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A. INTRODUCTION

Tms paPER has two aims: first to describe our experimental work on the
physical properties of the cytoplasm of chick fibroblasts in tissue culture,
with a short discussion of its implications and secondly to present such de-
tails of the magnetic particle method as to enable other workers to use it.

A second part will be devoted to the theory underlying these methods.

B. TECHNIQUE

In this section we shall describe in outline the methods we have used,
leaving the details to later sections.

Our basic technique, which was suggested to us by Dr. Honor B. Fell,
is to allow cells growing in tissue culture to phagocytose small magnetic
particles, and then to move these particles in the cytoplasm by means of
external magnetic fields. It is possible to make certain limited deductions
about the physical properties of the cytoplasm from the character and mag-
nitude of the movements.

The magnetic materials we have used have been in a finely divided form.
The material is added to the culture medium of the original explant. The
cultures are then allowed to grow for three days after which they are sub-
cultivated into the normal medium. In the subsequent outgrowth, cells
containing phagocytosed particles can be observed under high power. The
explants were usually from the frontal bone of an 11 or 12 day chick embryo.

In applying the magnetic field to the particles within the cells we have
experimented with three types of movement, which can be described as
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(a) twisting, (b) dragging, and (c) prodding. We shall amplify these in turn.
Our work on the two last has been preliminary only.

(A) TWISTING

We have done this in two ways; firstly, by applying a large field parallel
to the length of the particle, and then turning this field through a small angle;
secondly, by making the particles within the cells into little permanent mag-
nets (by magnetfising them in an initial very large field, applied momentarily)
and then observing their motion when a relatively small field is applied,
usually perpendicular to their length. This latter method has proved to be
the more useful, and has been adopted for the greater part of our work.

(B) DRAGGING

A uniform magnetic field produces a pure twist on a magnet. In order to
drag it from one place to another a non-uniform field must be used, and to
produce appreciable movement, a very high field-gradient is necessary.
This implies that the poles of the external magnet must be as near the mag-
netic particle as possible. To do this so that we can observe the particles
during the movement, Dr. H. B. Fell was able to produce tissue cultures
on cover-slips no more than 4 mm. in diameter. The polepieces can then
be brought up to one side of this culture, and the cells can then be observed
with a %20 objective.

(C) PRODDING

This is really a special case of the first form of twisting. If a cell contains
numerous magnetic particles, a strong magnetic field will loosely unite the
particles into a rod. This rod, which may be longer than the width of the
cell, can be rotated by the field to bear upon the structures of the cell. We
have thus been able to prod the cell membrane outwards, and the nuclear
membrane inwards.

The descriptive part of the paper is presented under these three headings.
However the greater part of it falls under Twisting, so this has been sub-
divided into a section on the details of the method and one describing most
of our experimental results.

PraTtE 1

Fig. 1. Part of a culture of embryonic chick bone containing magnetic material to show normal
outgrowth. Phase contrast x200. The magnification refers to the unreduced plate.

Fig. 2. One cell in the outgrowth shown in Fig. 1 containing a magnetic particle. Phase contrast
x 4,900. (a) before actuation by magnet; (b) after magnet was moved across culture:
(¢) magnet again moved but in reverse direction. In this cell, the particle is unusually
close to the nucleus). The magnifications refers to the unreduced plate.
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'C. SUMMARY OF THEORETICAL CONCLUSIONS
(To be given in full in Part II)

(1) On the scale of our experiments, inertia delays the attainment of equi-
librium by only a very short time (less than 1 milli-second) and can there-
fore be entirely neglected. This is because the particles are so small.

(2) Consider a particle within a fluid, the whole enclosed by a boundary as in
Text Fig. 1, then if the scale of the system is varied, and the relative proportion
of the particle and boundary is kept constant, the effect of size is as follows:

Fig. 1. Diagram. to illustrate effects of boundaries.

(a) For twisting: none. The angular velocity for given magnetic conditions
is independent of size. This is true for both newtonian and non-newtonian
liquids.!

(b) For dragging: the velocity decreases as the size decreases. For a new-
tonian liquid the velocity is proportioned to the square of the linear dimension.

(3) The effect of boundaries at a short distance from a short particle (sayv
at a distance } the greatest dimension of the particle) is to produce an in-
creased resistance. We consider a newtonian liquid.

(a) For twisting: the resistance is increased moderately. (Probably by
less than a factor of 1.6 for the case quoted). This remains true unless the
boundaries are put very close to the ends of the particle.

(b) For dragging: the resistance is increased much more. For the particle
moving inside a cylinder, parallel to the axis, with a clearance cqual to the
average dimension of the particle, it is probably increased by a factor of
about 2 or 3.

(4) The forces vary in a complicated way with the shape of a particle, but
approximate methods are given in Part Il for estimating them for newtonian
liquids.

1 A liquid is said to be newtonian when its viscosity is independent of shear-stress. A
simple account of viscosity, thixotropy. etc. is given in Heilbrunn. 1943, page 61.



The physical properties of cytoplasm 41

In our experiments there is also a variation due to the magnetic properties
of the particles. The combined effect of these two factors is to make absolute
measurements on the twisting of the individual particles only approximate
(see page bH5).

(5) For a non-newtonian liquid it is not possible to obtain any but the
crudest estimates of the variation of viscosity with shear stress with these
methods. The values given by the newtonian formulae are some indetermin-
ate average values.

(6) The behaviour of the particles in an elastic medium can be calculated
for small strains from the corresponding formulae for a viscous medium.
In a visco-elastic medium it is possible to calculate the ‘‘relaxation time”
(if this is constant with stress) without knowing the precise nature of the
particle and the boundaries.!

(7) In dragging experiments, the force on a magnetically saturated particle
is proportional to the field gradient. A particle is not necessarily pulled
parallel to its Iength. A magnetically saturated particle can never be in true
stable equilibrium under magnetic forces alone.

(8) To obtain a large drag on a particle, it is essential to have iron not far
from the particle. The value of the field-gradient is of the order of (B— H)/Xo
in well-designed systems, where (B — H) refers to the iron near the particle,
and Xo is the distance of this iron from the particle.

(9) Air-cored coils cannot compete with magnets for producing sustained
field-gradients, because of the heating effects.

(10) On small particles the shear stresses in the fluid due to twisting mag-
netically are, in general, rather bigger than those due to dragging magneti-
cally. Both these stresses are much greater than those caused by gravity.
The shear stresses produced by centrifuging natural inclusions of radius
1 w can only equal those produced by twisting magnetically if the centri-
fugal fields are of the order of 100,000 g. This is in the region of the fields
given by the ultracentrifuge.

D. TWISTING: APPARATUS, TECHNIQUE AND CALIBRATION

1. Biological Technique

The explants were obtained, unless otherwise stated, from the frontal bone
of 11 or 12 day chick embryos. They were grown in hanging drop pre-

! The terms in this paragraph are explained in the Appendix, page 80.
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parations on 1}’ square No. 2 coverslips over 3" x 14" hollowground slides.
The medium consisted of equal parts of chick embryvo extract and fowl
plasma. When required a small amount of a dense suspension of the mag-
netic material was added to the fowl plasma. In the early experiments it
was sometimes impossible to see the explant clearly because of the black
magnetic material.

After incubation, usually for three ¢

LIED AL, L

generally into two fresh hanging drop preparations. No more magnetic
material was added to the new embryo extract — plasma medium. The
outgrowth was cut away except for a narrow margin round the original ex-
plant. This time a No. 1 coverslip was used, which was mounted on a special
metal ring, with another coverslip on the lower side of the ring, to facilitate
observation. Both were sealed on with paraffin wax (Hughes and Fell, 1949).

The explants still contained magnetic material, and many of the fibro-
blasts growing out into the medium contained one or more magnetic particles
which they had phagocytosed. The growth appeared normal and vigorous,
and it was possible to sub-cultivate several times satisfactorilv. On each
occasion some of the cells migrating into the new medium contained magnetic
particles.

This particular method of preparation and mounting allows easy observa-
tion of individual magnetic particles in cells migrating into the clean medium.

The special cultures developed for the dragging experiments are described
on page 70.

2. Possible Biological Artefacts

One of the advantages of the method is the comparatively small disturbance
of the cell which results because the particles enter the cell ‘naturally’
without forcible introduction as in the experiments of Seifriz (1924). We
have not made quantitative studies of the rates of growth of cultures with
and without the magnetic material, but we can state that there is no obvious
difference. Cultures with a layer of magnetic material so densec that it was
difficult to see the explant have been known to grow as actively as control
cultures. In such extreme cases it is difficult to place the knife cuts when
subculturing, and this would account for certain cases where the growth was
poor on one side. However, in the cultures with smaller amounts of mag-
netic material this caused no difficulty, and the rate and amount of growth
appeared very similar in both treated and control cultures. Moreover, the
appearance of the cells — the amount of mitochondria, fat, vacuoles and so
forth — though naturally very variable, showed no consistent difference due
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to the particles, nor in a given culture did cells without particles appear
obviously different from cells with them. Cells containing much magnetic
material passed normally through mitosis.

Although in general we have only used the first subcultures on one or twao
occasions we have for special purposes subcultivated several times, when
the growth was always normal. It is thus fairly certain that the magnetic
material produces no gross interference.

It is possible that the particle inside the cell is within a cytoplasmic vacuole.
If this were so, our twisting experiments would measure some property of
the vacuole rather than of the cytoplasm itself. Such vacuoles, which show
clearly in the phase contrast microscope, can accumulate neutral red, and
show active Brownian motion in older cultures during the second day after
sub-cultivation. Small magnetic particles appear to become attached to the
surface of these vacuoles. (If they were free inside they would quickly fall
to the bottom.) It is not easy to see whether they are just inside the surface,
or just outside, because one is working near the limits of resolution of the
optical system.

Particles attached to vacuoles behave in a characteristic way when a mag-
netic field is applied. Firstly they show translation in addition to the usual
rotation. This is presumably because they are constrained to move only in
the surface of the vacuole. Secondly, the movement is typically very irregular
and abrupt. For example, they may not move at all when the field is switched
on, and then suddenly move rapidly to another position. We have not studied
this movement in any detail.

Although we can be sure that a magnetic particle apparently free in the
cytoplasm is not attached to a large vacuole, it is not absolutelv certain that
we could detect optically a vacuole which just surrounded a medium-sized
particle. The vacuoles, however, are typically spherical and we could prob-
ably detect a vacuole around an elongated particle. Moreover, we might
well expect the vacuole to grow with time, so that even if we could not sece
it at the beginning of an experiment it would be visible several hours later.
This we have never observed.

In two cases after measurements had been completed on a particle we
stained the living culture with neutral red. Itis not certain that this method
would disclose a tightly-fitting vacuole any better than phase-contrast, and
there is the additional danger that the neutral red itself may produce a vacuole.
However, in these instances no enveloping vacuole was apparent, although
in one cell a very small watery vacuole was demonstrated near the fairly
large particle, as had been suspected from the phase-contrast observations.
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We think it improbable, therefore, that the particles we have selected for
measurement were actually in watery vacuoles. In our later experiments
we were careful to select cultures and cells which as far as possible were
free from vacuoles. We have found, incidentally, that cultures from the
same batch may vary considerably in degree of vacuolation of their cells.

There remains, however the more profound objection that the particle,
while not producing a vacuole, may modify the phyvsical properties of the
adjacent cytoplasm. This is clearly impossible for us to refute. The only
approach would be to repeat the measurements by an cntirely different
method, and this we have not been able to do.

It may be worth while to note that certain modifications might only have
a small effect on the rate of twisting. For example, if the cytoplasm solidified
(or liquified) around the waist of an elongated particle, but not at its ends,
this would have little effect, as the greater part of the viscous couple comes
from the forces at the ends of the particle. This is not, of course, a very
likely alteration, although a small vacuole might conceivably form there.
Again, if the protoplasm formed a solid layer a fraction of a micron thick
all round the particle, this would only increase the viscous couple slightly,
as the shearing would simply take place a little further out.

3. Magnetic Materials

We have regularly used two magnetic materials, and tried two others.
The first was magnetite, an oxide of iron, prepared in colloidal form. It has
ferromagnetic properties, but much less than those of iron or steel. The
material we have used most was originally prepared as finely divided iron,
but by the time we came to use it was largely oxidised. However, it had a
much greater retentivity than the magnetite, and was thus more suitable for
our second method of twisting.

The other magnetic materials we have tried were finely divided nickel,
which proved to be toxic to the cultures, and powdered ‘Alcomax’, which
proved variable in its magnetic properties, so that no further work was done
on it. We shall only describe here the experiments with the first two materials.

MAGNETITE (FezOy)

This was prepared by Lefort’s method, given by Welo and Baudish (1927).
That is:
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281 grams of Fe,SO, + 10H,0 and 134 grams of FeSO, + 7H,0 are separately
dissolved in 750 cc. and 500 cc. of water, respectively. They are then mixed, and
poured into a boiling solution of NaOH containing 250 grams of the hydroxide in
3,200 cc. of water. The black mixture formed on the addition of the sulphates is
boiled for an hour. The mixture is near colloidal, so that the precipitate does not
settle readily.”

It was then washed with distilled water and centrifuged, repeatedly until
neutral to litmus paper, after which it was dried in a desiccator.

We have not determined the B/H curve for this material, as we only used
it for our preliminary experiments; where necessary we have used the one
given by Welo and Baudish. It is possible that the ordinate of their curve
should be multiplied by a factor to allow for the looseness of packing.

OXIDISED IRON

This was supplied to us by Dr. K. Hoselitz, Director of Rescarch of the
Permanent Magnet Association, for whose assistance and advice we are
very grateful. He has sent us the following account of the method of pre-
paration:

“We made an alloy of 50 per cent by weight of aluminium in iron in the high {re-
quency furnace. This alloy, which is hard and brittle, was easily crushed and ground
in a planetary ball mill. After grinding, the powder was graded and 100 gm of the
following grading was selected:

passing 200 mesh.

passing 160 mesh, resting on 200 mesh.
passing 90 mesh, resting on 100 mesh.
passing 30 mesh, resting on 60 mesh.

Car Cjis Ot L}

This sample was well mixed, and then slowly added to an NaOH solution con-
sisting of 100 gm of caustic soda in 400 gm water. This caused the aluminium to
be dissolved out of the alloy. The reaction is exothermic and the solution soon
reaches the boiling point, which accelerates the reaction and no attempt at cooling
is made.

After the reaction has ceased the solution is filtered through a Buchner Funnel
with 540 filter paper and washed with clean water until the washing water is no longer
caustic. The wet sludge retained on the filter is scraped into a bottle and covered
with distilled water for storage.”

We kept the material under water and when a sample was required, the
bottle was shaken and allowed to stand for a couple of minutes to permit
the coarser material to sink. The top layers were pipetted off, and the iron
was washed in glass distilled water and centrifuged repeatedly. It was then
dried in a desiccator and used as required. Dr. Hoselitz has pointed out to
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Fig. 2
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Fig. 2. (B-H) Curve of oxidised iron. (a) and (b) are recoil curves.

us that if the powder is dried it oxidises visibly, so that as we used it the
material was substantially oxidised iron. An analysis by Messrs. Geochemical
Laboratories has confirmed this. The percentage composition is as lollows:

Iron ... ... i 61.0
Aluminium .............. 5.4
Combined oxygen ........ 28.3
Water .................. 2.1
Silica, manganese ........ 2.2

The B/H curve was found by pressing the powdered material into a glass
tube so that it formed a cylinder 15 cm. long and 0.4 cm. diameter. The
length/diameter ratio was therefore so great that demagnetising effects could
be neglected. The method used was the ballistic one, a flux coil being wound
on the glass tube, and the whole placed inside a long solenoid. The curve
of (B-H) v H is given in Figure 2. The values have bheen corrected for the
effect of packing, by increasing the (B-H) figures in the ratio of
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apparent density 4.2

true density 2.0 2.1

so that they should represent average values for individual particles.

Owing to the low permeability the results are no: very accurate, but they
are good enough to show the essential fcatures of the curve. The permeabitity
is low (maximum about 3.6), and the material saturates at (B-H) equal to
about 1,500. The back part of the curve shows that the effective value of
(B-H) for ellipsoids of different length/diameter ratios does change, but nol
enormously.

TasLE 1
Length/diameter ratio ........... 1.0 2.0 3.0 5.0 oo
Effective (B-H) ................. 225 325 390 160 550

0

The effective value of the slope of the curve over the part which interests
us, is about 44. The recoil curves show that a field of 50 oersteds applied
in reverse momentarily to a short particle (axial ratio 2: 1) may permanently
lower its magnetic moment, probably by about 20 per cent. It would there-
fore be inadvisable to use fields much greater than this. Fields of this mag-
nitude would not give exactly the usual variation of couple as cos ¢ (where
¢ is the angle between the applied field and the magnetic axis of the particle),
but for our purposes the differences are not important.

4. Methods of producing magnetic fields

Our first method consisted in mounting a large U-shaped Alcomax magnet
horizontally with the objective in between the poles. The size of the faces
was 1.9 x2.2 ecms and the distance between them 2.2 em. The mean length
of the U was 13 cm. The bottom edge of the magnet was a few millimeters
above the level of the culture. This magnet could slide horizontally in and
out, so that the strength of the field could be varied from about 800 oersteds
to 20 oersteds. It could also be rotated about the objective to change the
direction of the field, over an arc of about 150°,

This magnet was used for the original experiments with magnetite. By
simple mechanical means the magnet was made to perform oscillations of
+15°, with periods of the order of 5 to 15 seconds. This was done by means
of an electric motor, a reduction gear, and a series of levers. This magnet
was also used for the experiments on prodding, where a large field was re-
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quired. In this case a different mounting was used which enabled the magnet
to move round the full 360°.

Such a method suffers from the disadvantage that the magnetic field can-
not be turned on and off either conveniently or quickly, so for most of our
experiments we have used fields produced electrically. The main ficld was
produced by a horizontal electromagnet. This consisted of a w-metal rod,
diameter 1.4 cm, length 14 cm, wound with about 900 turns of wire. This
was mounted with one end of the rod 2.75 cm from the axis of the objeclive,
and the end of the microscope stage was cut away to give necessary clearance.
This electromagnet proved very satisfactory. The magnetic field was linear
with the current up to about 50 oersteds, after which the metal saturated
rapidly. The maximum field was 65 oersteds. There was no detectable
hysteresis, as might be expected. In the experiments an air-cored coil was
used to produce a small horizontal field at right angles to the first. This was
mounted on the back of the hot-box about 8 em from the objective. It gave
a field of only 10 oersteds for a current of 4 amps, and it was thus not really
strong enough. In our later experiments, therefore, we have used a second
horizontal electromagnet mounted on the stage of the microscope. This has
the same kind of p-metal core as the first one. At a point near the centre of
the magnet, but 3 cm from its axis, it gives a field of 60 oersteds for 1.2 amps,
after which it saturates very rapidly. As now mounted, the second electro-
magnet moves with the mechanical stage, so that the field it produces under
the objective for a given current varies a little. However, as it is only re-
quired for moving the particles into position or waggling them violently,
this does not matter. Exact measurements have always been made when
the first electromagnet was used. To produce vertical fields a small air-
cored coil in the shape of a ring was mounted on the substage condenser, with
its axis in line with that of the optical system. This had a mean radius of
3.6 cm, and was wound with 75 turns of 30 S.W.G. wire. This again was
not fixed in position, and it was only used for manipulation. It gave a field
of about 20 oersteds for 1 amp.

The calibration of these fields was done with a search coil and a galvano-
meter. The second electromagnet, as might be expected, slightly increased
the field due to the first.

The heating effects for the kinds of currents used in the various coils was
negligible except for the coil mounted on the sub-stage condenser. This
produced a rise of ~%° C in the culture for a current of 2 amps for 1 minute.
It was thus necessary to use this coil for short periods only, but in practice
this has not proved a disadvantage.
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5. Residual Fields

These fall into two classes: permanent fields, like that of the earth which
can be compensated for; and varying fields, which alter as the different
fields are turned on and off in the various coils, and whicl are due to the
cffects of iron, or other ferromagnetic material in or near the objective.

Early in the work it was found necessary to remove the steel springs and
a steel rod from the movement of the microscope stage. As our experiments
became more precise we were compelled to replace the steel ring in the sub-
stage condenser by a brass one. This proved fairly satisfactory until we
began to use the phase condenser and objective. Both were appreciably
magnetic. The major part of the effect due to the condenser was, rather
surprisingly, removed by taking off electrolytically the plating on the brass
ring which fits into the condenser holder. The adjusting rods were replaced
by brass ones. The condenser still has magnetic material in the centre of
the large phase ring, but this is far enough away for its effects to be very
small.

The magnetic effect of the objective (due to the plating?) is quite appre-
ciable, and we have temporarily overcome this in our most recent exper-
iments by changing the objective to an ordinary one which is non-magnetic
when we wish to make or record exact measurements. This is not as great
a disadvantage as it might seem because the actual particle is more ecasily
visible without phase-contrast than with it.

Unfortunately we had recorded some of our results before the magnitude
of the residual field from the phase-contrast set-up was realised. We have
not discarded these results, but as will be explained later, certain features
of the curves must be regarded as possible artifacts.

The fixed fields are more easy to compensate. A ring-shaped coil, mean
diameter about 14 cm, mounted on top of the hot-box with its axis coinciding
with the optical axis, compensates for the vertical residual field. It has 30
turns of 24 S.W.G. and its usual current is about 0.1 amps. The remaining
horizontal fields are compensated by a bar magnet (two at right angles would
be more convenient) outside the hot-box. Naturally this must be done with
the p-metal electromagnets in position. The vertical compensating coil must
also be roughly adjusted, as it produces a horizontal component duc to its
action on the p-metal rods.

It is interesting to note that the large iron feet of the microscope, the top
of the hot-box heater, and the tall steel pillar on which the camera is mounted,
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produce a negligible effect on the variable part of the residual field. 1t is
clearly only magnetic material which is both near one of the field-producing
coils and not too far from the objective which causes trouble.

The actual adjustment was done by making up a slide of some of the
magnetic material in a mixture of 90 per cent glycerine and 10 per cent water
(if at room temperatures), magnetising, and then observing the hehaviour
of individual particles under the microscope. The particles must of course
be very widely spaced, and not near any big fragments. The residual ho-
rizontal field is then found by applying a small field due to the main electro-
magnet until the particle roughly bisects the angle between its position with
no applied field, and its position in a very large applied field. The small
applied field necessary to do this is then equal in magnitude to the residual
field.

The vertical field is adjusted roughly first. After the first compensation
of the horizontal field this adjustment is refined. The technique is to choose
a long particle, and move it so that it is subtending the maximum length to
the eye. This can only be approximate, but is quite adequate if the horizontal
residual field is already very small.

Under the best circumstances the horizontal residual can be reduced to
a field of about % oersted, which may vary in direction as the various
coils are used. In practice it is probably safe to assume that the residual is
less than } oersted. With the phase objective, however, a change of 0.6
oersteds can be observed after the main field has been full on in one direction,
and then in the other. Before the phase condenser ring was deplated the
effect must have been bigger than this.

It is not however sufficient to eliminate external magnetic fields due to
the microscope, etc. Since there is magnetic material in the culture itself
it is important to know how big an effect this can produce. Before under-
taking exact measurements, therefore, we made preliminary experiments to
estimate this. At the time it was usual to use a large amount of magnetic
material in the explant. Two cultures were chosen, one with such a large
amount of magnetic material that the culture could hardly be seen, and the
other with rather less, but still more than average. The cultures were mag-
netised in the usual way — that is, by a very large field perpendicular to
the plane of the coverslip. They were allowed to grow, and then dried by
exposure to the air. The new growth was cut away, leaving the magnetized
explant in position. Glycerine, with about 10 per cent water, and containing
a small number of particles of the usual magnetic material, was added.
The behaviour of these particles in the fluid near the explant was then ex-
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amined. As might be expected, particles far from the culture were pointing
approximately vertically (as the culture had been magnetised vertically),
whilst those nearer to the explant pointed in various directions. The strength
of the field was estimated by the “‘bisection of angle” method just de-
scribed though naturally the result was only approximate. There was a con-
siderable vertical field (1% oersteds) at distances of 150 p from the edge
of the explant. However, in the case of the less densely magnetised culture
this residual field fell to 4 oersted, or less at about 300 ¢ from the explant.
We therefore decided to reduce considerably the amount of magnetic ma-
terial in the culture, and to work only with particles at some distance from
the explant. Moreover, under these conditions any small residual field still
remaining will almost certainly be vertical, and is thus not as serious as if
it were horizontal.

There remains the question of the changes in the residual fields produced
by the culture due to the external fields used. This might be expected to be
small, and with moderate amounts of magnetic material in the culture it
was shown to be certainly less than that due to the remainder of the system,
i.e. less than {4 oersted.

Finally the possible effect of magnetic particles in the zone of growth must
be considered. These are very sparse, and confined to a plane, so that we
need regard only the nearby particles. We can estimate crudely the effect
of such a particle by treating it as roughly equivalent to a sphere of diameter
equal to its greatest dimension (which we will call I) since this can hardly
give an underestimate.

The maximum field due to such a particle at a distance r is:

2M _2 (B-H) dx I
B 3 4z 3 8
_(B-H) 1\3

=75 (; oersteds.

Taking (B-H) = 225 we see that for the field to be {4 oersted or less, we
must have ; >6. This gives a rough working rule for gauging the effect
of neighbouring particles. It should be noted that these particles may be
rotated by the applied fields, so that their fields may change direction in a
complicated manner.

4—493701
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Fig. 3. Diagram to explain pseudo-elastic effect.

6. Magnetic pseudo-elastic effects

The residual magnetic effects discussed above are naturally rather small,
and if merely regarded as a small percentage error in the main field applied
they would be quite negligible, in view of the very low accuracy to which
we are working. It is the fact that they persist after the main field has been
switched off which makes them important, and, in particular, that their
direction may be opposite to that of the main field. This can easily be seen
by considering Text figure 3 which shows diagramatically an electromagnet,
E, a compass needle, C, under the microscope, and a mass of iron, I. Imagine
that the electromagnet produces a field with direction right to left. This
will magnetise I in roughly the same direction. The compass will also point
to the left. If the electromagnet is now switched off, it will produce no further
effect, having no hysteresis. The iron, I, on the other hand, may possess
some residual magnetism, with direction right to left. This will now deflect
the compass to the right. It can easily be seen that the direction of the effect
depends on the relative position of compass, iron, and electromagnet.

The effect on the particle in our experiments, if the direction of field is
reversed, is to simulate an elastic recoil. However, even this might not be
serious, as the residual fields are rather small, were there not evidence that
the effect is exaggerated by the thixotropic nature of the cytoplasm. When
the couple on a particle in a cell is reversed, it moves initially much more
easily than at the moment before reversal. This suggests the possibility that
small reverse fields might produce quite appreciable recoils. The matter
is discussed more fully later. A group of particles may show a pseudo-clastic
effect if they rearrange themselves, e.g. straighten out, when the field is re-



The physical properties of cyfoplasm a3

moved, and moreover the effective properties of composite particles would
change with rearrangement. For these reasons, measurements have been
restricted to single particles within a cell. We should perhaps mention that
with single particles in castor oil we have never detected any elastic recoil.

1. Calibration

The magnetic properties of the particles were measured by uhbserving their
behaviour in castor oil when under the action of magnetic fields. A slide
was prepared with a very small quantity of the material, which was crushed
with a glass rod, and mixed with castor oil. Two no. 1 coverslips, one on
either side, served as spacers, and a third coverslip was put over the top,
and lightly waxed down. A x40 dry objective was used so that the lower
surface of the castor oil could be observed.

The particles were carefully selected so that they were not near others,
nor above a large collection of material on the bottom, nor near either the
top or bottom surfaces of the preparation. They were also selected within
arbitrary limits of size, namely between 2 p and 10 p for their greatest di-
mension. Only single particles were chosen, and the slide was used as soon
as possible after preparation, so that few particles, except the very large ones,
had time either to come together or to fall to the bottom.

To measure the angles an eyepiece with an angular graticule, produced
photographically, was used and sometimes also a device for measuring the
angle through which this eyepiece was turned.

In the later method in which the field was applied approximately per-
pendicular to the particle, the particles were magnetised before measurement,
by applying a permanent magnet with conical pole pieces for ‘a moment to
the slide. This gave a field of several thousand oersteds. For timing, a small
field produced by the main electromagnet was used, and the time to move
through a preselected angle was measured with a stop-watch. The field was
usually 2} oersteds in strength and the particles were timed from 45° to
135°, where 90° represents the position perpendicular to the applied field.
The scatter of times was fairly great. An example of a set of 20 particles
of the oxidised iron from the same batch of material gives (arranged in order):
1.6, 1.8, 2.3, 2.3, 2.4, 2.7, 2.9, 3.4, 3.7, 3.7, 3.8, 4.2, 4.3, 4.8, 5.0, 5.1, 5.5,
7.4, 9.2, 9.9 seconds. Each time is the mean of 3 readings (standard error
~1/3 seconds). This variation naturally includes variation in shape as well
as in magnetic properties. The median is 3.75 seconds. As to the variation
with the passage of time, the above figures were taken in July 1948, from
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the material received in November 1947, which had been standing in water
since then. A check in November 1948 gave a median of 4.4 seconds for
a sample of 10, but at a lower temperature. Correcting for this brings the
figure to 3.1 seconds, so that there was certainly no gross change in the ma-
terial with time. Intermediate checks gave similar agreement. We have not
considered it worth while for our purpose to press the accuracy further.
The mean value of the greatest dimension of the particles used was estimated
as d .

We have also made measurements on a few particles to check that the
magnetic couple is roughly proportional to the field. The movement of the
particles in castor oil was recorded photographically by the method used for
the particles in the tissue culture (see page 55). The fields ranged from
2} oersteds to 36 oersteds, each being double the previous one. The slopes
of the curves of angle versus time, at the 90° position, were proportional to
the applied field to within +15 per cent. The only measurement at 80 oer-
steds also falls within this limit. The experiments were done at an early
stage before the technique was refined, and it might well be possible to im-
prove this figure which, however, is quite satisfactory for our purpose.

The viscosity of the castor oil was checked by the falling sphere mecthod
at two temperatures. The values found, 16 poise at 14.7° C and 7 poise at
24.8° C, are reasonable.

The variation observed between the behaviour of particles in a set is bigger
than would be expected if it were solely due to variation of shape. Applica-
tion of the standard theory, as set out in Part II, gives the following relative
angular velocities for various ovary ellipsoids.

TABLE 11

Length/diameter ratio .........ccoveienin... 1 2 3 5
Relative angular velocity ................... 1.0 0.86 0.64 0.27

Most of our particles had length/diameter ratios of 2 or 3 to 1, and never
as much as 4 to 1, so that even allowing for the simplifications of the theory
we should not expect a variation of much over 2 to 1 in the angular velocity,
whereas we actually get about 5 to 1. This must be due in part to the varia-
bility of the material, and a closer examination of the results supports this,
since particles of apparently similar shape can vary considerably in angular
velocity. The variation could be quite serious if we were concerned with
obtaining accurate values rather than orders of magnitude but in the present
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study we have included the shape variation with the other variants. For
more precise measurements it would be better to use a more homogeneous
material.

This grouping together of results is justified to some extent by the reason-
able agreement between the value of the viscosity of the castor oil found by
the magnetic particle method and by the normal method. If we take our
average particle as having a length/diameter ratio of 2:1, and calculate the
value of 4 by using the ellipsoid theory and the B/H curve, we obtain from
the figures quoted above a value of 11} poise (at 19.7° C) whereas the falling
sphere method gives 104 poise by interpolation.

8. Photographic recording

After our preliminary experiments it became clear that the velocity and
to a certain extent the amount of movement of a particle could not be esti-
mated sufficiently accurately by eye. We have therefore used cinematographie
recording, usually at 9 frames per second, but occasionally at 15 frames per
second. An ‘Ensign’ 16 mm camera was used, with a viewing eyepiece in
a side-tube, into which part of the light beam from the microscope was de-
flected by a semi-reflector. This camera has previously been used to record
at low magnification the beating of the heart of a chick embryo (Hughes
1949). A rough check showed that the speed of running of the camera was
sufficiently constant for our purpose. The film used was usually Kodak R.
55, which is rather coarse-grained, but a more finely grained film would
have needed more light, which we felt it would be better to avoid. The light
was only used at full intensity for the actual time of recording apart from
the necessary focussing.

During the course of the work a marker eyepiece was devised, by means
of which a spot of light could be projected on to one side of the film. The
time at which the circuit of the electromagnet was opened and closed could
thus be recorded on the film.

The overall magnification with the 1/12th objective was about x330.
The particle was photographed using the normal illumination.

To measure the angle of displacement, the film was projected downwards
onto a horizontal table with a total magnification of about 5,000. A sheet
of mm graph paper was pinned to the table, and the projector adjusted so
that the edges of the frames of the film were parallel to the lines of the graph
paper. A small loose sheet of white paper, with a straight edge, was now
placed so that the image of the particle (white on a dark background) fell
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on it. Holding the paper fixed, the observer traced a faint pencil outline of
the particle on the paper. The procedure was then to fit this outline to the
image of the particle from each subsequent frame of the film in turn; the
angle between the straight edge of the paper, and the lines on the underlying
graph paper was measured with a large circular protractor. The zero of
the angle was rather arbitrary, but the 90° position was chosen such that the
major axis of the particle appeared to be roughly perpendicular to the mag-
netic field.

The largest error in this technique is the fitting of the pencil outline to the
projected image. This error varies with the size and shape of the particle
and the accuracy of focus. There is also occasionally the difficulty that if
the particle does not always remain in the horizontal plane it may appear
to change shape. Accurate measurement in such cases is clearly impossible.
The root mean square deviation was usually between 1° and 2°. The angle
was in general only measured once for any frame, and in passages where
the particle was effectively stationary, only every fifth or tenth frame was
measured. _

The procedure is tedious and time-consuming, the maximum rate of
measurement being about 120 readings an hour. For this paper about 8,000
frames have been measured.

The above remarks about errors apply to a slowly moving particle. There
is an additional error in measuring the velocity of a swiftly-moving particle,
due both to the blurring caused by movement during the exposure, and to
the time lost between frames. These are best regarded as errors in the time
to which the measured angle corresponds. It is difficult to estimate them
accurately, but a rough guess can usually be made in any particular case.

9, Other details

The arrangements for controlling the temperature were quite straight-
forward. The hot-box consisted of a roughly rectangular wooden box, 34 x
24 x16 cm, with the top and front of thin transparent plastic. The heater
was in the metal base of the box, and was supplied from the A.C. mains.
The lower half of the microscope, from a point 3% em above the stage,
was enclosed in the box. A subsidiary heating coil was wound at the bottom
of the microscope tube, just above the objective, to prevent a large temper-
ature gradient at the level of the culture. The heating current was controlied
by a bi-metal strip mounted behind the microscope and the temperature
was measured by a thermo-couple in the immersion oil.
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The controls for the focusing of the objective and the movement of the
stage could be operated without opening the box. The large magnet, when
used, could also be moved from outside, and all the currents in the coils
were similarly controlled.

The electric circuits require no special comment. They were run from
two 12 volt car batteries. "

E. TWISTING: EXPERIMENTS

1. Preliminary experiments

The first experiments were done at 37° C, magnetite particles within the
cells being used. We will only skeétch the details here. A large horizontal
magnetic field (600 oersteds) was applied by means of the U-shaped magnet,
" which lined up the particles in the cells. This magnet was then oscillated
mechanically in a horizontal plane through +15° with a period of about
12 seconds. Pictures were taken with phase contrast, at a rate of one every
3 seconds and from these the amplitude of oscillation of the chain of particles
was measured. A rough calibration was made under similar conditions with
castor oil. A simple theory made it possible to deduce how the amplitude
of oscillation should vary with magnetic field, damping force, and the period
of oscillation. If taken at its face value it gave a high figure for the viscosity
of the cytoplasm, similar to that for castor oil.

These preliminary experiments suggested that the physical properties of
the cytoplasm were very different from those of water. It was not possible
to interpret them any more accurately because of the difficulties of calibration
when long chains of particles are used, and because it is not possible to
distinguish between viscous and elasticoviscous effects from the amplitude
of the oscillation alone.

We therefore did a few experiments using rather smaller particles in which
the magnet was moved suddenly from one angle to another. These proved
difficult to interpret mainly because the couple on the particle was dependent
on the angle between the magnetic axis of the particle and the field. It thus
varied in an uncontrolled manner, and was difficult to measure as it depended
on a small difference between two angles. Finally the method of moving
the magnet was rather clumsy and difficult to control. We have omitted our
results of these experiments, although they did suggest quite strongly that
the resistance forces were not characteristic of a simple viscous fluid, and
that there might be some elastic effect.
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To improve the method it was necessary to use a relatively constant couple,
and to apply it suddenly. For this reason we have developed the technique
of using single magnetic particles as little permanent magnets, and applying
a field, produced electrically, perpendicular to their length.

Our initial experiments, with this method, without photographic recordings,
showed that the majority of single particles of the oxidised iron could be
moved by the magnetic fields we could apply. They also showed that small
fields would often move the particle hardly at all, and that if a large field
were applied to a particle for a short time, it appeared to recoil at the moment
when the field was switched off. This suggested that elastic effects were prob-
ably present. There was also a distinct indication that after the particle had
been moved once or twice, it became rather easier to move than before,
though it was difficult to demonstrate this unambiguously. Movement of
the particles in the absence of an applied field was also noticed. These
movements were both rotational and translational; they may have been
partly Brownian but they were certainly not entirely so, as they were often
not sufficiently random. This feature of the movements of the natural in-
clusions of the cell, such as small mitochondria, is usually attributed to the
streaming of the cytoplasm, though there is some doubt whether this is a
sufficient explanation.

2. Photographic experiments at 37° C

Early in the course of the work it became clear that to obtain results which
we could interpret it was necessary to use only those cells and particles which
fulfilled a number of distinct conditions. These have tended to become
stricter. They are as follows.

(1) The cell must be a healthy intermitotic fibroblast, from young cultures
(24 to 36 hours after sub-cultivation), without large vacuoles and containing
few lipoid granules.

(1) The cell must not be far from the edge of the zone of outgrowth so
that phase contrast illumination could be used if required.

(u1) The cell must not be near other magnetic material, either in neigh-
bouring cells or in the explant.

(1v) The cell must contain only a single particle.

(v) The particle must be of medium size and be fairly short. (The majority
of the particles photographed were from 2 to 3 p in length though one was
as small as 1} p and one as big as 4 u. Their shape was usually irregular.
Most of them were short, that is, their length/diameter ratio was less than 3.)



The physical properties of cytoplasm 59

(vr) The particle must not be very close to the nucleus or to the side of
the cell, nor crowded by cell inclusions.

Preferably it should be possible, with the vertical field, to turn the particle
on end, showing that it is not hemmed in by the top and bottom walls of
the cell. For this reason very flattened cells were avoided. A spindle-shaped
cell was usually chosen with the particle in the middle of the cytoplasm near,
but not very near the nucleus.

As might be expected, not many cells fulfil all these conditions, probably
on an average about one per culture, so that a fairly extensive search has
to be made to find a suitable one. It is difficult, however, to see which con-
dition could be relaxed.

The time-scale of the movements and the magnitude of the angles involved
made it difficult to obtain accurate estimates by eye, and it was therefore
decided at this stage to use photographic recording.

In our first set of measurements we recorded successfully the movement
of particles in 7 cells, though not all of these were entirely satisfactory. The
number of records made with each particle varied, but averaged about 10.
It is not easy to select with confidence the general features shown by these
curves, because there are so many variables, but the following tentative
conclusions were reached. The figures (Nos. 4-8) have been selected to
illustrate these features.

(1) When the field was switched on, the particles began to move with a
fairly high angular velocity. Any initial lag was too small to be detected by
our methods. This velocity decreased as the deflection of the particle in-
creased. The extent of the rapid part of the deflection generally increased
with the size of the applied field (Text Fig. 5).

(2) After the rapid part of the movement, the angular velocity usually
approached a steady value, provided the initial deflection had not been so
big that the couple was no longer constant, but on other occasions the particle
went more and more slowly, or even stopped (Figs. 4 and 5). In a few
cases it appeared to start moving slowly again after having stopped, but
the limits of accuracy in measuring the angle made it difficult to be certain
of this.

In one case only did the particle start to move very fast after it had been
moving steadily, and there were other reasons for regarding this example
as exceptional.

(3) When the field was turned off there was, in general, a small fast recoil,
followed occasionally by a slow drift in the opposite direction to the original
movement (Figs. 4, 5, etc.). This rapid recoil was often of the same size as
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Fig. 4. Response curve of particle in cell. 37° C. 24 oersteds.
Fig. 5. Response curves of particle in cell. 37° C. (a) 8 oersteds; (b) 16 oersteds.

the initial rapid deflection, was never bigger, and was quite frequently smal-
ler. It was sometimes difficult to be certain that it was there at all, especially
in cases where it might have been expected to be small, since the marking
eyepiece (p. 55) had not yet been fitted, and the natural movements and
the experimental error confused the curves.

(4) When a large field was turned on for a short time, a procedure which
we call a ‘twitch’, the subsequent recoil was, in all cases but one, incomplete
(Fig. 6). It was usually between 4 and 3 the initial deflection; this could
not be accounted for merely by the change of couple with angle. Again
there was sometimes a subsequent slow drift which increased the total
return.

{(5) There was evidence to suggest that if the particles were deflected in
one direction, then allowed to recoil, and then, within a few seconds, de-
flected in the opposite direction to the first, it moved further and possibly
more quickly than on the first occasion (see Fig. 7).

(6) In the case of one particle the cell produced considerable natural
movements which made it very difficult fo obtain consistent readings, and
in most of the others there were measurable perturbations (see Fig. 8).
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Fig. 6.- Response curve of particie in cell. 37° C. 32 oersteds; scale on left.

Fig. 7. Response curve of particle in cell. 37°C. 48 oersteds applied successively in each direc-
tion. Scale on right.

Fig. 8. Response curve of particle in cell. 37°C. 32 oersteds. Natural movements follow actua-
tion. Scale on left.

It can be seen from the figures that the results are by no means clear cut.
This was partly because the effects of the previous history of the cytoplasm
were not clearly realised, and partly due to a general lack of refinement in
the technique.

Of these experiments all except one were done without phase contrast, so
that it was less easy to be certain of the immediate surroundings of the particle.
Moreover the natural movements of the cell were changing the environment
of the particle, as well as producing rotational perturbations.

During one of these experiments the temperature had been taken down
to room temperature and up again. The results suggested that the physical
properties of the cytoplasm at the lower temperature were not greatly different
from those at 37° C. The intracellular movements, on the other hand, were
very much less active. We decided therefore to undertake a series of ex-
periments at room temperature, and using phase contrast.
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3. Photographic experiments at room temperatures

These were all done between 15° and 20° C. The cultures were incubated
at 37° until required, and were then allowed to cool down, care being taken
to avoid the condensation of moisture on the lower coverslip. Measurements
were not made until at least half an hour after cooling.

Observation on particles by eye and by time-lapse photography with phase
contrast showed that the non-random movements were reduced at room
temperatures, but not entirely prevented. Though brownian motion cannot
with certainty be detected by eye at room temperatures, the time-lapse films
show that there is still some apparently random movement present.

Reliable data was obtained from 4 cells. The average number of recorded
actuations for the first 3 was about 12. For the last cell over 50 actuations
were filmed. As has been stated the residual field due to the phase contrast
apparatus was not negligible in these experiments.

The initial rapid movement, the subsequent rather ill-defined slowing
down, the almost universal fast recoil, and the fact that this was usually
incomplete were all confirmed. We must make the reservation that when
a particle was moving rapidly over large angles, after repeated actuations,
it was impossible to estimate the variation of velocity accurately, or to dis-
tinguish between genuine slowing down and that due to the couple being
less at the extreme angles.

Further evidence was obtained for the effects of repeated actuations. Thus
one particle was given a series of twitches, with intervals in between. The
results were roughly the same. It was then waggled violently and twitched
again. This was done twice. On both occasions it moved faster than in the
first series. In addition the recoils were less. Figure 9 shows the effect of
twitches before and after waggling.

A further experiment was done with the same particle. After violent
waggling with a big field it was allowed some seconds to settle, and was then
actuated with a medium-sized field for a few seconds. This was repeated
at intervals of the order of minutes. The results showed that over a period
of minutes the material appeared to harden somewhat. Figure 10 shows the
initial actuation and that 10 minutes later.

Of our other results, for two of the cells we have cu