

absorbance spectrum of the formazan with the correction in the pH, but due to
increased production of formazan. Plumb et at. (1989), reported that large shifts in
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pH, e.g. from 3.5 to 8.5, changed the absorption maximum of MTT-formazan to a
longer wavelength (560nm) and that with even higher pH values, the extinction
coefficient at 560nm increased markedly, reaching a maximum at pH 10.5. These
changes are presumably due to the opening of the quasiaromatic six-membered ring
by weakening the internally coordinated hydrogen bond (Figure 1.14.). Ishiyama et
al. (1993) added alkaline glycine to terminate formazan production with WST-1 and

XTT which shifted the maximal absorption of the formazan from 438 to 593nm; the
molar extinction coefficient also increased ifom 3.7 to 5.7 x lO^M. \cm \
In addition to the effects discussed above, it has long been recognised that the
so-called "nothing dehydrogenase" activity rises sharply above pH 7.0 (Pearse, 1972).
This activity is the formazan produced in the absence of added specific substrates, and
may account for the increased background absorbances which are particularly
noticeable when PMS and MEN are used in the colorimetric assay. Relatively high
backgrounds are a feature of assays which substitute XTT or MTS for MTT (Scudiero
et at., 1988; Cory et at., 1991; lost et at., 1992; Riss & Moravec, 1992; Rotter et
at., 1993; Goodwin et aL, 1995b). "Nothing dehydrogenase" in rat liver sections was

shown to be derived from two components (van Noorden et aL, 1985). As much as
50% of the reaction was due to lactate dehydrogenase converting endogenous lactate
and NAD^. This constituent may be inhibited by pyruvate. The other component
was due to reactions between PMS and SH-groups on proteins present in the medium,
such as albumin and cysteine, and also glutathione (Sri Venugopal & Adiga, 1980;
van Noorden, 1984). This second component increases at alkaline pH and can be
inhibited with N-ethylmaleimide. It should be noted that pyruvate is sometimes added
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to culture media and this may consequently influence formazan production (Green et
aL, 1984; Denizot & Lang, 1986; Monner, 1988; Vistica et aL, 1991; Nargi &

Yang, 1993). Changes in pH following prolonged incubation periods could depend
on the nature and dose of the extracellular regulator such that they could distort doseresponse curves observed in MTAs (Jabbar et aL, 1989).

1.8.4.3. Other factors.
MTAs may be adapted for the measurement of extracellular regulators present
in body fluids such as serum, plasma, urine, milk or synovial fluids (Nargi & Yang,
1993). As with any assay, careful investigations must then be made to check for
effects of components in the fluid, other than the extracellular regulator, on the assay
system. These "blank" effects are typically manifested by changes in baselines and
non-parallelism when samples are checked against standards prepared in simple buffer
solutions.

They can be quite complex as observed for the Eluted Stain Bioassay

(ESTA) for human growth hormone in human serum (Dattani et aL, 1995a). They
may derive from effects both on the target cells used in the assay and also on the
tetrazolium-formazan reaction (Nargi & Yang, 1993).
When testing the effects of extracellular regulators on cell number and function
with MTAs, appropriate controls should always be included to check for an effect of
the putative regulator on the tetrazolium-formazan reaction.

For example, the

potentiation of the bioactivity of human growth hormone by zinc, and the inhibitory
effects of copper and cobalt using the MTT-ESTA system was recently investigated
(Dattani et al., 1993). This required careful controls, since it is well recognised that
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the formazans of N-thiazolyl-substituted tétrazolium salts typified by MTT, chelate
with divalent metal ions such as cobalt, copper and nickel, when the hydrogen bonded
hydrogen (Figure 1.14.) is replaced by the metal ion (Hunter & Roberts, 1941a,
1941b). This factor could have influenced the results of Ciapetti et al. (1993) who
used an MTT-assay to investigate the biocompatibility of different metals which
specifically included cobalt, copper and nickel.
Other factors can influence the spectral characteristics of formazans and hence
introduce artifacts into microculture tétrazolium assays. For example. Twentyman and
Luscombe (1987) showed that when using DMSG as the solvent for MTT-formazan,
as little as 0.2% of a bicarbonate containing medium significantly increased the optical
density. They demonstrated that residual medium which remains on adherent cells
prior to the addition of DMSG could alter the absorbance readings significantly. In
practical terms, unlike the factors discussed above, one is unlikely to encounter a
situation where this effect is dose-related and hence could distort a dose-response
relationship. It could however easily be a source of between-well variation, and thus
contribute to the random, as opposed to the systematic error of an assay.
When using XTT/PMS, Scudiero et at. (1988) reported that variable formation
of unidentified crystals, which only occurred in the presence of PMS and was pH
dependant, could lower formazan production. The crystals formed in the pH range
7-9 and were attributed to reaction of the positively charged nitrogen atom of PMS
(Figure 1.17.) and the sulphydryl group of glutathione, which would be negatively
charged at alkaline pH (Vistica et at., 1989, 1991). Because of the pH dependency,
this could contribute to both random and systematic errors.
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sufficiently serious that they advised microscopic inspection of individual wells in each
experiment - which would be inconvenient on a large-scale. They also devised and
recommended the use of a culture medium which, at the low concentration of
atmospheric CO2 was resistant to alkalinization (Vistica

<2 /., 1990). However, the

source of these crystals is identified and characterized in the studies described in
Chapter 8.
In addition, it has been shown that detergents such as those used for the MTTESTA, i.e. Triton X-KX), can both alter the spectral characteristics of formazans
(Massa & Farias, 1982) and also, by micelle formation, enhance the tetrazoliumformazan reaction due to altered kinetics (Massa & Farias, 1982; Rao, 1982).
Ishiyama et al. (1993) reported that the cationic detergent cetyl-trimethylammonium
bromide enhanced WST-1 formazan production and SDS inhibited formazan
production. Triton X-lOO, a non-ionic detergent had no effect. This may slightly
influence the absorbance readings of an individual assay.

1.8.4.4. Examples of discrepancies between MTAs and cell proliferation assays:
cell activation.
Several features of the microculture tétrazolium bioassay system for endocrine
stimulators, named ESTA (Ealey et at., 1988; Marshall et at., 1990; Ealey et at.,
1995), which is described in section 1.7.2. are consistent with there being, at best,
only an indirect association between increases in target cell numbers and formazan
production in response to increasing doses of the stimulating hormones. In brief,
these are as follows:
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1.

Formazan production increased after only short periods of incubation with the

stimulator, e.g. 2hrs after IGF-1 addition to FRTL-5 cells (Claffey et a l , 1993).
Since the cells had been rendered quiescent by temporary maintenance in the absence
of stimulators and have a doubling time of 30hrs, the cell number is not expected to
increase after such short exposures. An example of these early responses is discussed
in more detail in Chapter 7.

2.

After longer incubation periods with a stimulator, e.g. 96hrs, it was found that

the fold increase in MTT-formazan production above the baseline was much larger
than the fold increase of cell number (Ealey et aL, 1995).

This is particularly

obvious when working with MTT, since this tétrazolium salt provides ESTAs with
exceptionally low background signals for the unstimulated cells.

3. Different tétrazolium salt systems, e.g. MTT v XTT/PMS, gave very different
magnitudes of response when added to parallel bioassays using the same
stimulator/target cells (see Chapter 7). Hence the same increase in cell numbers can
be associated with very different rates of formazan production.

4. Even after prolonged incubation with the stimulator, e.g. 48hrs, it has proved
possible, under specific culture conditions, to obtain responses in ESTA when there
was no accompanying rise in cell number. This was shown by Claffey et al. (1993)
using FRTL-5 cells which had been rendered quiescent by temporary deprivation of
both thyroid stimulating hormone (TSH) and insulin. There were however parallel
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increases in formazan production, cell DNA and tritiated thymidine uptake in response
to added TSH, IGF-I and insulin. Metcalfe et al. (1992) reported that when using
subconfluent thyrocytes, formazan production paralleled cell number but, for confluent
cells increases in formazan were not accompanied by increases in cell number.

In an early and careful study (Gerlier & Thomasset, 1986), it was reported that
phorbol myristate acetate could increase MTT-formazan production by a murine
lymphocyte cell line and abolish DNA synthesis, as measured by tritiated thymidine
uptake. More recently, Buttke et at. (1993) reported subtle discrepancies between
MTS/PMS reduction and tritiated thymidine uptake following the simultaneous
addition of these reagents to the same IL-3 stimulated cultures of FDC-Pl cells. In
this way they distinguished between changes in cell viability and proliferation.
Another striking example of divergence between formazan production and
tritiated thymidine incorporation was described by Berridge et at. (1993).

They

demonstrated that dibutyryl cAMP stimulated MTT-formazan production by 32D cells,
but that this was accompanied by a decrease in tritiated thymidine incorporation into
DNA. In the same experiment they demonstrated that other extracellular stimulators,
such as interleukin-3 (IL-3), elevated formazan production and tritiated thymidine
incorporation concordantly. They concluded that dibutyl cAMP was able to maintain
cell viability, as determined by Trypan Blue exclusion, and MTT-formazan production
while proliferation was inhibited. However, IL-3 could both promote cell survival
and in addition stimulate DNA synthesis and progression through the cell cycle.
Berridge and co-workers have described other situations whereby MTT reduction can
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be manipulated independently from DNA synthesis. For example, in another study,
they reported that after short incubation periods, rotenone, which blocks the
respiratory chain at an early point (Figure 1.16.) could differentially reduce tritiated
thymidine uptake by the 32D cells without inhibiting formazan production (Berridge
& Tan, 1993). This suggested that in these cells, although, as discussed previously,
pyridine-nucleotide-dependant mitochondrial inner membrane associated electron
transport does not contribute signifrcantly to formazan production, it is essential for
DNA synthesis. Thus in 32D cells, bioreduction of MTT appears to be independent
of mitochondrial ATP production, but the ATP is differentially directed towards DNA
synthesis. In this way, Berridge and co-workers have been able to uncouple metabolic
pathways involved in cell survival from those promoting DNA synthesis and
respiration (Berridge et a i , 1995).

1.8.4.5.

Examples of discrepancies between MTAs and cell proliferation: cell

inhibition.
As mentioned previously, close examination of results from experiments aimed
at testing cytotoxicity can provide examples of discrepancies between MTAs and
assays based upon direct estimation of surviving cell numbers. These systems are
used to assess the surviving cell number following exposure to a cytotoxic drug. Thus
Jabber et aL (1989) reported that MTT-MTAs, when compared against assays based
upon direct cell counts, underestimated the growth inhibitory effects of interferons.
They concluded that the major factor responsible for the discrepancy was the artifact
introduced into the MTA by changes in the pH of the medium. As discussed above
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these changes could distort the chemosensitivity dose-response relationship.

In

addition, they reported that an extracellular agent may well provoke changes in cell
components which are not reflected in changes in cell number. For example, Jabbar
et al. (1989) observed that when counting COR-L23 cells using a haemocytometer,

interferon treatment, which decreased cell numbers overall, was found to increase the
proportion of larger cells in the heterogeneous cell population. In addition,
mitochondrial activity was increased by 40% as assessed by increased Rhodamine-123
uptake. They concluded that in their MTA, reduced formazan production due to a
lower cell number, was partially compensated for by an increase in formazan
production due to mitochondrial activation in individual surviving cells. It is possible
that this might have been due to an increase in ploidy. This would be consistent with
the 40% increase in mitochondrial activity per cell. Similar conclusions were reached
by Pagliacci et at. (1993), who found that formazan production per cell increased
although cell numbers decreased when the cytotoxic effects of the isoflavone,
genistein, on several tumour cell lines were investigated with an MTA. This was also
attributed to enhanced mitochondrial activity in cells which had been blocked at the
G2 /M transition. There was however a slight increase in glucose concentration in the
genistein treated cultures which, as discussed in section 1.8.4.1., may have influenced
the results.
Plumb et at. (1989) reported that if account were not taken of the effects of
pH changes, chemosensitivities can be underestimated by as much as 10-fold by
MTAs, when compared against standard clonogenic assays.

Following careful

investigations discussed previously (section 1.8.4.2.), they advocated adding a small
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quantity of buffer to bring the pH in all wells to 10.5 after solubilization of the MTTformazan with DMSO. This eradicated systematic errors due to shifts in pH which
may have occurred in a manner related to the dose of the cytotoxic agent under
investigation. In addition this step improved the linear relationship between MTTformazan production and cell number, preferentially increasing absorbance readings
for wells with a high cell density by as much as 50%. Their protocol for their MTAchemosensitivity assay was also distinctive in that the cells were exposed to the toxic
compound for only a limited time, e.g. 24hrs. The cells were subsequently grown
in a drug free medium for a period defined by 3 cell doubling times and the culture
medium was replaced daily during this period so that the growth rate was not limited
by nutrient depletion. This allows for elimination of cells killed by the drug and the
effects due to any cells which can no longer proliferate as a consequence of the drug
treatment.

This careful protocol is designed to minimise many of the problems

addressed in the preceding sections. Although it has to be admitted that it is not
ideally suited for large-scale drug-screening programmes, these authors demonstrated
that by following it, they could obtain greatly improved agreement between their
MTA and the much more laborious and time-consuming conventional clonogenic
assay.
Just as Berridge et al. (1993) used different cell modulators on the same cells
to distinguish between cell survival and proliferation, by investigating discrepancies
between responses in MTAs and tritiated thymidine uptake assays, so Shearman et at.
(1994) have suggested that they could use this approach to distinguish between
different pathways which culminate in cell death. They noted that exposure of a rat
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phaeochromocytoma cell line (PC 12) to 6-amyloid protein for a limited period (2
days) inhibited formazan production in MTT-assay by 70% but was without effect on
either

cell-proliferation

(tritiated thymidine

uptake),

cell necrosis

(lactate

dehydrogenase release) or Trypan blue exclusion. In contrast, after exposure of the
cells to L-glutamate for 2 days, all of these markers were inhibited in parallel and
the response in the MTA was totally abolished.

They concluded that the partial

inhibition in the MTT-response due to the 6-amyloid protein was a measure of early
"metabolic compromise", and that this depression of the redox activity, which was
reversible, could be clearly separated from a decrease in cell-survival. The MTT
results seemed to indicate that such cells were "down, but not yet out". However
prolonged depression of redox activity, by exposing the cells to the 6-amyloid protein
for 8 days, did result in decreased cell survival. They suggested that with their model
they were able to distinguish between apoptotic responses to 6-amyloid protein which
manifested themselves after prolonged exposure times and the much faster L-glutamate
mediated necrotic degeneration.

Thus, in Alzheimer’s Disease for example, the

prolonged localised accumulation of 6-amyloid protein in senile plaques may result in
neurodegeneration due to the activation of apoptosis (Loo et al . , 1993). These studies
into the inhibitory effect of 6-amyloid protein on MTT-formazan production were
subsequently extended and a range of tétrazolium salts were investigated. Shearman
et at. (1995) reported that only tétrazolium salts transported into PC 12 or HeLa cells

were effected by 6-amyloid protein i.e. MTT and NTV (3a-naphthyl-2-phenyl-5-5(4nitrophenyl)-2H-tetrazolium chloride).

It may be relevant that Takenouchi &
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Munekata (1995) reported that 8-amyloid protein increased WST-1 formazan
production in HL-60 neutrophil-like cells.
Cells may be driven into an apoptotic pathway of cell demise by periods of
oxidative stress, such as those induced by the generation of reactive oxygen species
due to gamma-irradiation or MEN treatment discussed previously (Kane et al., 1993;
Ishizaki et al ., 1995; Jacobson & Raff, 1995), and protective proteins such as the bcl2 proto-oncogene may function as antioxidants (Hockenbery et al., 1993; Kane et al.,
1993; van de Loosdrecht et al., 1993; Jacobson, 1996). Clearly if MTAs reflect the
redox state of a cell, they may have a special relevance to investigations into the
complexities of these early events leading to oxidative cell death and help define the
steps in the apoptotic pathway.

However, MTT-formazan production in systems

investigating the apoptotic pathway have frequently presumed that the MTT-formazan
production was due solely to mitochondrial activity (Pittman et al., 1993; Ishizaki et
al., 1994; Jacobson gf a /., 1994).
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1.9. AIM OF THESIS.
The principle objectives of this Thesis are to investigate the release of bioactive
recombinant human growth hormone from a selection of biomaterials. A number of
polymeric biomaterials have been investigated which range from contrasting
methacrylate based polymers including the commonly used PMMA to a selection of
polymers which have been formulated so as to provide graded water uptake
properties. A biodegradable material poly(e-caprolactone) has also been investigated.
Because of the variety of the biomaterials used, it was necessary to employ contrasting
methods of incorporation of the growth hormone.

Some of the incorporation

procedures may potentially damage the structure of the growth hormone, and
consequently special emphasis has been placed on assessing the biological potency of
any hormone released. As a secondary probe to investigate hormone integrity the
immunoactivity of the hormone has also been determined.

In addition, the

biomaterials have been tested for their potential in vitro cytotoxicities.
The bioactivities and cytotoxicities have been assessed using a uniquely precise
and sensitive bioassay based upon the MTT-ESTA bioassay system which is an
example of a microculture tétrazolium assay. In the later chapters two relatively
recently synthesized tétrazolium salts, XTT and MTS, were investigated fewuse in this
bioassay. These salts have been designed so as to yield soluble formazans upon their
bioreduction. Thus, by their use the error-prone MTT-formazan solubilization step
which is obligatory for MTT-based assays could be avoided. It was anticipated that
the assays based upon these alternative tétrazolium systems would be both more
precise and technically amenable.

In addition, the role of three contrasting
151

Chapter 1. Introduction
intermediate electron acceptors in microculture tétrazolium assays has been
investigated; these have been widely employed as reaction-accelerators in
histochemistry, but their potential beneficial effects in microculture tétrazolium assays
have yet to be fully investigated. Wherever possible, the results from these studies
have been evaluated for any new insights which they may provide into the
bioreduction mechanisms responsible for the bioassay responses, namely formazan
production.
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2.1. MATERIALS AND MEDIA.
Rosewell Park Memorial Institute medium 1640 (RPMI), with and without
phenol red for the studies reported in Chapters 6, 7, 8 and 10, L-glutamine,
penicillin/streptomycin, tissue culture ware and microtitre plates (Nunc) were obtained
from Gibco B.R.L. (Life Technologies), Paisley, U.K.. Donor horse serum (HS) and
fetal calf serum (PCS) were purchased from Tissue Culture Services Ltd., Botolph
Claydon, Buckingham, U.K. and Advanced Protein Products Ltd., Brierley Hill, West
Midlands, U.K..

It was found that some batches of horse sera resulted in

displacement of hGH dose response curves and a reduction in sensitivity in the MTTESTA (data not shown); the variability of horse serum in this respect has been
previously reported (Walker et at., 1987; Moy & Lawson, 1988). Consequently,
candidate batches of horse sera were extensively tested prior to routine use.
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, bovine
serum albumin fraction V (BSA), calcium chloride, magnesium chloride, sodium
dihydrogen orthophosphate and disodium hydrogen orthophosphate were obtained
from Sigma Chemical Co. Ltd., Poole, Dorset, U.K.. Triton X-lOO and Tween 20
were purchased from B.D.H. Ltd., Poole, U.K..

Dulbecco’s phosphate buffered

saline (DPBS) was made using PBS tablets (Oxoid, Basingstoke, U.K.) which
contained supplements of CaClz (0.1 mg/ml) and MgCl2 (O.lmg/ml).
Human pituitary growth hormone (coded IS 80/505) for assay standardisation
was provided by the National Institute for Biological Standards and Control, South
Mimms, U.K.. This was diluted in RPMI containing BSA (0.5%) and stored in
liquid nitrogen until use. Analysis of this standard preparation revealed that it was
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predominantly the 22kDa variant of hGH, although it also contained 5% 20kDa and
small amounts of "slow", dimers, desamido-hOH and small traces of other proteins.
The assigned specific bioactivity of this reference preparation is 2.6U/mg (Bangham
et at., 1985).

2.2. CELLS.
2.2.1. Cryopreservation.
The stocks of Nb2 cells were stored frozen in liquid nitrogen. The cells were
frozen in growth medium containing 10% dimethylsulphoxide at a density of
lO^cells/ml. The cells were revived by rapidly thawing at 37®C, washing twice with
fresh growth medium and finally resuspended in lOmls of growth medium. At least
5 passages were allowed to elapse prior to their use in the bioassay.

2.2.2. Routine cell culture.
Nb2 rat lymphoma cells were grown in suspension culture in growth medium
consisting of a basic RPMI medium containing 150U penicillin/ml, 150^g
streptomycin/ml, 2x10

L-glutamine, and serum additions. For growth medium

these additions were PCS (10%) and HS (10%).

The cells were incubated in a

humidified atmosphere of 5% COJ^SVo air at 37®C. Stocks of cells were cultured in
25cm^ tissue culture flasks and split twice per week with alternate 1:5 and 1:10
dilutions. The antibiotic concentrations used for the current studies were 3-fold higher
than those previously used in the ESTA bioassay (Dattani et al., 1995a; Haley et al..
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1995); this increase avoided the costly sterilization of each sample by filtration, which
was routine for earlier studies.

2.3. BIOASSAY.
Prior to bioassay the cells were transferred to a quiescent medium for 24hrs
which has been shown to reduce cell proliferation (Gout et at., 1980). Quiescent
medium contained 1% PCS instead of the 10% used for the growth medium. For the
bioassays the cells were resuspended in bioassay medium which consisted of the basic
RPMI medium containing 10% HS only. The cells were dispensed into microtitre
plates (50/xl), at a density of 8xl(Pcells/ml. This was followed by addition of the
appropriate standard or sample (50/il), which was also diluted in bioassay medium.
The hGH standards covered the concentration range 0.02-2.5mU/l; all dilutions were
made gravimetrically. The outer wells of the microtitre plates were not used in order
to avoid the "edge effects" sometimes encountered in this technology, whereby these
wells give poor replication (Dekker et a i , 1994; Mire-Sluis et a i , 1995).
In the bioassay, the cells were exposed to hGH standards or samples for a total
of 96hrs. This relatively long incubation period maximised the bioassay sensitivity
and precision. After this, the colorimetric reagent MTT (1.67mg/ml) was added to
each well (30^1). The incubation was then continued for 60mins in a dry incubator
at 37®C.

This has been shown to produce more formazan than a humidified

atmosphere of 5% CO2 / 9 5 % air at 37°C (Ealey et al . , 1995). Acidified Triton X-lOO
(30^1; 16% Triton X-lOO, 0. IM HCl) was added to solubilise the formazan produced
by the metabolic reduction of MTT and the microtitre plates were gently shaken for
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30mins (Titertek microplate shaker, Flow Laboratories, Irvine, U.K.).

Optical

densities (CD) were determined with a Biorad microtitre plate reader (Model 3550,
Richmond, CA., U.S.A.) at a measurement wavelength of 595nm and a reference
wavelength of 655nm. The determinations for all experiments were made on triplicate
microcultures unless otherwise stated and the results were expressed as the
mean ± standard deviation (SD).
With this ESTA bioassay, within-assay errors in hormone measurement i.e.
imprecision, of less than 10% can be achieved between 0.03-2.5mU hGH/1, with an
optimal precision of 2.5% being obtained at 0.5mU hGH/1.

The between-assay

imprecision, for 12 independent bioassays which were run over a period of 6 months,
was found to be 11 % and 9% at 0.078 and 0.312mU hGH/1 respectively. The limit
of detection of the bioassay is 0.02mU/l.
When appropriate, changes in cell number were also determined in parallel
using a Coulter counter (Model ZBl, Coulter Electronics Inc., Hialeah, FL.,
U.S.A.). In brief, aliquots of Nb2 cells (20/il) were added to PBS (10ml); this was
shaken and introduced into the Coulter counter.

2.4.

ADAPTATION OF THE ESTA BIOASSAY SYSTEM TO ASSESS

CYTOTOXICITY OF THE ELUATES.
The ESTA system was adapted to assess the potential cytotoxicity of the
eluates from the respective biomaterials on hormone activated Nb2 cells as follows.
Eluates obtained from polymer discs which had not been loaded with hGH, were
added to Nb2 cells (SxKF) which were simultaneously activated by hGH; the hormone
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was added to give a final concentration of 0.625mU/l. The controls contained assay
medium only. At the end of a 96hrs exposure period, the colorimetric end-point of
the ESTA bioassay was determined as described in section 2.3.. The results for each
eluate were expressed as a percentage of the response of the activated Nb2 cells in the
controls (100%) in which assay medium had been substituted for the eluates.
Cytotoxicity was defined by a decline in this parameter indicating reduced production
of formazan. This was shown to be directly associated with a decline in cell numbers
(see Chapter 4).

2.5. IMMUNOASSAY.
The immunoassays for hGH were performed using an immunoradiometric
assay (IRMA) based on reagents provided by North East Thames Immunoassay
Service (NETRIA, London, U.K.).

This is a monoclonal-polyclonal solid phase

IRMA. The standard used is IS 80/505, which is identical to the one used in the
ESTA bioassay.

The standards were prepared in horse serum at concentrations

between 0 and 200mU/l. The samples or standards (lOOpl) were dispensed in plastic
LP3 tubes (Sarsted, Niimbrecht, Germany), followed by assay buffer (300/Ltl; 0.05M
phosphate buffer containing 0.5% Tween 20 and 1% BSA).

'^^I-labelled mouse

monoclonal and-hGH (50^1) and sheep polyclonal anti-hGH solid phase (50/xl) were
added and the tubes placed on a rotary mixer overnight. Wash solution (2ml) was
added (0.05M phosphate buffer containing 0.5% Tween 20), and the tubes were
centrifuged for 5mins at lOOOg. The supernatant was decanted and the washing step
repeated. The tubes were again decanted and the bound radioactivity counted for
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120secs in a gamma counter (Model NE16CX), Nuclear Enterprises, San Carlos, CA.,
U.S.A.).
The within-assay errors in hormone measurement i.e. imprecision, were 5.1%,
2.4% and 2.6% at hGH concentrations of 0.8, 4.5 and 86.5mU/l, whilst betweenassay imprecision was 3.3%, 5,2% and 5.5% at hGH concentrations of 7.7, 21.7 and
45.8mU/l respectively. The lower limit of detection, as derived from mean±2.5 SD
of 20 hGH free blanks, was O.lmU/1 (Pringle et al., 1992).

2.6. DATA ANALYSIS.
The results from both the bioassays and the immunoassays were processed
using the 1224 Multicalc Immunoassay programme (Pharmacia, Milton Keynes,
U.K.).

The dose-response curves were fitted using a weighted five parameter

logistical fit and within-assay precision was assessed by the generation of imprecision
profiles. Imprecision of hormone measurement approximates to the coefficient of
variation of hormone measurement.

This is a function of the slope of the dose-

response relationship and the error in the measurement of the response, both of these
variables change over the range of the hormone concentrations tested. Accordingly,
imprecision is calculated as (a [H]/[H]) X 100%, where a [H] = (SD of the response
determination/slope of the dose-response curve), at each concentration of growth
hormone [H], tested (Ekins & Edwards, 1983; Marshall et al., 1991).
Statistical evaluations were performed using Minitab 8 (Minitab Inc, State
College, PA., U.S.A.). One-way analysis of variance and Student’s t-test were used
and statistical significance was taken as p<0.05.

159

Chapter 2. Materials and Methods
The detailed methodologies relating to individual series of experiments are
described later in the appropriate chapters.
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AN INVESTIGATION INTO THE RELEASE OF BIOACTIVE
HUMAN GROWTH HORMONE FROM NORMAL AND LOW
VISCOSITY POLY(METHYLMETHACRYLATE) BONE
CEMENTS.
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3.1. INTRODUCTION.
In this chapter, I will assess the effects of the incorporation of hGH into
normal and low viscosity formulations of poly(methylmethacrylate) (PMMA) cement
on the bioactivity of the hormone which is released. These formulations are designed
to be inserted into the femoral cavity either manually or with a cement gun. hGH is
a complex hormone with a highly ordered structure (see section 1.5.1) and its
incorporation into methacrylate cements may damage the protein structure and
compromise the bioactivity of the hormone which might later be released. A highly
quantitative in vitro bioassay, namely the ESTA bioassay system described in section
1.7.3., was used to measure the potency of the hGH released. In addition, I have
adapted this bioassay to investigate the potential cytotoxicity of eluates from the bone
cement matrices themselves.

3.2. MATERIALS AND METHODS.
3.2.1. Materials.
PMMA, in the form of CMW-3 (low viscosity) and CMW-1 (normal
viscosity), was obtained from Dentsply, Exeter, U.K.. For both cements, benzoyl
peroxide in the powder and NNDPT in the monomer, initiate polymerisation; CMW3 contains less benzoyl peroxide and more NNDPT than CMW-1. The radio-opaque
agent for both cements is barium sulphate.

Recombinant hGH (12U/vial) was

obtained from Novo Nordisk AS, Gentofte, Denmark, except for investigations 3.3.6.
and 3.3.7. in which recombinant hGH (Austrophin) from C.S.L. Ltd., Victoria,
Australia was used.
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3.2.2. Preparation of Cement.
PMMA cement was made by adding methylmethacrylate monomer (5ml) to the
polymer powder (lOg) using the proportions recommended by the manufacturers.
CMW-3 was supplied with barium sulphate already incorporated but this radio-opaque
agent was added to CMW-1 only for the experiment reported in Table 3.2.. For the
hGH-loaded polymers, 12U of hGH was added to the appropriate polymer powder
(lOg), followed by careful mixing (lOmins) to ensure homogeneity, before addition
of the liquid monomers. The hormone was added to the polymer powder as it could
not be uniformly dispersed in the monomer. The cements were allowed to dough and
were then cast into discs in poly(tetrafluoroethylene) (PTFE) moulds (10mm diameter,
7mm deep). The dough time was approximately 90secs for CMW-1 and 5mins for
CMW-3 and the setting time for both cements was 8-9 mins.

Immediately after

polymerisation the discs were weighed; the variability in disc weight was generally
5-6%. These weights were used to calculate the weight-corrected recoveries of the
hormone released. Preliminary studies revealed that significant carryover of hGH
from the PTFE mould could occur if unloaded PMMA was manufactured following
a batch of hormone-loaded PMMA.

This was overcome by a stringent cleaning

programme which included soaking in a concentrated detergent solution and rinsing
with ethanol (70%) followed by drying for 1hr in an oven at 37®C.

3.2.3. Release studies.
In earlier studies (Downes et al., 1990; Downes, 1991), PBS had been used
as the eluting medium. In the studies reported in this Thesis, assay medium was
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chosen as the eluting medium for two reasons.

Firstly, with the low levels of

hormone released there was a risk that a significant fraction of the protein might be
adsorbed onto the plastic ware and the presence of a carrier protein such as albumin
in the medium would prevent this. Gombotz et al. (1993) used 1% human serum
albumin as a carrier protein to prevent loss of TGF-6 during elution. This rationale
has been subsequently justified since Agrawal et al. (1995) reported in their studies
that 80% of bone morphogenetic protein was lost during elution into water.
Secondly, after long elution periods, the hormone released may require measurement
using the eluates neat or at low dilutions.

Meikle et al. (1993) reported lower

bioactivities of bone-derived growth factor when eluted into PBS as opposed to assay
medium. Preliminary experiments from my studies (data not shown) demonstrated
that the addition of neat PBS reduced the response of our bioassay.
Both hGH-loaded and unloaded control discs of CMW-3 and CMW-1 were
eluted into 5ml of assay medium.

This was accomplished by incubation on a

rollermixer at 37°C. The eluates were removed at selected times and replaced with
fresh medium, pre-warmed to 37®C. The samples were either assayed immediately
or snap frozen in liquid nitrogen and stored at -20°C prior to analysis.
The hGH released from samples collected over the first 5 days of a prolonged
35 day elution study (section 3.3.8.), were analysed to determine the diffusion
coefficient (D) of the hormone from the cement discs. Because these results came
from relatively prolonged elution periods i.e. 24hrs and longer, it was not possible to
determine the diffusion coefficient using conventional Vh plots. Accordingly, the
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calculations are based on the equation which describes the later stages of diffusion
from a finite cylinder (equation 3.1.) (Crank, 1975).

32
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where (acO are the roots of Jq ( a a j= 0 and Jq is the Bessel function of order zero.
m« is the total cumulative hormone released from a cement disc and m^ is the hormone
released at time (t). The dimensions of the disc are incorporated into the equation as
a = the radius and d = the thickness of the disc. For the later stages of the diffusion
process the first term suffices and a suitable rearrangement gives:
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where aa^ = 2.4048.
Clearly, from equation (3.2.), a plot of tog
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3.2.4. Bioassay.
The ESTA bioassay and its adaptation to assess the cytotoxicity of the eluates
was performed as described in Chapter 2.
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3.2.5. Immunoassay.
The immunoassays for hGH were performed using an immunoradiometric
assay (IRMA) as described in Chapter 2.

3.3. RESULTS.
3.3.1. The cytotoxic effects of eluates from unloaded CMW-3 and CMW-1
upon the Nb2 cells.
When hGH activated Nb2 cells were exposed to neat eluate from CMW-1
discs which had been eluted for 24hrs, their responses to the hormone were
diminished to only 28 + 1% of the control values (p<0.001)(Figure 3.1.).

In

contrast, the 24hr neat eluate from CMW-3 discs suppressed the responses of the Nb2
cells to 57+3% (p< 0.001). The cytotoxicity of the neat eluates from both cements
was greatly reduced for eluates obtained after 24hrs and after elution for 48hrs
recoveries of 90+3% and 96+2% for CMW-1 and CMW-3 respectively were
obtained. This suggested that the cytotoxicity was due to a component from the
cements which leached out predominantly during the first 24hrs. The cytotoxic effect
of both cements was readily diluted out (Figure 3.1.), such that by a 1:10 dilution
there was little suppression of the response of the cells to the added hormone.
Thereafter the responses in the presence of the diluted eluates approached the control
and by a dilution of 1:100 were no longer significantly different from control values
(100+7%). The cytotoxicity of the unloaded cements could have introduced artifacts
into later experiments in which the potency of hGH on Nb2 cells was measured after
its release from the cements. This was avoided by diluting the eluates by at least
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Figure 3.1. The effect of the eluates from unloaded CMW-3 and CMW-1 upon
the response of Nb2 cells to hGH. The eluates from unloaded cement discs that
had been eluted for 24hrs were diluted sequentially to a final dilution of 1:1000.
These eluates (50/^1) were added to the wells of a microtitre plate containing Nb2 cells
(8 X lO^cells/ml) and hGH (1.25mU/l) in a volume of 50/xl. The microtitre plates
were then incubated for 96hrs and the colorimetric end-point of the ESTA bioassay
was determined by the addition of MTT, as described in Chapter 2. Triplicate wells
were used, and the results are shown as means+SD. The results are the responses
obtained in the presence of the eluate expressed as a percentage of the response
obtained in the controls when eluates were replaced with bioassay medium. The latter
is taken to be 100%.
The responses were initially obtained as equivalent
concentrations of hGH as measured from a standard hormone dose-response curve
which was run in parallel. The serial dilutions for each cement were tested together
in one microtitre plate, to minimise any effects due to between plate variation.
* p<0.05 versus control values.
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1:100. This strategy was validated by spiking 24hr eluates from unloaded cements,
which had been diluted in assay medium (1:100), with hGH (0.625mU/l); excellent
recoveries were obtained (CMW-1, 97+6%; CMW-3, 99+6%). In addition it was
ensured that the eluates from unloaded cements did not interfere with the colorimetric
end point reaction of the bioassay (data not shown).

3.3.2. The effect of hormone loading dose upon the release o f bioactive hGH
from CMW-3.
Increasing the loading dose of hGH in CMW-3 resulted in a proportionate rise
in the hormone released after elution for 24hrs (Table 3.1.).
bioactivity were consistently close to 1%.

The recoveries of

Immunoassay estimates of the hGH

concentrations were higher than those determined by the bioassay. The B:1 ratio of
the hGH prior to incorporation was 0.76+0.09 and this did not change significantly
after release from the cement.

This study used comparatively large amounts of

recombinant hGH; since this was in limited supply 1 was unable to repeat the
investigation using CMW-1.

3.3.3. The effect of barium sulphate on the release o f bioactive hGH from
CMW-1.
With CMW-1, but not CMW-3, it was possible to carry out systematic studies
on the effect of incorporation of BaSO^ into the cement (Table 3.2.). 1 found that this
did not influence the release of the bioactive or immunoactive hGH from the cement.
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Loading
D ose

GH (mU/1)

Recovery (%)

B:I*

(U /lO g)

BIO

IMMUNO

BIO*

IMMUNO*

Ratio

2

257 ±50

388+95

1.01+0.23

1.53+0.41

0.67+ 0.04

4

593+42

732+96

1.14+0.07

1.41+0.17

0.81+0.05

8

837 + 80

1121 + 108

0.88+0.04

1.15+0.09

0.75+ 0.02

12

1640+23

2236+426

1.08+0.19

1.47+0.33

0.74+ 0.04

* In oneway analysis of variance no significant differences were found between
groups.
Table 3.1. The effect of the loading dose of hGH upon the release o f hGH
from CMW-3. Recombinant hGH corresponding to 2, 4, 8 and 12U was added to
lOg aliquots of PMMA (CMW-3). The cement was manufactured as previously
described in section 3.2.2.. The results are the mean±SD of replicate discs (n=3)
for each loading dose which were individually eluted for 24hrs into 5ml of assay
medium. The amount of hGH released has been calculated as a percentage of the
hGH initially incorporated into each individual disc, i.e. as weight corrected
recoveries. The means ±SD of these recoveries are also shown. B:1 is the ratio of
the bio- to immunoactivities determined in individual eluates. The B:1 ratio of the
hGH prior to incorporation was 0.76 +0.09.
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BaS0 4

GH (mU/1)

Recovery (%)

B:I*

(%)

BIO*

IMMUNO*

BIO*

IMMUNO*

Ratio

0

925 ±105

1217±66

0.65 ±0.09

0.85 ±0.05

0.76±0.12

2.5

1191 ±247

1396 ±235

0.82±0.15

0.96± 0.14

0.85±0.03

5.0

885±171

956 ±185

0.58±0.11

0.63±0.13

0.97 ±0.08

10.0

862 ±224

1218±250

0.63 ±0.20

0.90± 0.24

0.70±0.11

“ In oneway analysis of variance no significant differences were found between
groups.

Table 3.2. The effect of barium sulphate on the release o f bioactive hGH from
CMW-1. Barium sulphate was added to lOg aliquots of CMW-1 polymer powder to
give final concentrations of 2.5, 5 and 10%. CMW-1 cement was also prepared
without barium sulphate. The hGH-loaded cements were then manufactured as
described in section 3.2.2. with 12U hGH being added to the PMMA powder (lOg).
The results are the mean±SD of replicate discs (n=3) for each cement which were
individually eluted for 24hrs into 5ml of assay medium. The amount of hGH released
has been calculated as a percentage of the hGH initially incorporated into each
individual disc, i.e. as weight corrected recoveries. The means+SD of these
recoveries are also shown. B:I ratios are defined in the legend to Table 3.1.
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3.3.4. The effect of temperature on the stability of hGH in loaded discs o f
CMW-3.
It was intended to investigate the bioactivity of hGH eluted from discs into
bioassay medium over a prolonged period, e.g. 36 days at 37®C. It was, therefore,
important to test the stability of the hormone which was to be incorporated into the
cement discs and kept at 37®C for prolonged times, to investigate the potency of the
hormone in the discs prior to elution. Dry discs of hormone-loaded CMW-3 were
stored for one month at 37®C and the bioactivity was measured in eluates obtained
after elution for a further 24hrs. Bioactivity declined to only 18% of the starting
value (Table 3.3.) and the pecentage recovery consequently fell. Similar deterioration
was also observed after storage at room temperature (24®C) but full bioactivity was
retained at lower storage temperatures (4°C and -20°C). There was also a decline in
the immunoactivity recovered after storage at the higher temperatures, but this was
only to about 50% of the starting value and was less than the decrease in bioactivity.
As a consequence, the B:I ratios were greatly reduced (< 0.3). This indicated that
storage of the discs at the higher temperatures resulted in the release of structurally
compromised hormone which was bio-inactive.

3.3.5. Effect o f storage at 37®C for different time intervals.
The above study was repeated at 37®C using shorter storage times.

A

significant reduction in the release of bioactive hormone occurred after storage for
only 48hrs (Table 3.4.).

This decrease in bioactivity was also paralleled by the

immunoassay results but the decrease in the latter was not significant. However, the
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Temperature

GH (mU/1)

Recovery (%)

B:I*

BIO*

IMMUNO*

BIO*

IMMUNO*

Ratio

1675+267

2382 + 368

1.22+0.22

1.58+0.22

0.71+0.11

-20®C

1803+224

2150+333

1.20+0.07

1.42+0.03

0.84+0.06

4T

1753+76

2377+25

1.12+0.05

1.52+0.09

0.74+0.03

24°C

240+58

904+226

0.16+0.04

0.61+0.15

0.27+0.01

37T

305 + 18

1243 + 82

0.19+0.03

0.78+0.10

0.24+0.03

Fresh
Stored at;

“ In oneway analysis of variance significant differences were found between groups
(p< 0.001).
Table 3.3. The effect of storage temperature upon the integrity o f hGH
released from CMW-3: storage for 1 month. hGH-loaded CMW-3 cement was
manufactured as described in section 3.2.2.. The dry cement discs were then stored
at the selected temperatures shown for 1 month. The results are the mean+SD of
replicate discs (n=3) which were individually eluted for 24hrs into 5ml of assay
medium. Discs of CMW-3 were also eluted immediately after their manufacture to
obtain control values for the unstored discs. The amount of hGH released was
calculated as a percentage of the hGH initially incorporated into each individual disc,
i.e. as weight corrected recoveries. The means+SD of these recoveries are also
shown. B:I ratios are defined in the legend to Table 3.1..
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Storage
Time

Recovery (%)

GH (mU/1)

B:I*

(hrs)

BIO

IMMUNO*

BIO*

IMMUNO*

Ratio

0

1481 ±120

2250 +436

0.94+0.09

1.40+0.35

0.68+ 0.12

24

1291+212

2067 +653

0.86+ 0.14

1.37+0.38

0.64+ 0.09

48

1143 + 114**

1550+173

0.82+0.04

1.11+0.09

0.74+0.06

72

1085 + 190*’

1500+218

0.70+0.15

0.96+0.16

0.72+0.08

* In oneway analysis of variance no significant difference were found between groups.
**p < 0.05 compared to control (0 hrs)

Table 3.4. The effect of short term storage at 37^C on the stability o f hGH in
CMW-3 cement discs. hGH-loaded CMW-3 cement was manufactured as described
in section 3.2.2.. The dry cement discs were then stored at 37®C for the selected
times shown. Discs were also eluted immediately after manufacture to obtain control
values for unstored discs. The results are the mean±SD of replicate discs (n=3)
which were individually eluted for 24hrs into 5ml of assay medium. The amount of
hGH released has been calculated as a percentage of the hGH initially incorporated
into each individual disc, i.e. as weight corrected recoveries. The means±SD of
these recoveries are also shown. B:I ratios are defined in the legend to Table 3.1..
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B:I ratios remained constant for up to 72hrs and did not fall as had been noted for
discs stored at 37®C for one month (Table 3.3.). In another time course study, to
identify the time at which the decline in the B:I ratio occurred, dry discs of CMW-3
were stored at 37®C and eluted for 24hrs at regular intervals of between 5 and 57
days. Both the bio- and immunoactivity of the released hormone decreased, by 69%
and 47% respectively, after storage for only 5 days by which time a sharp decline in
the B:I ratio had occurred, from 0.80 to 0.47 (Table 3.5.). It was noted that the
overall decline in the B:I ratios in this experiment was not as large as that obtained
in Table 3.3. (final ratios of 0.34 and 0.24 respectively). This presumably indicates
the degree of experimental variation in the system.

3.3.6. The effect of storage at 37°C on hGH in PMMA polymer powder.
After storage of the hormone in PMMA polymer powder at 37®C for 7 days
a decrease in the bioactivity of hGH was observed (Table 3.6.).

Under these

conditions the bioactivity of the hormone fell by 42.7% (p<0.01) after 35 days.
Parallel immunoassay measurements showed that the immunoactive hGH had lost 27 %
of its activity.

The B;I ratio decreased following storage (35 days) to 0.60.

Following storage at -20°C both the bio- and immunoactivity of hGH in the polymer
powder remained stable during the experiment (data not shown).
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Storage
Time

GH (mU/1)

Recovery (%)

B:I

Decrease
in B:I

(days)

BIO

IMMUNO

BIO

IMMUNO

Ratio

(%)

0

1680

2100

1.00

1.26

0.80

---

5

520

1111

0.33

0.70

0.47

41

7

840

1600

0.50

0.96

0.53

34

9

730

1538

0.43

0.90

0.47

41

13

860

1800

0.56

1.16

0.48

40

16

780

1627

0.49

1.02

0.48

40

19

740

1893

0.43

1.19

0.39

52

22

580

1519

0.37

0.96

0.38

53

27

890

2050

0.59

1.37

0.43

46

30

646

1079

0.34

0.57

0.60

25

37

508

1325

0.30

0.78

0.38

53

48

696

1808

0.44

1.13

0.38

53

57

438

1271

0.24

0.71

0.34

57

Table 3.5. The effect of storage at 37®C on the stability of hGH in CMW-3
cement discs: storage for 5-57 days.
hGH-loaded CMW-3 cement was
manufactured as described in section 3.2.2.. The dry cement discs were then stored
at 37®C for selected times shown. The results are from individual discs which were
each eluted for 24hrs into 5ml of assay medium. The amount of hGH released has
been calculated as a percentage of the hGH initially incorporated into each individual
disc, i.e. as a weight corrected recovery. The B:I ratios are defined in the legend to
Table 3.1..
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Time

GH (mU/1)

% Decrease
BIO

B:I

(days)

BIO

IMMUNO

0

54600

71816

7

30880

48565

43.3

25.1

0.57

14

28640

56201

47.5

21.7

0.50

21

26820

67707

50.9

5.7

0.39

28

38000

58627

30.5

18.4

0.65

35

31280

52432

42.7

27.0

0.60

—

IMMUNO
—

Ratio
0.76

Table 3.6. The effect of storage on hGH in PMMA polymer powder.
Lyophilized hGH (12U) was mixed with PMMA polymer powder (lOg) for lOmins
until homogeneous. The powder was then divided and stored at -20°C and 37®C.
500mg of powder was removed at the selected times shown. The results are for
individual portions of PMMA which were eluted for 24hrs into 5ml of assay medium.
The B:I ratios are defined in the legend to Table 3.1..
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3.3.7. The effect of storage at 37^C on hGH solutions stored in serum-free
aqueous medium.
The preceding results have all demonstrated that hGH is unstable when stored
at 37®C in dry discs or PMMA powder under a variety of conditions. The stability
of hGH stored at 37^C as an aqueous solution in serum-free assay medium was also
investigated. Following incubation at this temperature for 24hrs, a sharp decline in
the bio- but not immunoactivity was detected (Table 3.7.). With increasing time a
concomitant decrease in inununoactivity was observed. However no decrease in the
B:I ratio occurred. After storage of hGH for 35 days the bio- and immunoactive had
declined by 70% and 72% respectively. Solutions of hGH in serum-free medium
were also stored at -20®C and 4°C; at these lower temperatures both the bio- and
immunoactivity remained stable for time periods in excess of 35 days (data not
shown).

3.3.8. The release of hGH from unstored discs of CMW-3 and CMW-1 over
extended time periods.
Using freshly prepared hormone-loaded discs of CMW-3 and CMW-1, the
release of hGH was detectable for as long as 36 days in both the bio- and
immunoassays (Figures 3.2a & 3.2b). More hormone was consistently released from
CMW-3 than CMW-1; after elution for 24hrs the respective recoveries of bioactive
hormone were 0.86+0.13% and 0.63+0.12%. The eluates sampled after the first
day accounted for about 87 % of the cumulative total of the hormone released. After
the first 5 days the time-courses approached an asymptote.
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Time
(days)

GH (mU/1)

% Decrease

B:I
Ratio

BIO

IMMUNO

BIO

IMMUNO

0

294.2

373.2

—

—

0.79

1

216.4

370.2

26.4

0.8

0.58

2

218.9

299.8

25.6

19.7

0.73

6

183.7

261.5

37.6

30.0

0.70

8

167.7

267.9

43.0

28.2

0.63

10

162.6

211.8

44.7

43.3

0.77

13

138.6

207.4

52.9

44.4

0.67

16

146.3

170.1

56.3

54.4

0.86

19

136.1

168.5

53.7

54.8

0.81

23

114.9

152.6

60.9

59.1

0.75

26

152.1

159.1

48.3

57.4

0.96

31

125.2

117.1

57.4

68.6

1.07

37

87.7

102.7

70.2

72.5

0.85

Table 3.7. The effect of storage at 37®C on stability o f hGH in senim-ffee
aqueous medium. One vial of hGH was diluted to 20mls in assay medium, aliquoted
and stored at 37®C. One aliquot was immediately frozen to obtain control values for
the unstored hormone. At the selected times shown, an aliquot was removed from the
incubator and snap frozen in liquid nitrogen. The samples were then stored at -IQPC
until the study was completed and analysed in one batch by both bio- and
immunoassay. The amount of hGH released has been calculated as a percentage of
the hGH present at time zero. The B:I ratios are defined in the legend to Table 3.1..
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a)

b)
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Figure 3.2. The release of hGH from CMW-3 and CMW-1 followed for
prolonged elution times. hGH-loaded discs were manufactured as described in
section 3.2.2., incorporating 12U hGH into lOg of each polymer powder. Replicate
unstored discs (n=3) of CMW-3 (O) and CMW-1 (□) were then individually eluted
into assay medium (5mls) at 37°C, and the eluate sampled as described in section
3.2.3. at regular intervals for up to 36 days. These eluates were then stored at -20®C
until measured in the ESTA bioassay (Figure 3.2a) and by immunoassay (Figure
3.2b). The results are expressed as cumulative hGH released as a function of
increasing elution time. Each eluate was analysed at two or more dilutions in the
bioassay to ensure that no artifacts were influencing the results.
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For both cements the amount of immunoactive hormone released exceeded the
bioactive levels.

The B:I ratios of the released hormone was 0.84+0.13 when

calculated as the mean+SD from the hGH determinations made on each of the 30
eluate samples removed over the entire 36 day period from the CMW-3 discs. Thus
the variation observed (15%) was no greater than would have been expected from the
analytical errors. The consistency of the B:I ratio for hGH eluted from unstored discs
over a 36 day period at 37®C, contrasts markedly with the sharp decrease in the B:I
ratio of hormone released from discs which had been stored under dry conditions at
37®C before elution for 24hrs.
As shown previously, after only 5 days at 37®C, the B:I ratio of the hormone
eluted from the stored discs decreased from 0.80 to 0.47, and for the 12 eluates
obtained between 5 and 57 days, the decrease was 45+9% (mean+SD) (Table 3.5.).
The B;I ratio of the hGH remained constant over a period of 36 days both for the
discs which were immersed in assay medium and also for the hormone stored as an
aqueous solution (Table 3.7.). This suggests that the integrity of the water monolayer
associated with the hGH, which is maintained under both of these storage conditions,
but possibly not in dry cement discs, is important for protecting the bioactive site on
the hormone.
The difference in the stability of hGH at 37°C, between that stored in dry
cement discs and the hormone held in discs immersed in bioassay medium is further
illustrated in Figure 3.3.. This plots the bio- versus immunoactivity of the hGH in
all of the eluates, from both CMW-3 and CMW-1 discs which have been assayed in
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Figure 3.3. A comparison of the release of hGH as determined by both the
ESTA bioassay system and immunoassay. A scatterplot of the immunoassay
results compared to the bioassay results. The plot consists of 231 pairs of results
from cement samples from all experiments using discs which were eluted immediately
after their preparation (O), as determined by both bio- and immunoassay. The
majority of these points form a cluster close to the origin. The regression equation
for these samples is Bio = 0.815(Immuno) + 1.70, r =0.986. In addition, pairs of
results from the stability studies when discs were stored under dry conditions for
varying times prior to elution of the hGH were also plotted (□). These results were
not used in the calculation of the regression equation. The regression line is
represented by the solid line and the line of equality by the broken line.
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this study. Those obtained from fresh, unstored discs distribute around a regression
line with the equation.
Bioactivity = 0.815(Immunoactivity) + 1.70 (r=0.986; n=231).
This reflects the positive bias of the immunoassay, which was evident in the
observation that the B:I ratio of the lyophilised hGH prior to its incorporation into the
cement was less than unity (0.76+0.09). Clearly this correlation has been maintained
for eluates containing a wide range of concentrations of hGH from unstored discs
from 0.5-2000mU/l. Figure 3.3. also illustrates how the hormone eluted from the dry
stored discs, form a discrete subgroup with greatly lowered B.T ratios.

3.3.9. Estimation of the diffusion coefficient for hGH released from CMW
cements.
_ .

- _ _
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m,
time for the samples collected over the first 5 days of the release profile, shown in
Using equation 3.3. (see section 3.2.3.) and plotting jog

" lo o

-

" If

Figure 3.2a for CMW-1, a linear relationship was obtained (Figure 3.4.). From the
slope the diffusion coefficient (D) was estimated to be 1.3 x 10*^ cm^.sec \ Similar
values of D were obtained for the release of immunoactive hGH from CMW-1 and
for both bio- and immunoactive hGH released from CMW-3 (Figures 3.2a & 3.2b).
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Figure 3.4. The graphical determination of the diffusion coefficient of
bioactive hGH released from CMW-1. Using the results shown in Figure 3.2a the
bioactive hormone released from CMW-1 was expressed as
log ^
plotted against time; these results are derived from the hormone
i ^
released over the first 5 days only, since later values were asymptotic. The slope of
the resultant line allows the calculation of the diffusion coefficient as described in
section 3.2.3..
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3.3.10. The reproducibility of hormone released after 24 hours elution from
multiple batches o f CMW-3 cement.
During this study 11 different batches of hGH-loaded CMW-3 were tested.
Bioactive hormone measurements were made on 24hr eluates from discs from each
batch and the mean (±SD) of hormone release was found to be 1490+167mU/l
(recovery 0.95+0.15%). The eluates from each batch of cement were tested in a
different and independent bioassay over the course of the studies, which took place
over a period of 6 months.

The coefficient of variation between the amount of

hormone released was 11.2%.

This demonstrated that the hormone loading and

preparation of the cement was highly reproducible, since this variation cannot be
distinguished from the between-assay imprecision (errors) for the bioassay which was
estimated to be 9-11 % over the relevant dose range of the hormone. Immunoactive
measurements were only performed on 8 of these batches. The mean (+SD) hGH
released was 1962+332 mU/1 (recovery 1.27+0.23%) with a coefficient of variation
of 16.9%. This is significantly higher than the between-assay coefficient of variation
of the immunoassay, which was estimated to be only 3.5-5.5%. One explanation for
this apparent paradox may be that there is more variation in the release of damaged
hormone, which is immunoactive but inactive in the bioassay, between different
batches of cement, than in the release of fully bioactive hormone which, as reported
above, is strikingly reproducible.
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3.4. DISCUSSION.
The quantitative studies undertaken with the precise in vitro ESTA bioassay
system revealed that both cements released components into the eluate which were
toxic to the Nb2 cells. CMW-1 was more toxic than CMW-3 and this may have been
due to a greater release of free residual monomer into the eluates. In separate studies
(Goodwin et a i , 1995a; Chapter 4) I have shown that the cytotoxicity of CMW-3 was
due to a volatile component. This is consistent with the finding that the cytotoxic
component was released predominantly over the first 24hrs since it has been reported
that there is a time dependent reduction in the release of residual monomer (Davy &
Braden, 1991; Trap et al., 1992). My findings that eluates from CMW-1, which is
formulated without barium sulphate, were the most toxic would be in concordance
with the studies of Haas et al. (1975) who reported increased free monomer release
from cements without barium sulphate. However Granchi et al. (1995) reported that
eluates from CMW-3 were more toxic than CMW-1 when tested on an osteoblastic
cell line. There may be other toxic components which are release from the cements
such as the breakdown products of benzoyl peroxide and NNDPT (Stol et al., 1988).
The in vivo clearance of methylmethacrylate, which is the monomer used for
the range of CMW bone cements, occurs within minutes (Sylvest et al., 1992; Gentil
et al., 1993) and this questions the relevance of in vitro cytotoxicity studies to in vivo

situations. The exposure of cells in culture to persistently high concentrations of free
monomer is very different from the exposure of the host bone to monomer during
THA. Diffusion processes will occur at the bone/cement interface, whereby potential
irritants may be removed continuously from the site of implantation, via interstitial
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fluid, into the circulation (Cikova et a i , 1988). However, and despite this, it is
impossible to totally eliminate the adverse effects of polymerization for cements
adjacent to bone (Stol et al., 1988).
In subsequent experiments which aimed to measure the bioactivity of hGH
which was released from hormone-loaded cements, it was important to ensure that
these cytotoxic effects were eliminated. This was achieved by dilution (1:1000) of
eluates prior to measurement of hormone bioactivity, since the toxic components may
in this way be diluted out. For the time courses of hGH release, multiple dilutions
of each eluate were assayed, and parallelism of hormone measurement was established
for all observations reported in this study (data not shown). This protocol ensured
that bioassay artifacts due to the cytotoxic components were avoided.
The loading dose of recombinant hGH which was routinely incorporated into
CMW-3 was 12U/10g polymer; in this way the contents of one entire vial of hormone
could be used for each batch of cement. The recovery of hGH was found to be
independent of the loading dose, when tested for CMW-3. The recombinant hGH is
supplied as a lyophilised powdered mixture of hGH together with glycine, mannitol
and phosphate salts. One vial contains about 75mg of the hormone preparation, but
of this only 4mg is hGH, the remainder being the above excipients. It has been
shown previously that the nature of a formulation can influence the characteristics of
protein release from bone cements. Downes (1991) demonstrated that for BSA, a
greater proportion of a crystalline preparation was released when compared with the
fine powder.
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The B:I ratio of 0.76 +0.09 for recombinant hGH prior to incorporation is less
than unity. In another study (Goodwin et at., 1995a; Chapter 4) recombinant hGH
from a different supplier gave a similar B:I ratio (0.75 +0.06). The observation that
the B:I ratios were less than unity probably reflects the differential recognition of
recombinant hGH used in the incorporation studies and the pituitary derived hGH
standard (80/505) used in both the bio- and immunoassays.

80/505 contains a

significant amount, estimated to be 5 %, of the less bioactive 20 kDa isoform of hGH
(Bangham et at., 1985; Dattani et at., 1994). The low B:I ratio observed may be
associated with the positive bias which has been described for the NETRIA
immunoassay when it has been compared against several other immunoassays
including the Hybritech immunoassay (Pringle et at., 1989, 1992) which is thought
to be specific for 22 kDa hGH (Celniker et aL, 1989). It may also be relevant that
Bowsher et al. (1990) reported that recombinant hGH was more potent than the
pituitary derived hormone when tested in a range of immunoassays.

Smith and

Norman (1990) emphasized that B:I ratios for a hormone such as hGH will critically
depend upon the assays selected for comparison. Although the absolute value of the
B:I ratio of the starting recombinant hGH determined by two assays will not be very
meaningful, any changes in the B:I ratios due to treatment of the hGH (such as its
incorporation into biomaterials) are significant if the two assays being compared
remain the same.
In my studies the recoveries of hormone obtained from the PMMA discs were
low with only ~ 1% of the hGH originally incorporated being released after elution for
24hrs. These recoveries are higher than those originally demonstrated by Downes et
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at. (1990), e.g. 0.12% after elution for Ihr. This may have been due to the nature

of the cement, geometry of discs and the formulation of hormone all of which may
influence the recovery. This suggests a large fraction of the hormone is locked into
the cement matrix from where it cannot be released and, consequently, cannot exert
any therapeutic effect. When hGH is incorporated into the polymerised cement it is
possible that the hormone occupies the interbead matrix of the cement as was shown
for hydrocortisone (Brook & van Noort, 1985) and barium sulphate (Topoleski et al.,
1993).
Barium sulphate is used as the radiopaque agent for the CMW range of bone
cements. Whilst in CMW-3 it is supplied already mixed with the polymer powder,
for CMW-1 it is supplied separately and added as required before use in the theatre.
I have shown that increasing the proportion of barium sulphate in CMW-1 polymer
powder did not influence the release of hGH despite the fact that the manual addition
of barium sulphate may cause agglomerations which structurally alter and weaken the
cement (Lee, 1979). These problems may be avoided by the use of methacrylate
cements in which the polymer itself is radiopaque, abrogating the need for the
addition of barium sulphate (Benzina et aL, 1994).
A comparison of the hGH released from these cements demonstrated that
CMW-3 released about 20% more hormone than CMW-1. Although this difference
was small, it was found to be reproducible. This difference may be related to the
cement formulation, with CMW-1 containing less NNDPT but more benzoyl peroxide
than CMW-3.
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The hormone stability experiments revealed that, after storage of hormoneloaded dry cement discs for 1 month at 37®C, there was a marked reduction in the
amount of hGH which could be eluted from CMW-3, which was accompanied by a
fall in the B:I ratio 0.71 to 0.24 (Table 3.3.). These changes were clearly related to
the time of storage (Table 3.5.). In contrast, studies on the stability of antibiotics
(oxacillin, gentamicin or cefazolin) in PMMA showed that there was no decrease in
release after disc storage for 45 days (Marks et al., 1976). The instability of hGH
maintained as an aqueous solution at 37®C was also marked but in this case, and in
contrast to the dry discs both the bio- and immunoactivity decreased by a similar
extent. The instability of hGH in solution has been reported previously at both 20°C
and 37®C (Livesey et aL, 1980), although in their study the matrix was serum and the
endogenous proteases present in the latter probably increased the hormone
degradation.

In addition, my finding that hGH was unstable in PMMA powder

indicates that it would not be suitable to provide the cement pre-mixed with the
hormone.
The extended elution studies on hormone-loaded discs revealed that bioactive
hGH could be detected for up to 36 days, when this study was terminated.

A

previous investigation has demonstrated release of immunoactive hormone after elution
for 40 days (Downes et aL, 1990). The B:I ratio for the hGH eluted remained
constant (0.84+0.13) as it did in an aqueous solution for same time periods (Table
3.7.). However, since both the bio- and the immunoactivities declined in parallel
when the hormone was stored in aqueous solution, it is likely that a similar decrease
occurred in the activities of the hormone in the discs which were immersed in the
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aqueous medium, and that this would have contributed to the overall decrease in
hormone detected in the eluates after prolonged elution.
Hormone release from the cements followed two distinct phases. The rate of
release was rapid over the first 5 days, and then declined asymptotically. A similar
release profile has been observed for PMMA loaded with gentamicin (Holm &
Vejlsgaard, 1976; Downes & Maughan, 1989; Downes, 1991) and BSA (Wittwer et
at., 1994).

It has been reported that at low drug loadings hormone release is

essentially a surface phenomenon, and that the mode of release is not due to simple
diffusion or transfer across the matrix via channels and pores (Downes & Maughan,
1989; Downes, 1991). However difiusional processes are involved since the release
of hGH obeyed equation 3.1. for the later stages of diffusion; this resulted in a linear
relationship between hormone release and time (Figure 3.4.).
The diffusion coefficients calculated for the hGH were approximately 8-fold
greater than that reported for water in PMMA (Stafford & Braden, 1968). This
difference may be due to the formation of crazes in the cement, as suggested by
Brook and Van Noort (1985), which would substantially reduce the effective thickness
of the cement specimen, thus facilitating release. Wittwer et at. (1994) investigated
the release of BSA from PMMA and reported a diffusion coefficient of —1.5 x 10 ^
cm^.sec

which was 10-fold higher than my estimate for hormone release. It may

be relevant that they used a 125-fold higher initial loading dose of their protein.
In conclusion I have demonstrated that bioactive hGH can be released from
both the PMMA bone cements investigated in this study. Care has been taken to
eliminate artifacts which could potentially distort the estimates of the bioactivities, due
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to cytotoxic components which are also released from both of the cements. Although
hGH recoveries were only about 1%, the hormone levels released would be sufficient
to deliver high concentrations locally (~ 1000 mU/1) to osteoblasts. Long term elution
studies demonstrated that there was no significant increase in damage to the hormone
molecule which has been incorporated into either of the cements over time, as
determined by differential analysis using both bio- and immunoassays, as long as fully
hydrated conditions are maintained.
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4.1. INTRODUCTION.
As discussed in Chapter 1, poly(methylmethacrylate) (PMMA) bone cement
has been used extensively as a fixative for total hip replacements.
remains the material of choice, it has several disadvantages.

Although it

These include an

excessive heat of polymerisation, shrinkage of the cement during polymerisation,
biomechanical deficiencies and most relevant of all, necrotic effects on the
surrounding tissues.
To overcome these problems a cement was formulated called London Hospital
Bone Cement (LHBC) which was based upon a clinically successful dental material
(Schwarz & Braden, 1973; Braden et al., 1976).

LHBC is based upon

poly(ethylmethacrylate) powder (PEMA) with n-butylmethacrylate (n-BM) as the
monomer: PMMA cement utilises methylmethacrylate (MMA) as the monomer.
LHBC exhibits some favourable biomechanical properties when compared to PMMA
(Weightman et al., 1987), and has several additional advantages over PMMA as
reviewed by Patel & Braden (1994) and discussed in section 1.3.2..
The toxic effects of both these cements on surrounding tissues are thought to
be largely due to the release of free monomer from the final preparations, with lower
monomer release from freshly mixed LHBC (Davy & Braden, 1991). One study
showed that the monomer n-BM was slightly more toxic than MMA when injected
intraperitoneally into mice (Revell et al., 1992a). However, Mir et al. (1973a)
reported that n-BM was the less toxic when tested upon isolated perfused rabbit
hearts.
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The aim of this chapter was to compare the release of hGH from PMMA with
that from LHBC.

This was achieved using the ESTA bioassay system and an

immunoassay. The in vitro cytotoxicity of the eluates from both cements was also
assessed with an appropriate modification of the bioassay.

4.2. MATERIALS AND METHODS.
4.2.1. Materials.
PMMA, in the form of CMW-3, was obtained from Dentsply, Exeter, U.K..
LHBC was obtained from Bonar Polymers Ltd., Newton Aycliffe, U.K.. The radio
opaque agent for both cements is barium sulphate: in LHBC it is contained within the
polymer beads, whereas for PMMA it resides within the interbead matrix. For both
cements, benzoyl peroxide in the powder and NNDPT in the monomer initiate
polymerisation. Recombinant hGH (Austrophin) was a kind gift from C.S.L. Ltd.,
Victoria, Australia.

4.2.2. Preparation of cement.
PMMA (CMW-3) cement was produced by adding MMA (5ml) to the polymer
powder (lOg).

This was carried out using the proportions recommended by the

manufacturers. LHBC was made by adding the monomer, n-BM, (5.5ml) to the
polymer powder (lOg). For the hGH-loaded polymers, 12U of hGH was added to the
appropriate polymer powder (lOg), followed by careful mixing (lOmins) to ensure
homogeneity, before addition of the liquid monomers. The cements were allowed to
dough and then cast into discs in polyethylene moulds (diameter 15mm and 4mm
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deep). The dough time for both cements was about 5mins and the setting time was
8-lOmins.

Immediately after completion of the polymerisation the discs were

weighed, the variability in disc weight was generally 6-9%. These weights were used
to calculate the weight corrected recoveries of the hormone released.

4.2.3. Release studies.
Both hGH-loaded and unloaded control discs of PMMA and LHBC were eluted
into 5ml of the assay medium.

This was accomplished by incubation on a

rollermixer, at 37®C. The eluate was removed at selected times and replaced with
fresh medium pre-warmed to 37®C. The samples were either assayed immediately or
snap frozen in liquid nitrogen and used after storage at -20°C prior to analysis.

4.2.4. Bioassay.
The ESTA bioassay and its adaptation to assess the cytotoxicity of the eluates
was performed as described in Chapter 2. When appropriate, changes in cell number
were also determined, in parallel, using a Coulter Counter as detailed in Chapter 2.

4.2.5. Immunoassay.
The immunoassays for hGH, were performed using an immunoradiometric
assay (IRMA) as described in Chapter 2.
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4.3. RESULTS.
4.3.1. The cytotoxic effects o f eluates from unloaded LHBC and PMMA.
When hGH activated Nb2 cells were exposed to neat 24hr eluate from LHBC
discs for 96hrs, their response to the hormone was almost completely suppressed
(Figure 4.1.). After this incubation time, no viable cells were detected upon visual
inspection of the microtitre plate wells. In contrast, the neat 24hr eluate from PMMA
suppressed the response of the Nb2 cells to hGH by only 44%. In addition, the
cytotoxicity of the neat eluates from both cements was greatly reduced for eluates
obtained after 24hrs and after elution for 48hrs recoveries of 60+4% and 96+2%
were obtained for LHBC and PMMA respectively. This indicated that the toxicity
was due to a component which predominantly leached from the cement during the first
24hrs. It was noted that the characteristic odour of n-BM was present in the eluates
obtained from LHBC.
The cytotoxicity of the eluates decreased upon dilution (Figure 4.1.). The
cytotoxic effect of LHBC upon Nb2 cells was rapidly diluted out, such that
suppression of the response of the hormone activated cells was halved by a 1:2
dilution, and was virtually abolished by a 1:10 dilution. In contrast, with PMMA the
plateau was approached more gradually.

For both cements the diluted eluates

approached the controls and by a dilution of 1:1(X) were no longer significantly
different from the control values.
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Figure 4.1. The effect of the eluates from unloaded PMMA and LHBC upon
the response of Nb2 cells to hGH. The eluates from cement discs eluted for 24hrs
were diluted sequentially to a final dilution of 1:1000. These eluates {50fil) were
added to the wells of a microtitre plate containing Nb2 cells (8xl0^cells/ml) and hGH
(1,25mU/l) in a volume of 50/rl. The microtitre plates were then incubated for 96hrs
and the colorimetric end-point of the ESTA bioassay was determined by the addition
of MTT, as described in Chapter 2. Triplicate wells were used, and the results are
shown as means ±SD (LHBC (□), PMMA (O)). The results are the responses
obtained in the presence of the eluate expressed as a percentage of the response
obtained in the controls when the eluates were replaced with bioassay medium. The
latter is taken to be 100%. The responses were initially obtained as equivalent
concentrations of hGH as measured from a standard hormone dose-response curve.
The serial dilutions for each cement were tested in one microtitre plate to minimise
any effects due to between plate variation. * p<0.05 versus control values.
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The cytotoxic properties of the unloaded cements could have introduced
artifacts into later experiments in which the potency of hGH on Nb2 cells, after the
release of hormone from the cements, was determined.
experiments, the cytotoxic effects were diluted out.

However, in these

This was confirmed by the

finding that when eluates which had been diluted in assay medium (1:100), were
spiked with hGH (0.625mU/l), excellent recoveries were obtained (98+5% and
99+6% for LHBC and PMMA respectively).

4.3.2. The effect of storage on the cytotoxicity o f unloaded LHBC and PMMA
discs and their eluates.
If release of residual monomer from the cements was responsible for the
cytotoxicity, these effects would be expected to decrease if the discs or eluates were
stored at room temperature, because these monomers are volatile. Storage of the
eluates from freshly prepared PMMA discs for 24hrs at room temperature prior to
their addition to the hormone activated Nb2 cells, decreased their cytotoxicity. This
treatment increased responses of the Nb2 cells such that 85+4%, as opposed to
65+3%, of the response of the fully activated cells was obtained (Table 4.1.). In
contrast, the cytotoxicity of the eluates from LHBC discs was not decreased by similar
storage of the eluates. This confirmed the enhanced cytotoxicity of the eluates firom
LHBC. However it was found that storage of LHBC discs at room temperature for
extended periods of time (24-168hrs) greatly reduced the cytotoxicity of their
subsequent eluates. For example, storage for 1 week (168hrs) resulted in the response
of the Nb2 cells increasing firom an undetectable level to 56+2% of the control.
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% Response:
+ LHBC eluate

% Response:
+ PMMA eluate

Fresh eluate from unstored discs

No detectable response

65+ 3

Stored eluate (24hrs;RT) from
unstored discs

No detectable response

85+ 4

24hrs storage

46± 7

86+ 4

72hrs storage

53±3

91+ 9

168hrs storage

56± 2

ND

68+ 2

ND

Additive

Eluates from stored discs (RT)

Eluates from stored discs (37®C)
168hrs

Table 4.1. The effect o f storage on the cytotoxicity o f discs o f unloaded LHBC
and PMMA and o f their 24hr eluates. Neat eluates (50/xl) obtained after elution
for 24hrs from discs of LHBC and PMMA, which had not been loaded with hGH,
were added to the wells of a microtitre plate containing Nb2 cells (8xl0^cells/ml) and
hGH (1.25mU/l) in a volume of 50/^1. The microtitre plates were then incubated for
96hrs and the colorimetric end-point of the ESTA bioassay was determined by the
addition of MTT, as described in Chapter 2. Triplicate wells were used, and the
results are shown as means+SD. These results are the response obtained in the
presence of the eluate expressed as a percentage of the response obtained in the
absence of the eluate, which is taken to be 100%. The responses were initially
obtained as equivalent concentrations of hGH as measured from a standard hormone
dose-response curve which was run in parallel. The discs and their eluates had been
subjected to different storage conditions as detailed in Table 4.1. RT = room
temperature, ND = not determined.
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Eluates obtained from PMMA discs which had been stored for 72hrs at room
temperature were no longer significantly cytotoxic when compared to control values.
These results suggest that the cytotoxicity of the eluates was, at least in part, due to
a volatile component which evaporated on storage. This would be consistent with my
finding (Table 4.1.) that if the LHBC discs were stored at 37®C, rather than at room
temperature, the cytotoxicity of the eluates obtained from them was further reduced.
After this treatment 68+2% of the response of the controls was achieved.

4.3.3. The effect o f the exposure of Nb2 cells to the neat eluates both from
unloaded PMMA and LHBC for different time intervals.
For the neat 24hr eluate from LHBC to completely suppress the response of
the Nb2 cells to the hormone, it was found that a 96hrs exposure time was necessary
(Figure 4.2.). When the Nb2 cells were incubated with the eluate for shorter time
intervals, the inhibitory effect on the responses of the Nb2 cells to growth hormone
was decreased. Thus the response was increased to 48+6% of the controls when the
cells were exposed to the eluate for only 72hrs. Exposure periods exceeding 48hrs
were required for the toxic effects of the eluates from PMMA to be observed. After
exposure to eluates from PMMA for 96hrs, the response of the Nb2 cells was
58+4%, this compared well with the values obtained in the independent experiments
4.3.1. and 4.3.2. demonstrating the highly reproducible nature of the assay system.
A concomitant reduction in cell number with decreasing exposure times was observed.
Thus the results in the ESTA bioassay for the eluates from LHBC were paralleled
when cell numbers were monitored, total abolition of response in the bioassay after
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Figure 4.2. The effect of time of exposure of the eluate from unloaded LHBC
and PMMA upon the response of Nb2 cells to hGH. Neat eluate (50^1) was
added to the wells of a microtitre plate containing Nb2 cells (8xl0^cells/ml) and hGH
(1.25mU/l) in a volume of 50/d. These eluates were either added simultaneously with
the hormone or after delays of selected times. The final eluate addition from LHBC
occurred immediately prior to the determination of the colorimetric end-point (□), or
counting the cells ( a ) using a Coulter Counter; the response of the cells to PMMA
eluates was also determined by colorimetric end-point (O) and cell counting (v).
Controls with 50/tl bioassay medium in place of the eluates were also added to parallel
wells at the same times as eluate addition. Triplicate wells were used throughout, and
the results are the responses obtained in the presence of the eluate expressed as a
percentage of the responses obtained in the fully activated appropriate controls. The
latter were taken to be 100%. The results for both the colorimetric end-points and
also the cell counts are expressed as means ±SD. For the ESTA system, the
responses were initially obtained as equivalent concentrations of hGH as measured
from a standard hormone dose-response curve which was run in parallel. For the
PMMA eluates the results for the colorimetric end-point and cell counting were
significantly different from the control after 48hrs exposure; whereas for LHBC this
occurred after 24hrs.
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a 96hr exposure time being associated with a very low cell count.

4.3.4. Release o f hGH after 24 hrs elution: Bioactivity vs Immunoactivity.
The bioactive concentrations of hGH in the eluates from the multiple discs of
the two cements (24hrs elution) were found to be not significantly different (Table
4.2.). However, for both cements, the immunoactive concentrations of the hGH in
these eluates were notably higher than those determined by the bioassay (p < 0.001).
As a consequence the recoveries of immunoactivity as opposed to bioactivity were also
greater.

In addition, it was found that there were significant differences in the

amounts of the hormone released from the two cements when measured by
immunoassays, (LHBC 1920+424 vs PMMA 1494±118mU/l; p<0.05).

Most

importantly the ratio of the bio :immunoactivity (B:I ratio) significantly declined for
the eluates obtained from both cements, from a starting value before incorporation of
0.75+0.06, to 0.62 +0.04 (PMMA; p<0.001) and 0.47 +0.05 (LHBC; p<0.001)
after release from the cements.

The greater decrease in the B:I ratio for LHBC

suggested that the structural integrity of the hGH after its release from LHBC was
more compromised than that released from PMMA.

An alternative explanation,

namely that the cytotoxicity of LHBC introduced an artifact into the bioassay, such
that the bioactivities of eluates from this cement were negatively biased, did not
apply. The bioactivities were determined in these experiments on samples which were
considerably diluted, (1:10(X)), whereby the cytotoxic effects were diluted out (Figure
4.1.). This was confirmed by the observation that parallelism was retained when hGH
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GH (mU/1)

a,b _

Recovery (%)

B:I

BIO

IMMUNO

BIO

IMMUNO

Ratio

LHBC

896 ±187»^

1920 ±424*^

0.62+0.16"

1.34±0.33*‘

0.47 +0.05*

PMMA

925 ±91*®

1494+118*=*

0.61+0.09"

0.91 ±0.10**

0.62 +0.04*

- not significant,

p = < 0,05,

p = <0.001

Table 4.2. A comparison o f the release of bio- and immunoactive growth
hormone from LHBC and PMMA. Multiple discs of each hGH-loaded cement
(LHBC, n=9; PMMA, n=10) were eluted (24hrs) individually into assay medium
(5ml). Samples of each were immediately analysed in the bioassay, after a dilution
of 1:1000. Aliquots of the eluate that had been stored (2 months; -20°C) were also
analysed in the immunoassay, at a dilution of 1:50. The results are expressed as
concentrations of hGH in the eluate, which are means for the individual discs ±SD.
The amount of hGH released has also been calculated as a percentage of the hormone
initially added to individual discs i.e. as weight corrected recoveries. The means±SD
of these recoveries are also shown. The significance of the differences observed
between unpaired variables when tested by Students’ f-test are indicated (a-g).
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was measured in eluates from hGH-loaded LHBC which were bioassayed at dilutions
of 1:1000 and 1:10,000 (data not shown).
In addition it was noted that there was a larger variation in the concentrations
of hGH in the eluates obtained from the 9 LHBC discs than from the 10 PMMA discs
when measured by both bio- and immunoassay.

4.3.5. The release of bioactive growth hormone over time: PMMA vs LHBC.
Over 90% of the bioactive hGH released from both LHBC and PMMA
occurred in the first 24hrs of elution (Figure 4.3a.) when respective recoveries of
0.58 +0.06% and 0.59 +0.04% of the hGH initially incorporated into the cements
were obtained. The B:I ratio for the 24hr eluates were 0.52+0.03 and 0.64+0.05
for LHBC and PMMA respectively which were in agreement with the values reported
in Table 4.2.. Release of hGH from both cements was rapid for the first 5 days and
the eluates sampled after the first day accounted for about 90% of the cumulative total
of the hormone released. After the initial rapid release the time-course approached
an asymptote. From the elution profile for bioactive hGH there was no significant
difference in the release of hGH from the two cements. However, when plotted as
immunoactive hormone release (Figure 4.3b.), LHBC appeared to release significantly
more hGH than PMMA. It was noted that an apparent equilibrium was reached at
about 20 days. Using the equations for the latter stages of diffusion given in section
3.2.3. and given the dimensions of the discs, this would suggest a diffusion coefficient
of 6.4 X 10*.cm^.sec ‘ for both the bio- and immunoactive hGH released from
PMMA.
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Figure 4.3. The release of hGH from PMMA and LHBC followed for
prolonged elution times. hGH-loaded discs were manufactured as described in
section 4.2.2., incorporating 12U hGH into lOg of each polymer powder. Replicate
unstored discs of LHBC (0)(n=9) and PMMA (O)(n=10) were then individually
eluted into assay medium (5ml) at 37®C, and the eluates sampled as described in
section 4.2.3. at regular intervals for up to 20 days. These eluates were then stored
at -2QPC until measured in the ESTA bioassay (Figure 4.3a.) and by immunoassay
(Figure 4.3b.). The results are expressed as cumulative hGH released as a function
of increasing elution time. Each eluate was analysed at two or more dilutions in the
bioassay to ensure that no artifacts were influencing the assay results.
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For LHBC, the diffusion coefficients for the hormone released was 8.5 x 10 *cm^.sec‘^
and 7.7 X 10'*cm^.sec^ for the bio- and immunoactivity respectfully. These are higher
than the diffusion coefficient of water in PMMA (1.59 x lO ^.cm^.sec^) (Stafford &
Braden, 1968), and similar to that in LHBC (5.06 x lO ^.cm^.sec^) (Davy & Braden,
1991; Deb et al., 1995), indicating that the release process is complex. It has been
suggested that the high diffusion coefficient of LHBC, when compared to PMMA,
may be due to the higher molecular mobility of the former system (Deb et a l. , 1995).

4.4. DISCUSSION.
Previously it was suggested that instead of using PMMA, higher homologues
of PMMA may be preferable since these generally exhibit better biomechanical
properties and have been reported to be less toxic (Mir et al., 1973a; Mir et al.,
1973b; Hass et al., 1975; Moore et al., 1988; Sylvest et al., 1992). Revell et al.
(1992b) concluded from in vivo studies that LHBC was less toxic than PMMA.
However, the detailed studies possible with our in vitro bioassay system revealed that
neat eluates from LHBC suppressed the response of activated Nb2 cells more
markedly than those from PMMA. In addition, cell counting demonstrated that these
cytotoxic effects of the eluates from both cements were due to cell killing. Further
studies showed that the cytotoxicity decreased when the discs were stored.

This

suggested that it was largely due to a volatile component. For LHBC this could be
the monomer, n-BM, which was used in its formulation. This conclusion is consistent
with my finding that storage of LHBC was less effective in reducing the cytotoxicity
of this biomaterial (Table 4. L). This could be because MM A, the monomer used for
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PMMA, has a boiling point 60°C lower than that of n-BM and would consequently
evaporate more readily.
Comparisons between the toxic effects of the two monomers, as opposed to the
cements, have yielded conflicting reports. Revell et al. (1992a) found that n-BM was
slightly more toxic than MMA when injected into mice. However, early studies by
Mir et al. (1973a) reported that n-BM was less toxic to isolated perfused rabbit hearts.
This apparent conflict may have been due to differences in the clearance rates of the
monomers, which will influence in vivo but not in vitro studies. The clearance rate
of n-BM has not been reported, but MMA is cleared from the circulation within
minutes (Sylvest et al., 1992; Gentil et al., 1993).
The cytotoxic effects of eluates from both LHBC and PMMA were only
manifested in our in vitro system when exposure times were long e.g. 2-4 days. This
was evident from both the colorimetric and cell counting experiments.

These

cytotoxic effects may therefore have only limited significance for in vivo systems.
For the subsequent studies on the bioactivity of the hGH released from the cements,
when the bioassay was run over a 96hr period, it was important that these toxic
effects were eliminated. This was readily achieved by dilution of the eluates (1:1(X)0)
prior to analysis. For the time courses of hGH release, multiple dilutions of each
eluate were assayed and parallel hormone measurement was established for all
observations reported in this study (data not shown). This protocol ensured that
bioassay artifacts due to cytotoxic components were avoided.
LHBC and PMMA release similar amounts of bioactive hGH after 24hrs
elution. Although only —0.6% of the hormone originally incorporated into the discs
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was released, this was sufficient to provide concentrations in the eluates (~900mU/l)
which were high relative to concentrations of hGH normally expected in the
circulation (0.5-20mU/l). Significantly greater amounts of immunoactive hGH were
released from both cements and LHBC released more immunoactive hGH than
PMMA. The slight reduction in recoveries of hGH from PMMA when compared to
the studies reported in Chapter 3, may be related to the different source of hGH used
in the separate studies i.e. Novo Nordisk (Chapter 3) versus Austrophin for the
current studies.
Direct comparison between two assays, such as the NETRIA immunoassay and
the ESTA bioassay, allows one to probe the structural integrity of complex proteins
such as hGH. Any change in B.T ratios indicates changes in the structure which are
influencing bio- and immunoactivity of the molecule differentially.

Moreover,

immunoassays have been reported to be the least discriminating technique for
assessing the integrity of hGH (Bristow & Jeffcoate, 1992). The B:I ratio of the
native hormone, before its incorporation into the cements was 0.75+0.06, and after
incorporation into PMMA and LHBC this decreased to 0.62+0.04 and 0.47+0.05
respectively. Since both cements released similar quantities of bioactive hGH, one
interpretation might be that LHBC, in particular, released structurally compromised
hGH which was bio-inactive but fully immunoactive. The finding that the B:I ratios
of hGH released from PMMA (CMW-3) was reduced from that of the hormone prior
to incorporation was at variance with my studies in Chapter 3 which reported that
hGH freshly eluted from PMMA was not damaged. As mentioned above, this may
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be related to the different source of hormone as all other variables were kept as
constant as possible for the two independent studies.
The finding that the B:I ratio of the hormone before its incorporation was
0.75+0.06 i.e. less than unity, despite the use of the same pituitary standard (IS
80/505) in both the bio- and immunoassays, must reflect differential recognition of
this heterogeneous standard, which was derived from pituitaries, relative to the
recombinant hGH, Austrophin, which was used for the incorporation studies, in the
two assay systems. The different recombinant preparation also gave a similar B:I
ratio (0.76+0.09) (see Chapter 3).
During incorporation into orthopaedic bone cement hGH is exposed to
elevated temperatures and the organic components of the cement. Since the heat of
polymerisation for LHBC (50-60°C) is lower than that for PMMA (80-90®C) (Braden
et aL, 1976a), less thermal damage to the hormone would be expected with LHBC.

One of the components which initiates polymerization, benzyl peroxide which is
included in the formulation of both of the cements, may be potentially damaging to
the hGH molecule. As little as 0.1 % and 0.01 % hydrogen peroxide has been reported
to produce severe and mild oxidation of the hormone respectively (Bristow &
Jeffcoate, 1992). However, from my studies the structure of hGH after release from
LHBC appeared to be the more compromised than with PMMA. Slightly less benzoyl
peroxide (1.8%) was used in the formulation of LHBC compared to PMMA, which
required 2.0%. It is possible that more free peroxide was available within the LHBC
discs. The extended elution studies demonstrated that both bio- and immunoactive
hGH was released for 20 days.
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It was noted that despite some advantages of the biomechanical properties that
were originally considered a strong point of this cement, the use of LHBC has been
problematical. The increased ductility of LHBC resulted in creep formation which
can generate micromotion in vivo. One approach to improving this may be to
strengthen LHBC by the inclusion of hydroxy apatite particles (Behiri et at., 1991;
Khorasani et aL, 1992).
In conclusion, no difference was observed between the amounts of bioactive
hGH released from the two substantially different orthopaedic bone cements
investigated in this study. However, LHBC released a significantly larger amount of
immunoactive hGH. The undiluted eluates from both unloaded LHBC and PMMA
proved to be significantly cytotoxic in our in vitro system. This was more marked for
LHBC, and was probably largely attributable to the toxicity of the volatile monomers
used in the formulation of these cements.
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5.1. INTRODUCTION.
Methacrylate based polymers have been utilised for a range of biological
applications including orthopaedic bone cements and as dental materials. The most
common is poly(methylmethacrylate) (PMMA) which has been in use for over 35
years. Alternative methacrylate systems for putative orthopaedic applications have
recently been formulated (Weightman et a t., 1987; Ishihara et a t., 1992; Nimb et at.,
1993; Benzina et at., 1994; Patel & Braden, 1994; Kindt-Larsen et aL, 1995) which
are designed to overcome some of the disadvantages of PMMA as discussed earlier
in section 1.3.1. For example, polymers based upon poly(ethylmethacrylate) (PEMA)
have lower polymerisation exotherms (Patel & Braden, 1991b; Revell et al., 1992b),
reduced shrinkage (Patel et a i , 1987) and exhibit more favourable biomechanical
properties (Weightman et aL, 1987; Patel & Braden, 1991a).
Monomer composition can be varied to alter the properties of these polymers
(Downes et al., 1994b, 1995a).

For example, PEMA can be combined with the

monomer tetrahydrofurfurylmethacrylate to yield a polymer system which exhibits a
high water uptake (Patel & Braden, 1991c), and this system has shown promise for
use in cartilage repair (Downes et a i , 1994a; Reissis et al., 1994a, 1994b). In
contrast, PEMA combined with n-butylmethacrylate (n-BM) yields a much less
hydrophilic polymer which has been used in clinical trials as a bone cement
(Weightman et al., 1987; Revell et al., 1992b) and has been successfully employed
as a dental material (Schwarz & Braden, 1973). Both of these materials have been
tested as delivery systems for hGH (Di Silvio et al., 1994a; Goodwin et al., 1995a,
see Chapter 4).
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The primary aim of this chapter was to investigate the influence of a systematic
variation in the monomer composition, which in turn influences the water uptake of
a PEMA based polymer, on its characteristics as a drug delivery system for hGH.
Increasing the water uptake properties of PEMA based polymer systems may improve
the

release

of the

water

soluble

hormone.

A

hydrophilic

monomer

hydroxyethylmethacrylate (HEMA) and a hydrophobic monomer n-BM were used
either alone or in combination to vary the water uptake properties in a controlled
fashion. The release of bioactive hGH from a series of these polymers was examined
using the highly quantitative ESTA bioassay system.

5.2. MATERIALS AND METHODS.
5.2.1. Materials.
PEMA was obtained from Bonar Polymers Ltd, Newton Aycliffe, U.K. ; unlike
the studies reported in Chapter 4, this polymer did not contain barium sulphate, nBM was purchased from Roehm Chemie, Darmstadt, Germany. HEMA was acquired
from Aldrich Chemical Co. Ltd., Gillingham, U.K.. Benzoyl peroxide (1.8%) in the
powder and NNDPT (2.5% v/v) in the monomer were added to initiate
polymerisation. Recombinant hGH (Austrophin) was a kind gift from C.S.L. Ltd.,
Victoria, Australia. Sodium alginate was obtained from Sigma Chemical Co. Ltd.,
Poole, U.K.. Glass microscope slides were purchased from B.D.H. Ltd., Poole,
U.K..
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5.2.2. Preparation o f polymers systems.
The polymers were made by adding the respective monomer combination
(5.5ml) to the PEMA polymer powder (lOg). HEMA and n-BM were either added
neat or in the following proportions (75:25, 50:50, 25:75 v/v) to produce systems
with varying water uptake properties. For the hGH-loaded polymers, 12U of hGH
was added to the PEMA powder, followed by careful mixing (lOmins) to ensure
homogeneity, before addition of the appropriate liquid co-monomers. The polymers
were allowed to dough and then cast to form rectangles or discs. The polymer which
was prepared with 100% HEMA as the monomer had a setting time of ~5mins; with
decreasing HEMA content the setting times increased such that the polymer prepared
with 100% n-BM as the monomer had a setting time of 8-lOmins.
For water uptake studies a rectangular frame (approximately 25mm x 20mm
X 1mm) was attached to a glass microscope slide that had been previously coated with
an alginate solution (1%) to facilitate the subsequent removal of the polymerised
specimens. Polymer was introduced into the moulds and another slide placed on top
of the frame and the device clamped. The polymer discs were used for the hGH and
free monomer release studies. These were made in polyethylene moulds (diameter
15mm and 4mm deep). After completion of the polymerisation process the discs were
weighed; the variability in disc weight was generally 5-11%. These weights were
used to calculate the weight corrected recoveries of the hormone released.
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5.2.3. Water uptake studies.
The rectangular specimens of the polymers were weighed immediately prior
to the water uptake studies. They were then placed in distilled water maintained at
37®C and the rectangles were removed carefully, blotted dry using filter paper and
weighed periodically to an accuracy of 0.0001g to monitor their increased mass. The
specimens were then returned to the water for successive measurements of mass which
was continued until there was no significant change in weight i.e. equilibrium was
attained. At this stage the polymer discs were considered to be fully hydrated.
The specimens were then subjected to a drying cycle whereby water was
desorbed in a drying oven maintained at 37®C. During this process the specimens
were again weighed at selected times. When each specimen reached equilibrium i.e.
no further decrease in weight was recorded, it was returned to the water and a second
absorption cycle started.
The early stages of diffusion controlled uptake in methacrylate based polymers,
where the edge effects can be neglected are given by (Braden, 1964; Crank, 1975);
Dt
(5.1.)
Equation 5.1. enables the diffusion coefficient, D, to be determined readily from
uptake (water absorption) measurements, where m^ = mass uptake at time t, m« =
equilibrium uptake, 21 = thickness of the rectangle and D = diffusion coefficient.
If the uptake, m^, is measured at regular intervals of time until equilibrium is reached,
then a plot of m/m* against \>h should provide a straight line with slope, s, given by
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(5.2.)
The diffusion coefficient can then be calculated following a simple rearrangement of
equation 5.2.
D =

4

(5.3.)

This equation has been used to calculate the diffusion coefficients for both sorption
and desorption of the specimens.

5.2.4. Release studies.
Both hGH-loaded and unloaded control discs of the polymers were individually
eluted into 5ml of the assay medium. This was accomplished by incubation on a
rollermixer, at 37®C. The eluates were removed at selected times and replaced with
fresh medium prewarmed to 37^C. The samples were either assayed immediately or
snap frozen in liquid nitrogen and stored at -20®C prior to analysis.
The hGH released from samples collected over the first 24hrs of a prolonged
30 day elution study (section 5.3.6.) were analysed to determine the diffusion
coefficients (D) of the hormone released from the polymer discs.

Because these

results are from the early stages of release it was possible, unlike in Chapters 3 and
4, to determine the diffusion coefficients using the conventional plot of m/m«, against
\}/2 . Accordingly, the calculations are based on the equation which describes the early

stages of diffusion from a finite cylinder (equation 5.4.) (Crank, 1975).
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1 .1
d a

(5.4.)

Where m« is the total cumulative hormone released from a polymer disc and m^ is the
hormone released at time (t). The dimensions of the discs are incorporated into the
equation as a = radius and d = the thickness of the disc.
As previously described in earlier chapters the release of hGH from
methacrylate polymers is complex and the hormone released in the first eluate
predominantly represents the immediate release of surface bound hGH. Consequently
we may correct for the initial surface release of hGH by subtraction of the hormone
detected in the first eluate collected after Ihr (m^ from both the hormone released at
subsequent time points and from the total cumulative hormone released as shown in
equation 5.5..
nil ~
nu

(5.5.)

Clearly from equations 5.4. and 5.5., a plot of

vs \>h should provide
- m,

a straight line with slope, s, given by the expression.
slope = 4| —
TT

1.1
d

a

(5.6.)

5.2.5. Determination of residual monomer released from polymers.
The residual monomer released from the polymers into deionised water was
determined by High Pressure Liquid Chromatography using a Waters (Millipore
Waters, Watford, U.K.) liquid Chromatograph equipped with a series 510 pump and
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a series 486 UV detector. Chromatography was carried out using a Sigma-Aldrich
5pm spherisorb, C-18, ODS-2 reverse phase column (250mm x 4.6mm ID) (Aldrich

Chemical Co., Gillingham, U.K.) with 20% aqueous methanol as the mobile phase.
The flow rate of the mobile phase was 1.Oml/min and detection of the free monomer
in the eluates was achieved by UV absorption at 254nm. For these studies 6 discs of
the control, unloaded polymers were eluted by incubation for 24hrs on a rollermixer
at 37®C in 4ml of deionized water. Chromatographic calibration was performed using
standard solutions of HEMA and n-BM.

5.2.6. Bioassay.
The ESTA bioassay and its adaptation to assess the cytotoxicity of the eluates
was performed as described in Chapter 2.

5.2.7. Immunoassay.
The immunoassays for hGH, were performed using an immunoradiometric
assay (IRMA) as described in Chapter 2.

5.3. RESULTS.
5.3.1.

Determination of the sorption and desorption characteristics of the

polymers.
Increasing the HEMA content of the polymers increased their water uptake
(equilibrium gain) (Figure 5.1; Table 5.1.). For the specimens which used 100%
HEMA as its monomer, water uptake was rapid and equilibrated at ~ 14% ; in contrast,
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Figure 5.1. The determination of water uptake of the polymers prepared with
selected monomer compositions. Duplicate rectangular specimens of each polymer
were manufactured as described in section 5.2.2.. These were weighed prior to
immersion in water. After incubation in the water at 37^C for selected times the
rectangles were blotted dry and re-weighed. They were then returned to the water to
allow further water uptake. The results are finally shown as the gain in weight
expressed as a percentage of the initial dry starting weight. The results are plotted as
means obtained from duplicate pairs of rectangles. The monomer composition of the
individual polymers was varied as shown.
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Sample

Diffusion Coefficient
10 * cm^ s ’

Equilibrium

Dd/Ds

Gain*

Loss’*

Solubility^

(%)

(%)

(%)

Sorption
Ds

Desorption
Dd

100% HEMA
0% n-BM

14.14“
16.9F

16.90
17.27

2.76
0.36

16.96
11.00

16.04
16.96

0.95
1.54

75% HEMA
25% n-BM

7.06“
7.53=

8.03
7.88

0.97
0.35

6.93
5.24

8.18
10.26

1.18
1.96

50% HEMA
50% n-BM

4.63“
4.84=

5.21
5.18

0.58
0.34

6.34
4.73

9.54
10.63

1.50
2.18

25% HEMA
75% n-BM

2.18“
2.34=

2.78
2.60

0.60
0.26

5.77
4.24

16.04
16.04

2.78
3.78

0% HEMA
100% n-BM

1.30“
1.62=

1.97
1.80

0.67
0.18

5.24
3.78

22.00
23.09

4.20
6.11

* Equilibrium gain (%) = equilibrium weight - initial weight x 100
initial weight
Loss (%) = equilibrium weight - desorbed weight x 100
equilibrium weight
Solubility (%) = initial weight - desorbed weight x 100
initial weight

First absorption /desorption cycle
Second absorption/desorption cycle

Table 5.1. The sorption and desorption of water from polymers prepared with
selected monomer compositions. Duplicate rectangular specimens of each polymer
were produced as described in section 5.2.2.. These were weighed prior to
immersion in water. After incubation in the water at 37®C for selected times the
rectangles were blotted dry and weighed. After equilibrium was reached i.e. there
was no further increase in weight, the specimens were dried in an incubator at 37®C
and weighed at selected intervals until there was no further decrease in weight. Two
cycles of sorption and desorption were completed. The calculation of the terms are
explained in section 5.2.3. or in the footnotes to this table.
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for specimens which used 100% n-BM, water uptake approached only 1% even after
100 days incubation.

Greater increases in the percentage water uptakes were

consistently observed for the second cycle of water uptake (Table 5.1.). The diffusion
coefficients for sorption (DJ, calculated from the results shown in Figure 5.1.,
systematically decreased as the HEMA content in the monomer was reduced; the
values of

were lower for the second sorption cycle.

Desorption of the specimens resulted in a greater percentage of water lost than
originally absorbed (Table 5.1.). The time required to lose water was quicker than
that necessary to attained equilibrium water uptake. Thus, for example, the polymer
which used 1(X)% n-BM as its monomer desorbed the imbibed water within 48hrs.
The difference between equilibrium gain and loss has been termed solubility and is
expressed as a percentage (Table 5.1.). This parameter represents the loss of water
soluble residuals from the polymer matrix itself. These values generally decreased
when water uptake was low, i.e. for polymers with a reduced proportion of HEMA.
As expected the percentage solubility markedly declined for the second
sorption/desorption cycle. The diffusion coefficients for desorption (D^) were higher
than Ds for all specimens with the exception of the first desorption cycle for 100%
HEMA. This confirmed that desorption occurred at a faster rate than sorption. With
the exclusion of the polymer which contained 100% HEMA a systematic increase in
Dj was observed with increasing n-BM concentrations in the monomer. D^ was equal
or slightly higher for the second cycle of desorption.
The relative contribution of the monomers HEMA and n-BM to the sorption
characteristics of this series of polymers would suggest that n-BM exerts a
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disproportionate effect on water uptake (Figure 5.2.) since a linear relationship would
be observed if both monomers influenced uptake equally. This association was also
maintained if the monomer concentrations were expressed in molar terms (data not
shown).

5.3.2. Determination of the sorption and desorption characteristics of the hGHloaded polymers.
Inclusion of hGH in the polymers consistently increased water uptake, and this
was proportionally greater for those polymers with the lower HEMA content (Figure
5.3.; Table 5.2.). For example, addition of hGH to the polymer with 100% n-BM
increased its water uptake from 1.30%-9.08% at equilibrium (c.f. Tables 5.1. &
5.2.).

The polymer which used a 50:50 monomer combination gave the highest

equilibrium water uptake (Figure 5.3.); this was in contrast to the polymers without
hGH when the specimen containing 100% HEMA produced the highest water uptake
(Figure 5.1.).

The time taken to reach equilibrium was protracted for those

specimens which contained n-BM, such that the specimens which used 100% n-BM
as the monomer required 175 days.
168hrs, when iVi -

However, it is noted that at times less than

l(X)mins (Figure 5.1.), water uptake for the hGH-loaded

specimens increased with increasing HEMA content of the polymers i.e. the
relationship was similar to that of the polymers without hormone (Figure 5.1.). The
data from only one sorption/desorption cycle are presented; although a second cycle
has been started the extended time required to complete this series of measurements
prevents them from being reported at present.
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Figure 5.2. The effect of monomer contribution to the water uptake properties
of the polymers prepared with selected monomer compositions. The equilibrium
gain values obtained in Table 5.1., for the polymers manufactured were plotted
against the proportion of HEMA and n-BM in the monomers. The results are the
means obtained from the percentage equilibrium gain for both sorption cycles.
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Figure 5.3. The determination of water uptake of hGH-loaded polymers
prepared with selected monomer compositions. Duplicate rectangular specimens
of each polymer were manufactured as described in section 5.2.2., incorporating 12U
of hGH into lOg of each polymer powder. These were weighed prior to immersion
in water. After incubation in the water at 37®C for selected times the rectangles were
blotted dry and re-weighed. They were then returned to the water to allow further
water uptake. The results are finally shown as the gain in weight expressed as a
percentage of the initial dry starting weight. The results are plotted as means obtained
from duplicate pairs of rectangles. The monomer composition of the individual
polymers was varied as shown.
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Sample

Diffusion Coefficient
10 * cm^ s '

Equilibrium

D d/D s

Gain
(%)

Loss
(%)

Solubility
(%)

Sorption
Ds

Desorption
Dd

100% HEMA
0% n-BM

14.93

17.27

2.34

22.00

18.40

0.84

75% HEMA
25% n-BM

16.68

18.78

2.10

1.58

6.34

4.01

50% HEMA
50% n-BM

17.38

18.98

1.60

0.84

5.77

6.87

25% HEMA
75% n-BM

11.59

12.45

0.86

0.64

8.85

13.83

0% HEMA
100% n-BM

9.08

10.39

1.31

0.15

11.01

73.40

Table 5.2. The sorption and desorption of water from hGH-loaded polymers
prepared with selected monomer compositions. Duplicate rectangular specimens
of each polymer were produced as described in section 5.2.2., incorporating 12U of
hGH into lOg of each polymer powder. These were weighed prior to immersion in
water. After incubation in the water at 37®C for selected times the rectangles were
blotted dry and weighed. After equilibrium was reached i.e. there was no further
increase in weight, the specimens were dried in an incubator at 37^C and weighed at
selected intervals until there was no further decrease in weight. Only one cycle of
sorption and desorption was completed. The calculation of the terms are explained
in section 5.2.3. or in the footnotes to Table 5.1.
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When comparing the first cycles of sorption/desorption for the unloaded
specimens, the percentage solubility was generally increased for the specimens
containing hGH such that the polymer which used 100% n-BM as its monomer
increased this value from 0.67% to 1.31%. The diffusion coefficients for sorption
systematically decreased with increasing n-BM, these values were greatly reduced for
polymers containing n-BM when compared to the samples in Table 5.1. A complex
relationship was observed for the diffusion coefficients for the desorption process
which reflects the rate of water removal from the polymers. The polymer which used
100% HEMA as its monomer gave the highest diffusion coefficient for the desorption
and the lowest Dj was for a 50:50 monomer combination which gave the highest
water uptake. The ratio of the diffusion coefficients for desorption and sorption
(Dj:DJ increased markedly with increasing n-BM concentration in the monomer; for
polymers containing n-BM these values were much greater than for the specimens
prepared without hGH.
During the sorption cycles the specimens containing n-BM changed colour
from white to brown; this was most pronounced for those specimens which were made
with the monomer combination 75:25 HEMA:n-BM. This colour change decreased
with increasing n-BM monomer concentration in a dose-dependent manner.

The

polymer made with 100% HEMA did not change colour. The polymers containing
hGH became white and opaque during water uptake and this feature remained after
desorption; the sample which contained 100% HEMA (+hGH) as its monomer did
not develop opaqueness. Polymers without the hormone did not become opaque at
any stage of the sorption/desorption cycles.
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5.3.3. The cytotoxic effect of eluates from unloaded polymers upon the Nb2
cells.
Neat 24hr eluates from unloaded polymers proved to be cytotoxic to the Nb2
cells used in the MTT-ESTA bioassay system reducing their response to hGH by 5598% (Figure 5.4.). Polymers which contained exclusively 100% HEMA or 100% nBM as the monomers were the most cytotoxic. This was confirmed by visual
inspection of the corresponding microtitre plate wells at the end of 96hrs bioassay
when a gross reduction in cell number was apparent. Combination of HEMA and nBM resulted in a considerable reduction in the cytotoxicity of the eluates.
The cytotoxic properties of the unloaded polymers could have introduced
artifacts into the later hormone release experiments, in which the potency of hGH on
Nb2 cells is measured. However, the cytotoxicity of the eluates was readily diluted
out, as was observed in previous chapters, such that by a dilution of 1:50 it was
undetectable (Figure 5.5.). This was confirmed by the finding, in a separate
experiment, that when eluate which had been diluted in assay medium (1:100) was
spiked with hGH (0.625mU/l) excellent recoveries were obtained (Table 5.3.). The
cytotoxicity of the neat eluates from all polymers was greatly reduced for all eluates
obtained after those harvested at 24hrs (data not shown).

5.3.4. The release of residual monomer from the polymers.
HEMA was more readily released than n-BM (Figure 5.4.), with a
concentration of SmM HEMA accumulating in the eluate from the polymer which
used HEMA as the exclusive monomer. In contrast, when 100% n-BM was used, a
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Figure 5.4. The effect of the neat eluates from the unloaded polymers upon the
response of Nb2 cells to hGH, and the release of residual monomer from the
polymers. The eluates {50p\) from unloaded polymers discs that had been eluted for
24hrs were added to the wells of a microtitre plate containing Nb2 cells
(8xl(Pcells/ml) and hGH ( 1.25mU/l) in a volume of 50/xl. These were then incubated
(96hrs) and the colorimetric end-point of the ESTA bioassay was determined by the
addition of MTT, as described in Chapter 2. Triplicate wells were used, and the
results are shown as means ±SD. The results are the responses obtained in the
presence of the eluate expressed as a percentage of the response obtained in the
controls when the eluates were replaced with bioassay medium. The latter is taken
to be 100%. The responses were initially obtained as equivalent concentrations of
hGH as measured from a standard hormone dose-response curve which was run in
parallel. The monomer composition of the individual polymers was varied as shown.
For the release of residual monomer from the polymers unloaded discs of each
polymer were prepared as described in section 5.2.2.. Six discs of each polymer were
eluted immediately after polymerization into 4ml of deionized water. Following
elution (24hrs) the eluates were aliquoted in glass ampoules, sealed and stored at 4°C
prior to analysis by HPLC. The concentration of the two monomers in the eluates
released from the discs, for each monomer combination used in the preparation of the
discs, is shown in the lower section of the tïgure.
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Figure 5.5. The effect of dilution of the eluates upon the response of Nb2 cells
to hGH. The eluates from unloaded polymer discs that had been eluted for 24hrs
were diluted sequentially to a final dilution of 1:1000. These eluates (50/xl) were
added to the wells of a microtitre plate containing Nb2 cells (8xl0^cells/ml) and hGH
(1.25mU/l) in a volume of 50/xl. These were then incubated (96hrs) and the
colorimetric end-point of the ESTA bioassay was determined by the addition of MTT,
as described in Chapter 2. Triplicate wells were used, and the results are shown as
means ±SD. The results are the responses obtained in the presence of the eluate
expressed as a percentage of the response obtained in the controls when the eluates
were replaced with bioassay medium. The latter is taken to be 100%. The responses
were initially obtained as equivalent concentrations of hGH as measured from a
standard hormone dose-response curve which was run in parallel. The serial dilutions
for each polymer were tested together in one microtitre plate, to minimise any effects
due to between plate variation. The monomer composition of the individual polymers
were varied as shown. For sake of clarity the statistical significance of the eluates
when compared to control values have not been indicated on the graph. However, all
neat eluates were significantly lower than control values (p<0.01) and all dilutions
of the eluates greater than 1:50 were not significantly different from control values
(100+4%).
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Sample

Recovery (%)

100% HEMA
0% n-BM

94+ 2

75% HEMA
25% n-BM

97 + 2

50% HEMA
50% n-BM

96± 3

25% HEMA
75% n-BM

101+0

0% HEMA
100% n-BM

96+ 5

Table 5.3. The recovery of hGH from spiked diluted eluates from the
polymers. The eluates from unloaded polymer discs that had been eluted for 24hrs
were diluted sequentially to a final dilution of 1:100. These eluates (50^1) were added
to the wells of a microtitre plate containing Nb2 cells (8xl0^cells/ml) and hGH
(1.25mU/l) in a volume of 50^1. These were then incubated (96hrs) and the
colorimetric end-point of the ESTA bioassay was determined by the addition of MTT,
as described in Chapter 2. Triplicate wells were used, and the results are shown as
means ±SD. The results are the responses obtained in the presence of the eluate
expressed as a percentage of the response obtained in the controls when the eluates
were replaced with bioassay medium. The latter is taken to be 100%. The responses
were initially obtained as equivalent concentrations of hGH as measured from a
standard hormone dose-response curve which was run in parallel. The monomer
composition of the individual polymers were varied as shown.
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concentration of only 1.04mM free monomer was observed. Combinations of the
monomer resulted in an 80-90% reduction in the release of n-BM, but only a 14-36%
decrease in HEMA. As a consequence the concentrations of HEMA in the eluates far
exceeded those of n-BM. For example, for the polymer which utilised 25% HEMA
together with 75% n-BM, the eluate contained a 50-fold higher molar concentration
of HEMA than n-BM. Although the combination of monomers resulted in a decrease
in the release of each component monomer, the magnitude of the decrease was not a
simple function of the concentration of either individual monomer in the original
monomer mixture.

5.3.5. The release of hGH from the polymers after elution for Ihr.
hGH-loaded PEMA polymerised with either 100% HEMA or 100% n-BM
released similar quantities of bioactive hormone (p=NS), after elution for Ihr (Table
5.4.). However, combination of the monomers resulted in the release of much higher
concentrations of bioactive hormone. Parallel measurements of hGH in the same
eluates by immunoassay revealed a different pattern of release. All eluates were
shown to contain more immunoactive than bioactive hormone. However, unlike the
results with the bioassay, the polymers containing 100% HEMA or 100% n-BM did
not release comparable quantities of hGH when assessed by the immunoassay. Much
more immunoactive hormone was released from the polymer containing 100% n-BM
compared with 100% HEMA (p<0.05).
Prior to incorporation into the polymers the ratio of bioactivity to
immunoactivity (B:I ratio) of the hGH was 0.75+0.06.
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GH Released (m U/i)

Recovery (%)

B:I

BIO

IMMUNO

BIO

IMMUNO

Ratio

100% HEMA
0% n-BM

522+104

670 + 88

0.30+0.05

0.39+0.05

0.79+0.07»

75% HEMA
25% n-BM

1008 + 187

1315 + 134

0.63+0.13

0.83+ 0.10

0.76+0.07»

50% HEMA
50% n-BM

1123 + 126

1610+25

0.74 +0.12

1.06 +0.08

0.70+0.07»

25% HEMA
75% n-BM

1132 + 83

1745+232

0.76+0.08

1.17+0.11

0.65 +0.04»

0% HEMA
100% n-BM

442 +66

1305+197

0.32 + 0.05

0.94 + 0.15

0.34+0.01**

^ p = not significant when compared to the B:I ratio of the hormone prior to
incorporation. ^ p = <0.01.

Table 5.4. A comparison of the release o f bio- and immunoactive hGH from the
polymers. Multiple discs (n=3) of each growth hormone loaded polymer were eluted
(Ihr) individually into assay medium (5ml). Samples of each were immediately
analysed in the bioassay, after a dilution of 1:1000. Aliquots of the eluate were also
analysed in the immunoassay, at a dilution of 1:50. The results are expressed as
concentrations of hGH in the eluate, which are means for the individual discs ±SD.
The amount of hGH released has also been calculated as a percentage of the hormone
initially added to individual discs i.e. as a weight corrected percentage recovery. The
means+SD of these recoveries are also shown. The monomer composition of the
individual polymers were varied as shown. B:I is the ratio of the bio- to
immunoactivities determined in individual eluates. The B:I ratio of the hGH prior to
incorporation was 0.75+0.06. Each eluate was analysed at two or more dilutions to
ensure that no artifacts were influencing the assay results.
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polymers containing 100% HEMA had a similar B:I ratio (0.79 +0.07) (Table 5.4.).
However, when the water uptake of the polymers was decreased by increasing the
proportion of n-BM, the B:I ratio of the hormone released systematically declined
such that it was as low as 0.34+0.01 when the polymer was prepared with 100% nBM (Table 5.4.).
All the above eluates were analysed at dilutions greater than 1:100 to ensure
that the cytotoxic effects described in Figure 5.5. did not introduce artifacts into the
bioassay determinations. These samples were also analysed in the bioassay at multiple
dilutions. The hGH detected in each eluate diluted in a linear manner, confirming the
absence of artifacts.

5.3.6. The release of hGH from polymers over extended time periods.
The eluates ifom the polymers were sampled regularly over 30 days. Plots of
cumulative release revealed that the quantity of hormone released was not a simple
function of the proportion of HEMA in the polymers (Figure 5.6a.). The monomer
combination 50:50 HEMA:n-BM released the greatest amount of bioactive hGH. The
lowest cumulative bioactive hormone release occurred with 100% n-BM as the
monomer. With increasing elution times lower dilutions of the eluates were required
to measure the hormone in the ESTA bioassay system. To ensure that cytotoxicity
was not influencing the results at low eluate dilutions, multiple dilutions of each eluate
were made to test for linearity. This was maintained for eluates from all of the
polymers, with the exception of those from PEMA polymerised with 100% HEMA.
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F ig u re 5 .6 . T he release o f hG H from the p o ly m ers fo llo w ed fo r p ro lo n g ed
elu tio n tim es. hGH-loaded discs were produced as described in section 5 .2 .2 .,
incorporating 12U hGH into lOg of each polymer powder. Replicate unstored discs
(n = 3) of each polymer were then individually eluted into assay medium (5ml) at
37°C, and the eluates sampled, as described in section 5 .2 .4 ., at regular intervals for
up to 30 days. These eluates were then stored at -20^C until measured in the ESTA
bioassay (Figure 5.6a.) and by immunoassay (Figure 5.6 b .). The results are
expressed as cumulative hGH released as a function of increasing elution times. The
monomer composition of the individual polymers were varied as shown. Each eluate
was analysed at two or more dilutions in the bioassay to ensure that no artifacts were
influencing the assay results.
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After 11 days elution, eluates from this polymer exhibited cytotoxicity at the low
dilutions required to detect the small amount of hGH e.g. dilutions of 1:5 or lower,
and therefore it was not possible to measure the bioactivity of the hormone in these
eluates.
Parallel hormone measurements were performed on the same eluates using an
immunoassay (Figure 5.6b.). The immunoactivities were consistently higher than,
and in concordance with, the results obtained from the bioassay, except that the
polymer prepared with 100% n-BM released disproportionately higher amounts of
hGH when assessed by the immunoassay as opposed to the bioassay. This confirmed
the similar finding after only Ihr elution (Table 5.4.).
For a given polymer the B:I ratios of the hormone released for each individual
eluate sample taken over the entire 30 day elution period remained constant. This
would suggest that the hormone retained in the polymer discs was not progressively
degraded over this relatively long time, before it was released. In addition, since the
cytotoxic effects of the eluates greatly diminished after elution for 24hrs, the finding
that these B:I ratios remained constant was further evidence that the bioassay results
were not distorted by artifacts due to cytotoxic components released into the eluates.
However, of particular interest was the polymer which used 100% n-BM as its
monomer.

The low B:I ratio observed after elution for Ihr of 0.34+0.01 was

consistently reduced for each eluate that was sampled over the 30 day period
indicating that damaged hormone was still being released.
The early stages of hGH release when plotted as m,

- m,

m„ -

m, VS \}/i was linear

(data not shown); this allowed the calculation of diffusion coefficients for hormone
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release. In general there was a systematic increase in the diffusion coefficients with
increasing hGH release from the polymers (Table 5.5.). As would be anticipated
from equation 5.4., the highest diffusion coefficient was obtained from the polymer
which used a monomer combination of 25:75 HEMA:n-BM, since this polymer
released the largest amount of both bio- and immunoactive hGH after elution for Ihr
and the greatest amount of immunoactive hormone (Table 5.4. & Figure 5.6.).
Correspondingly, the lowest values were for those polymers which were manufactured
with the exclusive use of one monomer; these samples also released the lowest amount
of hGH.

5.4. DISCUSSION.
This study required PEMA polymers with graded hydrophilic properties. This
was achieved by progressively increasing the proportion of HEMA (hydrophilic
component) in the monomer mixture.

It was demonstrated that this resulted in a

corresponding systematic increase in water uptake (Figure 5.1.). This is in agreement
with the studies of Brook & van Noort (1985) who reported that the degree of
hydration of a polymer system is dependent on the amount of HEMA added. The
presence of the PEMA component of the polymer system limits water uptake in the
polymer which contains \Q0% HEMA as the monomer, since a polymer containing
100% poly(HEMA) exhibits a water uptake of —60% (Lydon eta l., 1985; Netti etal.,
1993).

The presence of the hydrophobic monomer n-BM was shown to exert a

disproportionate effect on the water uptake characteristics of the polymers when used
in combination with HEMA.
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D iffusion Coefficient (10 ' cm^. see'*)

Sample

BIO

IMMUNO

100% HEMA
0% n-BM

8.68

8.27

75% HEMA
25% n-BM

10.29

9.26

50% HEMA
50% n-BM

11.19

11.58

25% HEMA
75% n-BM

12.13

13.90

0% HEMA
100% n-BM

8.92

8.88

Table 5.5. The determination o f the diffusion coefficients of hGH release from
the polymers. Using the results shown in Figure 5.6. the diffusion coefficients for
both the bio- and immunoactive hGH release from the polymer was determined from
the linear range of a plot of
vs \}/i as described in section 5.2.4..
-

niy
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Water uptake itself was markedly increased by the incorporation of lyophilised
hGH in this series of polymers.

An increase in water uptake in the presence of

additives such as hGH and BSA has previously been reported for heterocyclic
methacrylates (Patel & Braden, 1994). When measured at time periods of 7 days or
less, the pattern of water uptake for the hormone-loaded polymers was similar to that
of the unloaded polymers i.e. water uptake was a direct function of the HEMA
concentration in the monomers. However in the presence of hGH, at later times, a
different pattern of water uptake emerged, such that after 175 days immersion in
water the polymer which was made with 50:50 monomer combination exhibited the
highest uptake capacity.

This hormone formulation contains ~4mg hGH in a

lyophilised preparation which weighed a total of 75mg; the other components are
mannitol (66mg) and disodium hydrogen phosphate (6mg), which are excipients which
stabilise the lyophilised hormone (Pikal et al., 1991a, 1991b). When hGH is added
to the polymers, water uptake will be governed by osmotic processes generated by
these water soluble excipients in the hormone preparation. The influence of hGH
addition to the polymers was most pronounced for those containing the hydrophobic
monomer and declined with increasing HEMA concentrations.

Consequently the

magnitude of the range of water uptake values as equilibrium is reached is decreased
for the polymers which contained the hormone when compared to the unloaded series
(Figures 5.1. & 5.3.).
The percentage solubility is the difference between equilibrium gain and loss
and represents the washing out of water soluble compounds from the polymer during
the sorption cycle. This effect was most conspicuous for those specimens which
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contained 100% HEMA as the monomer. In particular the leaching out of water
soluble compounds is responsible for the slight decrease in water uptake seen in
studies with this polymer after 24hrs; this caused a transient peak in the time curve
(Figure 5.1.). As expected solubility decreased for the second sorption/desorption
cycle, since most of the water soluble residuals were removed during the first cycle.
If an increasing number of cycles were to be undertaken the percentage solubility
would eventually approach zero since the quantity of water taken up during the
sorption process would equate with that desorbed from the specimen (Braden &
Wright, 1983).

The components that may be washed out of methacrylate based

polymers include free unreacted monomer and decomposition products of the
polymerization reaction (Trap et al., 1992). Thompson et al. (1982) reported that the
unpolymerized components of methacrylate polymers are readily leached out of the
cured polymer by aqueous solutions despite their limited solubility. In their studies
it was reported that 0.65% of the total material originally in the specimen was
released; this value compared well with my determination of the percentage solubility
of the unloaded polymers which contained 100% n-BM i.e. 0.67% (Table 5.1.). For
HEMA based polymers Brynda et al. (1985) reported that, following elution,
unreacted monomers and oligomers of HEMA were released as well as decomposition
products of the initiators of polymerization. It has been discussed in section 1.3.1.3.
that PMMA, following polymerization, contained 0.8 - 2.5% unreacted residual
monomer and both unreacted NNDPT and benzoyl peroxide (Haas et al., 1975; Trap
et al., 1992; Migliaresi et al., 1994). In the above studies the majority of these

residuals were washed out within the first 24hrs. It is notable that this is consistent
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with the reduction in cytotoxicity observed in the eluates investigated in the current
studies, after elution times extended beyond 24hrs (in addition see Chapters 3 and 4).
The water sorption and desorption studies for the PEMA based polymers
revealed that these processes were diffusion controlled since the initial stages of
absorption and desorption followed a linear t * /2 relationship. The diffusion coefficient
(DJ for the polymer composed of 100% n-BM as the monomer (5.24 x 10 \cm^.sec^)
was similar to those estimated previously (Davy & Braden, 1991; Deb et at., 1995).
The higher diffusion coefficient obtained during desorption (22.00 x 10 \cm^.sec^)
is due to the fact that D^ is a function of the concentration of water in the specimens
and this means that the rate of water absorption will gradually decline as the polymer
water content increases, thus extending the time taken for the specimen to reach
equilibrium (Braden et at., 1976b; Braden & Wright, 1983).

This effect was

markedly increased for those polymers which contained hGH. With classical diffusion
theory the diffusion coefficient for both the sorption and desorption processes should
be the same. The observation that the ratio of D^ to D^ was greater than unity and
increased with n-BM concentration may indicate that the water in the polymer
associates and is present as clusters at the site of the water soluble components as
suggested by Barrie (1968).
The opaque appearance of the polymers containing hGH may have been caused
by light scattering at the sight of clusters. These clusters are a consequence of the
low molecular weight excipients in the hGH preparation (e.g. mannitol and disodium
hydrogen phosphate) and the consequent high osmotic pressure may cause swelling
and cracking of the polymer matrix (Brook & Van Noort, 1985).

240

This may be

Chapter 5. Monomer composition on HGH release
enough to cause the opacity which appeared in the polymers containing hGH and was
indicative of permanent structural defects in the polymers, the dimensions of which
were of the order of the wavelength of visible light (5 x KX^^m).
PEMA when polymerized with HEMA is a heterogeneous material; PEMA
dissolves only slightly in HEMA and the resultant polymer is in fact a mixture of
PEMA surrounded by poly (HEMA). This is in contrast to the polymers formulated
with n-BM,

which yield a homogeneous polymer matrix comprising an

interpenetrating network which results in a smoother polymer surface.
There was no simple relationship between the water uptake properties of the
polymer systems and the release of the protein hGH. The major fraction (—99%) of
the hormone released from all polymers occurred during the early stages of sorption
when water uptake was a direct function of HEMA concentration (i.e. < 168hrs) (c.f.
Figure 5.1. & 5.3.). Only a very small amount of hGH was subsequently released
when the pattern of water uptake changed. In both short and long term release studies,
the amount of bioactive hGH released was lowest when PEMA was polymerised with
only one of the two monomers.

The release of hGH was increased when the

monomers were combined, and when the early stages of water uptake were
intermediate. This is in contrast to Brook and van Noort (1985) who observed that
the release of a steroid hormone, namely hydrocortisone, from PMMA cements, was
lowest when combinations of two monomers (HEMA and MMA) were used, although
the relevance of this is limited since hydrocortisone is obviously markedly different
from the protein hGH, both in molecular size and structure.

The reduction in

hormone release from the polymer which used 100% HEMA as the monomer was
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intriguing since Downes et al. (1995a) reported increased BSA release from a similar
polymer system which utilised 100% HEMA as the monomer.

It was initially

expected that hormone release would be a direct function of the water uptake
characteristics at these earlier times, since the transport of water within this polymer
should enable the transfer of hGH from the polymer into the surrounding medium.
One explanation for the reduced release of hGH from the polymer which used 100%
HEMA as its monomer is that the water soluble hormone has a greater partition
coefficient with respect to HEMA as opposed to the assay medium which was used
as the eluting fluid. In principle, polymers with high diffusion coefficients should
release water-soluble additives more rapidly (Downes et a l., 1995a), but this was
clearly not observed in the current investigations since the polymers which used 100%
HEMA as the monomer released the lowest amount of hGH.
The diffusion coefficients obtained for the release of hGH from the polymers
reflected the rate of release of the hormone from the polymers. The highest diffusion
coefficient was for hormone release from the polymer which used 25:75 HEMAin-BM
as its monomer and gave the highest hormone release after Ihr elution. The diffusion
coefficients were clearly related to the levels of hormone detected for both Ihr elution
and the cumulative release study (Figure 5.6.), such that the polymers which used
100% HEMA or n-BM both released the lowest amount of bioactive hGH and had the
lowest diffusion coefficients. Of particular note are the diffusion coefficients for
PEMA polymerised with 100% n-BM. In independent studies reported in Chapter 4,
diffusion coefficients for hormone released from this polymer were between 7.7-8.5
X l(f\cm^.sec ^ which compares well with that estimated from the separate studies
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in this chapter (8.90 x 10 *.cm^.sec 0- In addition this highlighted the reproducibility
of the experimental systems and the theoretical analysis of these, since the former
value was calculated from observations made during the latter stages of elution
(section 3.2.3.).
For the polymer prepared with 100% HEMA, the diffusion coefficient for
water uptake (22.00 x 10 *.cm^.sec^) was greater than that determined for hGH from
hormone release measurements (8.68 x 10*.cm^.sec ^). This suggested that water
uptake occurred at a faster rate than hormone release. This phenomenon has been
previously reported by Trigo et al. (1994) who suggested that in hydrophilic polymers
such as this, early and rapid ingress of water actually inhibits the initial phase of drugrelease. However, the current studies do not support this suggestion since no delayed
increase in the rate of release of hGH after water uptake had equilibrated, was
observed. For the other polymers in this series the diffusion coefficients for hormone
release were much higher than those for water uptake.

Moreover the diffusion

coefficients determined from hGH elution from the polymer which had the highest
hormone release (25:75 HEMA :n-BM) was —19-fold higher than that for water uptake,
suggesting that hormone release was the dominant process.
The polymer containing exclusively n-BM as the monomer released
disproportionately more immunoactive than bioactive hormone, leading inevitably to
the large decrease in the B:I ratio for the hormone from 0.75+0.06 to 0.34+0.01
(Table 5.4.). This suggests that incorporation of hGH into this polymer compromises
its structure such that modified hormone may be released which is immunoactive but
which has decreased biological potency in the bioassay.
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dehydration of the hormone molecule in the hydrophobic environment of a polymer
made with 100% n-BM. The absence of the hydrophilic HEMA component could
result in damage to a vulnerable discrete bioactive domain in the hormone which is
separate from the antigenic site recognised in the immunoassay. It is well recognised
that a water monolayer is important for the stability of hGH (Ultsch et at., 1994), and
because of this great care is always taken during lyophilisation of the recombinant
hormone to preserve this (Hsu et at., 1991; Pikal et al., 1991a, 1991b).
The formulation with 100% n-BM is identical to that of London Hospital
Bone Cement, and in separate studies a low B:I ratio for the hGH released from this
cement was reported (Goodwin et al ., 1995a; Chapter 4). In these studies the cement
discs were eluted for 24hrs as opposed to the shorter period of Ihr used for Table 5.4.
and, as would be expected, slightly greater recoveries were then observed, these being
0.62+0.16% (bioactivity) and 1.34+0.33% (immunoactivity), giving a B:I ratio of
0.47+0.05. During the course of the current study, the 24hrs elution studies were
repeated with the polymer containing 100% n-BM and the recoveries obtained were
0.59+0.03% (bioactivity) and 1.28+0.13% (immunoactivity) giving a B:I ratio of
0.46+0.03 (detailed results not shown). This close agreement with the previous
independent study reported in Chapter 4, demonstrates the reproducibility of the multistep experimental procedure, which involves both the incorporation of hGH and the
manufacture of the polymer. In addition, a repeat of the short term elution study
(Ihr), but for 24hrs, for all the members of the polymer series utilised in the current
study, confirmed the decline in B:I ratio as the proportion of n-BM increased (data
not shown).
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All undiluted short term eluates from the polymers proved to be cytotoxic to
the Nb2 cells used in the bioassay. The toxicity was greatest for those polymers
which contained either 100% HEMA or 100% n-BM. It was previously suggested
that for PEMA polymerised with 100% n-BM the cytotoxicity of the eluates may be
largely attributed to the volatile monomer (Goodwin et at., 1995a; Chapter 4). This
is generally confirmed in the current study by the direct measurement of the
monomers in the eluates. The use of only one monomer in the polymer formulation
resulted in the greatest release of that monomer into the eluate and these eluates
proved to be the most cytotoxic. Exclusive use of n-BM resulted in the accumulation
of ImM n-BM in the eluate after 24hrs, whereas the polymer with 100% HEMA
yielded 8mM free HEMA (Figure 5.4.), but these eluates were of equivalent cytotoxic
potency (Figure 5.5.). Thus on a molecular basis n-BM appears to be more toxic than
HEMA to the Nb2 cells. This contrasts with the conclusions drawn from in vitro
toxicity studies of Mir et at. (1973a) who used isolated perfused rabbit hearts. The
reduced extractability of the n-BM in aqueous solution has been reported previously
by Davy and Braden (1991), and the increased concentration of HEMA in the eluates
may be related to its greater water solubility. It has been reported that the toxic
effects of HEMA based polymers were ascribed to the release of free residual
monomer and other compounds extracted from these polymers (Cifkova et ai., 1988;
Stol et al., 1988). When combinations of the two monomers were used, this resulted
in decreases in both the release of the individual free monomers and the cytotoxicity
of the eluates. The relationship between the monomer composition of the eluates and
their cytotoxicity is clearly complex (Figure 5.4.). However it may be of importance
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to note that Sylvest et al. (1992) reported reduced levels of MMA release from a
cement system which used a combination of monomers.
During the course of the current bioactivity studies I confirmed that the
cytotoxic components released from the polymers did not introduce artifacts into the
bioassay. The possibility of artifacts was eliminated by a preliminary dilution of all
samples before their inclusion in the bioassay.

This was possible because of the

unusual sensitivity of this bioassay (Ealey et al., 1988, 1995).

For example,

cytotoxicity studies revealed that a dilution of 1:100 removed the cytotoxic effects
(Figure 5.5.) whereas all eluates collected for release studies shown in Table 5.4.
were bioassayed at dilutions of 1:1000 and 1:2000 when the bioactivity of the
hormone was still detectable. The bioassay determinations made at each of these two
dilutions did not differ by more than the expected analytical variation (10%), which
confirmed that these measurements were not influenced by the cytotoxicity.
Throughout all the release studies I consistently validated this dilution strategy by
bioassaying all samples at more than one dilution. This proved to be successful for
all of the release studies except when I investigated the long term release of hGH
Ifom the polymers prepared with 100% HEMA (Figure 5.6a.). Persistent cytotoxicity
combined with low levels of hormone release precluded valid measurements of
bioactivity beyond an 11 day elution period: this was revealed by disagreement
between the measurements made at three dilutions. The persistent cytotoxicity of
HEMA may be associated with its relatively high water solubility.
In conclusion, I found that the release of bioactive hGH after its incorporation
into PEMA based polymers, was not a simple function of the water uptake properties
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of these polymers. However, a hydrophobic environment, such as that provided by
a polymer formulated with 100% n-BM, may damage the important water monolayer
around the hormone molecule, and lead to the release of hGH with compromised
bioactivity as revealed by its low B:I ratio. Polymers which were formulated by using
combinations of the monomers, proved to be the least cytotoxic and released the
greatest amount of both bio- and immunoactive hormone. This work illustrates the
formulation of the polymer system greatly influences drug release and highlights the
importance of monitoring both the bioactive and immunoactive components of growth
factors such as hGH after their release from biomaterials.
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THE RELEASE OF BIOACTIVE HUMAN GROWTH
HORMONE FROM A BIODEGRADABLE MATERIAL:
POLY(E-CAPROLACTONE)
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6.1. INTRODUCTION.
In this chapter the release of bioactive recombinant hGH from a biodegradable
material, poly(e-caprolactone) (PCL) (see section 1.4.2.), will be systematically
investigated. The bioactivity of the hGH released was measured using a modification
of the Nb2 cell bioassay which exploited a novel tétrazolium salt system (MTS/PMS)
as described in Chapter 7. Two similar methods of polymer preparation were used.
Firstly, solvent-casting which produced flat solid PCL membranes (Coombes &
Meikle,

1994) and secondly a solvent-casting particulate-leaching technique

(Gogolewski & Pennings, 1983; Mikos et aL, 1993; Nicol & Tuan, 1994) which
produced interconnecting porous structures. It has been suggested that the latter may
be used as porous reservoirs for drug release (Gogolewski & Pennings, 1983). The
porosity may be controlled by varying the amounts of a soluble particulate material
used in their preparation; in my studies this was sodium chloride. The latter was
added during solvent-casting and, after the "setting" of the matrix, porous membranes
were created by washing out the salt.

6.2. MATERIALS AND METHODS.
6.2.1. Materials.
Poly(e-caprolactone) (MWt 72,000) was purchased from Aldrich Chemical Co.
Ltd., Gillingham, U.K..

Chloroform and sodium chloride were obtained from

B.D.H. Ltd., Poole, U.K.. Recombinant hGH (Austrophin) was a kind gift from
C.S.L. Ltd., Victoria, Australia.

MTS, (5-(3-carboxymethoxyphenyl)-2-(4,5-

dimethylthiazolyl)-3-(4-sulfophenyl) tétrazolium, inner salt) was purchased from
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Promega, Madison, WL, U.S.A..

Phenazine methosulphate (PMS) was obtained

from Sigma Chemical Co. Ltd., Poole, U.K.

6.2.2. Preparation of PCL membranes by solvent-casting.
PCL membranes were prepared using a solvent-casting technique (Gogolewski
& Pennings, 1983; Mikos et at., 1993; Coombes & Meikle, 1994) as follows. A 7%
solution of PCL was produced by dissolving PCL (3.5g) in chloroform (50ml) at 37®C
to form a clear, colourless solution. The concentration of PCL was the same as that
used in earlier studies (Gurav & Downes, 1994).

Once dissolved, 10ml of the

mixture was cast into a circular mould (35mm diameter), which had been constructed
from aluminium tubing attached to a glass microscope slide using chloroform resistant
silicon adhesive. The mould was then covered with an inverted beaker to allow slow
evaporation of the chloroform at room temperature. At the end of this period (24hrs),
the membrane which had formed was removed from the mould and residual
chloroform eliminated by further drying in vacuo in a desiccator for 24hrs. The
resultant, white, PCL membrane was approximately 1mm thick. Smaller discs of
PCL (diameter 5mm and 1mm thick) were finally cut from the membrane with a cork
borer (size No. 2).
Hormone-loaded membranes were prepared by adding lyophilised hGH to the
PCL solution (10ml) and thoroughly dispersing the hormone preparation prior to
casting.

The concentration of hormone used is described in each respective

experiment. The hormone-loaded discs were then weighed and the average weight of
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the discs for each batch was found to be approximately 15mg; the variability in disc
weight was 5-13% depending upon the batch tested.

6.2.3. Preparation of polymers by solvent-casting particulate-leaching.
Porous membranes of PCL were prepared using a solvent-casting particulateleaching technique (Gogolewski & Pennings, 1983; Mikos et al., 1993; Nicol &
Tuan, 1994). Sodium chloride (particle size 100-500/iM) was added in increasing
proportions (1, 2 and 4g) to aliquots of PCL (10ml; 7%). The PCL solution and
NaCl were then vortex mixed to disperse the salt and immediately cast as previously
described in section 6.2.2.. Following evaporation of the chloroform (24hrs at room
temperature) the membranes were weighed and soaked in deionised water for 48hrs.
Regular water changes were made over this period to completely leach out the sodium
chloride. The membranes were then dried at room temperature, weighed and finally,
discs were produced as previously described in section 6.2.2. Membranes were also
produced in parallel without sodium chloride; these were subjected to the same
washing procedure as the salt containing polymers and were used as controls. Since
hGH could not be incorporated at the casting stage, the polymer discs were loaded
either by surface application of a solution of hGH or by immersion in a solution of
the hormone.

6.2.4. Release studies.
Both hGH-loaded and unloaded control discs of PCL were individually eluted
into 5ml of the bioassay medium. The eluates were removed at selected times and
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replaced with fresh medium, pre-wanned to 37®C. The samples were either assayed
immediately or snap frozen in liquid nitrogen and stored until use at -20°C.

6.2.5. Bioassay.
Nb2 cells were prepared and standards and eluates pipetted into the microtitre
plates as described in Chapter 2.
The bioassay for these studies used a new tétrazolium salt system, the
derivation and optimisation of which is detailed in Chapter 7. The cells were exposed
to hGH standards or eluates from the release studies for a total of 48hrs.

PMS

(100^1; 0.92mg/ml) was mixed with MTS (2ml; 2mg/ml). This colorimetric reagent,
MTS/PMS, was added to each well (20;d) and the microtitre plate further incubated
in a dry incubator at 37°C for 4hrs. The microtitre plates were then gently shaken for
lOsecs (Titertek microplate shaker. Flow Laboratories, Irvine, U.K.).

Optical

densities (CD) were then determined with a Biorad Microtitre plate reader (Model
3550, Richmond, CA., U.S.A.) at a measurement wavelength of 490nm and a
reference wavelength of 655nm. The bioassay was capable of achieving within-assay
errors in hormone measurement, i.e. imprecision, of less than 3% between 0.08 and
2.5mU hOH/1, with an optimal precision of 1.3% being obtained at 0 .156mU hGH/1.
The between-assay imprecision, for 10 independent bioassays run over a period of two
months, was 7.7%, 8.1% and 3.7% at 0.14, 0.27 and 0.54mU/l respectively. The
limit of detection of the bioassay was 0.02mU/l.
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6.2.6. Assessment o f cytotoxicity.
The Nb2 bioassay system was adapted to assess the potential cytotoxicity of
the eluates from the polymer discs in a similar manner to that described for the ESTA
bioassay system in Chapter 2. However, in this protocol the cells were exposed to
the eluates for a reduced time of 48hrs.

6.2.7. Immunoassay.
The immunoassays for hGH, were performed using an immunoradiometric
assay (IRMA) as described in Chapter 2.

6.2.8. Analysis of the ultrastructure of PCL discs manufactured by solventcasting particulate-leaching using scanning electron microscopy.
The PCL discs were mounted on aluminium stubs using adhesive carbon pads.
They were then splutter coated with gold for 3mins at 25mA and viewed using a
Philips scanning electron microscope (Model 501B, Cambridge, U.K.) with a lOkV
accelerating voltage.

6.3. RESULTS.
6.3.1.

Recombinant human growth hormone retains full bioactivity after

treatment with chloroform
Since the production of PCL membranes required the use of chloroform as a
solvent to dissolve the polymer it was appropriate to test the effect of this solvent on
the integrity of hGH.

Prior to chloroform addition, the biological activity of the
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hormone was determined to be 5.2±0.4U/vial when the contents were dissolved in
assay medium. Chloroform was added to a parallel vial and, following its evaporation
overnight at 37®C, the estimate of bioactivity after dissolving in assay medium was
5.4+0.2U/vial. Thus an excellent recovery (104+8%) was obtained after exposure
to chloroform. Parallel immunoassay measurements were performed on these samples
(data not shown) which permitted a ratio of the bio- to immunoactivity (B:I) of hGH
to be calculated.

This ratio of the hormone after chloroform treatment was

0.81+0.06 which was not significantly different to the value obtained prior to
treatment (0.75+0.06). The immunoassay determinations were consistently higher
than the bioassay estimations as reported in the preceding chapters.

6.3.2. The effect of unloaded PCL upon Nb2 cells.
The eluates from unloaded discs of PCL which had been eluted for 24hrs were
not found to be cytotoxic to the hormone-activated Nb2 cells. The response of the
Nb2 cells to these eluates was 99+4% when compared to the control (i.e. eluate
replaced with assay medium) wells (100+2%).

6.3.3. The release of bioactive hGH from hormone-loaded PCL.
The addition of 1.3U hGH (6.2mg of lyophilised hormone preparation) to PCL
(10ml) resulted in the release of 1054+49mU/l of bioactive hormone per disc after
24hrs elution. From this it was calculated that the recovery of the total hormone
incorporated into each disc was 25.3+2.9% . Each eluate was analysed at multiple
dilutions, and each dilution gave hormone concentrations which differed by no more
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than the expected analytical variation, suggesting the absence of assay artifacts.
Parallel measurements of immunoactivity on the same eluates gave a release of
1284±62mU/l and a higher recovery per disc of 31 ±4%. These results produced a
B:I ratio of 0.82+0.01 indicating that the hormone had not been structurally
compromised by its incorporation into PCL.

The addition of hGH changed the

appearance of the PCL membranes such that the hormone-loaded discs were smoother,
less reflective and whiter than unloaded discs.

6.3.4. The effect of hormone-loading dose upon the release of bioactive hGH
from PCL.
Increasing the loading dose of hGH in the PCL resulted in a greater percentage
recovery of the hormone in the eluate (Table 6.1.).

Parallel measurements of

immunoactive hGH also demonstrated a dose-dependent increase in hGH release. The
immunoassay estimates of the hGH concentrations were consistently higher than those
determined by bioassay.

The B:I ratio of the hGH prior to incorporation was

0.75 ±0.06 and this did not change significantly following release. Recoveries of the
hormone released were shown to increase in a dose-dependent manner.

Large

recoveries of hormone were obtained such that PCL loaded with 2,OU hGH/10ml PCL
released 56.4+14,8% of the total hormone incorporated after elution for 24hrs.
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Loading
D ose

Recovery (%)

GH (mU/1)

B:I

U/lOml

BIO

IMMUNO

BIO

IMMUNO

Ratio*

0.5

525 ±5

840+123

21.3 + 1.1

34.0+ 4.7

0.64+0.10

1.0

1150+219

1578 + 393

28.2+ 4.0

39.2+ 8.7

0.73+0.04

2.0

3414+682

4750+1402

41.3+ 6.4

56.4+ 14.8

0.77+0.05

*In one way analysis of variance no significant difference was found between groups.
Table 6.1. The effect of the loading dose of hGH upon the release of hGH
from PCL. Recombinant hGH corresponding to 0.5, 1.0 and 2.OU was added to
10ml aliquots of PCL (7 %) dissolved in chloroform. The polymer was cast and discs
were produced as previously described in section 6.2.2.. The results are the
mean+SD of replicate discs (n=3) for each loading dose which were individually
eluted for 24hrs into 5ml of assay medium. The amount of hGH released has been
calculated as a percentage of the hGH initially incorporated into each individual disc,
i.e. as weight corrected recoveries. The means±SD of these recoveries are also
shown. B;I is the ratio of the bio- to immunoactivities determined in individual
eluates. The B:I ratio of the hGH prior to incorporation was 0.75+0.06.
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6.3.5. The effect of storage at 37^C on the stability of hGH in loaded discs of
PCL.
Since the elution studies were performed at 37®C it was appropriate to test the
stability of the hormone at this temperature. The relevance of this was confirmed by
my previous studies in Chapter 3 (section 3.3.4.) when the lability of hGH in discs
of PMMA was demonstrated. Consequently hormone-loaded PCL discs were stored
under dry conditions for increasing periods of time at 37°C and the bioactivity was
measured in eluates obtained after elution for a further 24hrs. Bioactivity declined by
54% after storage for only 7 days (Table 6.2.). Parallel measurements on the same
eluates by immunoassay also resulted in a reduction in hormone released but this
decline was only —30% of that initially released.

The potency of the hormone

declined further following incubation for longer time periods at 37°C.

As a

consequence after storage for 28 days the B:I ratios were greatly reduced declining
from a starting value of 0.82 ±0.13 to 0.46+0.05 (p < 0.05). This probably indicated
that storage of the hormone-loaded discs at this temperature resulted in the release of
structurally compromised hormone which was detectable by immunoassay, but which
was bio-inactive. A similar study in which hormone-loaded discs of PCL had been
stored at -20®C for the same time intervals showed no decline in hormone release,
when assessed by either bio- or immunoassay (data not shown).
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Storage
Time
(days)

GH (mU/1)

Recovery (%)

B:I*

BIO*

IMMUNO*

BIO*

IMMUNO*

Ratio

0

422+20

512+91

17.9+0.4

21.7 + 3.0

0.82+0.13

7

194+72

359 + 77

8.1 +1.6

14.8+4.8

0.55+0.08*'

14

175 + 18

340+49

8.0+0.3

15.3+2.0

0.52+0.07*’

21

143+44

311 + 80

6.4+ 1.6

13.9+2.6

0.46 +0.05*’

28

110+13

240+44

5.2+ 1.9

8.4 + 2 .4

0.46 +0.05*’

“ In one way analysis of variance significant differences (p<0.05) were found
between groups.
p<0.05 compared to control (0 days)
Table 6.2. The effect of storage at 37®C on the stability o f hGH in PCL discs.
hGH-loaded discs were produced as described in section 6.2.2. incorporating 0.5U
hGH into 10ml of PCL (7%) dissolved in chloroform. Discs were then stored at 37®C
for the selected times shown and were then eluted for 24hrs into assay medium (5ml).
Discs were also eluted immediately after preparation to obtain control values for
unstored discs. The results are means+SD of replicate discs (n=3) for each storage
period, each disc being eluted individually. Following elution the eluates were snap
frozen in liquid nitrogen and stored at -20®C until completion of the experiment. All
the eluates were then assayed together in a single assay run by both bio- and
immunoassay. The amount of hGH released has been calculated as a percentage of
the hGH initially incorporated into each individual disc i.e. as weight corrected
recoveries. The means ±SD of these recoveries are also shown. B:I ratios are
defined in the legend to Table 6.1.
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6.3.6.

The release of hGH from unstored discs of PCL over extended time

periods.
The extended elution profile showed that bioactive hGH continued to be
released from hormone-loaded PCL discs for 21 days (Figure 6.1.). Over this time
period 31.8% of the total bioactive hormone incorporated was released. The initial
rapid release phase, which occurred over the first 24hrs of the elution accounted for
—82% of total hormone released. This was followed by a sustained, slower phase until
asymptotic values were approached. The B:I ratios of the released hormone was
0.83+0.14. when calculated as the means+SD from the hGH determinations made
on each of 42 eluates removed over the entire 21 day period.

There was no

systematic decline in the B:I ratio and the variation observed was no greater than
would have been expected from the analytical errors.
Diffusion coefficients were calculated for the early stages of hormone release
when the fractional release (m/mo,) plotted against iVi is linear, using the equations
which were employed for calculating the diffusion coefficients for water uptake as
described in section 5.2.3. and reported by Pitt et at. (1979b). The values obtained
for this parameter were 0.818 and l.KX) x lO^cm^.sec^ for the hGH released, as
determined by bio- and immunoassay respectively.
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Figure 6.1. The release of hGH from PCL followed for prolonged elution
times. hGH-loaded discs were prepared as described in section 6.2.2., incorporating
0.5U hGH into 10ml of PCL (7%) dissolved in chloroform. Replicate discs of PCL
(n=3) were then individually eluted into assay medium (5ml) at 37®C, and the eluates
sampled as described in section 6.2.4. at regular intervals for up to 21 days. These
eluates were then stored at -20°C until measured in the Nb2 cell bioassay (□) and by
immunoassay (O). The results are expressed as cumulative hGH released as a
function of increasing elution time. Each eluate was analysed at two or more dilutions
in the bioassay to ensure that no artifacts were influencing the results.
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6.3.7. The ultrastructure of the PCL membranes produced by solvent-casting
particulate-leaching.
The addition of sodium chloride to PCL resulted in the formation of porous
membranes (Figure 6.2). The porosity was clearly a function of salt loading and
some of the pores produced by this particulate-leaching technique were greater than
100/im diameter. The control membranes were non-porous, and presented a smoother
surface on which spherulites were observed. A small amount of unidentified debris
was also observed on these control membranes.

6.3.8. The effect of the eluates from unloaded porous PCL membranes upon
the response of Nb2 cells to hGH.
The membranes formed by solvent-casting particulate-leaching used sodium
chloride to introduce porosity.

The salt was removed by multiple washes of the

membranes in deionised water over 48hrs.

However, monitoring the process by

weight suggested that not all of the sodium chloride was removed. For example, for
the PCL membrane which initially incorporated Ig of salt, the weight of the
membrane only decreased by 0.907g after leaching; this suggested that —10% of the
sodium chloride added to the PCL was retained within the membrane. The amount
of residual sodium chloride increased with salt loading dose. Since the subsequent
elution of these discs may release sodium chloride, these 24hr eluates were tested for
their potential toxicity upon the Nb2 cells. The results showed that the responses
obtained from activated Nb2 cells incubated with eluate from each salt dose did not
differ from the control values (Table 6.3.).
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a) Og NaCl

b) Ig NaCl

c) 2g NaCl

d) 4g NaCl

Figure 6.2. The ultrastructure of PCL membranes produced by the solventcasting particulate-leaching technique. Sodium chloride (1, 2 or 4g) was added
to 10ml aliquots of PCL (7%) dissolved in chloroform. Membranes of PCL were
then prepared as described in section 6.2.3.. Representative discs from each loading
dose of sodium chloride were then splutter coated with gold and viewed under a
scanning electron microscope. Scale, lcm=250/xm; Magnification, x40.
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NaCl
(g)

% o f Control

0

96+6

1

95±3

2

103 ±9

4

96 + 3

Control

100+7

Table 6.3. The effect of the eluates from unloaded PCL membranes, prepared
by a solvent-casting particulate-leaching technique, upon the response of Nb2
cells to hGH. Sodium chloride (1 ,2 and 4g) was added to 10ml aliquots of PCL
(7%) dissolved in chloroform. Membranes of PCL were then prepared as described
in section 6.2.3.. The eluates (50/zl) from PCL discs that had been eluted individually
into 5ml of assay medium for 24hrs were added to the wells of a microtitre plate
containing Nb2 cells (8xl0^cells/ml) and hGH (1.25mU/l) in a volume of 50/xl.
These were then incubated (48hrs) and the colorimetric end-point of the bioassay was
determined by the addition of MTS/PMS, as described in section 6.2.5.. Triplicate
microcultures were used, and the results are shown as means±SD. The results are
the responses obtained in the presence of the eluate expressed as a percentage of the
response obtained in the controls when the eluates were replaced with bioassay
medium. The latter is taken to be 100%. The responses were initially obtained as
equivalent concentrations of hGH as measured from a standard hormone dose-response
curve.
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6.3.9.

The release of hGH from porous PCL membranes after the surface

application of hGH.
A lOfil droplet of a solution of hGH (lU/ml) was applied to the surfaces of
a series of discs of PCL which had been prepared with selected loading doses of
NaCl, as described in section 6.2.3. After drying the hormone was eluted and it was
found that neither the quantity of hormone released, nor its B:I ratio, varied with the
increased porosity of the membranes (Table 6.4.). Almost all of the hormone applied
to all of the discs was released following elution for 24hrs.

6.3.10.

The release of hGH from porous PCL membranes which had been

hormone loaded by immersion in a solution containing hGH.
A series of discs of PCL which had been manufactured with increasing
concentrations of NaCl were immersed in a hGH solution (lU/ml) for 24hrs at 4°C.
After a 24hr elution of the hormone-loaded membranes it was observed that hormone
release was a function of the porosity of these membranes (Table 6.5.). For example
the discs which had originally been prepared with 4g of salt showed a 35-fold increase
in hormone release when compared with the non-porous control membranes. The B:I
ratios of the hormone released did not differ significantly from that of the control
membranes.

The amount of hGH eluted from the non-porous controls was low,

particularly when compared against the 100% recoveries observed after the surface
loading.

However, the methods of hOH-loading were very different.

With the

surface application method, the hGH was left as a residue after the droplet had dried.
In contrast, it was obvious when the membranes were immersed, that the aqueous
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NaCl

GH release (mU/1)

(g)

BIO*

IMMUNO*

Ratio*

0

2025 ±160

2342 ±98

0.85±0.09

1

1979+18

2265 ±115

0.88±0.05

2

1772 ±207

2106 ±164

0.84 ±0.05

4

1795 ±139

2256 ±147

0.80 ±0.02

* In one way analysis of variance no significant difference was found between groups
Table 6.4. The release of hGH from PCL membranes formed by solvent-casting
particulate-leaching after the surface application of hGH solutions. Sodium
chloride (1, 2 or 4g) was added to 10ml aliquots of PCL (7%) dissolved in
chloroform. The PCL membranes were then prepared as described in section 6.2.3..
hGH solution (10/^1; lU/ml) was added to the surface of each disc and incubated at
4°C for 24hrs to allow absorption of the hormone. The discs were then eluted
individually into 5ml of assay medium for 24hrs. The eluates were stored at -20^C
until measured in the Nb2 cell bioassay and by immunoassay. The results are
means±SD of 3 discs of each loading dose of NaCl. The B:1 ratios are defined in
the legend to Table 6.1.
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NaCl Loading

GH release (mU/1)

B:I

(g)

BIO

IMMUNO

Ratio*

0

2 8± 4

33±4

0.78± 0.09

1

360+162

480±211

0.74± 0.02

2

727 ±157

948 ±119

0.83 ±0.07

4

991 ±148

1179 ±192

0.82 ±0.04

• In one way analysis of variance no significant difference was found between groups.
Table 6.5. The release of hGH from PCL membranes formed by solvent-casting
particulate-leaching after immersion in hGH solutions. Sodium chloride (1, 2 or
4g) was added to 10ml aliquots of PCL (7%) dissolved in chloroform. The PCL
membranes were then prepared as described in section 6.2.3.. The discs were
immersed in a hGH solution (lU/ml) at 4®C for 24hrs. The discs were then blotted
and eluted individually in 5ml of assay medium for 24hrs. The eluates were stored
at -2QPC until measured in the Nb2 cell bioassay and by immunoassay. The results
are the means+SD of 3 discs of each loading dose of NaCl. The B:I ratios are
defined in the legend to Table 6.1.
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phase was in contact with a non-wettable surface. It is possible that the increased
hGH delivered by the porous PCL membranes after immersion was due not only to
the increased porosity obtained by higher salt loading, but also to micro-osmotic
effects caused by the residual sodium chloride (section 6.3.8.).

6.4. DISCUSSION.
Biodegradable polymeric devices have been used as delivery systems for a
range of growth factors such as interleukin-2 (Hora et aL, 1990), bone-morphogenetic
protein (BMP) (Kenley et aL, 1994; Agrawal et aL, 1995), bone-derived growth
factor (Meikle et aL, 1993) and transforming growth factor 6 (TGF-6) (Gombotz et
aL, 1993, 1994). In this chapter 1 have characterised the release of hGH from poly(e-

caprolactone).

When the hormone was incorporated into PCL it was exposed to

relatively benign conditions in contrast to the systems described in Chapters 3-5; it
was not, for example, exposed to the free radical polymerization reaction used for the
methacrylate polymers which damaged the hormone.
The polymer discs were manufactured by a solvent-casting technique whereby
the pellets of PCL were dissolved in chloroform. Considerable care was taken to
remove any residual chloroform from the final membrane preparation, since this
would have proved toxic to the Nb2 cells employed in the bioassay. The success of
the procedure was demonstrated by the finding that eluates from unloaded control
discs of PCL exhibited no cytotoxic effects. This contrasted with the methacrylate
polymers (Chapters 3-5) which were highly cytotoxic, presumably due to the presence
of residual monomer.

Moreover, exposing a freeze-dried preparation of hGH to
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chloroform did not harm the relatively fragile hGH protein structure since, after
extraction into this solvent, full recovery of the bioactivity was obtained.
However after incorporation of the hormone into the PCL discs there was a
significant reduction in the recovery of the bioactivity if the discs were stored under
dry conditions at 37®C for 7 days (p<0.05); this effect was also seen if storage was
at room temperature but not at 4°C (data not shown). There was a parallel decline in
the immunoactivity but the magnitude of this was not as great as the decrease in
bioactivity. This disproportionate decrease in the bioactivity is similar to that reported
in Chapter 3 after storage of hGH in PMMA. These findings imply that hormoneloaded PCL preparations should either be prepared immediately prior to use or stored
at low temperatures.
The percentage recoveries of hGH released from PCL were high e.g. >20%
after loading with O.SmU hGH. These values increased with the loading dose. This
was in contrast to hGH release from PMMA (Chapter 3) in which the percentage
recoveries were much lower (~ 1%) and remained constant when the hormone-loading
was increased.
The 21 day elution studies demonstrated that there was an early phase in which
there was a rapid release of the hormone, after which the cumulative hormone
concentration in the eluates approached an asymptote. Presumably, during the first
phase predominantly surface bound hormone, which accounts for approximately 40%
of the hormone, is released and this is subsequently followed by a diffusion controlled
process. This release-profile is similar to that reported by others who investigated
delivery of TGF-B, BMP and BSA respectively (Gombotz et at., 1993; Agrawal et
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aL, 1995; Huatan et at., 1995). Longer term release of molecules incorporated into

PCL is possible since Pitt et al. (1979a) described a PCL-based delivery device for
contraceptive steroids which functioned for 3-12 months.

I presume that in the

current study, if the elution period had been extended beyond 21 days, additional
hormone would have been released as the PCL discs degraded. However any long
term elution studies would have been complicated by potential hormone instability.
The PCL degradation itself would be due to hydrolysis, after which the major
breakdown product is e-hydroxycaproic acid. Since Wozney (1989) has reported that
an acidic environment is detrimental to the stability of proteins such as growth factors
it is possible that those conditions would have exacerbated any decline in the structural
integrity of hGH. Although the current release studies extended over only a relatively
short period (21 days), —32% of the total hormone incorporated was released. Over
these 21 days there would have been little PCL degradation since, for the first 6
months, the only degradation process which occurs is random chain scission, as
described in section 1.4.3.

However, the porous membranes manufactured by

solvent-casting particulate-leaching would be expected to degrade more rapidly
because of their larger surface areas.
Between 70 and 80% of BSA release from poly(DL-lactide-glycolide)
microspheres Occurred within the first 24hrs of elution (Wang et aL, 1990); this was
comparable with my studies when —80% of hGH release from PCL occurred over the
first 24hrs.

PCL is more permeable than other biodegradable polymers such as

poly(lactic) acid (PLA) and poy(glycolic) acid (PGA) but its rate of degradation due
to hydrolytic change is slower. Therefore blends of these materials may provide
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systems in which the permeability and stability of PCL is retained whilst the
degradation time is shortened (Pitt et a/., 1981b). A large degree of variability in
hormone release from replicate discs was observed in my studies, especially at the
higher hormone loading doses (e.g. at a dose of 2.OU hGH/10ml the CV could be as
large as 26%) (Table 6.1.).

A comparably high variability in the release of an

analogue of luteinizing hormone-releasing hormone from co-polymers of PCL and
PGA was previously noted by Fukuzaki et al. (1991).
PCL has also been used to deliver contraceptive steroids. The release was a
diffusion controlled process which gave diffusion coefficients in the range 3.3-7.3 x
lO'^.cm^.sec^ (Pitt et al., 1979a, 1979b). These values were much lower than those
estimated from my studies (1 x 10 \cm^. sec^). This may be explained both by the
obvious differences in molecules such as steroids and hGH and also the presence of
the excipients in the hormone preparation which would be expected to increase the
estimated diffusion coefficients.
TGF-B has been delivered from co-polymers of PLA and PGA and from
demineralised bone matrix; release could be detected for up to 25 days (Gombotz et
al., 1993, 1994). In their study release was measured by both bio- and immunoassay

and a B:I ratio of —0.85 was reported for the released TGF-6. However the B:I ratio
of the TGF-6 prior to its incorporation was not reported and consequently an
analogous appraisal of the effects of incorporation such as those illustrated in this
Thesis (Chapters 3-6) could not be undertaken. Approximately 30% of the total TGF6 incorporated was released after elution for 48hrs which was similar to the
percentage released from my system over the same time period. They also reported
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that the cumulative TGF-15 released after 21 days approached 37% (Gombotz et at.,
1993). In addition to the measurement of bio- and immunoactive TGF-6 they also
investigated the release of iodinated TGF-6, in an attempt to reflect general protein
release and thus determine whether radically altered TGF-6 was released which was
both bio- and immuno-inactive. The release profile determined by this method was
comparable to that observed with the bio- and immunoassays. However, these authors
did not consider that the iodination procedure itself may have substantially altered the
TGF-6.
Huatan et at. (1995) reported that high molecular weight PCL, loaded with 6%
BSA, released —30% of the total protein incorporated over 10 days elution and that
the release was governed by a diffusion-related process. The release increased when
co-polymers manufactured with low molecular weight PCL or poly(ethylene oxide)
were used. It is, therefore, possible that such co-polymers would also favour hGH
release.
Agrawal et at. (1995) investigated release of BMP from a co-polymer of PLAPGA and reported that 80% of the protein was non-recoverable. The BMP that was
released was reported to be bioactive, however such is the difficulty in the quantitation
of the biological activity of BMP that detailed analysis on the integrity of BMP was
not possible.

Most of the protein was released within the first 48hrs and gave a

release-profile similar to that seen in my studies.
Similarly, Meikle et al. (1993) investigated the release of bone-derived growth
factor from a co-polymer of PLA and PGA. These implants were eluted into both
PBS and Dulbecco’s modification of Eagle’s medium.
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released was investigated in terms of protein release, both release-profiles were
identical. However, when growth factor bioactivity was measured, there was —35%
less activity for those samples eluted into PBS. This would suggest that either the
growth factor in the PBS is inactive or that the introduction of neat PBS into their
bioassay suppressed the response of their cells, as was reported for the Nb2 cells in
Chapter 3.
Mikos et at. (1993) used the solvent-casting particulate-leaching technique to
manufacture three-dimensional biodegradable polymer foams which had well defined
anatomical shapes.

These scaffolds proved useful for growing cells for tissue

engineering (Freed et at., 1993). The incorporation of growth factors such as TGF-6
(Nicol & Tuan, 1994) or hGH into these supports may enhance proliferation and
differentiation of the adherent cells. The scanning electron microscopy of the PCL
membranes manufactured by solvent-casting particulate-leaching demonstrated that
after removal of the sodium chloride a porous infrastructure remained. As might be
expected, the porosity of these membranes increased with the salt loading dose. The
size of the sodium chloride crystals used (100-500/xm) was selected so as to be
appropriate for bone ingrowth which requires pore sizes > 100/im (Hench, 1991;
Friedman et a l , 1993). For discs which had been immersed in hGH, there was a
direct correlation between hormone release from PCL and the initial salt loading dose.
Following leaching and drying of the porous membranes it was found that the
final weight of the PCL membranes had decreased by only 90% of the weight of
sodium chloride initially incorporated.

This suggested that —10% of the sodium

chloride was trapped within the polymer network and was not accessible to the
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aqueous phase used for the leaching.

It had been suggested previously that the

toxicity of porous membranes formed from poly(lactic) acid, when sodium citrate had
been used as the particulate material, was attributable to the incomplete removal of
the sodium citrate (Gogolewski & Pennings, 1983). However, they reported that at
low loadings i.e. <50%, the particulate material could be removed easily. In their
study, when vascular grafts were constructed, the sodium citrate played a dual role.
Firstly it created a porous structure and secondly the residual sodium citrate acted as
an anticoagulant which would be released as the implant dissolves.

Thus, in an

analogous way, it may be beneficial in future to substitute sodium chloride with
sodium fluoride in the system described in this Thesis, since fluoride ions have been
shown to stimulate bone growth (Heling et at., 1981; Laufer et al., 1988; Tencer et
al., 1989; Kassem et al., 1994c). In this context it is highly relevant that Tencer et
al. (1989) used PLA as a delivery system for fluoride ions which enhanced both the

growth rate and the mechanical strength of bone in rabbits.
In summary, in this chapter a biodegradable material poly(e-caprolactone) was
investigated as a delivery system for hGH. Two methods of membrane construction
were used, these being solvent-casting and solvent-casting particulate-leaching; the
latter resulted in the formation of porous membranes which may have great potential
in tissue engineering. Both porosity and hormone release could be manipulated by
increasing the amount of particulate material used to prepare these membranes.
Following incorporation into non-porous PCL, bioactive and immunoactive hGH was
released for over a 21 day period during which time the B:I ratio did not vary
significantly from the value for the hormone prior to incorporation. A far greater
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proportion of hGH (—30%) was released from PCL than from methacrylate-based
polymers (—1%) (Chapters 3-5). However, as was found with the latter, storage of
the hormone-loaded membranes under dry conditions at 37®C or room temperature for
several days resulted in a decrease in the bioactivity released. Increasing the porosity
of the PCL membranes resulted in a systematic increase in the delivery of hGH.
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TETRAZOLIUM ASSAY FOR HUMAN GROWTH HORMONE,
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7.1. INTRODUCTION.
The lactogen responsive rat lymphoma Nb2 cell has been utilised as the basis
of a bioassay to measure the lactogenic activity of prolactin and growth hormone
(Gout et a l , 1980; Tanaka et al., 1980, 1982). The response of Nb2 cells to these
lactogens has been assessed using cell counting (Gout et al., 1980; Tanaka et al.,
1980; Luthman et al., 1991), incorporation of tritiated thymidine (Richards et al.,
1982; Tokuhiro et a i , 1984; Emoto et al., 1987; Hansen et al., 1993) and by
microculture tétrazolium assays, as demonstrated in the MTT-ESTA bioassay system
as discussed in section 1.7.3..
Alternative tétrazolium salts have been recently synthesised which, unlike
MTT, are bioreduced to a soluble formazan, rendering obsolete the troublesome and
error-prone solubilisation step necessary with MTT-formazan (Twentyman &
Luscombe, 1987, Niks & Otto, 1990, Marshall et al., 1995). For example, XTT
(Pauli et a i , 1988; Scudiero et al., 1988) and MTS (Barltrop et a l , 1991; Cory et
a l , 1991) have been designed to contain sulphonic acid groups which confer solubility

on the formazan as described in section 1.8.2. (Figure 1.15). These tétrazolium salts
are only bioreduced in the presence of intermediate electron acceptors (lEAs) (Pauli
et a l , 1988; Scudiero et a l , 1988; Barltrop et a l , 1991; Cory et a l , 1991; Roehm
et a l , 1991; Riss & Moravec, 1992).

This chapter summarises some of the major characteristics of XTT and MTS
when tested for use in the Nb2 cell bioassay.
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7.2. MATERIALS AND METHODS.
7.2.1. Materials.
MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), XTT,
sodium (2,3-bis{2-methoxy-4-nitro-5-sulphophenyl}-2H-tetrazolium-5-carboxanilide
inner salt) and phenazine methosulphate (PMS), were purchased from Sigma Chemical
Co.

Ltd.,

Poole,

U.K..

MTS,

(5-(3-carboxymethoxyphenyl)-2-(4,5-

dimethylthiazolyl)-3-(4-sulfophenyl)tetrazolium, inner salt) was obtained from
Promega, Madison, WI., U.S.A.. RPMI-1640 without phenol red was used for the
assay medium since the formazan produced by both XTT and MTS absorbs at the
same wavelength as phenol red (Scudiero et al., 1988: Barltrop et al., 1991).
However, not all investigators have adopted a phenol red-free medium when using
XTT (Weislow et al., 1989; Roehm et al., 1991; lost et al., 1992).

7.2.2. Bioassays.
The ESTA bioassay was performed as described in Chapter 2. For the doseresponse curves, unless otherwise stated, the cells were incubated with the hormone
for 96hrs, before the addition of MTT.
For the bioassays in which XTT or MTS were substituted for MTT, the
tétrazolium salts were mixed with PMS immediately prior to their addition to the cells
as follows.

The tétrazolium salt solutions were freshly prepared, warmed until

dissolved at 37^C and then filtered (O.lpM) immediately prior to their use. For the
preliminary investigations PMS (0.76mg/ml; 10/xl) was added to XTT (1ml; Img/ml)
(Scudiero et al., 1988). The pH of the XTT solution was 7.4. For MTS, PMS

277

Chapter 7. Novel tétrazolium salts
(0.92mg/ml; 100/xl) was added to MTS (2ml; 2mg/ml), as recommended by Promega
(Promega Technical Bulletin No. 169). The pH of the MTS solution was 6.4. The
XTT/PMS mixture was added to the Nb2 cells as 50;d aliquots and MTS/PMS as
20jLtl aliquots.

The microtitre plates were then incubated in a humidified 5%

CO2 / 9 5 % air incubator for 4hrs. Before reading on the microtitre plate reader (Model
3550, Biorad, Richmond, CA., U.S.A.), the microtitre plates were gently agitated on
a plate shaker (Titertek, Flow Laboratories, Irvine U.K.). The ODs were measured
at a wavelength of 490nm using a reference wavelength of 655nm.
Optimisation profiles were also performed to determine the optimal
concentrations of XTT or MTS, together with PMS, for the hGH bioassay. In brief,
a series of wells containing quiescent Nb2 cells (8x10^ cells/ml; 50fx\) were either
activated with 2mU/l hGH {50fi\) or incubated with assay medium (50^1) as a zerodose control. After incubation (96hrs) aliquots of varying concentrations of XTT
(25/d) or MTS (10/d) were added. Increasing concentrations of PMS (25/d for XTT,
10/d for MTS) were added to produce a matrix of varying tétrazolium salts and PMS
concentrations. The microtitre plates were immediately mixed and the ODs were
measured at a wavelength of 490nm using a reference wavelength of 655nm. The
plates were then incubated in a humidified 5 % CO2 / 9 5 % air incubator for 4hrs and
the ODs determined at 30 minute intervals. The optimal ratio of tétrazolium salt:PMS
concentration was determined as that which gave the maximal difference in response
between the hGH stimulated and unstimulated cells.
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7.2.3. The generation o f imprecision profiles.
Imprecision profiles were generated as described in Chapter 2.

7.3. RESULTS.
7.3.1. The new tétrazolium salts XTT and MTS require the presence of lEAs
to effect formazan production.
Four hours after the addition of XTT alone (1 mg/ml DPBS) to Nb2 cells
activated for 96hrs with increasing doses of hGH there was no hormone-dependent
increase in formazan production (Figure 7.1a). The low level of formazan produced
(13.3+0.4 (OD X 100)) virtually matched the reagent blank (12.8+0.8). However
addition of the XTT/PMS mixture resulted in a marked dose-dependent increase in
formazan production in the parallel hGH dose response curve set up in the same
microtitre plate.

After the recommended 4hrs incubation to allow colour

development, the OD for hGH concentrations greater than 0.625mU/l exceeded the
linearity range of the microtitre plate reader.

The concentrations of XTT and PMS

used in this experiment were those recommended by Scudiero et al. (1988).
Hormone-dependent MTS-formazan production had a similar obligatory
requirement for PMS (Figure 7. lb). The concentration of both MTS and PMS used
were those recommended by Promega (Promega Technical Bulletin No. 169). It was
noted that, unlike with MTT, considerable formazan production was obtained from
unstimulated Nb2 cells with both XTT/PMS and MTS/PMS. Thus with XTT/PMS
and MTS/PMS, bioassay baselines of 39.3 + 1.4 and 25.2+0.6 were obtained
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Figure 7.1. The effect of intermediate electron acceptors on formazan
production from XTT and MTS. Nb2 cells (8xl0^cells/ml) were incubated for
96hrs with the increasing concentrations of hGH shown (added as an additional 50/il).
These were set up as two parallel dose-response curves on one microtitre plate. At
the end of 96hrs, XTT (1 mg/ml; 50;^1) was added to one dose-response curve and
50/xl of XTT/PMS mixture, made up as described in section 7.2.2., was added to the
other. The microtitre plate was then developed as described in section 7.2.2. and the
ODs determined (Figure 7.1a). Note that for concentrations <0.625mU/l hGH the
formazan production exceeds the adsoption limit of the plate reader. To another two
dose-response curves set up on a parallel plate, either MTS (2mg/ml; lOfil) or 20/xl
of MTS/PMS mixture, made up as described in section 7.2.2., was added and the
plate developed in the same manner (Figure 7.1b). The mean±SD of triplicate
microcultures are shown as OD x 100. If not indicated, the error bar was within the
symbol.

280

Chapter 7. Novel tétrazolium salts
respectively; with MTT in the ESTA bioassay, baselines were typically —1.0 (OD x
100).

7.3.2. The optimisation of XTT and MTS concentrations for use in the hGH
bioassay.
Since Scudiero et al. (1988) reported that contrasting cell types metabolised
XTT differently, the optimal concentrations of both XTT and PMS were determined
for the Nb2 cells when used for the hGH bioassay. The peak of formazan production
was obtained with concentrations of XTT and PMS of 493^M and ITjtiM respectively
(Figure 7.2.).

This plot is the magnitude of the difference between formazan

production by unstimulated Nb2 cells and those stimulated with ImU hOH/1. The
response surface revealed a complex inter-relationship between the differential
formazan production and the concentration of XTT and PMS. It was noted how, at
higher concentrations of both XTT and PMS, increased formazan production by the
unstimulated cells resulted in a decline in the magnitude of the effect of hormone
activation of the cells.
From analogous studies (data not shown), the optimal concentrations for the
MTS/PMS mixture were determined as 683/iM MTS and 25^M PMS. The molar
ratios of both mixtures were thus established as being close to 30:1 (tétrazolium
salt:PMS); prior to addition to the wells, 1.48mM XTT combined with 0.05mM PMS
and 4.1mM MTS combined with 0.15mM PMS respectively. Similar optimization
studies were also performed with structural analogues of PMS, namely phenazine
ethosulphate (Ghosh & Quayle, 1979) and 1-methoxyphenazine methosulphate
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XTT/PMS

(X

254

100)

493

XTT(uM)
133

PMS (uM)

F ig u re 7 .2 . T he sim u ltan eo u s o p tim isatio n o f X TT and PM S co n ce n tratio n s fo r
hG H activ ated Nb2 cells. Nb2 cells (8xlCPcells/ml; 50/xl) were added to the wells
of 2 microtitre plates. To one of these (the zero-dose plate) an additional 50p\ of
assay medium was added to each well, whilst to the wells of the other plate 50^1 of
assay medium containing hGH (2mU/l) was added. Both plates were incubated for
96hrs in a 5% CO] humidified incubator. Increasing concentrations o f XTT (25/zl)
(final concentrations/well 254-1240juM) and PMS (25p\) (final concentrations/well 8l33/xM) were added to both microtitre plates. The plates were gently shaken and
incubated at 37^C for 4hrs in a 5% CO] humidified incubator. The optical densities
of the plate were then measured as described in section 7 .2 .2 .. The results were
plotted as the magnitude of the difference in the ODs between the zero-dose plate and
that stimulated by the hGH, for each pair o f XTT/PM S concentrations, generating the
3D-proflle shown.
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(Hisoda & Yogi, 1977), and two other contrasting IEAs, menadione (Scudiero et al.,
1988) and co-enzyme Qo (Stevens & Olsen, 1993). These optimisations also revealed
complex relationships between each tétrazolium salt and the lEA (data not shown).

7.3.3. The effect of XTT/PMS on Nb2 cell bioassays.
The addition of the optimised concentrations of XTT/PMS to Nb2 cells that
had been incubated with increasing doses of hGH for 96hrs revealed a greater
magnitude of formazan production when compared to parallel dose-response curves
which had been obtained using the optimal MTT-ESTA (Figure 7.3.). As in section
7.3.1. it was noted that in the unstimulated Nb2 cells, XTT-formazan production was
greatly increased above the values characteristic of the MTT-ESTA (34.7+2.1 vs
1.8+0.1 (OD X 100) respectively). Over 96hrs a 12-fold increase in cell number was
observed. However, although XTT/PMS has a much larger magnitude of response
than MTT, in terms of fold increase XTT/PMS has only an 8-fold increase in
formazan production when compared to the 27-fold increase seen with MTT. The
fold increase is critically dependent on the signal produced by the unstimulated cells
and thus will be higher for MTT because of its characteristic low baseline. In light
of the large magnitude of the hOH-dependent response seen with XTT/PMS after the
96hrs bioassay, the incubation time was shortened to 24hrs. After this shorter time
the MTT-ESTA produced only a slight hOH-dependent rise in formazan production;
in contrast the magnitude of the rise in XTT-formazan production was comparable to
that obtained with a 96hrs MTT-ESTA (Figures 7.3. vs 7.4.), After 24hrs a 2-fold
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Figure 7.3. A comparison between any changes in cell number and formazan
production from Nb2 cells after a 96hr incubation with hGH. Nb2 cells
(8xl0^cells/ml; 50fi\) were incubated for 96hrs with the increasing concentrations of
hGH shown (added as an additional 50jli1). XTT/PMS (□) (50^1 of the optimal
mixture) or MTT (O) (1.67mg/ml; 30/xl) was added and the microtitre plates were
developed as described in section 7.2.2. and Chapter 2. Cell number ( a ) was
determined using a Coulter counter as described in Chapter 2.
Triplicate
microcultures were used and the means ±SD are plotted. If not indicated the error bar
was within the symbol.
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Figure 7.4. A comparison between any changes in cell number and formazan
production from Nb2 cells after a 24hr incubation with hGH. Nb2 cells
(8xl0^cells/ml; 50/xl) were incubated for 24hrs with the increasing concentrations of
hGH shown (added as an additional 50/xl). XTT/PMS (□) (50/xl of the optimal
mixture) or MTT (O) (1.67mg/ml; 30/xl) was added and the microtitre plates were
developed as described in section 7.2.2. and Chapter 2. Cell number ( a ) was
determined using a Coulter counter as described in Chapter 2.
Triplicate
microcultures were used and the means ±SD are plotted. If not indicated the error bar
was within the symbol.
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increase in cell number occurred which was consistent with the reported doubling time
of the Nb2 cell (Gout et a i , 1980; Richards et al., 1982).

7.3.4. A demonstration that formazan production from the new tétrazolium
salts occurs in the absence of cell proliferation.
After incubating Nb2 cells with increasing doses of hGH for 8hrs no increase
in cell number was observed (Figure 7.5.). The imprecision of cell counting, which
is an end-point conventionally used for Nb2 bioassays is illustrated in these results,
in which the response errors range from 2-16%. The parallel dose-response curves
obtained with XTT/PMS or MTS/PMS revealed that although no increase in cell
number had occurred over this brief incubation period, metabolic activation of the
Nb2 cells in response to increasing hormone levels was clearly evident. In addition,
it was noted that in this direct comparison between the two tétrazolium salts,
XTT/PMS produced a larger magnitude of response than MTS/PMS (XTT, aO D =
26.2 vs MTS,

aO D

= 22.8); this was consistently observed in separate studies.

Moreover it was also noted that the basal formazan production from unstimulated Nb2
cells was much greater for XTT than for MTS.
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Figure 7.5. A comparison between any changes in cell number and formazan
production from Nb2 cells after a 8hr incubation with hGH. Nb2 cells
(8xl0^cells/ml; 50pi) were incubated for 8hrs with the increasing concentrations of
hGH shown (added as an additional 50p\). XTT/PMS (□) (50/xl of the optimal
mixture) or MTS/PMS (O) (20/xl of the optimal mixture) was added and the microtitre
plates were developed as described in section 7.2.2. and Chapter 2. Cell number ( a )
was determined using a Coulter counter as described in Chapter 2. Triplicate
microcultures were used and the means ±SD are plotted. If not indicated the error bar
was within the symbol.
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7.3.5. The optimisation o f the time of Nb2 cell incubation with hGH for the
bioassay which uses MTS/PMS.
Extended experience with the XTT system revealed that the XTT/PMS reagent
mixture was inherently unstable. These results are detailed in Chapter 8 and Goodwin
et al. (1995b). The XTT/PMS system was therefore abandoned in favour of bioassays

based upon MTS/PMS which, as described in Chapter 8, was not subject to the same
problems. This system was further optimised in terms of the exposure time of the
Nb2 cells to the hGH. Sequential hGH dose-response curves with hGH incubation
times increasing from 0-120hrs demonstrated that extending the length of bioassay
incubation increased the magnitude of the MTS-formazan produced by the Nb2 cells
(Figure 7.6). Close inspection of Figure 7.6 reveals that this increase was due to two
features of this set of curves. Firstly, at hGH concentrations lower than 0.078mU/l
a systematic reduction in formazan production occurred with increasing bioassay time;
the reduction was inversely related to the hormone dose. As would be anticipated,
formazan production by unstimulated Nb2 cells also decreased with time as shown
separately in Figure 7.7.. Over the first 24hrs incubation of Nb2 cells in the absence
of hGH led to a reduction in cell number of 75 % ; these cells took on a shrivelled
appearance and cell debris appeared over this time when the cultures were examined
under a light microscope (data not shown). In contrast, for the cells incubated with
hGH concentrations greater than 0.078mU/l, formazan production increased with
increasing times of incubation with hGH.
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Figure 7.6. The effect of increasing the incubation time with hGH on MTSformazan production by Nb2 cells. Nb2 cells (8xl0^cells/ml; 50/^1) were incubated
for the times indicated with the increasing concentrations of hGH shown (added as an
additional 50/xl). The optimal MTS/PMS mixture (20/xl) was then added to each well
and the microtitre plates developed as described in section 7.2.2.. Triplicate
microcultures were used and the means ± SD are plotted. If not indicated the error bar
was within the symbol. Note that at the longer incubation times (48hrs and greater)
the formazan production at the highest doses of hGH (i.e. 2.5mU/l) exceeded the
absorption limit of the plate reader.
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Figure 7.7. The effect of increasing incubation time of Nb2 cells maintained
in the absence of hGH prior to the addition of MTS/PMS. Nb2 cells (8x10^
cells/ml; 50/xl) were incubated for the times indicated in the absence of hGH. The
optimal MTS/PMS mixture (20/xl) was then added to each well and the microplates
developed as described in section 7.2.2.. Triplicate microcultures were used and the
means±SD are plotted. If not indicated the error bar was within the symbol. The
mean of the reagents blanks over the 120hrs were 21.4 + 1.2 (OD x 100). These
results are thus the unstimulated baseline values obtained in the experiment shown in
Figure 7.6..
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The overall effect of increasing bioassay incubation is reflected by the
computing the imprecision profiles for the results from the sequence of hGH doseresponse curves shown in Figure 7.6. (Figure 7.8.).

As demonstrated above,

increasing the bioassay incubation resulted in an overall increase in the magnitude of
response for the bioassay.

This contributed to an improved precision of hGH

measurement as can be seen by the decrease in the %CV at all hGH concentrations
as the incubation time was extended from 24hrs to 96hrs. In practice, the precision
obtained by 48hrs was adequate for most future analytical purposes since the
imprecision then fell below 10% for most of the hGH concentrations investigated.
With extended use (as in the studies reported in Chapter 6) it was found that a 48hr
bioassay was capable of achieving within-assay errors in hormone measurement, i.e.
imprecision, of less than 3% between 0.08 and 2.5mU hGH/1, with an optimal
precision of 1.3% being obtained at 0 .156mU hGH. The between-assay imprecision,
for 10 independent bioassays run over a period of two months was found to be 7.7%,
8.1% and 3.7% at 0.14, 0.27 and 0.54mU/l respectively.

The lower limit of

detection, as derived from mean+2.5 SD of 20 hGH free blanks, was 0.02mU/l.
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Figure 7.8. Imprecision profiles generated from the dose-response curves
shown in Figure 7.6.. These were generated as described in Chapter 2 from the
dose-response curves obtained from the sequential development of Nb2 cells incubated
with increasing concentrations of hGH (Figure 7.6.). For the sake of clarity the data
from the 120hr dose-response curve was omitted.
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7.4. DISCUSSION.
The Nb2 cell has been used as the basis of several lactogen bioassays which
use different end-points.

The more conventional methods are subject to severe

practical difficulties. For example, cell counting is a relatively imprecise technique
and requires prolonged incubation periods with the hormone to allow cell
proliferation, whereas the use of tritiated thymidine uptake involves error-prone
experimental steps which inevitably increase final analytical errors. In contrast, the
MTT-ESTA has proved to be uniquely sensitive and precise and produces a response
far greater than that seen with cell proliferation alone (i.e. signal amplification occurs)
(Ealey et al., 1988, 1995). However, the new tétrazolium salts which have recently
become available are specifically designed to produce soluble formazans.

This

obviates the formazan solubilisation step which is recognised as a major source of
analytical error in MTT-based microculture tétrazolium assays (Marshall et al ., 1995).
Consequently, I have investigated how successfully they might supersede MTT.
Unlike the latter they require the obligatory use of an intermediate electron acceptor
(lEA) such as PMS and in this chapter it was confirmed that cells such as the Nb2 cell
line do not bioreduce XTT or MTS in the absence of an IEA. The requirement for
lEAs has been reported to be particularly stringent for murine cells (Roehm et al . ,
1991) and lymphoid cells (lost et a i , 1992); Nb2 cells are rat lymphoma cells.
The optimisation studies demonstrated that a complex relationship existed
between the tétrazolium salt and its IEA. The optimal concentrations of XTT/PMS
determined were similar to those described by Scudiero et al. (1988), however in my
optimization studies a slightly increased PMS concentration was used (17/xM vs
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8.5/iM).

The optimal concentrations for MTS and PMS were identical to those

recommended by Promega (Promega Technical Bulletin No. 169).
The direct comparison between XTT/PMS and MTT revealed that the former
caused a greater rise in formazan production in the hGH-activated Nb2 cells; this
feature has been reported previously using contrasting cell systems and non-activated
cells for cytotoxicity studies (Scudiero et al., 1988; Nargi & Yang, 1993). The
enhanced XTT-formazan production which was first observed after a 96hr bioassay,
suggested that the incubation time might be reduced and still give a hGH bioassay
with adequate performance characteristics. Incubation with the hormone for 24hrs,
which the present and previous studies (Ealey et al. , 1995) had shown resulted in only
a small increase in MTT-formazan, yielded a rise in XTT-formazan which was
comparable to that observed after 96hrs in the MTT-ESTA. The cell doubling time
for activated Nb2 cells is estimated to be 18-22hrs after stimulation (Gout et al . ,
1980; Richards et al., 1982; Shiu et al., 1983; Gertler et al., 1985). Prior to the
addition of the hGH the cells were quiescent, and a lag phase of ~ lOhrs would be
expected before the cells enter S-phase of the cell cycle (Richards et al., 1982; Gertler
et al., 1985; Emoto et al., 1987). However, further reduction of the incubation time

of the Nb2 cells with hGH to as little as 8hrs showed that, with the XTT/PMS and
MTS/PMS systems, a significant dose-dependent increase in formazan production
occurred even when there was no increase in cell number.
With intermediate electron acceptors other than PMS, an even larger rise in
MTS-formazan has been obtained with significant increases occurring after incubation
periods as short as 4hrs (data not shown). This brief time is of particular relevance
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since Nb2 cells need exposure to a lactogen for at least 4hrs in order to effect
proliferation at a later time period (Fleming et al., 1985; Murphy et al., 1988). The
observation that increases in formazan production occur after only a few hours, if
XTT or MTS are used in place of MTT, suggests that the former tétrazolium salts
interact with, and gain electrons from, different metabolic pathways than MTT.
Stimulation of Nb2 cells by lactogens has previously been shown to cause rapid
responses in, for example, the amyloride sensitive plasma membrane bound Na'^/H'^
exchange system (Too et al . , 1987), cell cycle enzymes e.g. ornithine decarboxylase
(Richards et al., 1982; Elsholtz et al., 1986) and thymidine synthase (Wang &
Mahaja, 1993), protein phosphorylation (Rayhel et al., 1988) and expression of
growth related genes (Fleming et al., 1985; Yu-Lee, 1990; Wang & Mahaja, 1993;
Hosokawa et al ., 1994). It is therefore presumed that the bioreduction of these newer
tétrazolium salts reflect such early increases in the metabolic activity of the activated
cell, which precede mitosis.
As is detailed in Chapter 8, I found that with extended use the XTT/PMS
system was unstable; this problem was manifested by serious drift in the bioassay
when multiple microtitre plates were used. Consequently, the use of this tétrazolium
salt was abandoned in favour of MTS.
Using the MTS/PMS system, more extensive studies were made to determine
the minimum length of exposure time of the Nb2 cells to hGH which could be used
and still provide a bioassay with adequate precision.

Obviously the shorter the

incubation time the smaller the magnitude of response but with the exceptionally high
rates of MTS-formazan production it was reasonable to speculate that incubation times
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shorter than the 96hrs required for MTT would produce bioassays with within-assay
imprecision of less than 10% over a concentration range of O.l-l.OmU/l.

The

avoidance of any formazan solubilisation steps produces better between-well
replication and ultimately enhances the inherent precision of the MTS/PMS system.
One important advantage of shortened bioassays is the reduced need for working
under aseptic conditions; this is not an insignificant problem when assaying non-sterile
specimens.
The series of dose-response curves obtained with MTS/PMS for hGHincubation times from 0-120hrs (Figure 7.6.), demonstrated that adequately precise
bioassays were obtained with exposure times as short as 48hrs. Moreover, reasonable
precision was achievable after only 24hrs (Figure 7.8.).
The dose-response curves shown in Figure 7.6. also reveal another, more
fundamental, feature of the Nb2 cell bioassay.

Formazan production actually

decreased with increasing incubation times for the unstimulated cells (Figure 7.7.) and
also for those activated with only low doses of hGFl (<0.078mU hGH/1) (Figure
7.6.). One hypothesis might be that in the extreme condition of incubation of the
cells in the absence of hGH (when they are suspended in a bioassay medium
containing 10% HS but no FCS) MTS-formazan production decreased with the
increasing incubation times because of cell deterioration. It is not inconceivable that
apoptosis occurs under these conditions and that hGH acts, as do many growth
factors, to promote cell survival and maintain them in a fully viable state
(Gerschenson & Rotello, 1992; Berridge et al., 1993, 1995). Work is currently in
progress to investigate this aspect of the bioassay further and if the theory is
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substantiated it will provide a new insight into hGH actions on its target cells and also
the cellular processes underpinning the Nb2 bioassay. Thus it might eventually be
concluded that the formazan production is due to two actions of hGH, namely
prevention of apoptosis together with activation of intracellular metabolic pathways.
This work further questions the commonly made assumption that increased
formazan production is a direct and simple measure of increased cell proliferation
(Marshall et a l , 1995). This assumption was recently made using the MTS/PMS
system when working with hGH activated Ba/F3 cells (Wang & Wood, 1995; Wang
et a l , 1995) and this would consequently question their conclusions made regarding

the effects of mutations in the cytoplasmic domains of the receptors for hGH.
In summary, I have demonstrated that the new tétrazolium salts, XTT and
MTS, may be substituted for MTT in microculture tétrazolium assays for hGH based
upon Nb2 cells. The advantages gained from this resulted from both the avoidance
of the formazan solubilisation step necessary for the MTT-based assays, but also the
different kinetics of formazan production obtained with these new systems; the latter
feature has not been commented upon in the literature and indeed the impression is
often given that MTS and MTT may be used interchangeably (Gieni et a l , 1995).
It is reported that the faster kinetics of MTS/PMS-based assays allow one to run much
shorter bioassays, whilst still retaining the favourable performance characteristics of
MTT-ESTAs.

The strikingly different kinetics of formazan production with the

XTT/PMS and MTS/PMS systems suggest that these tétrazolium salts are being
bioreduced by the acceptance of electrons from metabolic pathways which differ from
those responsible for MTT-bioreduction; the pathway responsible for the former is
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identified in Chapter 10. Finally, more extensive experience with the XTT/PMS and
MTS/PMS systems are reported in Chapter 8 which demonstrate that MTS/PMS is
preferable because of inherent instability of the XTT/PMS reagent mixture.
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AN INVESTIGATION INTO THE INSTABILITY OF XTT IN A
MICROCULTURE TETRAZOLIUM ASSAY

299

Chapter 8. Instability ofX T T
8.1. INTRODUCTION.
The investigations in Chapter 7 into the application of two novel tétrazolium
salts, XTT and MTS, to the Nb2 cell bioassay resulted in improved assay
performance. A greater magnitude of response was obtained which led to a reduction
in the incubation period required to attain adequate bioassay precision. However
extended use of the tétrazolium salt, XTT, revealed problems with assay stability.
This was evident in two ways. Firstly, drift occasionally occurred across a microtitre
plate following the addition of XTT/PMS and secondly, a dose-dependent increase in
formazan production was absent. Both of these features were particularly noticeable
when several microtitre plates were processed at one time, when it took longer to add
the XTT/PMS mixture. This led to the eventual abandonment of XTT bioassays.
This chapter summarises my investigations into the instability of the XTTbased bioassay and identifies the cause of this phenomenon.

8.2.

MATERIALS AND METHODS.

8.2.1. Materials.
XTT and PMS, were purchased from Sigma Chemical Co. Ltd., Poole, U.K..
MTS was kindly provided by Promega, Madison, WI., U.S.A..

8.2.2. Bioassays.
The bioassays using the tétrazolium salts XTT and MTS were performed as
described in Chapter 7.
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8.2.3. The determination o f the ultraviolet absorption spectra o f XTT, PMS
and the unstable reagent mixture.
The ultraviolet absorption spectra were determined over the wavelengths 200400nm using a UV/Vis spectrophotometer (Model 2600, Gilford Systems, Oberlin,
OH., U.S.A.).

Matched quartz microcuvettes were used and all readings were

obtained against water blanks.

8.2.4. The generation of imprecision profiles.
Imprecision profiles were generated as described in Chapter 2.

8.3. RESULTS.
8.3.1.

MTS formazan from hGH activated Nb2 cells develops in a dose

dependent manner.
Increased MTS-formazan production was observed after the Nb2 lymphocytes
had been exposed to increasing doses of hGH for 96hrs (Figure 8.1.). The highest
dose of the hormone tested (0.625mU/l) gave a larger magnitude of response than was
routinely obtained with MTT: 132 (OD x 100) above the baseline obtained with
unstimulated cells, compared with 20-40 (OD x 100) typically observed with MTT.
Although the MTS baseline was raised (33+0.5 (OD x 100)) compared with the
exceptionally low values obtained with MTT which typically lie below 1.0(OD x 100)
(Ealey et al., 1988; Dattani et al., 1993, 1994; Haley et al., 1995a), bioassay
sensitivity was retained, and a concentration of hGH as low as 0.019mU/L induced
a response which was significantly above the baseline control (p < 0.005). In addition
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Figure 8.1. Increasing MTS-formazan production by Nb2 cells activated with
increasing concentrations of hGH. Nb2 cells (8xl0^cells/ml; 50fi\) were incubated
for 96hrs with increasing final concentrations of hGH shown (added as an additional
50/Ltl). The MTS/PMS reagent mixture was then added either immediately after
mixing (O) or after a delay of 5min (□). The OD for unstimulated cells is shown by
the horizontal line: delayed addition of the MTS/PMS mixture did not significantly
change this value. The colorimetric reagents were added for 3hrs. The results are
the means+SD obtained from triplicate microcultures. If not indicated the error bar
was within the symbol. These response errors ranged from 0.2%-2.0%.
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when the MTS/PMS reagent mixture was added to activated Nb2 cells 5min after its
mixing, the dose-response curve obtained was virtually superimposable upon that
observed when using the fresh reagent mixture (Figure 8.L).

8.3.2. The XTT reagent mixture is unstable following its delayed addition.
In a parallel bioassay, in which a freshly prepared XTT/PMS reagent mixture
was substituted for MTS/PMS, a similar magnitude of response was obtained for Nb2
cells which had been activated with the highest dose of hGH (0.625mU/l) (Figure
8.2.). However, there was a marked reduction in formazan production in the XTTbioassay if the XTT/PMS reagent mixture was added to the cells 5mins after its initial
mixing (Figure 8.2.). Thus the XTT/PMS, but not the MTS/PMS reagent mixture
(Figure 8.1.), appeared to be unstable.
It was noted that the response errors i.e. the CV of the measurements of the
response, were larger in this bioassay.

They ranged from 1.7-7% in this assay,

whereas those observed with the MTS/PMS assay, over the same range of hormone
concentrations, were 0.2-2%. As a consequence, the good within-assay precision
observed with MTS was not attainable in the XTT-bioassay. This is demonstrated in
Figure 8.3, which compares the imprecision profiles generated from the MTS and
XTT bioassays shown in Figures 8.1. and 8.2., when the tétrazolium salt and PMS
mixture was used immediately after mixing. With MTS, bioassay imprecision was
less than 10% over the entire concentration range of the doses of hGH tested, and
values as small as 1% were achieved between 0.156-0.625mU hGH/1. In contrast,
with XTT, bioassay precision was consistently poorer and the imprecision was
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Figure 8.2. Increasing XTT-formazan production by Nb2 cells activated with
increasing concentrations of hGH. Nb2 cells (8xl0^celis/ml; 50/xl) were incubated
for 96hrs with the increasing final concentrations of hGH shown (added as an
additional 50^1). The XTT/PMS reagent mixture was then added either immediately
after mixing (O) or after a delay of 5mins (□). The OD for unstimulated cells is
shown by the horizontal lines:------when fresh XTT/PMS was used a n d
when
XTT/PMS was used after a delay of 5mins. This bioassay was carried out in parallel
with that shown in Figure 8.1, but used a separate microtitre plate. The colorimetric
reagents were added for 3hrs. The results are the means ±SD obtained from triplicate
microcultures. If not indicated the error bar was within the symbol.

304

Chapter 8. Instability o f XTT

20

15

10

5

0
0

0.2

0.4

0.6

0.8

GH mU/1

Figure 8.3. Imprecision profiles generated from the dose-response curves
shown in Figures 8.1 and 8.2. These were generated as described in Chapter 2,
from the two dose response curves obtained using the MTS/PMS (O) or XTT/PMS
(□) reagents immediately after mixing.
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between 5-16% over the same range of hormone concentrations (Figure 8.3). The
poor precision of XTT-bioassays was observed persistently in numerous assays run
over a 9 month period.

8.3.3. The instability of the XTT/PMS reagent mixture is time-dependent.
A time course study, with the MTS/PMS or XTT/PMS reagent mixtures being
added to activated Nb2 cells at specified times after the initial mixing of the reagents,
confirmed the instability of the XTT/PMS mixture. It can be seen (Figure 8.4.) that
this mixture was stable for only one minute, with the result that when added to the
cells after a longer period, XTT-formazan production rapidly declined. In contrast,
MTS-formazan production was maintained, even when the reagent mixture was kept
for 50mins before addition to the cells. The decrease in XTT-formazan production
was accompanied by the appearance of fine yellow crystals in the XTT/PMS mixture
which was contained in a white plastic reservoir. No such crystals were deposited in
the case of the MTS/PMS mixture.

8.3.4. The decline in XTT-formazan production is due to time-dependent
depletion of PMS.
The decline in XTT-formazan production was found to be due to depletion of
PMS from the XTT/PMS reagent mixture. This was demonstrated by the effect of
the delayed addition of extra PMS to Nb2 cells which had been activated with hGH
(Figure 8.5.). XTT/PMS was initially added to the cells 3mins after the mixing of
the XTT with the PMS. This resulted in a flat dose-response curve with only a basal
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Figure 8.4. The effect of delaying the addition o f XTT/PMS and MTS/PMS
mixtures for specific periods of time on formazan production by Nb2 cells
activated by hGH. Nb2 cells (8xl0^cells/ml; 50fi\) were stimulated with hGH
(2mU/l) for 24hrs. The zero-time point indicates the formazan production observed
when the XTT/PMS and MTS/PMS reagent mixtures were added to the cells
immediately after mixing. Other points were determined by delaying the addition of
the colorimetric reagent until the times shown. In every case, all wells were then
incubated for 3hrs, before the OD were determined for MTS/PMS (O) and XTT/PMS
(□). The results are the mean+SD obtained from triplicate microcultures. If not
indicated the error bar was within the symbol.
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Figure 8.5. The effect of re-addition of XTT or PMS to the wells of a bioassay
for hGH which used an XTT/PMS reagent mixture 3mins after mixing. Nb2
cells (8xl(ycells/ml; 50/zl) were incubated for 24hrs with the increasing final
concentrations of hGH shown (added as an additional 50^1). (□) shows the OD for
the unstable XTT/PMS mixture alone, (O) is after the addition of extra XTT (20/aI,
2mg/ml) and ( a ) after extra PMS (10//1, 7.65mg/ml). The initial XTT/PMS mixture
was added to the cells for Ihr and the additional XTT and PMS were added for an
extra Ihr. Unlike the bioassays in Figures 8.1. and 8.2., for this bioassay the cells
were exposed to hGH for only 24hrs prior to the addition of the XTT/PMS. The
results are the means obtained from duplicate microcultures.
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level of formazan production.

Addition of extra PMS and continued incubation

restored XTT-formazan production and a dose-response relationship (Figure 8.5.).
In contrast, adding additional XTT and further incubation only slightly increased
formazan production and did not reveal a hGH dose-response relationship.
It should be noted from this experiment (Figure 8.5.) that the residual
formazan production was significant when the PMS-depleted reagent mixture was
used. However it was unrelated to the different doses of hormone added to activate
the cells. This suggests that it is possible to distinguish between two separate response
components in the bioassay. One accounts for the relatively high background of the
assay and is probably due to formazan produced by reducing substances such as
glutathione in the assay medium (Sri Venugopal & Adiga, 1980; Van Noorden, 1984;
Van Noorden et at., 1985; Marshall et at., 1995). This was confirmed by the finding
that control wells containing no cells gave optical densities which were identical to
those obtained with cells, when either the PMS-depleted reagent mix was used, or
additional XTT was added. The other response component, which is dependent upon
the presence of adequate PMS, reflects the metabolic activation of the cells by the
hormone. In this situation, the appropriate reagent blank controls i.e. wells set up
without cells but with extra PMS, gave a low response (19 (OD x 100)).

8.3.5. The instability of XTT/PMS is pH sensitive.
The rapid decline in XTT-formazan production, observed with the late
additions of the XTT/PMS mixture, could be delayed slightly by lowering the pH of
the reagent mixture (Figure 8.6.).
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Figure 8.6. The influence of pH on the stability of the XTT/PMS reagent
mixture. Nb2 cells (8xl0^cells/ml; 50p\) were stimulated with hGH (2mU/l) for
24hrs. The zero time point indicates the formazan production observed when the
reagent mixture was added to the cells immediately after mixing. Other time points
were determined by delaying the addition of the colorimetric reagent until the times
shown. This experiment was simultaneously conducted with XTT/PMS reagent mixes
which were either at pH 7.4, (0), or 6.4 (□). The results are shown as the means±SD
of the CDs obtained from triplicate microcultures. If not indicated the error bar was
within the symbol.
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8.3.6.

The ultraviolet absorption spectra of XTT, PMS and the unstable

XTT/PMS mixture.
In order to investigate further the time-dependent depletion of PMS from the
XTT/PMS mixture, the ultraviolet spectra of the individual components of the reagent
mixture, the depleted XTT/PMS mixture and the re-dissolved crystals were compared
(Figure 8.7.).
The absorption spectrum of XTT had two peaks at 230nm and 280nm (Figure
8.7a.). This was consistent with a previous report from Pauli et al. (1988). The
absorption spectrum of PMS also had two peaks but these were at 260nm and 390nm
(Figure 8.7b.). It is notable that phenazine gives two peaks at 250nm and 365nm
(Swann & Felton, 1957), and that Ghosh & Quay le (1979) and van Noorden & Tas
(1982) previously reported that PMS exhibited a maximal absorption at 388nm. As
expected the XTT/PMS mixture (Figure 8.7c.) is a composite of the individual spectra
of XTT and PMS (Figures 8.7a. and 8.7b.), immediately after mixing. However,
when determined 5mins after mixing (Figure 8.7d.) the UV spectra of the mixture
was similar to that of XTT alone (Figure 8.7a.).

This confirmed that PMS was

depleted from the reagent mixture over this time period.

The spectrum of the

redissolved yellow crystals gave the characteristic peaks of PMS at 260nm and a
smaller peak at 390nm; in addition a peak was detectable at 280nm which probably
signified that XTT was also present (Figure 8.7e.).
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d)

Absorption spectra XTT/PMS mixture 5 minutes after mixing
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Figure 8.7. The ultraviolet absorption spectra of XTT, PMS and the unstable
reagent mixture. The absorption spectra, at appropriate dilutions, of XTT (a), PMS
(b), XTT/PMS mixtures freshly made (c) and left standing for 5mins at room
temperature (d) and from the yellow crystals formed in the reagent boat which were
suspended in PBS (2ml) and gently heated to dissolve (e) were determined in the
ultraviolet region between 2(X) and 400nm.
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8.4. DISCUSSION.
The results reported in this chapter have demonstrated that the relatively new
tétrazolium salt, XTT, forms an unstable reagent mixture with the intermediate
electron acceptor, PMS. This instability resulted in a time-dependent depletion of
PMS from the reagent mixture which led to a subsequent decrease in formazan
production by hormone-activated Nb2 rat lymphoma cells. This was accompanied by
the formation of fine yellow crystals in the reagent mixture only seconds after its
preparation.

When working with XTT, Scudiero et al. (1988) also reported the

appearance of unidentified crystals which occurred only in the presence of PMS and
could lower formazan production by activated cells. However, they only observed
these crystals in the wells of their microculture tétrazolium assay, i.e. after the
addition of the XTT/PMS mixture to the cells.

They suggested that this might

compromise assay precision and attributed the crystal formation to a reaction between
the positively charged quaternary nitrogen on PMS and the sulphydryl group of
glutathione which was present in the cell system. I have shown that nucléation and
crystal deposition can occur in the XTT/PMS reagent mixture before its addition to
the cells. The crystals appear in the reagent mixture which is made up in a buffer
solution comprised of simple inorganic salts. They were particularly obvious because
the mixture was contained in a white reagent reservoir.
This reagent instability is liable to lead to problems with all microculture
tétrazolium assays which attempt to use XTT/PMS mixtures. It was manifested in the
assay by both increased response errors and serious assay drift. In contrast, when
MTS was substituted for XTT, these problems were not encountered and a marked
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improvement in the precision of the microculture tétrazolium assay was noted. For
the MTS/PMS assay, the favourable features of the stability of the reagent mixture,
the large magnitude of response and the avoidance of the error-prone solubilisation
step, combined to give a bioassay for hGH which was exceptionally precise.
Several features of my findings would be consistent with the suggestion that
when using XTT, the PMS depletion from the microculture tétrazolium assay was due
to the formation of charge-transfer complexes between PMS and this tétrazolium salt.
These complexes could arise from an interaction between the positively charged
quaternary nitrogen on PMS and the SO3 * groups which are on two of the aromatic
rings in the XTT structure (see Figures 1.15 and 1.17 for detailed structures). These
two SO3 groups have been specifically introduced to increase the water-solubility of
the XTT-formazan (Pauli et at., 1988).

The formation of such charge-transfer

complexes would be favoured by the electron donor/acceptor characteristics of PMS
and XTT (Skoog and Leary, 1992), and the reaction would be expected to be pH
sensitive, as was found. In addition, since the molar ratio of XTT:PMS is 30:1 in the
reaction mixture, PMS, rather than XTT, would be the limiting factor. This was
substantiated with the finding that the addition of fresh PMS, but not XTT, could
restore XTT-formazan production by cells which had been activated with hGH (Figure
8.5.). In contrast to XTT, MTS has only one SO3 group on one of its aromatic rings
and this may preclude any analogous interaction between this tétrazolium salt and
PMS. This would then account for the stability of the MTS/PMS reagent mixture and
the consequent favourable characteristics of the MTS-bioassays. These findings were
independently verified by the UV spectroscopy which demonstrated that the stored
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XTT/PMS reagent mixture, which failed to increase formazan in activated ceils, did
not contain the absorption peaks characteristic of PMS.

Analysis of the yellow

crystals deposited during the 5mins storage period confirmed that the proportion of
PMS in the solution obtained from these was increased. Moreover the absorption
features characteristic of the presence of XTT would be compatible with the formation
of a charge-transfer complex.
The problems encountered by Scudiero and co-workers during their extensive
and careful investigations eventually led them to reduce the use of the XTT/PMS
microculture assay for their large scale, anti-cancer drug trials, in favour of an
alternative colorimetric microculture reagent, namely the protein-binding dye
sulforhodamine B (Rubinstein et at., 1990; Skehan et aL, 1990; Monks et at., 1991).
One might argue that this was not an ideal solution since, in principle, one would
expect an enzymatically driven system such as a microculture tétrazolium assay to
generate a larger magnitude of response than a microculture assay which depends
upon a stoichiometrical association between a dye and the protein content of the cell.
Because of the possible amplification of the enzymic system one would expect
microculture tétrazolium assays to have greater magnitudes of response and as a
consequence, enhanced potential for providing precise assays with broader dynamic
ranges. It is likely that MTS rather than XTT would be a more suitable tétrazolium
salt to exploit in this respect.
In conclusion, because of the inherent instability of the XTT/PMS mixture
which leads to poor within-assay precision and serious assay drift, I would suggest
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that MTS, in preference to XTT, should be used for this form of the new generation
of microculture tétrazolium assays.
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ENHANCE MTT BIOREDUCTION IN A MICROCULTURE
TETRAZOLIUM ASSAY.
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9.1. INTRODUCTION.

As discussed previously, microculture tétrazolium assays which use the
tétrazolium salt MTT are being applied widely for investigations of cell activation and
proliferation and also cytotoxicity (Marshall et al., 1995; section 1.8.).

In

histochemistry it has long been recognised that intermediate electron acceptors (lEAs),
usually phenazine methosulphate (PMS), accelerate and enhance the bioreduction of
tétrazolium salts to their respective formazans (Seidler, 1991), but their analogous use
for MTT assays has been largely neglected. In a recent study (Gam et al., 1994) it
was reported that the lEA, menadione (MEN), improved MTT-formazan production
by rat splenocytes and by a murine mastocytoma cell line leading to an increased
ability to detect low numbers of cells. This finding was cell specific since they only
observed slight effects of MEN on murine peritoneal exudate macrophages. In this
chapter, working with the rat lymphoma Nb2 cell line, it is confirmed that MEN
enhances the bioreduction of MTT. In addition, the effects of MEN on formazan
production are strikingly different from those of two other IEAs, namely PMS and co
enzyme Qo (CoQo).

These differences enabled the exploitation of the beneficial

effects of lEAs in different ways, depending upon the particular application of the
MTT assay.

9.2. MATERIALS AND METHODS.
9.2.1. Materials.
MTT,

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide),

phenazine methosulphate (PMS), co-enzyme Qo (2,3-di-methoxy-5-methyl-l,4-
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benzoquinone) (CoQo) and menadione sodium bisulfite (2-methyl-1,4-naphthoquinone)
(MEN) were purchased from Sigma Chemical Co. Ltd., Poole, U.K..

9.2.2. Bioassays.
The ESTA bioassay was performed as described in Chapter 2.

9.2.3. Intermediate electron acceptors.
MEN, CoQo and PMS were dissolved in DPBS and added to the microtitre
plate at selected concentrations as a separate addition, prior to MTT for the
optimization studies. They were added simultaneously with MTT for the other studies
using the predetermined, optimized IEA concentrations.

9.3. RESULTS.
9.3.1. MEN: the optimization of its enhancement of MTT bioreduction.
MEN enhanced MTT bioreduction by the Nb2 cells in a dose-dependent
manner (Figure 9.1.).

Increased formazan production was observed with both

quiescent cells and those activated by a selected dose of hGH (lmU/1). At lower
concentrations of MEN (<95/xM), the rise in OD was particularly pronounced for
activated Nb2 cells but was more gradual for the quiescent cells. As a consequence,
the difference between the OD of the stimulated and unstimulated cells was maximal
at 95/xM. This was therefore determined to be the optimal concentration of MEN for
subsequent experiments.

Based upon different criteria, Garn et al. (1994)
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Figure 9.1. The optimization of MEN concentration in the MTT assay. Nb2
cells (8xl0^cells/ml; 50/xl) were stimulated with hGH (2mU/l; 50/d) for 96hrs; assay
medium (50/xl) replaced the hormone to provide unstimulated control cells. MTT
(3.34mg/ml DPBS; 15/xl) was then added immediately followed by MEN (15/xl) in
increasing concentrations. The microtitre plate was then developed and the OD
determined as described in Chapter 2. The means ±SD of triplicate microcultures are
shown for hGH stimulated (□) and unstimulated cells ( O ) . The difference between
the OD of the stimulated and unstimulated Nb2 cells is also plotted ( a ) . If not
indicated the error bar was within the symbol. The ODs for the stimulated and
unstimulated Nb2 cells in the absence of MEN were 44.6+4.3 and 0.7+0.2 (OD x
100) respectively.
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recommended a concentration of 20fxM MEN for their MTT assays which used
murine splenocytes and cells from a murine mastocytoma cell line.

9.3.2. CoQoi the optimization of its enhancement of MTT bioreduction.
An alternative IEA, namely CoQo (Stevens & Olsen, 1993), also enhanced
MTT bioreduction by Nb2 cells in a dose-dependent manner (Figure 9.2.). However,
the characteristics of this enhancement differed from those obtained with MEN in
several important respects. Firstly, formazan production by unstimulated Nb2 cells
was low.

This increased with higher CoQo concentrations but never attained the

values observed with MEN (Figure 9.1.). With activated cells, a sharp maximum was
obtained with CoQo which contrasted with the plateau approached with MEN. The
optimal concentration of CoQo, as defined by the concentration which gave the
greatest increase in response to hGH, was determined to be 85ptM.

9.3.3.

PMS: the optimization of its enhancement o f MTT bioreduction.
The optimal PMS concentration for enhancing the response to hGH with MTT

was determined to be 200^M, when a 30% increase in formazan production was
obtained (Figure 9.3.).

Since optimal concentrations of MEN and CoQo gave

increases of the order of 100% (c.f. Figures 9.1 & 9.2., but note changed scale of yaxis), it was concluded that PMS had only a relatively minor effect in the bioreduction
of MTT by Nb2 cells activated with ImU hGH/1.
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Figure 9.2. The optimization of C oQq concentration in the MTT-assay. Nb2
cells (8xl0^cells/ml; 50/xl) were stimulated with hGH (2mU/l; 50/xl) for 96hrs; assay
medium (50/xl) replaced the hormone to provide unstimulated control cells. MTT
(3.34mg/ml DPBS; 15/xl) was then added immediately followed by CoQo (15/xl) in
increasing concentrations. The microtitre plate was then developed and the OD
determined as described in Chapter 2. The means ±SD of triplicate microcultures are
shown for hGH stimulated (□) and unstimulated cells ( O ) . The difference between
the OD of the stimulated and unstimulated Nb2 cells is also plotted ( a ) . If not
indicated the error bar was within the symbol. The OD for the stimulated and
unstimulated Nb2 cells in the absence of CoQo were 54.8 + 1.9 and 1.2+0.2 (OD x
100) respectively.
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Figure 9.3. The optimization of PMS concentration in the MTT-assay. Nb2
cells (8xl0^cells/ml; 50/xl) were stimulated with hGH (2mU/l; 50/xl) for 96hrs; assay
medium (50/xl) replaced the hormone to provide unstimulated control cells. MTT
(3.34mg/ml DPBS; 15/xl) was then added immediately followed by PMS (15/xl) in
increasing concentrations. The microtitre plate was then developed and the OD
determined as described in Chapter 2. The means ±SD of triplicate microcultures are
shown for hGH stimulated (□) and unstimulated cells (O ). The difference between
the OD of the stimulated and unstimulated Nb2 cells is also plotted ( a ) . If not
indicated the error bar was within the symbol. The OD for the stimulated and
unstimulated Nb2 cells in the absence of PMS were 40.2 + 1.5 and 1.5+0 (OD x 100)
respectively.
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9.3.4 .

The use of the optimized concentrations o f lEAs to enhance the

responses of Nb2 rat lymphoma cells to a range of concentrations o f hGH.
The contrastmg effects of the three different lEAs were confirmed by the
striking differences they induced in formazan production when Nb2 cells were
activated by different doses of hGH (Figure 9.4.). For this experiment, the optimal
doses determined in sections 9.3.1-9.3.3 were used. High baseline values with MEN,
when non-activated control cells were used, resulted in increased ODs over the entire
dose-response curves to hGH.

Although CoQo gave low baseline values and

consequently low ODs in the presence of concentrations of hGH of <0.1mU/l, the
absolute magnitude of response i.e. rise in CD in response to increasing doses of
hGH, was similar for both MEN and CoQq. At higher concentrations of hGH both
MEN and CoQo greatly enhanced the responses of the Nb2 cells above those observed
with MTT alone. In contrast, the effect of PMS was virtually independent of the dose
of hGH added (Figure 9.4.). It simply increased the baseline values (Figure 9.3.) to
a greater extent than CoQo (Figure 9.2.) and this largely accounted for any increased
formazan observed over the entire dose-response curve.
For all four of the dose-response relationships, reagent blanks, i.e. OD
determined in the absence of cells, accounted for approximately 50% of the baseline
values observed with the unstimulated cells.

For example in Figure 9.4., in the

presence of MEN, absorbances of the unstimulated cells was 34+0.6 (OD x 100) and
that of the reagent blank was 17.3+0.2 (OD x 100).
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Figure 9.4. The effect of optimized concentrations of the lEAs on the doseresponse curve of Nb2 cells to hGH. Nb2 cells (8xl0^cells/ml; 50^1) were
incubated for 96hrs with the increasing final concentrations of hGH shown (added as
an additional 50fx\). MTT (1.67mg/ml; 30/zl) containing the optimized concentration
of the lEAs (MEN, CoQo and PMS), as determined in sections 9.3.1-9.3.3.
respectively, was then added to each well. The microtitre plates were subsequently
developed and the OD determined as described in Chapter 2. The means ±SD of
triplicate microcultures are shown for MTT alone (□), MTT+C 0 Q0 (a ), MTT -I-PMS
( v) and MTT+MEN (O). For the sake of clarity the baseline values, obtained from
cells incubated without hGH, are not shown on this Figure. They were as follows:
1.1 ±0.1 (MTT alone), 2.7+0.1 (MTT+CoQo), 13.2+0.1 (MTT+PMS), and
34.0+0.6 (MTT+MEN) (OD x 100; mean of triplicate determinations+ SD). If not
indicated the error bar was within the symbol.
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9.4. DISCUSSION.

Clearly, the tétrazolium salt MTT is bioreduced by the rat lymphoma Nb2 cells
in the absence of lEAs.

This contrasts with the so called "second generation"

tétrazolium salts, XTT and MTS, which generally have an obligatory requirement for
lEAs (Goodwin et aL, 1995b; Chapter 7). However, as shown here, the addition of
LEAs also enhanced MTT-formazan production, as was reported for MEN by Gam
et al. (1994) for other cell types. With MTT, no evidence of any instability due to

the formation of a charge-transfer complex with an lEA was found, such as that which
can form between XTT and PMS, and which may introduce serious artifacts into a
microculture tétrazolium assay (Goodwin et al., 1995b; Chapter 8).
Each of the lEAs tested in this study had strikingly different effects on the
dose-response relationship for Nb2 cells activated by increasing doses of hGH. Both
MEN and PMS have the disadvantage that they increased the baseline values obtained
with unstimulated cells. As discussed by Gam et al. (1994), this may present a
problem for applications of the MTT system which are required to discriminate
against a low background signal.

For other applications, such as the bioassay of

cytokines or hormones, including hGH stimulation of Nb2 rat lymphoma cells, this
need not necessarily be a disadvantage, and it may be appropriate to subtract the
background reading. In the presence of higher hGH concentrations both MEN and
CoQo gave much greater increases in the magnitudes of response than PMS, and

thereby amplified the bioassay response. In these studies no increase in formazan
production related to hormone dose was observed when PMS was used as the IEA.
This was consistent with the findings of Scudiero et al. (1988) who reported that PMS
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did not enhance formazan production from MTT. However, both Scudiero et al.
(1988) and the current studies are at variance with those of Cedillo-Rivera et al.
(1992) who reported that PMS greatly increased formazan production from MTT. It
may be relevant that, in those studies trophozoites of E. histolytica were used which
contrasts with the mammalian cells which have been used in the other studies. From
my studies, CoQo was the preferred IEA since it gave substantial increases in
formazan production, the lowest baseline values and also better between-well
replication. These features all contributed to improved bioassay precision.
It is difficult to identify the intracellular pathways which may be responsible
for the contrasting effects of IEAs in our MTT-bioassay for hGH. There are several
mechanisms by which any given lEA could enhance formazan production, as reviewed
by Marshall et al. (1995) and discussed in section 1.8.3.3. These include facilitated,
non-enzymatic transfer of electrons from a reduced compound to the tétrazolium salt
by an lEA with an appropriate intermediate redox potential (Altman, 1976; Carloni
et al., 1993) and an enhanced transfer of electrons across cell membranes (Altman,

1976). The non-enzymatic electron transfer from, for example, glutathione (GSH)
in the medium (Sri Venugopal & Adiga, 1980; van Noorden, 1984; van Noorden et
al., 1985) could account for the high reagent blanks which we observed with PMS

and, in particular, MEN.
In addition, the metabolism of quinonoids such as MEN and CoQo, as well as
PMS, can generate several intermediates which could reduce MTT to its formazan
(Nishikimi et al., 1972; Pond et al., 1978; Raap, 1983; Raap & van Duijn, 1983;
Raap et al., 1983; Orrenius, 1985; Prochaska & Santamaria, 1988). For example.
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metabolism of quinonoids by flavoenzymes can occur by either one- or two-electron
reduction routes, the products of which could lead to formazan production (Orrenius,
1985).

The one-electron route initially results in the formation of semiquinone

radicals which can rapidly reduce dioxygen, forming the superoxide anion radical, O2
and regenerating the quinone. The superoxide free radicals generated by this redox
cycling could then reduce MTT to its formazan (Burdon et al., 1990). It has been
estimated that 80% of the extracellular reduction of MTT by HeLa cells arises from
O2 (Burdon et al., 1993). Superoxide dismutase may result in hydrogen peroxide

production from O2 and a consequent shift in GSH/GSSG ratios could then also
influence formazan production (Marshall et at., 1995). Alternatively, single electron
transfer may lead to the production of reduced intermediates, such as semiquinones
and PMSH which can themselves reduce MTT.
Enhanced formazan production could also be caused by an NAD(P)H: (quinone
acceptor) oxidoreductase (B.C. 1.6.99.2.), which is usually referred to as DTdiaphorase (Emster, 1987). This is a widely distributed two-electron transferring
quinone reductase.

It plays a major protective role in preventing one-electron

reduction of exogenous quinones to auto-oxidizable semiquinones by other enzymes
and concomitant superoxide-radical generation. The two-electron transfer leads to diol
formation, which could then reduce the MTT to its formazan (Prochaska &
Santamaria, 1988).
Thus, there are many different pathways which could explain the accelerated
rate of formazan production caused by a quinonoid IEA such as MEN. For example,
a one-electron reduction by NADH cytochrome P-450 reductase or NADH-ubiquinone
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reductase may yield a semiquinone radical, which will react with molecular oxygen
to form superoxide, regenerating MEN and completing a redox cycle (Kappus & Sies,
1981; Lind etaL, 1982; Thor et aL, 1982). The superoxide itself could reduce MTT
to its formazan (Burdon et al., 1990). Moreover the rapid recycling of MEN in this
way could contribute to the high baseline values observed in my studies and by Gam
etal. (1994). However, paraquat (l,r-dim ethyl-4,4’bipyridylium dichloride) which

is structurally unrelated to MEN but which will also increase superoxide by an
NADPH-dependent one-electron transfer (Hassan & Fridovich, 1979; Smith, 1985)
did not enhance formazan production in the MTT-assay (data not shown).

This

observation suggests that the alternative two-electron transfer pathway, mediated by
DT-diaphorase and which is available to quinonoids, may be the dominant route by
which quinonoids such as MEN and CoQo enhance formazan production by the Nb2
cells. This led to further investigation of this enzyme system, the results of which are
shown in Chapter 10.
In summary, the results contained within this chapter have demonstrated that
the three lEAs tested all increased formazan production in the MTT-assay, but there
were striking differences in their absolute effects. This supports the contention that
the responses in MTAs do not merely reflect changes in cell number, but that there
are important response components in cells which arise from alterations in metabolism
(Marshall et al., 1995).
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NEW TETRAZOLIUM SALTS ACT VIA A DICOUMAROL
SENSITIVE PATHWAY.

331

Chapter 10. Tétrazolium salts and dicoumarol
10.1. INTRODUCTION.
With the new tétrazolium salts, XTT and MTS, it is mandatory to use
intermediate electron acceptors to effect formazan production by Nb2 cells; this was
demonstrated in Chapter 7.

The mechanism of tétrazolium salt bioreduction is

controversial as was discussed in Chapter 1 and reviewed by Marshall et al. (1995).
The role of the mitochondrial respiratory chain has received undue emphasis and
recent elegant cell fractionation studies by Berridge and Tan (1993) demonstrated that
the major site of MTT reduction was extra-mitochondrial. As discussed in earlier
chapters, it is unlikely that the newer tétrazolium salt systems used in my studies
interact with the mitochondrial respiratory chain, although many investigators have
made this unsubstantiated claim (Scudiero et al. , 1988; Cory et al., 1991 ; Jost et al . ,
1991; Rotter et al., 1993; Gam et al., 1994; Gieni et al., 1995; Takenouchi &
Munekata, 1995).
In this chapter, the effect of dicoumarol (DIG) upon formazan production by
Nb2 cells is investigated. DIC is a potent inhibitor of the enzyme NAD(P)H:(quinone
acceptor) oxidoreductase (B.C. 1.6.99.2.) which is commonly known as DTdiaphorase (Emster, 1987).

These studies examined the effect of this coumarin

derivative on formazan production from both MTT and MTS.

10.2. MATERIALS AND METHODS.
10.2.1. Materials.
MTT,

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide),

phenazine methosulphate (PMS), menadione sodium bisulfite (2-methyl-1,4-
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naphthoquinone) (MEN), DIC (3,3’-methylene-bis(4-hydroxycoumarin), chrysin (5,7dihydroxyflavone) (CHRY), and phenindione (2-phenyl-1,3-indandione) (PHEN) were
purchased from Sigma Chemical Co. Ltd., Poole, U.K..

MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt) was purchased from Promega, Madison, WI., U.S.A..

10.2.2. Bioassays.
The ESTA bioassay and its adaptation for use with MEN was performed as
described in Chapters 2 and 9. The MTS/PMS bioassay was performed as described
in Chapter 7. Additionally, where indicated, a derivation of the MTS bioassay with
the alternative lEA, MEN, was used; MEN (2.76mg/ml; 25^1) was added to MTS
(2mg/ml; 2ml). The molar ratio of this tétrazolium salt:MEN mixture was 30:1; this
was identical to the optimal ratio for MTS/PMS (see Chapter 7).

10.2.3. Inhibitors.
D ie, CHRY and PHEN were each dissolved in the minimum amount of
sodium hydroxide (IM) necessary and then diluted to the required volume with DPBS.
Controls were prepared using identical volumes of sodium hydroxide alone (i.e.
without inhibitors); these were especially important for the inhibitor PHEN which was
an intense orange colour. For each experiment the inhibitors were freshly prepared
since in the course of these studies it was found that PHEN rapidly deteriorated during
storage (data not shown).
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10.3. RESULTS.
10.3.1. The effect of DIC upon MTT-formazan production by hGH-activated
Nb2 cells.
The addition of increasing concentrations of DIC to hGH activated Nb2 cells
slightly, but significantly, increased MTT-formazan production. In this experiment,
relatively high concentrations of DIC (100 & \OOOfiM) caused a 20% increase in OD
(Figure 10.1.).

10.3.2. The effect of the addition of increasing concentrations of DIC upon
MTT-formazan production from hGH-activated Nb2 cells in the presence of
MEN.
The addition of MEN greatly enhanced MTT-formazan production by hGHactivated Nb2 cells, as was previously reported in Chapter 9. However, the addition
of DIC to these cells virtually abolished the extra MTT-formazan production which
had been induced by the presence of MEN (Figure 10.2.). The higher concentrations
of DIC again slightly increased MTT-formazan production in the control wells without
MEN. This effect reached a sharp maximum at 125/xM DIC; these comparatively
subtle changes were replicated in the presence of MEN. Note that the concentration
of DIC required to cause this slight increase were lower in this experiment than that
shown in Figure 10.1. indicating a slight degree of between experiment variation
which may have been due to between-batch variation of the Nb2 cells used for the two
experiments.
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Figure 10.1. The effect of the addition of increasing concentrations of DIC
upon MTT-formazan production. Nb2 cells (8xlCfcells/ml; 50^1) were stimulated
with hGH (2mU/l: 50^1) for 96hrs. Increasing concentrations of DIC (10/^1) were
then added to each well; control wells contained DPBS (lO/il) instead of DIC. The
microtitre plates were incubated for 30mins at 37®C. MTT was then added to each
well and the microtitre plates developed as described in Chapter 2. Triplicate
microculture wells were used and the means ±SD are plotted. If not indicated the
error bar was within the column. * p<0.01 when compared against the control in the
absence of DIC.
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Figure 10.2. The effect of the addition of increasing concentrations of DIC
upon MTT-formazan production in the presence and absence of MEN. Nb2 cells
(8xl0^cells/ml; 50/xl) were stimulated with hGH (2mU/l; 50/xl) for 96hrs. Increasing
concentrations of DIC (10/d) were then added to each well; control wells contained
DPBS (10/d) instead of DIC. The microtitre plates were incubated for 30mins at
37°C. MTT (O) or MTT/MEN (□) was then added to each well and the microtitre
plates developed as described in Chapters 2 & 9 respectively. Triplicate microcultures
were used and the means±SD are plotted. The ODs for the stimulated Nb2 cells in
the absence of DIC were 42.6+2 for MTT and 142.3 + 1 for MTT/MEN respectively
(OD X 100). If not indicated the error bar was within the symbol.
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10.3.3.

A comparison between the effects of DIC on MTT-formazan

production from hGH dose-response curves obtained with MTT/MEN and MTT
alone.
In the absence of MEN, the addition of DIC (ImM) to Nb2 cells which had
been activated with increasing doses of hGH resulted in a slight increase in MTTformazan production (Figure 10.3.). For example, the OD of wells with Nb2 cells
which had been activated with a hormone concentration of 1.25mU/l, increased in the
presence of DIC by 22%.

This was consistent with the previous results (Figure

10.1.), The addition of MEN greatly enhanced formazan production in agreement
with previous results (see, for example. Figure 9.4.). However, the addition of the
DT-diaphorase inhibitor DIC (ImM), reduced the extra formazan production induced
by MEN to close to that observed with MTT alone (Figure 10.3.). These striking
results thereby confirm those shown in Figure 10.2. when only one dose of the
hormone was tested ( 1mil/I). They demonstrate that the additional component of the
bioassay response obtained by the addition of MEN to MTT can be abolished by 1mM
DIC across a wide range of doses of hGH.

10.3.4. The effect of DIC upon MTS-formazan production from activated Nb2
cells in the presence of MEN and PMS.
Increasing concentrations of DIC resulted in a dose-dependent decrease in
MTS-formazan production when added to hGH-activated Nb2 cells together with
MTS/MEN (Figure 10.4a.). Formazan production was abolished to the low levels of
the reagent blanks.

A similar reduction in formazan production was observed
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Figure 10.3. The effect of the addition of a fixed concentration of DIC to hGH
dose-response curves obtained with MTT/MEN and MTT alone. Nb2 cells
(8xl0^ceils/ml; 50/il) were incubated for 96hrs with the increasing concentrations of
hGH shown (added as an additional 50/xl). DIC (llm M ; 10/xl) was then added to
each well and the microtitre plates were incubated at 37®C (BOmins). MTT or
MTT/MEN was then added to each well and the microtitre plates developed as
described in Chapters 2 & 9 respectively. Triplicate microcultures were used and the
means ±SD are plotted. For the sake of clarity the baseline values, obtained with
cells which had been incubated in the absence of hGH, are not shown on this figure.
They were as follows 0.8+0.1 (MTT), 1.4+0.1 (MTT+ DIC), 14.4+0.6
(MTT/MEN) and 4.2 + 1.6 (MTT/MEN + DIC)(ODx 100). If not indicated the error
bar was within the symbol.
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Figure 10.4. The effect of increasing concentrations of DIC upon formazan
production from hormone-activated cells obtained in the presence of MTS/MEN
or MTS/PMS. Nb2 cells (8xl0^cells/ml; 50/d) were stimulated with hGH (2mU/l;
50/d) for 24hrs. Increasing concentrations of DIC (10/d) were then added to each
well; control wells contained DPBS (10/xl) instead of DIC. The microtitre plates were
incubated for 30mins at 37°C. MTS/MEN (Figure 10.4a.) or MTS/PMS (F i^ re
10.4b.) was then added to each well and the microtitre plates developed as described
in section 10.2.2. and Chapter 7 respectively. Triplicate microcultures were used and
the means ±SD are plotted. The ODs for the stimulated Nb2 cells in the absence of
DIC were 62.5 + 1.8 (MTS/MEN) and 31.4+0.4 (MTS/PMS) respectively (OD x
100). The reagent blanks were determined from a parallel set of microcultures
incubated in the absence of Nb2 cells. If not indicated the error bar was within the
symbol.
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when MEN was substituted by another lEA, namely PMS (Figure 10.4b.), except that
the response plateaued slightly above that of the reagent blank. Greater formazan was
produced when MEN was used, compared with PMS; this confirms previous studies
described in Chapter 7.

10.3.5. The effect o f the addition o f a Hxed dose o f DIC to hGH dose-response
curves obtained with MTS/MEN or MTS/PMS.
Guided by the results shown in Figure 10.4., a DIC concentration of ImM was
selected for these inhibition studies. The addition of this dose of DIC to hGH doseresponse curves resulted in complete abolition of hGH-induced formazan production,
both for MTS/MEN (Figure 10.5a.) and MTS/PMS (Figure 10.5b.).

Formazan

production was reduced to that of the reagent blanks which were below the zero dose
controls. Again, it was noted that greater formazan was produced with MEN, as
opposed to PMS.

10.3.6.

The effect of diHerent inhibitors o f DT-diaphorase upon MTS-

formazan production.
DIC is the conventional, potent inhibitor of DT-diaphorase (Emster, 1987).
To confirm that the effects reported in this chapter are due to inhibition of this
enzyme, the effects of two alternative inhibitors of DT-diaphorase, CHRY and PHEN,
were tested. They were added in increasing concentrations to hormone-activated Nb2
cells.

Each inhibitor resulted in a dose-dependent decrease in MTS-formazan

production in the presence of MEN (Figure 10.6.). The dose-inhibition relationships
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Figure 10.5. The effect of the addition of a fixed dose of DIC to hGH doseresponse curves obtained with MTS/MEN or MTS/PMS.
Nb2 cells
(8xl0^cell/ml; 50//1) were incubated for 24hrs with the increasing concentrations of
hGH shown (added as an additional 50/xl). DIC (11 mM; 10/xl) was added to each
well and the microtitre plates were incubated for 30mins at 37®C. MTS/MEN (Figure
10.5a) or MTS/PMS (Figure 10.5b) was then added to each well and the microtitre
plates developed as described in section 10.2.2. and Chapter 7 respectively.
Triplicate microcultures were used and the means ±SD are plotted. For the sake of
clarity the baseline values, obtained with cells which had been incubated in the
absence of hGH, are not shown on this figure. They were as follows 45.7+1.4
(MTS/MEN) and 22.3+0.3 (MTS/PMS) (OD x 100). The reagent blanks were
determined from a parallel set of microcultures incubated in the absence of Nb2 cells.
If not indicated the error bar was within the symbol.
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Figure 10.6. The effect of different inhibitors of DT-diaphorase upon MTSformazan production from hGH activated Nb2 cells. Nb2 cells (8xl0^cells/ml;
50^1) were stimulated with hGH (2mU/l; 50/il) for 24hrs. Increasing concentrations
of the inhibitors DIC, CHRY or PHEN (10/xl) were then added to each well; control
wells contained DPBS (10/xl) in place of any inhibitor and inhibitor blanks contained
increasing concentrations of each inhibitor and DPBS (20/xl) instead of MTS/MEN.
These values were used to correct for the background colour of the inhibitors; this
was of particular importance for PHEN which had an intense orange colour. The
microtitre plates were incubated for 30mins at 37®C. MTS/MEN was then added to
each well and the microtitre plates developed as described in section 10.2.2..
Triplicate microcultures were used and the means ±SD are plotted. If not indicated
the error bar was within the symbol. The results are expressed as a percentage of the
OD obtained in the controls, which were taken to be 100% at each of the
concentrations of inhibitor tested. The dose of inhibitor that reduced formazan
production by 50% was interpolated from the graph.
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for both CHRY and PHEN were shifted to the right of DIC demonstrating that they
were less potent. The concentration of inhibitor necessary to inhibit MTS-formazan
production by 50% was estimated to be 7, 120 and 350/xM for DIC, CHRY and
PHEN respectively.

10.4. DISCUSSION.
The location of the cellular site for tétrazolium salt bioreduction is
controversial (Marshall et al., 1995).

Whilst for MTT the exact mechanism is

unknown, Berridge and Tan (1993) have shown that NADH and NADPH-dependent
mechanisms are involved which are virtually insensitive to inhibitors of the
mitochondrial respiratory chain. However the pathways involved in XTT and MTS
bioreduction have been, until the present study, totally uncharacterised. Unlike for
MTT, there is an obligatory requirement for lEAs such as the quinone MEN to effect
formazan production from these new tétrazolium salts (Goodwin et al., 1995b;
Chapter 7). This suggests that the lEA-mediated formazan production may involve
quinone metabolism.
Quinones, such as MEN, are freely able to permeate cells (Prochaska &
Santamaria, 1988).

They may then undergo a one-electron reduction which is

catalysed by flavoprotein enzymes such as NADH-cytochrome P-450 reductase or
NADH cytochrome bg reductase to form semiquinone radical intermediates. Oxygen
free radicals, such as superoxide, may be subsequently generated by redox cycling of
the semiquinones in the presence of oxygen (Figure 10.7.) (Orrenius, 1985).
Superoxide could then bioreduce any added tétrazolium salt to its formazan.
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NAD(P)H
reductases

DIC

DT-
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^

diaphorase
NAD(P)+
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F

Figure 10.7. A diagram of quinone metabolism. The metabolism of quinones
(Q), including MEN, involves both one-and two-electron reduction pathways.
Superoxide is produced during the one-electron reduction of MEN to the semiquinone
radical (SQ ) by flavoproteins such as NAD(P)H-cytochrome P-450 reductase (Fp
reductases). Superoxide can subsequently form due to redox cycling, as is shown.
Quinones can also undergo two-electron reduction, forming hydroquinone (HQ)
without the production of free semiquinone intermediates. The latter reaction is
catalysed by DT-diaphorase. Either pathway may lead to bioreduction of a
tétrazolium salt (T) to its formazan (F) as shown. Adapted from Orrenius (1985).

344

Chapter 10. Tétrazolium salts and dicoumarol
Alternatively, quinones may be reduced by the unique ability of a quinone reductase,
DT-diaphorase, to catalyse a two-electron reduction of a quinone to its hydroquinone.
This process utilises NAD(P)H as electron donor(s).

This pathway bypasses the

semiquinone free radical state and prevents the quinone-mediated formation of oxygen
free radicals (Figure 10.7.). In this way, DT-diaphorase plays an important role in
protecting tissues against the potential mutagenic, carcinogenic and cytotoxic effects
of quinones (Thor et al., 1982; Emster, 1987). The hydroquinone generated by this
pathway could also bioreduce tétrazolium salts to their formazan.
The results reported in this chapter examined the effect of DIC, a potent
inhibitor of DT-diaphorase, on formazan production by hGH activated Nb2 cells.
Both MTT and the new tétrazolium salt MTS were investigated. Using DIC, it was
possible to distinguish between the two potential pathways for formazan production
illustrated in Figure 10.7..
The addition of increasing concentrations of DIC to Nb2 cells which had been
activated with a fixed hGH dose resulted in a dose-dependent inhibition of formazan
production. For MTS/MEN, formazan development declined to approach the residual
level obtained with the reagent blank (Figure 10.4a.).

In addition, the highest

concentration of DIC tested (ImM) totally abolished hGH-dependent formazan
development when added to hGH dose-response curves obtained with MTS/MEN
(Figure 10.5a.). These observations suggest that the DT-diaphorase mediated pathway
(Figure 10.7.) is the exclusive route for formazan production when this tétrazolium
salt/IEA combinations was used in the bioassay. In this context, it may be relevant
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that Thor et al. (1982) reported that MEN has a 10-fold higher affinity for DTdiaphorase than NADH cytochrome P-450 reductase in rat hepatocytes.
DIC also inhibits MTS-formazan production when the non-quinone lEA,
namely PMS, was used (Figure 10.4b.). This suggests that PMS can also act as an
electron acceptor for DT-diaphorase. This is consistent with a recent report that a
PMS analogue, 1-hydroxyphenazine, could also be reduced by DT-diaphorase
(Tedeschi et al., 1995). However, other minor pathways may be available to PMS
since it was notable that DIC was unable to totally inhibit MTS/PMS formazan
production (Figure 10.4b.).
These studies confirmed that DT-diaphorase was involved in the bioreduction
of MTS/MEN by the finding that two alternative inhibitors of this enzyme, namely
CHRY, a derivative of flavone and PHEN, a 1,3-indandione derivative also inhibit
MTS-formazan production.

My studies have shown that CHRY was 17-fold and

PHEN 50-fold less potent than DIC.

This potency ranking of these contrasting

inhibitors, which bind to different sites on DT-diaphorase, was consistent with their
actions as inhibitors of DT-diaphorase (Hollander & Emster, 1975; Prestera et al.,
1992; Chen et al.. 1993).

Another inhibitor of DT-diaphorase, Cibacron Blue

(Prestera et al., 1992), was investigated but its intense blue colour prevented
quantitation of the purple MTS-formazan.
DT-diaphorase is not sensitive to inhibitors of the mitochondrial electron
transport system (Emster et al., 1962; Yamashoji et al., 1991), and it is noted that
Hawtin et al. (1995) reported that MTS bioreduction was not effected by inhibitors
of the mitochondrial electron transport system. DIC is a selective inhibitor for DT-
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diaphorase and is non-competitive with regard to the electron acceptor but competitive
with respect to NAD(P)H (Hosoda et al., 1974; Hollander & Emster, 1975). My
studies used intact cells whereas many others, aimed at more detailed characterisation
of DT-diaphorase have used the purified enzyme (Emster et al., 1962; Hollander &
Emster, 1975; Chen et al., 1993, 1994; Tedeschi et al., 1995). This may explain
why relatively high concentrations of inhibitors were required to inhibit formazan
production in the Nb2 cells as opposed to other in vitro systems.
The results from both this chapter and Chapter 9 have shown that formazan
production was increased when MEN was added together with the conventional
tétrazolium salt, MTT. When DIC was added to hGH dose-response curves obtained
with MTT/MEN, formazan production was only partially inhibited (Figure 10.3). It
was notable that the residual responses were virtually superimposable upon doseresponse curves obtained with MTT alone.

This suggests that MTT-formazan

production from MTT/MEN comprises two identifiable components. Firstly, there
is a DIC-sensitive fraction which is the additional formazan induced by MEN and
secondly there is a DIC-resistant component which is the formazan produced by MTT
alone. I consistently observed slight increases in MTT-formazan production when
ImM dicoumarol was added to MTT in the absence of any lEA (Figures 10.1. &
10.3.). The explanation for this is unknown, unless blockage of the DT-diaphorase
pathway by DIC prevents "leakage" of electrons via this route, making more available
for MTT bioreduction through altemative routes.
The two components of MTT reduction identified above have also been
reported by Prochaska & Santamaria (1988).
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component of MTT bioreduction was exploited as a microtitre plate-based assay for
DT-diaphorase.

The activity of this enzyme in cell lysates was assayed using a

reagent mixture containing NADPH, MTT and MEN in the presence and absence of
DIC. The enzyme catalysed the reduction of MEN to menadiol by NADPH and MTT
was reduced non-enzymatically by the diol formed. They also reported that the MENmediated, DIC-sensitive component was much greater than the formazan production
obtained in the absence of MEN; this was consistent with my findings when using
optimized concentrations of MEN.
The marked dose-dependent activation of DT-diaphorase by hGH and the early
response detectable with MTS/MEN after only 4hrs incubation with hormone (Chapter
7) suggests that expression of this enzyme may occur soon after stimulation with the
hormone. This poses the question as to the role of this enzyme in activated Nb2 cells.
Is it to protect against oxidative damage within the Nb2 cell when stimulated by hGH?
DT-diaphorase plays a major role in preventing oxidative damage (Emster,
1987).

It is a dimeric fiavoprotein located mainly in the cytosol, with smaller

fractions found in microsomes, mitochondria and plasma membrane (Emster et al.,
1962; Emster, 1987; Yamashoji et al., 1991; Nakamura & Hayashi, 1994). DTdiaphorase has a molecular weight of approximately —60,000 containing 2 equal size
subunits and 2 molecules of FAD (Chen et al., 1994).

It is unique amongst

NAD(P)H-oxidising flavoproteins in being a 2-electron transferring quinone reductase
(lyanagi & Yamazaki, 1970). Its role is to prevent the one-electron reduction of
exogenous quinones by other enzyme systems to semiquinones and superoxide radical
generation; it thus catalyses the conversion of MEN to menadiol, bypassing
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semiquinone free radical formation (Figure 10.7.) (Lind eta l., 1982). Menadiol will
then reduce a tétrazolium salt such as MTT to its formazan; MTT will continuously
re-oxidise the menadiol formed re-generating MEN (Prochaska & Santamaria, 1988).
Thus the continual recycling of MEN may be responsible for the increased levels of
formazan produced when this lEA is used (Figures 10.2. & 10.3.; Chapters 7 & 9).
DT-diaphorase exhibits maximal activity at pH 8-9 (Emster et al., 1962; Yamashoji
et al., 1991) which may explain the increase in formazan production observed for

MTS-formazan development when the microtitre plates are incubated in a dry,
ungassed, incubator as opposed to a 5%C02/95% air incubator (data not shown).
As previously discussed in section 1.8.4.5., 6-amyloid protein inhibits the
reduction of MTT by PC12 phaeochromacytoma cells. In an attempt to identify a
mimetic of this effect, Hawtin et al. (1995) examined a range of respiratory and
metabolic inhibitors. They investigated their effects on whole cell respiration, as well
as on MTT and MTS reduction to their respective formazans. They reported that the
respiratory inhibitors tested did not inhibit MTT and MTS reduction. However, the
bioreduction of both MTT and MTS was sensitive to diphenyleneiodium chloride
(DPI), an inhibitor of NAD(P)H oxidase (Cross & Jones, 1986; Cross, 1990; Jones
et al., 1991). This inhibited formazan production by —80%, but was associated with

extensive cell death; using lower concentrations Burdon et al. (1993) reported that
DPI reduced extracellular MTT-formazan production by —30%. Hawtin et al. (1995)
also tested DIC and, as in my studies, MTT reduction was not inhibited, but they
reported that DIC did not inhibit MTS bioreduction.

They only tested one

concentration of DIC (lOjuM) but I found this to be sufficient to inhibit formazan
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production by —50% in the hGH-activated Nb2 cells (Figure 10.4.). However, they
did not specify the lEA used in their studies and this may explain the insensitivity of
their system to DIG.
Another system which could contribute to formazan production was that which
generated superoxide radicals (Figure 10.7.). In the course of my studies the effect
of an inhibitor of superoxide dismutase (SOD), diethyldithiocarbamate (DDTC) was
also investigated. Preliminary results suggest that inhibition of SOD by DDTC in
hormone activated Nb2 cells enhanced formazan production, a finding which would
have been consistent with a role of superoxide radicals (data not shown). However,
the use of appropriate reagent blanks revealed that DDTC itself reduces both MTT
and MTS in the absence of cells. This observation may cast doubt on the conclusions
of Burdon et al. (1993) who also reported that DDTC increased MTT-formazan
production.

They concluded that this was due to inhibition of SOD and that the

consequent increased levels of the superoxide radical were responsible for MTT
bioreduction. However they do not mention the crucial cell-free controls. As an
alternative approach to testing for a role of superoxide in MTT-formazan production,
the effect of paraquat (1,1 '-dimethyl-4-,4'-bipyridylium dichloride) was tested
(Chapter 9). Although this is an efficient generator of superoxide it did not enhance
MTT-formazan production, suggesting that this route was not utilised for MTTformazan production.
In summary, I report that IEAs such as MEN mediate the bioreduction of
tétrazolium salts to their formazans via a DlC-sensitive pathway. For relatively new
tétrazolium salts such as MTS this appears to be the exclusive pathway.
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clearly demonstrated by both the well-recognised obligatory requirement for an lEA
for the bioreduction of this tétrazolium salt, and also the finding that DIC completely
abolishes MTS-formazan production mediated by MEN in hGH-activated Nb2 cells.
In contrast, for MTT, at least two routes of MTT-formazan production must be
involved. Firstly, in the presence of MEN, bioreduction may again proceed via the
DIC-sensitive pathway.

Secondly, MTT-formazan may also be produced by an

alternative route which utilises pathway(s) which are not mediated by lEAs and are
insensitive to DIC; this route has yet to be characterised. By the use of selected,
specific inhibitors, the DIC-sensitive route has been identified as being the twoelectron transfer pathway which is catalysed by DT-diaphorase.
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11.1. GENERAL INTRODUCTION.
The primary aim of the studies reported in this Thesis was to investigate the
effects of the incorporation of recombinant hOH into biomaterials on the bioactivity
of the hormone after its subsequent release from these matrices. The incorporation
of growth factors into biomaterials may ultimately stimulate osteogenesis and thus
advance the development of artifrcial bone implant materials. This investigation was
able to examine potential changes in bioactivity due to the availability, for the first
time, of a uniquely precise and sensitive in vitro bioassay system for hOH named
ESTA (Ealey et al., 1988).

Previous studies had only been able to investigate

changes in the immunoactivity of the hormone (Downes et al., 1990; Downes, 1991).
Consequently, the ESTA system formed the central analytical technique for the current
investigation.

This General Discussion firstly concerns the studies with the

biomaterials and secondly the work which has also been concurrently undertaken to
extend our understanding, and therefore ability to exploit, the ESTA system in the
form of microculture tétrazolium assays.

11.1.1. Incorporation of hOH into Biomaterials.
11.1.1.1. The release of bioactive hOH from methacrylate based polymers.
I investigated the release of bioactive hGH from a range of biomaterials which
necessitated the use of contrasting hormone incorporation procedures. In several of
these studies the lyophilised hormone was mixed directly with the powdered
methacrylate based polymers prior to the polymerization reaction.

During this

reaction the hormone was inevitably subjected to potentially hostile environments due
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to both the high exotherm of polymerization and the exposure to organic monomers,
free radicals and decomposition products.

These features are also thought to

contribute to the adverse tissue reactions which have been reported for PMMA, when
it has been used for in vivo implants.
These incorporation conditions were the most hostile which were investigated.
After incorporation into a range of different methacrylate bone cements, only about
1% of the bioactive hGH was released. Release occurred in two phases, with most
(—90%) appearing in the first 24hrs, followed by a residual component which was
released over a prolonged period extending over at least the next 36 days. The early
rapid phase may be particularly important since it is generally considered that it is
most beneficial to stimulate early bone formation after THA. Although only —1% of
the incorporated hormone was released, because high loading doses were used (e.g.
12U/10g of polymer), the concentrations attained in the eluates obtained from each
pellet were relatively high when compared to normal physiological levels. If these
were reflected in vivo they could have been suitable for stimulating osteogenesis. It
should be remembered that excessive hGH, which might have been released after the
incorporation of such large amounts of the hormone, may result in "auto inhibition"
of any biological response as described in Chapter 1.
From my studies it was not possible to ascertain whether any hGH which had
been incorporated was unavailable for release or was released from the cement, but
was no longer bioactive.

Fragmentation of the discs increased release (data not

shown) which suggested that delivery was limited by surface diffusion processes to
at least a detectable extent. However, additional detailed studies in which both the

354

Chapter 11. General Discussion
bio- and immunoactivity of the hGH in the eluates were compared, revealed that
changes had occurred to the hGH molecules, since the B:I ratios had declined from
the starting values prior to incorporation. This was particularly noticeable for LHBC
which was an alternative methacrylate formulation to PMMA; the B;I ratio of hGH
decreased from a starting value of 0.75 ±0.06 to a final value of 0.47 ±0.05
(P< 0.01). This change suggested that modified forms of hGH were released which
were more compromised in terms of their bioactivity than their immunoactivity. It
was also noted that the B:I ratios for the hGH released from CMW-3 in Chapter 4
was also significantly lower than the starting value of the hormone. This had not been
observed for CMW-3 in Chapter 3,

and suggested that the different hormone

preparation used in Chapter 4 may have been more susceptible to damage.
The type of damage to the hormone molecule remains uncharacterised at
present, but could be due to several factors. Oxidation of the hormone may occur due
to the free radical polymerization reaction which utilised benzoyl peroxide.
Additionally the hGH may be deamidated if subjected to harsh treatment; the
bioactivity as opposed to the immunoactivity is particularly susceptible to this (Bristow
& Jeffcoate, 1991, 1992). Furthermore the high temperatures attained during the
polymerization may cause protein aggregation which can cause the loss of bioactivity
(Langer, 1990).
In separate independent studies which used the same PMMA cement
formulation (CMW-3) but differing preparations of recombinant hGH, it was noted
that there was a difference in the percentage recoveries of the bioactive hormone
(0.95±0.15 vs 0.66±0.09; p<0.05; Chapters 3 and 4 respectively). In additional
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studies (data not shown) the incorporation of hGH from a third supplier yielded
exceptionally low recoveries (0.19 ±0.04; p < 0.001 when compared to the recoveries
from Chapter 3). Since the preparation of highly purified 22 kDa recombinant hGH
is nowadays a highly reproducible and well regulated procedure it is considered that
the most likely reasons for these substantial differences are due to the different
formulations of the hGH preparations. These contrasting recoveries may be due to
different degrees of lyophilisation or the inclusion of different excipients in the
formulation of hGH. It is noted that each of the hormone preparation contains only
about 5 % hGH by weight, the remainder consisting of a range of excipients such as
mannitol, glycine and phosphate salts (as detailed in Chapters 3 & 5).
In one series of studies (Chapter 5) the effects of changing the hydrophobic
nature of the methacrylate based cements upon the release of bioactive hGH was
investigated. The underlying hypothesis was that hydrophilicity and increased water
uptake might favour the release of bioactive hormone, since greater uptake of water
may swell the polymer, open up pores in its structure and allow the drug to diffuse
through the polymeric network (Brook & van Noort, 1984).

However, no such

relationship could be established when methacrylate bone cements were prepared with
differing mixtures of the monomers n-BM and HEMA.
It was suggested by Agrawal et al. (1995) that BSA release from biomaterials
could be used as a model system to predict the elution characteristics of more complex
and expensive recombinant proteins such as bone morphogenetic protein. However,
the analytical techniques used to measure albumin have relied upon crude dye binding
methods or the determination of tyrosine residues spectrophotometrically at 280nm.
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Both of these are relatively non-specific especially in the light of the subtle changes
in a parameter such as the B;I ratio of the hGH which the present studies have
revealed.

11.1.1.2. The release of bioactive hGH from polyte-caprolactone).
The method of hormone incorporation into the biodegradable material, poly(ecaprolactone) (PCL) contrasted with that used for the methacrylate based polymers.
For the former, the technique of solvent-casting was used, during which PCL pellets
were dissolved in chloroform and then cast into membranes. The latter formed after
solvent evaporation.

In the initial studies, hGH was added directly to the PCL

chloroform mixture and it was established that this did not adversely effect the
bioactivity of the hormone subsequently released.

Very high recoveries of the

bioactive hormone were obtained (>20% ), which contrasted with the low recoveries
obtained with PMMA (~ 1%). An alternative method of membrane preparation utilised
a solvent-casting particulate-leaching technique to create porous membranes, since
implant porosity is recognised as playing a major role in tissue repair by allowing
tissue ingrowth.

Sodium chloride of a particle size 100-500^M was used since

osteoblasts have been shown to grow into spaces with these dimensions (Hench, 1991;
Friedman et at., 1993). With this technique the hormone could not be added at the
casting stage since the hormone would then be washed away with the sodium chloride
during the leaching process. Consequently these membranes were loaded by either
soaking them in a solution of hGH or by surface application of the hormone. As
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might be expected, all of the surface-loaded hGH was recoverable from these
membranes by elution.

11.1.1.3. Additional studies on the release of bioactive hGH from biomaterials.
Alternative bone cements have been formulated to avoid the problems
encountered with the methaciylate based cements. These alternatives include glass
polyalkenoate cements (GPCs) (Jonck & Grobbelaar, 1990; Nicholson et at., 1991;
Wilson, 1991), bioactive cements^ (Senaha et al., 1996), and resorbable calcium
phosphate cements (Friedman et a l. , 1993; Gresser et a l. , 1995). These have superior
biocompatibility since they set rapidly in situ, without an exothermic reaction, and
they cause little or no tissue damage (Friedman et al., 1993). The low exotherm and
hydrophilic nature of GPCs makes them a highly suitable matrix for protein delivery
and they have been shown to release more BSA than PMMA (Wittwer et al., 1994).
Consequently they may provide a much more favourable environment for fragile
proteins such as hGH. Hydroxyapatite has also been incorporated into a selection of
these cements to increase their biocompatibility (Behiri et al., 1991; Ishihara et al.,
1992; Khorasani et al., 1992; Nicholson et al., 1993).
Although not detailed in this Thesis, hydroxyapatite ceramic coatings were also
investigated as delivery systems for hGH during the course of my studies. These
coatings are used as an alternative to fixation of the THA components with PMMA

In this context "bioactive" means a material that is designed to elicit or modulate
biological activity. Bioactive materials are thought to be able to generate a surface
apatite layer with which bone tissue becomes incorporated (Jarcho, 1981; LeGeros,
1993).
358

Chapter 11. General Discussion
(Ducheyne & Cuckler, 1992; Thomas, 1994; Lachiewicz, 1995); thus in cementless
THAs, the femoral prosthesis may be pre-coated with hydroxyapatite.

When

implanted a surface apatite layer forms on the ceramic coating and provides an
intimate bond between the prosthesis and bone. A selection of these coatings were
investigated as hGH delivery systems; these included hydroxyapatite and a fluoride
substituted apatite (Klein et at., 1994a, 1994b). These were surface loaded with hGH
by soaking in a hormone solution. They released high concentrations of hormone
rapidly in a manner which reflected both the initial hormone loading dose and the type
of ceramic coating used.

Following its release the hormone retained its full

bioactivity, as ascertained by an unchanged B:I ratio.

11.1.1.4. The cytotoxicity of the biomaterials.
As an integral part of these studies on the suitability of these materials as
hormone delivery systems, their in vitro cytotoxicities were also investigated. This
was readily achieved by adapting the MTT-ESTA bioassay system to test the effects
of eluates from the biomaterials which had not been loaded with the hormone, on the
target cells used for the bioassay. In this context it is notable that Amould et al.
(1990) concluded that MTT assays reflect the "health of cells."
Poly(e-caprolactone) and the hydroxyapatite coatings were not cytotoxic.
However, the methacrylate based polymers proved to be considerably cytotoxic in the
in vitro system. All the eluates from the methacrylate based polymers were found to

be toxic to the Nb2 rat lymphoma cells.

The toxicity reported in Chapters 3-5

revealed that eluates containing solely HEMA and n-BM were highly cytotoxic;
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more so than those derived from MMA. This was unexpected since the methacrylate
based polymers which were used in Chapters 4 and 5 were designed to be less toxic
than PMMA. My results contrast with those of Mir et al. (1973a) and Revell et al.
(1992a) since in both of these studies n-BM was reported to be of equivalent or lower
toxicity than MMA. However on a molar basis n-BM was found to be considerably
more toxic than HEMA which contrasted with the findings of Mir et al. (1973a). The
conditions of the in vitro investigations are however markedly different from the in
vivo studies. In particular the dynamic processes responsible for the clearance of

unreacted monomer and other residuals which are released from the bone cements in
vivo are clearly not operative in vitro.

These findings strikingly illustrate the

differences between in vitro and in vivo assays. In support of this Ling & Timperley
(1995) reported that exposure of cells in culture to continuing higher concentrations
of pure monomer is very different from exposure of the host bone to monomer during
THA.

Several lines of investigation led me to conclude that the free residual

monomer was the major cytotoxic component.
An important practical finding was that combinations of the monomers n-BM
and HEMA considerably reduced the toxicity of the eluates. I have no explanation
for this, but note that Sylvest et al. (1992) reported that an experimental methacrylate
based bone cement called Boneloc was less toxic than PMMA. The former used
combinations

of

the

monomers

MMA,

n-decylmethacrylate

and

iso-

bomylmethacrylate. The higher methacrylates were not detected in blood since they
have reduced water solubility (Trap et a l. , 1993) and a disproportionately low amount
of MMA was released from Boneloc (Sylvest et al., 1992; Trap et al., 1992). The
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tissue reaction adjacent to this cement was reduced when compared to PMMA and
there was higher blood perfusion and bone remodelling (Stiirup et at., 1994). The
reduction in MMA release was attributed to both a reduction in the content of MMA
and also a more complete polymerization reaction.

11.1.2. The microculture tétrazolium assay systems (MTAs).
11.1.2.1.

The application of alternative tétrazolium salt systems to Nb2 cell

bioassays.
The substitution of the new tétrazolium salts XTT and MTS for MTT in the
ESTA bioassay was initially aimed at avoiding the troublesome formazan solubilisation
step which is obligatory for MTT-formazan. However, extended studies revealed
unexpected advantages to MTAs based upon these new tétrazolium systems, as will
be detailed later. These new tétrazolium salts are generally analogues of tétrazolium
salts which have been available for several decades, but which have been modified so
as to form water soluble formazans. For example, MTS and PDPTP are analogues
of MTT, and WST-1 is an analogue of INT. One would therefore expect in the
future that this family will be further expanded by the introduction of the appropriate
charged groups into other commonly available tétrazolium salts.
The charged groups which have been introduced into the structures of XTT and
MTS to render their formazans soluble, have the potential disadvantage that they limit
the ability of the tétrazolium salt to penetrate the plasma membrane of the cell. This
probably explains the obligatory requirement for intermediate electron acceptors
(IEAs) to effect formazan production, and it is likely that these tétrazolium salts are
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bioreduced extracellularly (Marshall et al., 1995). A feature of assays which use
lEAs is that a high background formazan production is observed; this is not seen with
the MTT-ESTA for which lEAs are not required. There is therefore a reduction in
the signal to noise ratio of the new MTAs. Scudiero et al. (1988) attributed a decline
in the reproducibility of some assays to the presence of lEAs but, generally speaking,
this has not been my experience except for those which utilised a combination of XTT
and PMS.
When compared to MTT an increase in formazan production was observed
with both XTT and MTS. This may be due to several factors, such as the differences
in their electrochemical properties (Marshall et al., 1995), different metabolic
processes, or simply the probability that the soluble formazans, as opposed to the
insoluble MTT-formazans, can diffuse away from their site of formation.
After bioassay incubation periods of 96hrs, a 6-fold larger increase in XTTformazan was observed in an MTA for hGH which was compared against the
conventional MTT-ESTA. When tested on 24hr bioassays a significant dose-response
curve was observed with XTT/PMS whereas virtually no response was observed with
MTT. In practical terms a 24hr XTT/PMS assay was equivalent to a 96hr MTTESTA. This time may be reduced further by simply exchanging the TEA from PMS
to MEN.

This change resulted in an 8hr bioassay which gave greater formazan

production than a 96hr MTT-ESTA. Slightly, but significantly greater formazan was
consistently produced with XTT than from MTS; this may be due to differences in
their electrochemical properties (Marshall et al., 1995) which result in XTT being
more readily reduced than MTS.

However, it is noted that Cory et al. (1991)
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reported that, with their cell-system, formazan production was lower with XTT than
MTS. In my extended experience, which has not been reported in this Thesis, I have
found that optimised bioassays for hGH which utilise MTS/PMS, exhibit precision
and sensitivities after only 24hrs, which are comparable to those obtained with 96hr
MTT-ESTA bioassays.
One benefit of such a reduction in the bioassay incubation time is that strict
aseptic conditions, which are essential for 96hr bioassays, are no longer required. In
addition since solubilization of the formazan is not required, the plates may be
repeatedly read at successive time intervals after the addition of the tétrazolium salt
systems and, as a consequence, the kinetics of formazan production can be readily
followed. Another possible benefit of this reduction in bioassay time may be that the
assay will be less susceptible to "serum effects" which were encountered by Dattani
et at. (1995a) when the MTT-ESTA was adapted to measure the bioactivity of hGH

in human serum.

McNeilly & Friesen (1985) hypothesised that a reduction in

bioassay incubation time may reduce the "serum effects" in the conventional bioassay
based upon increasing Nb2 cell numbers. With the development of the rapid bioassay
for hGH which is described in Chapter 7, it is now feasible to test this possibility.
The absence of an increase in cell number after short periods of exposure to
hGH (Chapter 7) was expected since, as reported in Chapter 1, when in exponential
growth Nb2 cells have a doubling time of 18-22hrs. However, much earlier responses
to hGH may be detected in the MTAs which utilised tétrazolium salts such as XTT
and MTS. With both of these, increased formazan production was shown to be hGHdose dependent after only 8hrs exposure to the hormone.
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hGH-stimulated formazan production occurred in the absence of cell proliferation
(Figure 7.5.) has important implications and challenges the frequently-made
assumption that tétrazolium salt systems may be used as cell proliferation assays. For
example, this would question the validity of recent studies which purported to
investigate the cytoplasmic domains of the hGH receptor which may direct cell
proliferation but which relied upon the MTS/PMS system in relatively short
(overnight) incubation assays; in this study the increase in ODs were expressed as a
direct index of enhanced cell proliferation (Wang & Wood, 1995; Wang et at., 1995).
Furthermore, the results from Chapter 7 and 10 which identity the metabolic pathway
involved in the reduction of MTS as being one which is not directly linked to cell
proliferation, increase doubts about the conclusions reached in such studies. Within
our own laboratory we have encountered a particularly striking example of when
increases in cell number fail to correlate with increased formazan production. In
studies not reported in this Thesis, which used an unusual subline of Nb2 cells,
incubation with hGH for 96hrs resulted in a dose-dependent increase in both cell
number and MTT-formazan at all hormone concentrations tested. However, and
paradoxically, a decrease in MTS-formazan production was repeatedly observed at
hormone concentrations greater than 0.625mU/l.

I have no explanation for this

decrease but cite it as an example of where the striking differences observed with
parallel but otherwise identical microcultures, obtained with two different tétrazolium
salt systems, illustrate how fallible it can be to assume that changes in formazan
production directly reflect changes in cell number.
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In Chapter 8 the instability of the XTT and PMS reagent mixture, which is a
major drawback of this system was described. Previously Scudiero et al. (1988)
reported problems with the XTT/PMS reagent mixture but this was attributed to
crystal formation between PMS and glutathione in the wells of their microculture
tétrazolium assay. If this suggestion had been correct it would have also have been
expected to be encountered with the MTS/PMS mixture. 1 have observed no such
crystal formation with MTS/PMS and indeed the excellent precision possible with this
method would not be consistent with the presence of crystals in the microtitre plate
wells.

My studies demonstrated that crystal nucléation occurred in the reagent

mixture (XTT + PMS in PBS) before its addition to the microplate wells i.e. in the
absence of glutathione. However, unlike the National Cancer Institute instead of
switching to the protein dye, sulforhodamine B (Rubinstein et al., 1990; Skehan et
aL, 1990; Monks et al., 1991) in my studies 1 simply exchanged tétrazolium salts

from XTT to MTS which resulted in a marked improvement in assay performance in
terms of reliability and precision, and avoided the problem of assay "drift” which had
seriously limited the use of the XTT system to experiments which required only one
microtitre plate.
Literature searches revealed few citations on XTT (23, 1988-date) compared
with MTT (231 from 1995 alone) (Source: National Library of Medicine, U.S.A.).
Some have reported the use of XTT can be problematical (Scudiero et al., 1988; Gam
et al., 1994) whilst others have used alternative IEAs without explanation; this

suggests that the instability of XTT/PMS has been observed by others, but not
identified and reported as such. However, in contrast others have reported the use of
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XTT and PMS without mentioning any difficulties (Gombotz et at., 1993, 1994;
Kondo et at., 1994; Memon et al., 1995).
In extensive additional studies (data not shown) analogous experiments were
conducted in which PMS in the XTT/PMS reagent mixture was replaced with
alternative IEAs. These included two analogues of PMS, phenazine ethosulphate
(Ghosh & Quayle, 1979) and 1-methoxyphenazine methosulphate (Hisoda & Yogi,
1977) and two structurally contrasting IEAs, namely MEN (Scudiero eta l., 1988) and
CoQo (Stevens and Olsen, 1993). In these studies there was no evidence of instability

of the reagent mixtures analogous to those encountered with XTT/PMS. MEN has
been suggested as the preferred lEA in MTAs (Riss & Moravec, 1992).
Although lEAs are essential for the production of formazan from the new
tétrazolium salts XTT and MTS, MTT can be bioreduced in their absence. The effect
of three contrasting IEAs, namely PMS, MEN and CoQo which have previously been
shown to enhance formazan production from XTT (Scudiero et al., 1988; Jost et al.,
1992; Stevens & Olsen, 1993) were examined on XTT-, MTS- and MTT-formazan
production. The ability of PMS to enhance formazan production from XTT and MTS
was great, however when used with MTT, only a small increase in formazan was
observed and the magnitude of this was independent of hormone dose. The other
lEAs investigated (MEN and CoQo) greatly enhanced formazan production with all
three of the tétrazolium salts. The reasons for the striking differences between these
effects of the lEAs is at present unknown but these results suggest that there must be
great differences in their mechanism of action.
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11.1.2.2. Mechanism of tétrazolium salt bioreduction.
The cellular site responsible for tétrazolium salt bioreduction has long been a
matter of contention. Mosmann’s first description of an MTT-based microculture
tétrazolium assay (Mosmann, 1983) did not investigate the site of MTT reduction but
extrapolated from a much earlier report which described succinate driven MTT
bioreduction in hepatocytes (Slater et at., 1963).

Subsequently a plethora of

investigators have cited Mosmann’s account and claimed that MTT bioreduction is
exclusively a mitochondrial event.

As reviewed in Marshall et at. (1995), this

assumption is unfounded and ignores much evidence to the contrary including, as
discussed in Chapter 1, the report that erythrocytes, which do not contain
mitochondria, reduce MTT via NAD(P)H dehydrogenases (Raap et at., 1983) and the
fact that histochemists have long used tétrazolium salts for the localization of nonmitochondrial dehydrogenases (Pearse, 1972; Altman, 1976; Seidler, 1991).
The same assumptions have been made regarding the bioreduction of the newer
tétrazolium salts such as XTT and MTS, despite the distinction that the presence of
charged sulphonic acid groups in their structures probably limit their cellular
permeability (Knauf & Rothstein, 1971a, 1971b). It is more likely that lEAs such as
PMS and MEN are able to permeate cells (Hassan & Fridovich, 1979; Yamashoji et
at., 1991) and then probably transport reducing equivalents from the cells to

extracellular tétrazolium salts.
Since these new tétrazolium salts require lEAs for formazan production, it
seemed likely that the key to the mechanism of their bioreduction would be associated
with the metabolism of these intermediates. Consequently my studies focused on
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enzyme systems which used PMS or quinonoids as substrates. One of the systems
investigated was NAD(P)H :(quinone acceptor) oxidoreductase which is more
commonly known as DT-diaphorase. Studies reported in Chapter 10 demonstrated
that a selective inhibitor of this enzyme, DIC, completely abrogated MTS-formazan
development.

Moreover, I confirmed the key role of this enzyme system by

demonstrating that alternative inhibitors of DT-diaphorase, which act at different sites
on the enzyme, also inhibited formazan production. Therefore my current hypothesis
is that DT-diaphorase reduces the IEA intracellularly, the reduced product then passes
out of the cell and in turn reduces the extracellular MTS.
MTT is thought to enter cells (Rice-Evans et at., 1991; Ciapetti et at., 1993;
Shearman et al., 1995) and needles of MTT-formazan have been reported in the
cytoplasm (Altman, 1976; Nikkhah et al., 1992; Shearman et al., 1995). At present
it can be concluded from my results in Chapter 10 that, when added on its own, MTT
can be bioreduced directly within the cell by an, as yet, unidentified mechanism but
that if an lEA is also added, the DIC-sensitive, DT-diaphorase route then exclusively
accounts for the additional MTT-formazan producted.
These conclusions are based upon my work with Nb2 cells, and it is not
possible to generalise about how widely applicable they may be to other cell types.
Nb2 cells are clearly related to rat T-lymphocytes (Fleming et al., 1982) and it is of
interest that, whereas Maly et al. (1989) reported that for B-lymphocytes nitroblue
tétrazolium bioreduction was attributable to the superoxide anion, this was claimed not
to be the case for T-lymphocytes (Melinn & McLaughlin, 1987). T-lymphocytes are
incapable of superoxide production (Pick & Gadba, 1988).
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11.1.3. The suitability of MTAs for the current biomaterials studies.
As stated at the beginning of this General Discussion, the main analytical
technique used for the investigations reported in this Thesis has been the MTT-ESTA
bioassay for hGH. Over the last six years other MTAs using MTT have been used
for related investigations into the biocompatibility and toxicity of biomaterials
(Sgouras & Duncan, 1990; Ciapetti et at., 1993; Dekker et at., 1994; Dion et at.,
1994; Pizzoferrato et at., 1994; Wan et al., 1994a), but none of these investigated
the bioactivity of a biologically active protein hormone such as hGH.
I have found that throughout these studies the MTT-ESTA, and also the
modified MTA based upon the new tétrazolium salt, MTS, have provided a firm basis
for quantifying both the effects of the incorporation of hGH into the biomaterials and
also the cytotoxicities of the biomaterials themselves.

This was due to both the

sensitivity and precision of these assays and also the stability of the Nb2 cell line
when repeatedly passaged over a number of years. The performance of related MTAs
has however been criticized in the past, with reports of large and unacceptable intraand inter-assay variability (Carmichael et al., 1987a; Keepers et al., 1991; Vistica et
al., 1991) and most recently the MTT-assay, in particular, has been reported to suffer

from exceptionally poor precision (Wan et al., 1994b).

From the eight-year

experience with the MTT-ESTA for hGH in our laboratory, we have concluded that
the outstanding precision of this bioassay is due to the simple solubilisation technique
used, namely the elution obtained by the direct addition of Triton X-IOO.

This

detergent-mediated solubilisation yields a stable MTT-formazan, which contrasts with
the unstable soluble product obtained by Wan et al. (1994b) who used isopropanol and
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trituration. Acidified isopropanol was used in the original MTT-MTA (Mosmann,
1983) and suffers from an additional problem that it precipitates proteins in the
medium.

Another factor which undoubtedly contributed to the poor precision

experience by Wan et at. was the use of uncorrected optical density measurements
from several plates which took no account of the between-plate variations. In our
experience, normalisation of results may be obtained by expressing the final
observations as percentages of controls which are run on each plate in, for example,
cytotoxicity studies; for the determination of the bioactivities of hGH it is necessary
to run standard curves on each microtitre plate to minimise between-plate variation.
This is a minor, by unfortunate inconvenience of the system. One particular example
of the reproducibility obtained by such protocols is provided by a comparison between
the investigation into the cytotoxicity of PMMA which has been described in Chapters
3 and 4. These were independent studies, separated by six months, but nevertheless
they gave highly reproducible results, with the neat eluates inhibiting formazan
production by the Nb2 cells by 43+3% and 44+4% respectively. This reflects both
the reproducible nature of the bioassay and of the PMMA discs themselves.
There have been two potential problems in particular associated with the use
of the MTAs for my studies. One was the need to ensure that the cytotoxicities of the
biomaterials did not introduce artifacts into the measurements of the bioactivity of the
hGH in the eluates.

As has been discussed at length, this was achieved by

considerable dilution of the eluates in the bioassay medium. This strategy was only
possible because the Nb2 cells are exceptionally sensitive to hGH and this may not be
possible with analogous bioassays based upon alternative cell systems. Secondly, with
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cytotoxicity assays the length of exposure to the test compounds is critical since after
short incubation periods toxicity may not be observed (Carmichael et al., 1987a,
1987b; Page et al., 1988; Hand et al., 1993). As can be seen from Figtire 4.2. the
eluates derived from PMMA are only toxic to the Nb2 cells after exposure for 48hrs
or longer; for LHBC this time was 24hrs. These studies were performed using the
MTT-ESTA which used an exposure time of 96hrs.

If the rapid bioassay using

MTS/PMS was performed as described in Chapter 7, these cytotoxic effects may not
have been revealed. These observations clearly demonstrate that it is germane for
MTAs to be thoroughly evaluated for their specific applications.

11.2. FUTURE OBJECTIVES/THE WAY FORWARD.
The studies presented in this Thesis investigated the release of bioactive hGH
from a range of biomaterials. Although hormone release was quantitated in terms of
both its bio- and immunoactivity, there was no means of detecting whether any of the
hGH released was bio- or immunoinactive. This issue could be best addressed by the
use of physicochemical methods of analysis such as those described by Bristow &
Jeffcoate (1991, 1992). This approach would also be of great value for determining
the nature of the damage to the hGH after its release from a biomaterial such as
London Hospital Bone Cement; this damage appeared to be particularly severe since
the hormone released had a greatly reduced B;I ratio.
The hormone preparations utilised contain only a small amount of recombinant
hGH, the remaining 95% of the formulations consisting of excipients which are
necessary for stability of the lyophilised hormone; these are osmotically active and
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may influence water uptake and subsequent release of the hormone. My studies in
Chapters 3 and 4 used different preparations of hormone which have contrasting
excipients and this may explain the great differences in the recoveries of the
bioactivities which were observed after their incorporation into identical biomaterials.
This suggests that a controlled and systematic study of the effects of excipients on the
hormone release would be a valuable extension to this work.
Whilst this Thesis was concerned with the delivery of a single recombinant
protein, namely hGH, other growth factors which influence bone remodelling are also
available and should be investigated in an analogous manner. However at present
these are generally only available in small quantities which would impose significant
limitations.

Moreover, to perform such studies, robust and highly quantitative

bioassays which are analogous to the MTAs described in the current work would first
need to be developed.
Additional tétrazolium salts which are also bioreduced to soluble formazans
have recently become available and these should be investigated in the Nb2 cell
bioassay, since promotional literature associated with them claims that they have
improved properties when compared against both XTT and MTS.

For example,

Alamar Blue yields a fluorescent formazan and a fluorimetric assay which might
further increase the sensitivity of the current colorimetric bioassay.
In the newer MTAs, it is obligatory to use intermediate electron acceptors.
However, our knowledge of their mechanisms of action is at present seriously limited.
Undoubtedly a better understanding of these systems, which I have attempted to
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promote in Chapter 10, would enhance our ability to exploit MTAs and assess the full
significance of their results in terms of changes in cellular metabolism.
For the current studies the only bioassay available measured the lactogenic
activity of hGH. This has provided a subtle indicator of changes which may be
occurring to the hGH molecule after its incorporation into biomaterials, particularly
when the results are combined with those of an immunoassay and expressed as B:I
ratios.

However, the relevance of the lactogenic activity on bone remodelling is

unknown and it may be more important to assess changes in the somatogenic potency
of the hormone. The sites on the hGH molecule responsible for somatogenic activity
are close to, but not identical to those which stimulate lactogenic receptors. Currently
a bioassay which measures the somatogenic bioactivity of hGH is being developed,
using a lymphocyte cell line expressing a transfected rabbit GH receptor. This work
is gaining from the extensive experience described in the Thesis with the MTT-ESTA
and the newer tétrazolium based systems.
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Appendix 1. Glossary of biomechanical terms (Biewener, 1992; Vincent, 1992;
W alker, 1993; Nugent e tû /., 1995).

Breaking strain

The strain needed to break a material either in tension
or compression.

Cohesive forms

Attraction forces by which particles are held together to
form a bond.

Compressive strength

Maximum stress that can be sustained by a structure in
compression; if this stress is maintained, firacture will
result.

Creep

Progressive deformation of a loaded material over an
extended period of time.

Ductility

Describes the ability of a material to undergo
considerable plastic deformation without breaking.

Fatigue

Weakening due to repeated deformation by loads which,
if applied only once, will not break the specimen.
Repeated cycles of loading may cause failure of the
material below its ultimate strength.
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Hydrostatic forces

Describes the forces acting on a body to compress it
equally in all directions. It was originally applied to the
pressure imposed on a body immersed in a liquid which
was due to the weight of the liquid.

Shear

Type of deformation in which parallel planes in a body
remain parallel but are relatively displaced in a direction
parallel to themselves.

Strain

Defined as the relative deformation of a body as a result
of loading e.g. the change in length divided by the
original resting length of the material.

Stress

The force per unit area acting on a material and tending
to change its dimensions.

Tensile strength

The maximum stress that can be sustained by a structure
in tension; if this stress is maintained, fracture will
result.

Viscoelastic materials

Materials which are elastic but take a finite time to
respond fully to the application of a load or
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deformation. The stress-strain behaviour changes with
the rate of application of the stress.

Young’s Modulus

The amount by which a material stretches or deforms
when a unit of force or stress is applied. It is the ratio
of the tensile stress to the tensile strain. A material
with a high Young’s Modulus (modulus of elasticity)
experiences very little stretching even for high forces.
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Doing a PhD. is, as used to be said of marriage,
The triumph of hope over experience.

Roderick Floud
The Times, 23rd February 1996
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