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ABSTRACT

There have been many studies on the in-vitro self assem bly of proteins, and
on the orientational effects of strong magnetic fields, but no research seems to
have been published on the effect of isolated pulsed electric fields on assem bling
type 1 collagen. In order to exam ine any effects, it w as necessary to study the
polymerisation process w hilst controlling humidity, pH and the addition of
phosphate, which turned out to be critical fo r the effective alignm ent o f the fibres.
Advances in com puter image processing allow quantification of both retardations
and degree of alignm ent of w eakly biréfringent sam ples; detecting subtle
differences invisible to the eye.
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1. INTRODUCTION
1.1 Collagen

The interaction between collagen and electric fields has long been
suggested, though detailed experimental evidence has not been forthcoming. As is
explained over the following pages, collagen is of incredible importance to all
higher creatures, and therefore any interaction, either as a developing embryo, an
organism in an environment, or as a potential bio-medical application warrants
further investigation.
Collagens occur in all animal groups with the exception of the protozoansthe structure, function, and fibril formation of collagenous proteins has been widely
reviewed (Hukins 1984; Fraser et al. 1987; Kadler et al. 1996; Veis and Payne,
1988). Types I, II, III, V and XI are fibrillar, and the triple helical molecular structure
is often displayed, occurring in at least 19 different collagen types. This structure
makes it ideal as a supporting tissue giving strength without too much elasticity. It
is the major structural protein; making up as much as a third of total body weight
for many vertebrates; occurring in skin, bone, tendon, cornea etc. About 50% of
human protein is collagenous, usually occurring as mixtures of different types. The
vast majority of studies on collagens have centred on type 1 collagen, which
occurs alone in adult tendon and bone, and also in healing wounds. It is easily
purified and reconstituted in vitro.
The self-assembly of proteins (e.g. microtubules, actin filaments and
collagen) relies on the intrinsic properties of the molecules themselves (Holmes et
al 1986)- (however cell regulation does occur in vivo, especially at later stages of
assembly, and for young and healing tissue.) Fibre formation is a multi-step
entropy driven process; a loss of solvent molecules from the protein surface giving
rise to forms with circular cross sections, with the lowest surface to volume ratio.
There are at least three steps (Gelman et al., 1979, Gelman and Piez, 1979, ward
et al 1986): Initiation, which is temperature dependent; linear growth or lag phase,
which is temperature independent; and lateral association which is again
temperature dependant. Gelman showed that the initiation phase was completed
within 6 minutes at 26° (at 4°C fibril formation is so slow as to be negligible), and
linear growth in 50 minutes (at 0.1 mg/ml collagen, the rate is proportional to the
collagen concentration). When the filaments have reached a (temperature
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dependent) critical length lateral association begins. This is the stage in which
turbidity

increases

occur,

when

examining

self-assembly

using

a

spectrophotometer.
There is no consensus on what constitutes a collagen fibre or fibril, though
often (and in the case of this study) a fibril is regarded as the smallest bundle to
display striations, just five tropocollogens (or procollagen see below and fig. 1.2c)
wide; whereas a fibre is a macroscopic bundle of these fibrils. The process of fibril
aggregation is largely water dependent (Renugopalakrishnan et al., 1989,
Israelachvili and Wennerstrom, 1996, Bella et al., 1994) Hydration shells form
around the triple helices with water bridges connecting neighbouring molecules
before any lateral association begins (Brodsky and Ramshaw, 1997). There is an
intermediate filament present at the end of the first step, a microfibril or small
bundle of microfibrils greater than 1500nm long and less than 8nm in diameter;
typically 10 micrometers in length. These can be unipolar in which case all the
molecules point in the same direction, or bipolar, in which case there is a change
in molecular direction somewhere along the fibril.
Collagen fibrils

in

vivo are

made

up from

procollagen

molecules

synthesised within a cell from procollagen chains. These are the soluble precursor
of collagen. Each procollagen chain consists of the repeated tripeptide, Gly, X, Y.
The first residue in each polypeptide has to be the smallest amino acid glycine in
order to allow the triple helix to form, which is held together by interchain hydrogen
bonding. X and Y are often proline and hydroxyproline. There are slight differences
between the chains in type 1 collagen. There are two a1(1) chains and one «2(1 ).
The helical part is identical, but the largely non-helical (15-25 residues) ends are
slightly shorter in the case of «2(1). These are the N and C telopeptides. The Ntelopeptide in type 1 collagen has a short helical area (see fig. 1.1 a) forming a hook
like structure, whilst the C terminal is considerably more globular. Association
begins with the C terminals of the 3 chains combining, and the process of folding
begins. The result is the procollagen (or tropocollagen) molecule- a triple helix
composed of 3 chains each consisting of 338 collagen monomers (i.e. Gly, X, Y). It
is 300nm in length and 1.4nm in diameter. It is at this stage that the molecule is
secreted into the extracellular space.
The process of fibril formation is less clearly understood. The N and C
terminal propeptides are cleaved at specific sites by procollagen N-proteinase and
procollagen C-proteinase giving rise to intermediates between procollagen and
collagen, with only one intact terminal. Collagens are amphoteric, having both
3

positively and negatively charged groups. The longest side chains are the only
direct contact between adjacent molecules,

and are

responsible for the

characteristic staggering pattern. These occur in the N-terminals, and bond
covalently to specific sites on an adjacent triple helix. Helix-helix bonds are fairly
rigid, and are appropriate to the role of collagen as a structural support tissue. This
resulting ordered arrangement of molecules (see fig. 1b) gives a characteristic
striated pattern when negatively stained and viewed under TEM. Naturally
occurring fibrils have a D period of 67nm. It is clear that the procollagen molecule
of 300nm length cannot contain an integral number of these fibrils as its length is
4.4D periods. The quarter stagger model suggested by Hodge and Petruska
(1963) offers the following explanation. Individual tropocollagens assemble as Dperiodic fibrils with an overlap of 0.4D and a gap region of 0.6D. This gap region
permits greater uptake of heavy metal dyes when negatively stained- resulting in
the characteristic cross striated pattern associated with naturally occurring fibres
(see fig 1.2b)
Fibrils are typically 50-500nm in diameter in the tendon, 40-1 OOnm in skin,
whilst in corneal tissue, they are approximately uniform, at around 25nm. (Kielty et
al, 1993) The fact that typed collagen can exhibit such variable fibril diameters
underlines the tissue-specific regulation which only occurs in vivo. When these
tissues are dissolved and reconstituted in vitro, these characteristic diameters are
lost. The N- and C-propeptides of the procollagen molecule are thought to affect
this diameter.
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Fig. 1.1 (taken from Kielty et al.-Collagen in the Extra Cellular Matrix) A The type 1 procollagen
molecule showing both straight helical section, and terminal propeptides. B The procollagen
monomer

as viewed under rotary shadow imaging. The globular and hook-like propeptides are

clearly visible.
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Fig. 1.2 (Taken from Quietly et al. Collagen in the Extra Cellular Matrix). The arrangement of chains
into triple helices, triple helices into tropocollagens, and tropocollagens into fibrils. A and B
Demonstrate the banded pattern when viewed under electron microscopy, and its cause in
gap/overlap layout.

Fibres formed in vitro exhibit greater polymorphism, with banded and non
banded fibrils, as well as periodicities longer than the normal 67nm. Collagens can
be synthesised from procollagens, which have their ends cleaved by suitable
enzymes- giving rise to N-N bipolar fibrils with parabaloidal tips. These fibres occur
occasionally in vivo- in the tendon of developing chick and certain invertebrates.
Collagens may also be extracted by dissolving a tissue in dilute acid. The reasons
for the variety of different forms encountered in vitro include the purity of the
sample

with

regard

to

other

collagens,

other

non-collagenous

proteins,

glycoproteins, proteoglycans as well as packing errors which give rise to non
banded and D period symmetrically banded fibres. There is no unique pathway to
assembly (Holmes et al 1986). Williams et al (1978) overcame these problems by
purifying the collagen - so that the resultant monomer was pure type 1 collagen
with intact non-helical ends. They suggested an ideal set of conditions for forming
native 1banded fibres in vitro (a solvent containing 30mM Phosphate, 30mM TES
(N-tris [hydroxymethyl] methyl-2-aminoethanesulfonic acid), NaCI to give an ionic
strength of 0.225, pH of 7.3, and collagen concentration between 0.02 and 0.5 g/l)
as well as suggesting conditions associated with non-banded filaments (low
phosphate, high temp, high collagen concentration, low ionic strength) and DPS
(D-period symmetric) fibrils (High or low pH, high phosphate). Using turbidity
measurements obtained via a spectrophotometer, it was possible to evaluate the
effect of these parameters on the time VA (half the time to reach maximum turbidity
change). It was found that VA could be increased linearly by raising the ionic
strength (in the range 0.15-3), or decreased, also linearly by increasing the pH
(6.5-8). Low ionic strength gave loosely packed often non-banded fibrils, whereas
high ionic strength gave well packed sheets. There was no effect on VA over
phosphate concentrations of 0-30mM, however its presence was regarded as
essential in order to obtain well packed

native banded fibrils. Collagen

concentration also affects VA with collagen concentration being proportional to the
change in turbidity.

6

Low ionic strength affects fibre diameters due to osmotic swelling. The
effect is minimal at pH4-8 (Ripamonti A et al., 1980) however above and below
these values fibres become shorter but wider, and significantly greater in volume.
The intactness of the telopeptides is very important for fibril growth- it is the
N terminals that are the sites for intermolecular cross-links. Partial removal (both N
and C telopeptides) with pepsin (24 hours 4°C) can result in a loss of diameter
uniformity and unidirectional packing (Kadler et al., 1996). Longer exposures allow
the formation of tactoidal structures, whereas complete removal results in an
inability to form fibrils- there are still fibrous aggregates but they are small.

7

1.2 Liquid Crystals and Endogenous Electric Fields.
1.2.1 Liquid Crystal Mesophases
When a solid melts and becomes liquid it is said to change phase, however
there is a short stage between the two phases in which the substance is neither
solid nor liquid. The properties of this mesophase are lost as the material becomes
fully solid or liquid.
Liquid crystals have been called a fourth state of matter, having both liquid
and crystalline properties. They are an intermediate state between liquids and
crystals, a mesophase;

with the ability to move as a liquid whilst maintaining

orientation in a certain direction. As demonstrated by LCD displays, liquid crystals
are subject to orientation by electric fields.
The constituent molecules of many liquid crystals are strongly elongated, or
rod shaped. To induce liquid crystallinity it is generally

necessary to either

increase the temperature (thermotropic liquid crystallinity) or the rod concentration
(lyotropic liquid crystallinity.) (de Gennes.1974). Increasing the rod concentration
(such as by drying) easily induces liquid crystallinity in biological samples- the
temperatures required for a thermotropic system are generally much higher than
typical physiological levels
Liquid crystals have a number of distinct phases, some more ordered than
others. Those which are anisotropic at low temperature, are said to be nematic.
Nematics have the least order of all the phases, having no long-range order with
respect to molecular centres of gravity. The order they possess is purely
orientational -molecules are aligned along a common axis (which can be in any
direction, usually denoted by the unit vector n ) but are able to move along this
axis, in a similar manner to a liquid. Generally these molecules will be rod or disc
shaped. The vector n does not necessarily remain in the same orientation, in fact it
can even follow a helical orientation, in which case it is described as a chiral
nematic, or cholesteric phase (due to its occurrence in cholesteric esters). In this
case the molecules remain parallel to n, which itself changes orientation in each
successive plane.

gpgsg

Fig1.3

Cholesteric

liquid

crystalline

phases

of

collagen.

a)cholesteric

globules

spontaneously emerge between crossed polars. Bar 10pm b)'Fingerprint' structure forms after
several days. Bar 10pm c) Stabilised cholesteric phase at neutral pH viewed with TEM. Bar 1pm.
(From Giraud Guille (1996).

The most ordered (that is to say it has the lowest symemetry) liquid
crystalline mesophase is the smectic, which has stacked layers of molecules, each
layer of equal thickness. Individual molecules are free to move around the layer,
but not from one to the next. The molecules can be normal to the layers (smectic
A) or at an angle (smectic C). A typical (though usually non-biological) liquid crystal
will change mesophases, from nematic to smectic and finally become isotropic,

9

with increasing temperature, however such temperature rises are generally
impossible for most biological systems, - at physiological temperatures phase
changes occur as a result of increasing concentration
A number of biological molecules are recognised to be liquid crystalline,
such as collagen (Bouligand 1978), and DNA (Livolant 1983). Type 1 collagen is a
lyotropic nematic liquid crystal. The concentration of rod shaped molecules is a
prerequisite to liquid crystallinity, and therefore, ordered self-assembly. For type 1
collagen, this concentration is approximately 80 mg/ml. Below this molecules are
randomly distributed (Besseau and Giraud-Guille 1995), whereas above this value
precholesteric geometries were found. Giraud-Guille (1996) found that when
solutions of type 1 collagen (calfskin - initial concentration 5mg/ml, samples were
first sonicated to induce mobility) were allowed to evaporate on a slide , small
cholesteric globules appeared with characteristic concentric bands (fig. 1.3a). In a
number of days these developed into the 'fingerprint' like structures as shown in fig
1.3b

1.2.2 Order Parameter of Nematic Liquid Crystalline Mesophase.

The order present in a nematic liquid crystalline mesophase is quantifiable
using the following (from de Gennes 1972)

8=

>2 < (3 c o s 20-1)>

where

S = order parameter
0 = angle between director n and the individual molecule

When all molecules are parallel with n, then 8 = 1, signifying maximum order.
If the alignment is perpendicular to n, S = -1/2, and if there is no overall alignment
8

=

0.

1.2.3 Endogenous Electric Fields and Collagen Alignment.

The role of electric fields in collagen alignment was raised by Burr and
Northrup (1935) but extensively developed by Becker’s (1990) discovery of
electrical injury currents flowing from skin wounds. In fact he found a direct current
(DC) electric field in the bodies of all organisms examined, including during
10

morphogenesis. These currents create dc electrical fields of around 10OV/m
(Sheridan et al., 1996) responsible for guiding the cytoskeletal protein keratin
towards the wound. In vitro the protein heads towards the negative pole with fields
as low as 10V/m.

1.2.4 Biological Water and Collagenous Liquid Crystals.

When biological materials are dissolved in water, they are typically connected
with hydrogen bonds forming a hydration shell (Zhou 1999). There have been
many studies relating to this phenomena, and using techniques such as dielectric
relaxation measurements, it is possible to distinguish bulk water from this shell.
In the case of collagen it is generally the residue in the Y position of (Gly, X,
Y) which undergoes hydrogen bonding with water molecules. Glycine and proline
are unable to form these bonds as Gly is always confined within the triple helix,
and Pro has no donor or acceptor sites. Only 12% of the type 1 collagen molecule
are (Gly, Pro, Hyp) , however many of the different residues that fill the Y position
are capable of fulfilling this H bonding role.

v

ifCO
CO

Fig 1.4 Possible hydrogen-bonding configurations within the collagen triple helix, (from Brodsky and
Ramshaw1997)
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Oi —

Fig 1.5 The tetrahedral structure of a phosphate ion allows hydrogen bonding with 6 neighbouring
water molecules - one on each surface.

Water molecules can assume a number of different roles when acting as a
solvent for proteins such as collagen.
Non-biological or bulk water surrounds the protein; these are highly mobile
molecules with no hydrogen bonding with the protein, and a high diffusion
constant. Bulk water can, however, form H bonds with up to four other water
molecules, these clusters are continually changing, splitting and reforming

Phosphate ions have the capability to undergo hydrogen bonding with
water, forming microclusters with interesting properties. These tetrahedral clusters
have their phosphate ion at the centre, and oxygen ions in four of the eight corners
(see fig 1.5), all of which undergo hydrogen bonding (Lee and Prohofsky, 1981).
An individual phosphate ion can hydrogen bond with six water molecules. In DNA
water is strongly attracted to the phosphates along the chains, and have been
shown to affect both conformation, and vibrational properties.
Within the protein itself, water molecules act both as glue and lubricant
maintaining the overall structure and allowing the molecule flexibility. All bonding,
both strong and weak is via hydrogen bonding. Both bound and free waters within
the hydration shell are considered biological water.
The most tightly bound water molecules (or structurally bound waters) are
essential for the triple helical shape and can even be considered as part of the
molecular configuration. This arises as a result of the bipolar nature of collagen
12

(and other biological material) and hydrogen-bonding capacity of water. The
hydrophobic parts of collagen attempt to avoid the surrounding water, changing
conformation to create a hydrophilic exterior, and hydrophobic interior. Any water
drawn into such proteins will then assume this structural role. These water
molecules are static, and generally not replaceable by other solvent molecules.
Loosely bound water also surrounds the molecules, in a number of different
configurations. Unlike structural water they are in dynamic equilibrium - individual
molecules do not remain in the same position; instead other solvent molecules
continually replace them. Still with H bonds, water can link two carbonyl groups
within a single chain (intrachain bonding see fig. 1.4b), between two adjacent
chains (interchain bonding see fig. 1.4b), or link 2 adjacent chains, either a
carbonyl with a hydroxyl group of Hyp on an adjacent chain (see fig 1.4c). These
chains consist of between two and five water molecules hydrogen bonded
together. Furthermore there are the water bridges mentioned in section 1.1 - inter
helical bridges responsible for connecting adjacent triple helices (Brodsky and
Ramshaw, 1997). There is very little direct contact between helices as can be
seen in fig 1.6, suggesting lateral molecular packing is largely determined by the
hydration shell linked to backbone carbonyls and Hyp.
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Fig 1.6 -Illustration showing adjacent triple helices with very little direct contact. Water molecules are
represented by the white dots. (From Brodsky and Ramshaw 1997).

1.3 Skin Electrical Conductivity and Acupuncture
Measurements of electrical conductivity between acupuncture points and
surrounding skin have shown that there are changes in conductivity around the
body, with no recognised structure corresponding to them. Acupuncture points
often have from 10 to 100 times the conductivity, of the surrounding skin reviewed
by Ho and Knight, 1998. These points lie on meridians; pathways which play an
important role in traditional Chinese medicine, not just for accupuncture, but also
massage, administration of drugs and moxibustion (application of heat to the
acupuncture points).
Ho and Knight suggest that these acupuncture meridians could correlate
with the alignment and structure of collagen fibres connecting every area of our
bodies. In particular long-range intercommunication facilitated by water hydrogen
bonding to hydroxyproline (and other) residues along the fibril surface. The
difference in electrical conductivities along and across a collagen fibre could be as
much as 100 times. This dielectric anisotropy suggests that an electric field should
be capable of aligning the fibre. There is considerable evidence to suggest that
collagen fibrillogenesis (both In vivo and In vitro) is dependent on lyotropic
crystallisation (Knight et al. 1998). Such a process would depend on the changing
attractive and repulsive forces as water is removed from the solutions. Whilst
studying the complex lyotropic liquid crystalline assembly of collagenous dogfish
egg casing, they found that many of the intricate phase changes occurring in vivo
could be replicated in vitro, by slowly changing the pH. They suggested that this
was a product of collagens amphotericity, with slow dehydration at a slightly acid
pH giving rise to the rigid protein crystal phase. Low pH, they suggested would
maintain a net repulsive electrostatic charge that would oppose the attractive
forces associated with hydrophobic forces and hydrogen bonding.

1.4

Self-Assembly

&

Protein

Alignment:

Electromagnetic

Effects

on

Orientation

The medical use of electric and magnetic fields has been limited, mainly in
attempts to help heal bone fractures in humans, dogs and horses (Auer et al.
1983, Bassett 1983, Becker 1990) The precise effects of non-static electric and
14

magnetic fields are often indistinguishable from each other (a changing magnetic
field creates an electric field, and vice versa). A number of workers attempted to
recreate the body’s D.C currents in healing tissue by applying pulsed magnetic
fields, with very good results (field perpendicular to bone), as well as applying
electric fields via metal electrodes (parallel to the bone). Becker goes on to
mention that Liboff, and other workers found that these effects were due to a
magnetic effect on cells during mitosis- as there was no effect after normal cell
growth had finished. Watkins et al (1985) used pulsed electromagnetic fields to aid
healing in equine tendon injuries. The applied field in fact slowed the healing,
however.

Using polarised

light microscopy no retardation or orientational

differences were found. The orientation of the applied field was not described. This
result demonstrates that an interaction exists.
There have been many attempts to form collagenous fibres by warming and
neutralising acid soluble collagen solutions (Gelman and Piez, 1979); (Kadler et
al., 1996). However there is usually no real order in a cell free system unless a
magnetic field of high flux density is used. Torbet

and Ronziere. (1984)

successfully aligned samples of collagen with strong magnetic fields within the
range 1.9-13T. The magnetic alignment of proteins by strong magnetic fields has
been attributed to the diamagnetic anisotropy of aromatic residues and peptide
bonds. Collagen, however, having few aromatic groups depends on its planar
peptide bonds for this effect (Kielty et al, 1993) (Worcester, 1978) (Torbet, 1981),
For a magnetic field to align a diamagnetically anisotropic molecule, the orienting
energy A%H2/2 must exceed the disorienting Brownian motion kT. This rarely
happens to individual monomers, but as they aggregate, the orienting energy
surpasses the disorienting thermal effects. For this reason, the slower the
polymerisation occurs, the more chance fibres have to form and orient
themselves- there must be good orientation of the fibres before the lateral growth
step has begun. Other proteins to be magnetically aligned during polymerisation
include fibrin (Freyssinet et al., 1983) in which it was found (using a photoelastic
modulation technique) that the degree of orientation was directly affected by the
solution conditions, with low ionic strengths giving the most order. The addition of
calcium gave a significant increase in the ordering obtained. From these results it
was concluded that as high ionic strengths reduce, and calcium increases the fibre
thickness, the magnetic orientation must be dependant on this parameter, with
thicker fibres having greater diamagnetic anisotropy. Fibre diameter changes as a
function of temperature (Kadler et al., 1996) with typical values of 20-70nm at
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34°C. and 200nm at 20°C, again suggesting that better orientation would be
achieved at low temperature. Final fibre thickness is set once around 20% of the
collagen has assembled , after this point assembly occurs at the end of existing
fibres.
In conclusion, the best magnetic orientation appears to be achieved with
low pH, low ionic strength, low temperature and in the presence of calcium. This
gives a slow polymerisation, with thick, easily oriented fibrils. Raising the ionic
strength, will slow the reaction further, yet reduce fibre thickness. If an aligning
field is switched off, the collagen fibres will still continue to polymerise on the ends
of existing fibres, in the same orientation.
The orientational effect of electric fields on collagen is predicted on the
basis of the dielectric anisotropy of a bound water hydration shell. Despite the
highly polar nature of many of the peptide residues in the collagen monomer, there
is no overall polarity due to the stability of the triple helix (Lim and Shamos, 1971).
If a molecule has dielectric anisotropy parallel to its long axis, an electric field
along that axis can efficiently orient it, (as is the case in type 1 collagen) however
one normal to it would have a reduced effect. This situation is reversed if the
dipole moment is normal to the molecule. It has been suggested that electric fields
can chemically affect biological materials (Goodman et al., 1983) though this is
presumably concerned with electrolytic effects.
Stellwagen and Stellwagen (1989) used pulsed electric fields applied
by parallel electrodes on DNA embedded in agarose gels. The orientation of the
DNA by the fields gave rise to a birefringence signal, however so did the agarose
gel. A separate series of experiments were performed to evaluate the effects of
these fields. A clear effect was found from 50 V/m, the birefringence increasing
quadratically with field strength (obeying the Kerr law) using pulses of 200ps.
Reversing the field direction momentarily reduces the birefringence but it soon
reaches its previous level. Applying further pulses or increasing the pulse duration
could increase the amplitude of the birefringence. At lower field strengths of longer
duration (1V/m , 500ms, and even as low as 0.16V/m) the resulting birefringence
could be either positive or negative, seemingly at random, often changing sign
once the field was removed. If a second pulse were applied the birefringence
would increase if the original signal had not fully relaxed, or change sign if it had.
The relaxation time was found to be proportional to the applied pulse duration,
implying that these pulses were orienting longer assemblies.
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Becker, and Selden (1985), described an experiment in which collagen in
solution is aligned by a D.C. electric field created by two electrodes in a beaker.
The fibres, however ran perpendicularly to the electric flux lines, congregating
around the negative electrode. Unfortunately no further details were given, such as
solution conditions, and electrode effects.
Knight et al (1998) succeeded in creating highly ordered collagenous
aggregates by using reverse dialysis against PEG. They also used small
concentrations of Ca or Mg chloride which , when absent in the controls gave poor
fibril orientation.

1.5 Polarised light and quantitative imaging

Collagens have typically been studied using X-ray diffraction, bright field,
Tern (transmitted electron microscopy), Bern (scanning electron microscopy),
turbidity measurements and polarised light microscopy. Collagen fibrils exhibit
positive uniaxial birefringence, i.e. the fibril has a greater refractive index through
the main axis than perpendicular to it. This property makes collagen fibrils an ideal
candidate for study using the polarising light microscope; highlighting subtle
orientational differences. Tomilin and Kilanov (1999) recently found that they could
detect malignant tumours by coating tissue in a thin layer of nematic liquid crystal,
and examining with a polarised light microscope, the orientational differences
being caused by variations in surface tension between the tissue and the film.
Using polarised light, Whittaker (Whittaker and Canham, 1991) (Whittaker,
1995) attempted quantification of fibre orientations of cardiac tissue and rat tail
tendon, with good results, however imaging using digital cameras and computers
improves the sensitivity of most microscopical techniques (Kiraly et al., 1997),
(Newton, et al., 1995) (Inoue, 1981)
A modification to the standard polarised light microscope discovered by Ho
and Lawrence. (1993) allows quantification of relative retardation and orientation
for weakly biréfringent samples (Newton et al 1995), (Ross et al 1997). Weakly
biréfringent samples have relative retardation below 50nM-a typical value for thin
sections of many biological materials..
The standard polarised light microscope set-up consists of a polariser both
above and below the sample. They are crossed; that is their vibrational axes are at
90°. As light passes through the first polariser it is split into two perpendicular rays,
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that will travel through the sample at different velocities, the slower ray being
retarded relative to the fast ray. This difference is the relative retardation
measured in nm. As the two rays leave the sample they are out of phase- the
second polariser (or analyser) recombines the rays, where they interfere. For
samples with a retardation of less than 200 nm, a compensator plate is added
between the polarisers to bring this interference within the visible range. This plate
is traditionally set at 45° to the polarisers, but by adjusting this angle to 4.5-7.5°
with the vibrational direction of the slower ray, the colour contrast is dramatically
increased and is optimised for retardations below 50nM (Ho and Lawrence, 1993;
Ho and Saunders, 1994; Newton et al, 1995). When combined with the latest
image capture and analysis software motorised microscope stage and digital
cameras (Ross et al, 1997) it is possible to accurately evaluate both sample
retardations and orientations, at individual points, or averaged over areas.
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2. METHODS AND MATERIALS
2.1 Collagen Preparation

Solutions of dermal collagen were extracted from pigskin by pepsin
digestion, and then repeatedly dissolved in acetic acid and precipitated out with
NaCI, as described by (Gao 1992) then finally dissolved in 0.1 M acetic acid. The
resultant monomer, having undergone partial removal of n and c telopeptides, is
unable to undergo normal fibril formation (lack of unidirectional packing and
diameter uniformity) (Kadler et al. 1996). The solution was assayed using the Sircol
collagen assay (Biocolor, Northern Ireland), and its concentration found (4.7 g/l).
Portions of collagen solution were either stored in a refrigerator or freezer, until
use. All preparation was carried out below 5°c where possible. In both cases
solutions were diluted to 1.12 g/l collagen.
Slides to be used were previously cleaned, first using 1% acid alcohol
overnight (1%0 HCI, 29% dH20, 70% methanol) followed by a soak in dH 20 and
a final wash in ethanol. Later experiments were performed on pre-cleaned slides
(BDH super premium) to guarantee that slight scratching etc on the slide would not
be present. In most experiments some form of chamber was used to contain the
collagen solution (fig.2.1) Initial experiments used a square well, however there
was a clear orientational effect of the edges aligning fibres perpendicularly (and
therefore parallel) to each side (see fig.2.2). A circular well was eventually chosen,
as it would have no preferred direction. Initial experiments were performed using
Teflon sheeting, with a hole punched through it and held down with histomount,
better results were obtained with adhesive tape. The well was left to dry before
use.
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Fig.2.1 Collagen was allowed to crystallise in wells constructed of (a) selotape, (b)teflon sheeting

(a) expt 93a2

(b)expt 93b3

Fig.2.2 Fibres align perpendicularly to edges. In both cases the edge of the well is in the bottom
right hand corner, running at 45° (clockwise) from the right hand side of the image. On some
occasions (a) thick fibres are formed, much larger than any within the centre of the well, (b) smaller
fibres aligning perpendicularly with the edge.

T he co llagen (initial co nd itio n s T e m p 4 d e g re e s C, pH 2.8) w as added to a m ixture
o f NH 4 OH to control pH, so m e tim e s C a C l 2 , pho sp ha te buffer or an increased
a ceta te co ncentration, and varying vo lu m e s o f w ater. This m ixture w as well
shaken and sonicated using a 3 5kH z so nicating cle a n e r fo r 30 seconds before

being put on the slides. This is equivalent to the 'neutral start' initiation procedure
as used by Kadler et al (1996), Gelman et al (1979) and Silver (1981)

2.2 The Effect of Relative Humidity on Polymerisation

To examine the effects of relative humidity on assembling collagen fibres, it
was necessary to position slides of polymerising collagen within a closed container
of saturated salt solution, giving a known humidity (LiCI 15%, CaCI2 32%, NaBr
58%, NaCI 76%, KCI 86%, Na2C4H406 92%, dH 20 100%) as described by
O'Brien (1948) This was achieved by resting slides on upturned glass pots
standing in shallow pool of saturated salt solution (see fig.2.3 below). The
containers used were glass slide boxes- lids sealed down with Vaseline to ensure
a good seal. These containers were situated on an incubator (although it was not
used in all experiments) with a temperature range of around 23-28°C. The
collagen solutions dried by the next day under the least humid conditions (15%)
and after 2-3 days for 92% humidity. Above this value, slides did not dry
effectively.

Once the slides were dry, the samples were fixed with 2%

glutaraldehyde, for 15 minutes before rinsing, first with phosphate buffer, then two
more times with distilled water. Viewing and measurements were made in water
with the Polarchrompro quantitative imaging package.
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Fig.2.3 Relative humidity is maintained by performing experiments above a saturated salt solution
in a sealed slide box.

2.3 The Effect of pH on Polymerisation

Most experiments (including the effects of relative humidity and electric
fields) were performed on a slide containing five or six wells, each containing
different proportions of ammonium hydroxide (0.2M), or phosphate buffer solution
as to give a range of pH, usually from 5-9. This, unfortunately allowed variation in
the ionic strength of the solutions In later experiments batches of mix (NH40H,
dH 20) were made in advance to ensure equal pH between experiments and
controls. Viewing and measurements were made in water with the Polarchrompro
quantitative imaging package.The extent of fibril formation was compared by the
mean retardation values given for each rotation, after a suitable area of interest
had been located (see section 2.11)

2.4 The Effect of Other Salts on Polymerisation

Phosphate (final concentration 30mM) and in some cases calcium salts, or an
increased acetate concentration were added to the collagen solution to examine

their effects on fibre form. Viewing and measurements were made in water with
the Polarchrompro quantitative imaging package.

2.5 Attempted Alignment Using Electric Fields.

A toroidal coil supplying a pulsed electric field by magnetic induction was
set up within a sealed bell jar, containing a saturated salt solution (NaCI, rh76%)
(fig.2.4). Current was supplied via a Multisources PS-20 power supply. The coil
was wound around an iron toroid, inducing magnetic flux solely within the
windings, and in turn an electric field through its centre (see fig. 2.5). The slide
was positioned along this axis great care being taken to ensure that the slide was
parallel with the lines of electric flux. The electric field induced is only uniform in
the centre of the coil, (at the origin in fig. 2.5). This set-up has the advantage of
being electrode free, avoiding all electrolytic effects. It allows the creation of
electric fields isolated from their magnetic component. Pulsed DC fields were
applied by the power supply in a range of frequencies and pulse lengths. The
current supplied for most experiments was 0.12a, however this was raised to
0.32a in a few experiments .Magnetic flux density at the centre of the coil was
measured using a Bartington mag-03 three axis magnetic field sensor. This device
converts both static and alternating magnetic fields into a small voltage. These
voltages describe the field in a particular orientation, however when the three
directions are combined they give the total scalar field at a point. This device has a
scaling factor of 50pT/volt. Separate measurements were made for both static and
alternating fields (ac and dc), over several days. Typical results are shown below.

Fig. 2.4 The coil is supported by a rigid cardboard tube, cut to hold it firmly. The slides rest
on a card platform though the coil centre.
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slides will fit in a slide mailing box, as shown above,

however most experiments were performed with just one. In either case, the platform height would
be adjusted to ensure an even field distribution over the slide(s).
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As can be seen there is no change in static magnetic fields due to operation
of the coil. In the case of alternating fields, the voltage (and therefore flux density)
increases in the Y and Z planes, and to a lesser extent in the X plane. This rise
can be explained as leakage from the coil, the leakage (and the desired flux) being
primarily in the YZ plane The terrestial magnetic field is in the order of 40pT or
0.4G.
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Fig. 2.5 Representation of the toroidal coil (the entire coil is tightly encased by windings). As the
current alternates, a magnetic field alternates within the core, flowing around the toroid in the XY
plane. This induces an electric field of the same frequency, along the X axis.

Calculating the electric field created by the toroid, even to an approximate
value, is not really possible. An approximation that assumes the field to be acting
in a vacuum is possible, however when a conductor is present, there is incomplete
penetration of the sample; a surface charge is induced which in turn cancels the
applied field. The internal field can be reduced overwhelmingly, and is a largely
incalculable way.

However, assuming the toroid is in a vacuum ...
The magnetic flux density produced by a toroidal coil is enclosed by the
windings, within the core. The field lines form rings inside the toroidal windings,
the flux density being given by the equation

B = pr n I

(1)
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Where

ji

r

is the relative permeability of the iron core, n is the number of

turns/metre, and I is the current applied. The value of pr for ferromagnets (such as
the iron core) can only be estimated, as this value is non-linear and history
dependent. A value of 1000 is assumed, though typical values can be as high as
25000. The value of n varies with toroidal radius, so an average figure is assumed.
(In this case 1575 turns/metre)
As this magnetic field fluctuates, an electric field is induced around the coil,
being perpendicular on the central axis.

We know that for non static Electric fields we have
E= -V V -dA/dt

Where A is the vector potential, and V is the Scalar electric potential. As the
scalar electric potential V is constant, we can write
in the centre of the toroid,
E= -dA/dt

(2)

For a single loop of wire carrying the current I, the vector potential A has
the same direction of the current and has a modulus
A (r, 6)= p r I a2 sinQMr2
Where a is the radius of the loop, r is the distance between the centre of the
loop itself and the point in which A is calculated and 0 is the angle between the
axis of the loop and the vector

r.

This formula is only valid if r2» a 2 . In the case of the coil used in all
experiments, a=0.015m, and r = 0.052m.

If the toroidal coil is made up of N loops, and in the centre of the toroid all
contribution to A of the N loops has the same direction, r is equal to the radius R of
the toroid and a is equal to the inner radius of the single coil (i.e. of the section of
the toroid).
So, in the centre of the toroid, A is directed along the toroid axis and has a
modulus
A = p r * N * I * a ^ M r2

In a length of 2^r there are N turns of the coil, we can introduce n, the
number of turns/metre, and write:
A = p r 7tn I a2/2r

From equation 2 above;
E=-<9A/dt= - p r Ttn a2/2r dl/dt z
Where

z is the vector of z axis.

Pulsed DC can be considered as a square wave - each cycle consisting of
two pulses in opposite directions. These pulses are not perfectly square however;
there is a finite time taken to reach the maximum current value. This is the time

t,

which can be used to estimate the magnitudes of these pulses, and is given by:

t

=L7R

where L is the coil inductance, and R is the coil resistance

so
E « - p r Tin a2/2r Im ax/i

Using n =1575 turns/metre, and if we give

p r

an order of magnitude of

1000, a =0.015m, r =0.052m, R = 150Q, L = 0.17H we obtain
E « -1 0 5 *lm ax/1.133 x10"3

For a maximum current of 1=0.12a,
9R

E « 1.13x106V/m
and with a current of 0.32a
E « 3.02 x106V/m

These free space approximations are of limited value, for reasons detailed
above.

The electric field was switched on before the slide was placed in the bell jar,
and not turned off until after the collagen was fully dried. There was no significant
increase in temperature due to the operation of the coil.
Measurements were made in distilled water with the Polarchrompro
quantitative imaging package as described in 2.9 below. The best results were
achieved at 10x 0.7 magnification, and being repeated around about 5 times within
the central 25% of the well. Each measurement resulted in an image aproximately
1/400th of the total well area. These results were averaged. The choice of
magnification was a trade off between field of view, and suitable brightness and
size of fibres.

2.6 Electron microscopy

Samples had previously been prepared and examined using polarised light
microscopy (2% glutaraldehyde fix-see above). They were coated in gold using an
Emscope SC500 sputter coater in order to observe on a JSM820 scanning
electron microscope. Photographs were taken at magnifications up to 10000x,
however at the highest magnifications, some damage did occur to the collagen,
during photography.

2.7 Polarised Light Microscopy
As

weakly

biréfringent

samples

are

rotated

under

the

polarising

microscope, their colours change from orange to blue, depending upon the
orientation of the optical axes with respect to the polarisers. The Polarchrompro
software allows quantification of these colours, and through this, measurement of
relative retardations, as well as angle distributions of birefringence within an area.
This can, therefore give an indication of the alignment due to any field (or non
field) effects. A sample with its long axis at 45° from either polariser will be at its
most intense, either red or blue, depending on the position of the wave plate. The
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polarchrompro

set-up

includes

Prior

Scientific

polarising

microscope

with

motorised rotating stage, first order wave plate inserted at 52.5° from either
polariser, JVC ccd camera (gain settings 0-18dB), and an Imaging Technology
CFG image capture card in a windows3.11 486dx pc. The microscope is controlled
via an image processing package Imageproplus (Media Cybernetics).

2.8 Microscope Set Up and Calibration
It was essential that the polarchrompro microscope and software was set
up carefully, as small changes can adversely affect results. Firstly, objectives,
condenser, ccd camera and lighting were centred- light intensities should be such
as to give sufficient illumination of the sample, and calibration standards, without
saturation in the chosen colour channel. The polarchrompro set-up has both digital
and manual voltage control, allowing precise settings to be maintained. A digital
value of 78 corresponding to a voltage of around 12v, and a gain of 12, though
more usually 18dB was usually sufficient.. The microscope was set up and
focused on the surface of a blank slide. Measuring the relative intensities across
the width (and from top to bottom) of the screen shows immediately how uniform
or irregular the field of view, with regard lighting, condenser, field iris etc.
Adjustments were made until there was an approximate even distribution of light in
the area to be examined.
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FIG 2.6. (a) A Blank slide viewed down the polarising microscope, with line
profile superimposed.(b)lntensity values of red, green, and blue along the line profile. In
this example all three channels are relatively uniform, not always the case especially for
the blue.

Assuming that the sample is not too thin, measurements can be made
using just one channel, so only red or blue need to be uniform, not both. As can be
seen in Fig. 2.6 above, the mean blue intensity is higher than the red, this is a
in

property of the bulb- lower voltages have less of a difference, but are generally too
dark to work with. In the case of thin samples the blue can sometimes give a more
informative picture. This is mainly due to background noise, and slight changes in
focus as the stage rotates. From camera calibrations (see below) we know the
system as a whole is only linear at intensities below 200, which was set as an
approximate threshold for illumination. Our set-up always gave more uniformity in
the red plane when set at appropriate lighting levels (see FIG2.6), and this was
optimised by partially closing the condenser iris. An ideal start-up condition was
chosen, as a uniform red intensity of around 100 across a blank slide. When the
field of view was finally uniform, the microscope was kept completely unchanged
for the rest of the days measurements. Once recording of all the slides was
complete, a blank area of one of the experimental slides was measured in the
same way, being careful to start in the same orientation. Calibration was achieved
by performing a measurement process within imageproplus, on mica standards of
known retardation. To be accurate the mica must be of similar retardation as the
sample (Zhou 1999). The retardation of all standards was measured several times
using the desenarmont method using a Ziess universal microscope. Average
values were used.

2.9 Measurements
Ross et al. (1997) briefly describes the measurement process. This paper
to which I have contributed in helping to develop and test the standardisation and
measurement procedure, is included as part of my thesis. A number of images are
captured over 180 degrees (Fig.2.7), which the computer then rotates back (Fig.
2.8), compiling composite images containing information such as maximum and
minimum intensities of each individual pixel (lmgret-Fig.2.9), and the angle at
which these occurred (angmax-Fig. 2.10).
Images were generally captured at 5-degree intervals, samples being
viewed in distilled water under a cover slip.

Fig.2.7. The first three images (of 36) of re-assembled pork skin collagen, captured at 0°, 5°, and
10o.(Mag. 10x0.7, starting conditions collagen conc. 1.12g/l, pH 7, relative humidity 76%)

Before the images can be processed, their centre must be determined. This can
be performed automatically by the computer, or manually, by selecting a small
distinctive feature, and averaging its x and y co-ordinates, from the first and last
images (0° and 180°). Small specs of dust towards the edges of the image (from
the slide only- not within the microscope) are ideal for this purpose. For more
biréfringent samples, the automatic centring is perfectly adequate, as background
noise and small deviations in focus do not significantly affect the overall image.
However thin samples usually require manual centring, especially if the structures
being examined slip out of focus slightly. Dust from within the microscope or ccd
camera does not rotate as the images are recorded, but is rotated back as the
images are processed. These appear as the fine concentric rings in the final
composites.

Fig. 2.8 The corresponding processed images. The computer has rotated each image back
to its starting position-subtle colour changes are not clearly visible to the human eye. The cropped
corners, give rise to the characteristic circular pattern on the composite images described below.

2.10 Retardation
The difference composite (maximum intensity - minimum intensity), is
proportional to the relative retardation. By applying the calibration made with the
mica standards (see section 2.8) the polarchrom pro package can give calibrated
intensity values as retardation in nanometres. Such measurements can be made
to individual pixels, across lines, or averaged over a whole image.
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Fig. 2.9(a)

(b)

/mg/ief-(lntensity difference). Intensity is proportional to retardation.(a) the difference (Imax-lmin for
each pixel) displayed for all 3 channels.(b) The same com posite view ed only in the red
channel.(black equals 0, w hite 255, grey values in between)

2.11 Angular distribution and order parameter

Each area examined has a corresponding computer generated composite
angmax, (fig.2.10) which gives information as to which orientation is brightest for
each pixel, with respect to starting position. Again this image is coloured in red,
green, and blue, intensity representing angle/0. As all set-up procedures and
measurements are based on the red channel, it is only these values that are of
use to us. If the collagen had aligned along the slide, a histogram of angmax
would have peaks at 0° or 180°, whereas alignment perpendicular to the field
would give a peak at 90°. This is only true for the red component, of light (blue
gives the same results at 90° from the red).
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Fig.2.10a)Angmax. from example above -intensity values represent angles.b) Histogram showing
their distribution.
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Fig.2.11a,b) Angmax. from corresponding blank slide, and histogram.

The retardation of a perfect blank slide should be zero (glass slides are
isotropic), as should therefore, the difference (the red and blue channels would
have non-zero intensities, unchanging when rotated 180°, the green would remain
at zero)-however this was never the case (see fig. 2.12b). Specks of dust, non
uniformity of slide, lighting, optics, in camera output, bad centring etc, all made the
field of view less even. These effects are of minor significance when measuring
retardances greater than a few nanometres, or for looking at angle distributions
when the sample covers a large part of the area of interest. Unfortunately, the
nature of most samples examined was of fibres of various sizes, the bigger the
fibre, the greater the retardation, but with comparably large ‘empty’ areas in
between. On examination with electron microscopy these empty’ areas proved to
be a web of small fibres and fibrils, (around 200nm in diameter) which are not
visible on the polarised microscope to the human eye, nor individually to the ccd
camera (-at a typical magnification of 10x 0.7, 1 pixel measures 625x625nm), but
as each pixel is an average of all intensities and angles unresolved within it, there
can be a small effect. It would be very difficult to differentiate between these small
retardations, and the optical imperfections mentioned earlier.
In an attempt to compensate for this, the background intensity difference of
the blank slide, including the most weakly biréfringent non-blank areas was
regarded as zero nm retardance. This in itself presented problems, as the blank
slide often gave quite a variation across the field of view. A cut-off value was
chosen which contained at least 70% of the red intensity difference. Any pixels
with max-min at this value or lower (from all rotations) could be ignored as blank
slide. A macro within imageproplus was created to automatically discount any
pixels within this range, by setting the corresponding pixel in angmax to 255°. This
modified image was named cutoff. Small changes in the cut-off value had very
little effect on the shape of the angular distribution.
-id

080

42 83 124 165 206 247 288 32£
distance along line
(a)lmgret. blank reference slide

(b)
5000 w 4000 - J
u
8
\
.25 3000 a
I
o 2000 \
c

1000

-

o
T—

tr
o oo co en cj
CO CD CD CO CD CD CO
intensity

(c)lmgret. sample

(d)

mm##

15000

$ 10000

imniiiiiiMiiiiiiuHüiinsiiiiiiüiiniiitui

■ ■ " ;'4

V

i— LO

’ M à

co

(D n

co o

i—

P>- i— LD CT)

en

r>-

c3

rn

t—

i—

CO

CO

inte nsity
(e)cuto/f sample

(f)

Fig.2.12 a)difference composite for blank slide, with line superimposed.b)intensity
difference along line. A value of 20 could be considered approximately equal to Onm retardation for
the red plane, c) Imgret. d) intensity value distribution in an aoi .e) Cutoff- pixels in imgret with a
value below 20 are set in cutoff to 255° f) histogram of this distribution. The peak at 255 represents
pixels being ignored. This peak is actually off the scale of this graph for the green.

A further macro was applied to weight the anglemax histograms towards
pixels with greater retardation. Using cutoff, difference (Imax-lmin) was totalled
across the area of interest for each angle. Any peak at 255 is automatically
disregarded. A suitable area of interest (aoi) was chosen before taking any
measurements. If the area to be examined was generally free of debris, a simple
circular aoi was sufficient, ignoring the pixels that had been missed in at least one
image of the original recorded sequence. It was also possible to trace around both
is

biréfringent and non-birefringent dust and debris, allowing the computer to ignore
these pixels in all measurements.
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Fig.2.13 Total difference at each angle for sample. Total for all angles 6534145

A degree of alignment of an oriented liquid crystal can be obtained by adapting the
equation for order parameter(de Gennes 1974)

A = < (3 c o s 2 < M )> /2

(3)

where A is the degree of alignment and <t> is the angle between the direction of the
externally applied field and the individual pixel
Quantification of orientation is possible when equation (3) is applied to anglemax
distribution histograms. In theory, a value 1 applies to the case of all pixels aligned
in the direction of the field, -1/2 if all pixels lie perpendicular to the field. If there is
no overall orientation S has a value of 0. For the above example, solving equation
1. gives us the value 0.236. The whole procedure was repeated several times
(typically 5, though occasionally more or less), for experiments and controls, the
resulting S values being normalised by multiplying by the total difference/maximum
total difference. As a check, the macros described above can be applied to the
blank slide. See Fig 2.14

W 100000
.§

80000

0

40000

x

20000

1

0

Q.
*5 60000

25 50 75 100 125 150 175
angle
Fig 2.14. Total difference at each angle for blank slide. Total for all angles 558654.

This distribution gives an S value 0.656, much higher than the sample, however
after normalisation , this value is almost 0, as to be expected from a blank slide.

S= 0.656 x (558654/6534145) = 0.056

When a uniaxial crystal such as mica is examined using this technique, the
order parameter should take values between 1 (sample is maximally red- major
axis 45° before a polariser) and -1/2 (sample is maximally blue- major axis 45°
after the same polariser) -depending on the starting orientation. This was shown to
be true, with order parameter values of 0.993, and -0.488 for these two
examples.(Fig.2 15)
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Fig 2.15 The total difference (in the red channel)at each angle from a thin (retardation 9nm) piece
of mica, when aligned to be a)maximally red b)maximally blue.
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Unfortunately the measurement process is too long, and the image files too large,
for the recording of a whole experiment to be completed in one day. A new blank
reference measurement had to be made on each day.

3. Results

3.1 The Effect of pH and Ionic Strength on Polymerisation

The pH of the collagen solution (starting concentration

1.12g/l, no

phosphate) did seem to affect the final aggregates, however our method of
adjusting the pH (addition of either 0.05 or 0.2M ammonium hydroxide) also
changes the ionic strength of the solution- the precise effects attributable to each
variable is uncertain. When viewed under the polarising microscope larger
stuctures were apparent, usually amongst a web of smaller fibrils, particularly at
slightly acidic or neutral conditions. Measurement of mean retardations, however
(see section 2.10), show no real variation with pH is small. Figs 3.1 to 3.3
demonstrate this result.
Five measurements were taken from the central region of each well
(10X0.7), and these were averaged, to give fig.3.3. One of each set of five is
shown in fig.3.1 below, along with a scanning electron micrograph (Fig.3.2) of the
same sample (not taken from exactly the same area.) These images show some
interesting details of the microscopic structures. A small twisting mesh of thin
uniform fibrils is present in all areas examined - having no clear ends, and
generally being less than 300nm wide. The most noticeable difference is the size
and frequency of these and the larger tactoidal fibrils- the straight pointed rods,
that range in length from 5-15pm.(see fig.3.2-a, 3.2-e). Unlike the mesh like fibres,
these structures were resolvable with the polarising microscope, although they are
faint, and are practically invisible on some printed images. They have ends that
are clearly parabolic. As the pH/ionic strength increases the thickness of these
fibrils increase and the frequency of the smallest fibrils decrease until at the
highest values the structures are predominantly larger aggregates.
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The table below shows approximate fibril diameter ranges for both mesh
fibrils and the larger tactoidal rods, measurements taken from the electron
micrographs.

Mesh fibrils

Tactoidal fibrils

Other larger
structures

pH 4.1 IS 0.058

150-300nM

560-800nM

pH5.1 ISO.083

150-300nM

600-1 lOOnM

pH6 IS 0.093

150-300nM

800-1 lOOnM

pHB.9 0.098

150-300nM

400-1 lOOnM

pH9.0 ISO. 108

150-300nM

1100-1250nM

pH9.5 0.133

150-300nM

700-1700nM

2700nM

Pages 42-43 Fig 3.1 a-f i) An example of an area examined, as viewed under polarised light, ii) The
corresponding difference (see section 2.10)
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Fig.3.1d i)pH 6.9 ISO.098

ii)

Fig.3.1ei) pH 9 IS 0.108

ii)

Fig.3.1f i) pH 9.5 IS 0.133

ii)

42

7ni

Fig.3-2a pH 4.1 IS 0.0580.

Wm &

Fig 3-2b pH 5.1 IS 0.083
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Fig 3-2c pH 6 IS 0.093

Fig.3-2d pH 6.9 IS0.098
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F ig.3-2ep H 9IS 0.108

Fig.3-2fpH 9.5IS0.133
Fig 3.2 Electron micrographs of pigskin collagen at varying values of pH.
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Variation in mean retardation as a function of
pH and Ionic Strength
Ionic Strength
0.058

2.5

0.083

0.093

0.098

0.108

0.133

h

E
c
c
o

1CO
2
0 .5 -

4.1

5.1

6

6.9

9

pH
Fig.3.3

Each well is measured in 5 areas. Variation of mean retardation with a) pH b) Ionic

strength (Initial collagen conc. 1.12g/l, No additional salts, pH adjusted with NH40H).
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Fig.3.4a,b Shows the average retardation measurements taken from four identical
experiments- each mean is, therefore an average over 20 measurements, a) is the
variation with pH, b) is the variation with ionic strength.

Variation in Mean Retardation as a function of pH
6
5
4
3
2
1

0
5

6

5.5

7

6.5

7.5

8

8.5

9

Fig.3.4 a)

Variation in Mean Retardation as a function of
Ionic Strength
6
5
E

=
c
0

4

1

2

$

3

1

0
0.1

0.11

0.12

0.13

0.14

0.15

I onic Strength
Fig.3.4 b) Mean retardation averaged over four experiments under identical conditions (including
the results from fig 3.3 above). Each well was measured 5 times, to give a total of 20
measurements at each pH (in each case collagen conc. 1.12g/l no additional salts, pH adjusted
with NH40H).Note the different scale from fig. 3.3 above.
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3.2 Variations in Polymerisation due to Different Values of Relative Humidity

Relative humidity does have an effect on collagen polymerisation. Naturally
the solutions in the most humid environments took the longest time to dry. Relative
humidities above 92% did not dry completely, or suffered damage due to
condensation. These samples were examined with the polarised light microscope
and scanning electron microscope. The highest retardation was found at high
humidities (above 76%), although the actual fibril sizes did not change significantly
(see figs 3.6-3.8 below) The changes in retardation can be attributed to the
presence of larger aggregates, particularly at higher pH values. These can be thick
fibres, or areas of sheeting- bundles of aligned fibrils reminiscent of collagen in
vivo (see 70a4). In the following example (fig.3.6), images were captured from the
central areas. The first image of each series, and the difference (retardation) are
shown. Five similar areas, each approximately 1/300th of the total, were measured
from each well. This data is shown in fig.3.7. There is a clear rise in retardation,
and the increase in spread of values demonstrates that the areas examined are
considerably less uniform.
When viewed with the scanning electron microscope however, the most
apparent differences are in fibril form (see figs. 3.8a-e). At the lowest humidity
examined (13%), and under acidic starting conditions, fibrils were predominantly
straight 'sticks' between 5-10 pm long and .0.25-0.3 pm wide. There was very little
deviation from this diameter, either along or between these sticks. At pH above
neutral the straightness is less obvious as fibrils join together to form non-uniform
aggregates of different sizes, and some bend or curve to a far greater extent than
those polymerised under acidic conditions. As the relative humidity increases the
fibrils loose some of their uniformity, however not all. There are more larger
aggregates, but still the fibrils are straight at low pH and disorganised at high pH.
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At the highest humidities, the fibrils again become very straight and uniform, with
clearly parabolic tips. Again larger aggregates form under alkaline conditions

Page 50-51 Fig.3.6 The first and difference images from a sample measurement of polymerised
collagen (Expt no 62, starting conc 1.12g/l pH4.6 magnificationl 0x0.7). The relative humidity is
determined by the saturated salt solution below each slide.
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Fig.3.6a LiCI 15%

Fig.3.6b CaCI2 35%

Fig.3.6c NaBr 58%

Fig.3.6fdH20 100%

3 -I

Variation in retardation with changing
relative humidity

2.5 -

o
2 5

c
cO

1.5 -

"5
"2

1-

0)

9

-

?

0.5 0 10

30

50

70

90

relative humidity/%

Fig.3.7 The variation in mean retardation with relative humidity, as quantified by the polarchrompro
imaging package. Solution conditions 1 part pork-skin collagen (1.12g/l) 1 part NH40H, 2 parts
dH20. pH4.6.

Pages 53-66. Fig.3.6 electron micrographs of collagen polymerised at different relative humidités
and pH values (pig skin collagen starting conc. 1.12g/l pH 4.1-9.5)
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fig3.8a-2 Starting collagen conc. 0.865g/l, pH 5.66 relative humidity 13%
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fig3.8a-4 Starting collagen conc. 0.865g/l, pH 8.29 relative humidity 13%
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fig3.8a-6 Starting collagen conc. 0.865g/l, pH 9.16 relative humidity 13%

\ iO
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fig3.8b-2 Starting collagen conc. 0.865g/l, pH 5.66 relative humidity 32%
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ffig3.8b-4 Starting collagen conc. 0.865g/l, pH 8.29 relative humidity 32%
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fig3.8b-6 Starting collagen conc. 0.865g/l, pH 9.16 relative humidity 32%
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fig3.8c-4 Starting collagen conc. 0.865g/l, pH 8.29 relative humidity 56%
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fig3.8c-6 Starting collagen conc. 0.865g/l, pH 9.16 relative humidity 56%
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fig3.8d-2 Starting collagen cone. 0.865g/l, pH 5.66 relative humidity 76%
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fig3.8e-2 Starting collagen conc. 0.865g/l, pH 5.66 relative humidity 86%
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3.3 The Effect of Phosphate on Polymerisation

When Phosphate is added to the initial starting solution there is a marked
effect on the form collagen assembles to. Dried samples are normally fixed with
gluteraldehyde for observation in water, however in samples without this fixation,
large fern like structures dominate. Fig 3.9a and b demonstrate some of these
structures.

Fig 3.9 a) Fern like structures visible in an unfixed sample b) Corresponding overlay, showing a
clear 'figure of eight molecular' alignment, 30mM concentration phosphate.

When the samples are fixed (as is the case for all measured experiments)
Individual fibres have a greater uniformity in diameter than samples that had no
phosphate, but there are also other large structures often with branches, that
rarely occur without the addition of phosphate. Fig. 3.10a shows normal fibrils with
2 distinct areas where they aggregate, perhaps an earlier stage of the structures
present in 3.10b.
Figs 3.1Oc,d show typical structures polymerised under the same conditions
except without phosphate. 3.1Od demonstrates the molecular alignment, as
calculated by the imagepro software. The length of the lines being proportional to
the retardation at that point.

To quantify the amount of alignment in each sample, a number of areas
are examined from each well. Fig 3.11 shows a selection of these areas; initial
collagen concentration 0.29g/l, phi 5-9, and an initial phosphate concentration of
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30mM (pH7 phosphate buffer solution). Both image (left) and retardation composite
(right) are shown. Smaller fibrils are present in the background of each image, with
larger structures confined to acidic conditions particularly pH 6. These larger fibres
were present in all areas of the well, and are in no way exceptional. Fig 3.12
demonstrates the variation in measured retardation as a function of pH, using the
polarchrom pro package. The gradual decrease in retardation exhibited by the
disappearance of larger structure is apparent.
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fibres polymerised without phosphate, and the corresponding alignment

overlay.
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pH5 IS 0.110

pH6 IS 0.118

pH7 IS 0.127

pH8 IS 0.135

c
pH
9 is 0
.139
Fig.3.11 A recorded image and its difference composite, from each well (pig skin collagen starting
conc. 1.12g/l 30mM phosphate no applied fields pH5-9, relative humidity 76% 10x0.7
magnification)
o cont 2
— cont. mean

♦ mumetal 1
o mumetal 2
— mu metal mean

♦ cont 1
o cont 2
— cont. mean

♦ mumetal 1
o mumetal 2
— mu metal mean

3.5
2.5

0.5

3.5
2.5

0.5
0.115

0.12
0.125
0.13
I onic Strength

0.135

0.14

Fig.3.12 Variation in mean retardation with pH and ionic strength for two identical experiments,
each consisting of a control and a mumetal box control, (pig skin collagen starting conc. 1.12g/l
30mM phosphate no applied fields pH5-9)
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The samples were also studied using electron microscopy. As can be seen
in fig 3.13, there are plenty of fibrils, however their size is variable with changing
pH. The structures faintly visible with the polarizing microscope at pH5 are clearly
visible under em, at pH6, the structures were sufficiently large and spread apart,
and are not shown on this em micrograph. At higher pH values, the mesh of
smaller fibrils is again obvious. The gold coating necessary for observation with
em has obscured the structure in areas of these pictures.

a

iSKK

pH7

72

n

s

pH9
Fig.3.13 Electron micrographs demonstrating fibril variation (pig skin collagen starting conc. 1.12g/l
30mM phosphate no applied fields pH5-9)

There was a significant increase in alignment of the crystallising collagen, in the
presence of phosphate. Details are given in section 3.4 Attempted Alignment
Using Electric Fields
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3.4 Attempted Alignment Using Electric Fields.
At a magnification of 10x the polarchrom pro package can only capture
images approximately one 1/300 the size of the well, so each well was typically
examined in five different places. Figs 3.14 -3.16 show example images and
corresponding data taken from a typical experiment (expt no.96, pigskin collagen,
starting concentration 1.12g/l. no phosphate pH5-9, applied field 1Hz 0.12a, 0.5s
pulse.
Fig3.14 shows sets of five retardation pictures for each well. As can be
seen there is often plenty of structure, quantified as retardation in fig 3.15.
Fig. 3.16 demonstrates the order parameters taken from these rotations
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3.14a Applied field

pH8

0.399

0.347

0.134

pH9

0.403

0.274

0.598

75

0.256

0.473

0.589

3.14b control (no field)

pH5

0.230

0.815

0.353

0.012

0.417

pH6

-0.029

0.147

0.141

0.209

0.446

pH7

0.504

0.384

0.501

0.341

0.299

pH8

0.392

0.348

0.289

0.284

0.404

pH9

0.104

0.382

0.474

0.306

0.342
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3.14c mumetal box (no field)

pH6

0.692

0.605

0.714

0.672

0.702

pH7

0.504

0.322

0.534

0.622

0.579

pH8

0.604

0.751

0.676

0.776

0.757

pH9

0.715

0.688

0.700

0.751

0.717

Fig 3.14. Pigskin collagen starting conc. 1.12g/l. Applied field (3.12a only) 1Hz 0.5s pulse, 0.12a no P04 10x0.7 magnification
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7.5

8.5

Fig. 3.15 Mean retardation values taken from expt.96

m m

m m m ea n
co n t______

co n t Im e a n

Fig. 3.16 Normalised degree of alignment from expt no. 96

The order present in an area of collagen aggregates was determined using
the weighted degree of alignment S as described in chapter 2.11. In many cases
the variation in values was not particularly large within a single well, however there
was frequently significant difference between each well. The control slide and the
mumetal control, were measured in exactly the same way as the slides with the
applied field.
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There is a significant difference between experiments with and without the addition
of phosphate. This difference is not always apparent from individual experiments,
however statistical analysis reveals this to be the case.
Fig. 3.17 shows a selection of graphs demonstrating the mean degree of
alignment from a number of experiments. Graphs a to f were from experiments
subjected to electric fields produced by 0.12A, however there were differences
with regard frequency, and addition of phosphate (c and d only). The current was
raised to 0.32A (graphs g and h), in which the frequency was 10kHz for all four
slides, however no phosphate was added.
The last 3 graphs show data from experiments in which there were two rather than
one experimental slide - where simultaneous experiments were performed.
Although there is an increase in alignment in certain places, it is not always
consistent, even under identical conditions. This is demonstrated in particular by
graph h at pH7 where the two experiments vary drastically. The negative value of
one well still represents alignment, but in the opposite direction, (see also graph g
pH8 and graph f pH6).
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Expt 99

When all the data is compiled, the importance of phosphate becomes apparent.
Fig 3.18 shows the mean degree of alignment of all experiments both with and
without phosphate. The data can also be seen as bar charts in figs 3.19, and 3.21.
The data is grouped by pH - acidic, neutral and alkaline. As can be seen the
difference in alignment is greatest when starting conditions are acidic, however all
experiments show increased alignment in the presence of an induced field. The
significance can be demonstrated by performing a T test, the results of which are
shown in Fig. 3.20 below.
An interesting feature of polymerisation within an electric field is the
seemingly larger amount of material present when measured with the
polarchrompro package - particularly in the presence of phosphate. Again this is
demonstrated graphically in Fig 3.21, and by T test in Fig 3.22.

Fig 3.18 Table to show mean degree of alignment, and retardation for all
experiments, with and without phosphate. Retardation values are in arbitary units,
roughly corresponding to the range 0-5nm.
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Variation in Degree of Alignment, as a Function of pH - 30mM
phosphate
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Fig.3.19 a) Variation in Degree of Alignment, as a Function of pH - starting collagen concentration
1.12g/l. various fields. 30mM phosphate.
Variation in Degree of Alignment, as a Function of pH
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Fig.3.19 b) Variation in Degree of Alignment, as a Function of pH. Starting collagen concentration
1.12g/l. various fields. No phosphate.
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Fig. 3.20 T test results for orientation with an electric field, values in red are significant (P<0.05).
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significant (P<0.05).
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4. DISCUSSION
The pig skin collagen that was used in the vast majority of experiments had
been digested with pepsin, which removed portions of the N- and C- telpoeptides
from the procollagen molecules. The extent of removal depends on the
temperature and the duration of the digestion. Extensive pepsinization results in
the tactoidal structures seen in the results section, as well as preventing the
striated pattern associated with in vivo fibres. Total removal would prevent fibril
formation, as the terminal regions are the sites for intermolecular covalent
bonding.
The diameters of collagen fibrils vary widely depending on the conditions
under which they are allowed to polymerise. Fibres formed in vivo can be almost
any size from 25nm in the cornea to 500nm in tendon. Many factors seem to affect
these diameters in vitro: at 20°C fibres are typically 200nm whereas at 34°C they
are between 20 and 70nm.
The self-assembly process goes through the stages of: 1.initiation- which,
under the conditions suggested by Gelman et al. is completed after 6 mins at 26°c
2 linear growth which is completed after 50 mins at 0.1 mg/ml collagen 3 lateral
association.
All experiments were performed with collagen solution starting at 4°c,
warming to room temperature (generally around 24°c). The solution would warm
quickly, as there was typically only 50pl in each well despite the slides having
been pre-cooled to 4°c before addition of the collagen. It is likely that the initiation
would take slightly longer than Gelmans 6 mins, but still well under an hour.
The next stage, linear growth, or the lag phase is controlled by several
factors: collagen concentration, pH, Ionic strength. It is temperature independent.
The conditions for a fast lag phase are high ionic strength, low pH, and high
collagen concentration.

Experiments

used collagen at concentrations

0.5-

1.12mg/ml., Ionic strengths between 0.05 and 0.14 (compared to 0.225 as used by
Williams.). The exact length of this stage can only be measured by turbidity
changes. It is completed when filaments have reached a (temperature dependant)
critical length.
The third stage lateral association is only possible where there are intact Nand C- telopeptides. As most experiments were performed on pigskin collagen
without intact telopeptides, it would be assumed that the differences observed are
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largely due to events taking place during the lag phase. There is some lateral
association, clearly demonstrated by the larger fibrils present in several em
pictures.

The effects of pH and Ionic Strength
As the pH and ionic strength rise there is an increase in the size of larger
collagenous structures, under which lie an omnipresent mesh of smaller fibrils.
These fibrils are the product of the lag phase. The 10pm tactoidal fibrils found at
the end of the lag period (as described by Brodsky and Bradshaw) are abundant in
all wells examined too, demonstrating the limited extent to which collagen without
intact end groups can polymerise. Many of the larger structures at higher pH
values are due to osmotic swelling (Ripamonti 1980). This is caused by a low ionic
strength; it has little effect at pH 4-8, but has a clear effect outside these values
increasing both fibril width and volume (see figs 3.8).
The mean retardation as measured from sample areas, has a slight peak at
pH 7 (fig 3.4a). All samples have similar collagen concentration to those in
Gelmans experiments. The lower ionic strengths result in longer lag times, as do
the higher pH values. As these two quantities are inversely proportional it is
possible that they have least effect at pH7 IS 0.125. The short lag time allowing
more filaments to reach their critical length and then laterally associate. It is clear
that although lateral association is possible (see fig 3.8b4 bottom left) for our
collagen, it is unusual, and would require some time for collagens with intact end
groups to meet.
When phosphate (initial concentration 30mM) is added, the peak in mean
retardation is at pH6 IS 0.055 (fig 3.12). In the corresponding polarised light and
em pictures (figs 3.11,3.13) evidence of lateral association is apparent at the
lowest pH/IS values. Both show larger fibrous structures, suggesting that the
collagen has not only completed the lag phase but has started limited lateral
association. Why this should be is unclear, there is very little change in ionic
strength. The em pictures show no sign of the tactoidal structures associated with
the pigskin collagen.

The effects of relative humidity
The main effect of crystallising collagen at different relative humidities is to
alter the rates at which the collagen concentration and ionic strength increase. At
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the lowest relative humidities, these concentrations increase rapidly, resulting in a
very short lag phase, however there is little lateral association. Water shells need
to form around the filaments before the onset of stage 3 -at the lowest humidities
this would probably not have been possible, and if it was, not for sufficiently long.
The intermediate tactoidal structures are still present and clearly increase in
diameter with rising pH. This is due to osmotic swelling, Larger structures are only
apparent where the higher humidity has kept the collagen in solution long enough
(and with enough solution) to finish the lag phase, and go on to stage 3. . Fig 3.7
demonstrates the change in mean retardation measured over several areas at
pH4.6 and varying humidity. Interestingly enough, with the exception of osmotically
swollen structures, the only larger structures visible in the electron micrographs
are at pH 6-6.9 (fig 3.8 a3, 4, b3, c3, d3, e3). These structures are clearly made up
from the smaller tactoids, however the poor packing making the resultant fibrils
look like frayed rope

Attempted alignment with electric fields
The degree of alignment, and retardation does vary from experiment to
experiment, in a largely unpredictable way. When all data are grouped, however,
the effect of phosphate salts become apparent. The T test results for the degree of
alignment suggest that these salts were essential for the electrical alignment of
collagenous fibres.
Without phosphate there is very little difference between experiments and
controls, the only interesting feature is the spread of the data. It is clear that at a
current of 0.32a (see fig. 3.17 g,h, 4 experimental slides, a total of 20
measurements/well) the difference from the mean is greater than at 0.12A at all
pH values. When individual experiments are examined (fig 3.17) the spread is
obvious. Though in many cases the mean experimental values are higher than the
controls (fig 3.17a, c, d, g, h) there are also several cases where the experimental
values are particularly lower, (fig 3.17c pH9 f pH6) or where there are two
simultaneous experiments, lower in one and higher in the other (fig 3.17h pH7).
Even within a single well there can be huge variation (fig 3.17g pH8) though this is
unusual. The fact that both experiment and controls are often clumped together
suggest that growth direction must be decided early on in the polymerisation
process- whether induced by a field or not. These results are reminiscent of work
performed by Stellwagen who found that (at low field strengths) induced
birefringence could be either positive or negative, seemingly at random.

When phosphate is added, there is a significant increase in orientation (Fig.
3.19, 3.20) and retardation (fig 3.21, 3.22). in the experimental over control slides.
It would seem that the phosphate plays some role in the crystallisation process.
Williams et al (1978) reported that phosphate in similar concentrations was
required to achieve native banded fibres, lower concentrations giving rise to non
banded structures. Intact end groups are essential for the characteristic banding of
natural fibres, however are not present in our collagen. This suggests that
phosphate must interact with the helix itself, or the hydration shell.
The change in ionic strength of the starting solution after the addition of
phosphate is negligible, so the effect is not caused by induced ionic pressure. The
possibility of hydrogen bonds is greatest in the hydration shell, of loosely bound
water molecules. Here the phosphate could interact with adjacent molecules from
a neighbouring chain, with the help of water molecules. These waters are involved
with lateral packing, something which would certainly explain our observed rise in
retardation, and perhaps the native banding seen in intact collagen monomers.
When phosphate ions undergo hydrogen

bonding with water, they form

microclusters with interesting properties. These tetrahedral clusters have their
phosphate ion at the centre, and oxygen ions in four of the eight corners, all of
which are available for hydrogen bonding. An individual phosphate ion can
hydrogen bond with six water molecules. Again these could create chains, or other
larger aggregates. When the phosphate embeds within the hydration shell, it may
significantly affect the dielectric anisotropy of the molecule, and perhaps the
potential for alignment, however this gives no clue as to how the banding occurs.
Phosphate/water bridges may be involved, although how they are more efficient
than simple water bridges is unclear.
The lyotropic liquid crystalline model is supposedly associated with low pH
values, however there was a clear effect across the range pH5 to pH9. If the
collagen is a liquid crystal phase, what essential role is played by phosphate? Is it
necessary for liquid crystallinity? The results of these experiments show that
phosphate does indeed interact with collagen.

Further research
It would seem that electric fields do have a subtle effect on collagen alignment,
however not always in a particularly predictable way. The precise effects of
applied field strengths and frequencies may have an unforeseen effect on fibril
orientation. Phosphate may not be the only molecule that aids fibril aggregation;

by examining the role of other molecules it may be possible to establish the
mechanisms involved.
The polarchrompro polarising microscope set-up is a very sensitive way of
examining retardations in the order of 5-100nm; however, typical structures
encountered were below 2nm. At these values, there is considerable room for
error. This is due to insensitivity's of the microscope, the increased effect from
background noise and the unavoidable problems the computer has centring a
series of very subtly different images A higher ionic strength and collagen with
intact telopeptides would help give significantly more structure visible at typical
microscopic magnifications. The effect of different frequencies, pulse lengths, and
applied fields would become more apparent under such conditions.
Furthermore it would be possible to perform such experiments at reduced
values of relative humidity to examine the role of water in the electrical alignment
of proteins.
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Appendix

Sub combinedQ
Dim Thresh as single
' removes angle vectors for points with low retardance and gives them value of 255
'combination of angmax and retang
J Haffegee 16feb99

'set aoi
ret = iptemplatemode(l)
ret = IpAoiCreateEllipse(ipRect)
ret = lpAoiManager(AOIADD, "Ellipsel")

ret=lpStGetFloat("Enter retardance threshold value",Thresh,20.0,0.0,254.0,1.0)
if ret=1 then
ret = iptemplatemode(O)
ret = IpAppSelectDoc(O)
ret = lpOpNumberArithmetics(Thresh, OPA_SUB, 1)
ret = lpOpNumberArithmetics(255.0, OPA_MULT, 0)
ret = lpOpNumberLogic(255, OPL_NOT, 0)
ret = lpOplmageArithmetics(1, 0.0, OPA_ADD, 0)
ret = IpOpShow(O)
ret = IpAppSelectDoc(l)
ret = ipdocclose()
End If

ret = IpOutputClearQ
dim sum_ as single
dim j as integer
ret = IpAppSelectDoc(l)
for j = 0 to 180 step 5
ret = iptemplatemode(O)
to 0 to remove boxes
ret = IpAppSelectDoc(l)
ret = lpCmChannelExtract(CM_RGB, CM_RGB, 0)
ret = lpLutBinarizeQ+1, j, 1)
ret = lpAoiManager(AOIset, "Ellipsel ")
ret = lpOplmageLogic(0, OPL_AND, 0)
angmax and ret
ret = lpAoiManager(AOIset, "Ellipsel ")
ret = IpHstCreateQ
'creates hst
re t= lpHstScale(0, 0, 1.0, 180.0)
ret = lpHstScale(1, 0, 0.0,3000.0)
redim stats_(10) as single
ret = iphstget(getstats ,0,stats_(0))
sum_ = stats_(2)
print ; j,"
",sum_
ret = IpHstdestroyO
ret = ipdocclose()
next j
ret = IpOutputShow(l)
ret = IpOutputSavef", S_DDE)
End Sub
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'change
selects angmax
'isolate red
'sets thresholds to 5 ,1 0 etc
'applies ellipse
'does and between adjusted
'applies ellipse

