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ABSTRACT. .

The possible use of laboratory methods of (a) testing the efficacy
of stabilised and unstabilised:barium sulphate suspensions as radiopaques.
(b) elucidating the in@erabtion of barium meals with the gastro intestinal
tract, and (c) predictieg their efficiency as diagnostic tools, uwas
investigated. Two methods involving model systems in which conditions
in the gut after administration of a barium mbsi ere closely approxi-
meted, were developed. These were established and used to idvestigate
the effect of va:iods pﬁysical and chemical perameters; eueh as concent-
ration of barium sulpdaee;:nature and concentration of stabiliser, pH,
state of the mucous membrane of the gut surfaee upon the thiekness and
uniformity of the layer of Earium sulphete adsorbed upon‘the gut surfece..

The efficiency of various charged derivetiues of methyl cellulose
as stabilisers of barium sulphate suspensions Qes.inuestigated, and the
viscosity, stability, dispersibility of the suspension and the surface
propsrties of particles characterised fof suspensions containidg various
concentrations of different carboxy methyl cellulose grades.

The surface properties of pertieles'derived from commercial
stabilised suspensions were related to the additivee used in their‘
manufacture. |

| The site of adhesion of barium su;phate parficles to the gut wes
shown to be the mucous membrene; The adhesion was not due either to
charge/bharge interaction of‘barium-suiphate particles‘with the mucus
surface, or to the stebilieervdhich coafed the perticlersdrfece.
Stabilisers increased the uniformity edd reproducibility‘of the adsorbed
layer-of barium sulphate upon the gut surfacs, end partlcles in this
layer become coated with mucus. There was a llmltlng concentration at
which the gut surfaee was saturated with berlum sulphete. The state of
the gut surfacebmucue had a'pronoudced'effect upon the amount of barium
sulphate adsorbed on the surface. l L |

The phyeleal propertles requ1red of an efflclent barlum meal are

discussed with reference to results obtalned for the model systems.
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SUFMARY

The thesis describes tﬁé results of studies of unstabilised and
stabilised commerciél and laboratory prepared barium sulphate suspensions
in water? which are used in the X-ray examination of ths gasfro intestiﬁal :
tract; |

| Very little systematic work of a éhysical chemical nature has been

reported previously; papers, usually in medical journals, deal either
with the physical properties of suspesnsions in a qualitative fashion,
or with their performance under clinical conditions. Correlation between
the physical properties of a éﬁspension, such as concentration of barium
sulphate, viscosity, stability,.nature of stabiliser, particle size aﬁd
its efficacy‘in vivo,whsn attempted is of a very unsétisfaétory and
qualitative nature. Complications arise not only because the physical
"properties are not well understood, but also because there are no
accepted criteria whereby a radiograph may be judged; this is a
sub jective ﬁatter. A further difficulty is that the nature of the mucous’
membrane of. the gasfro intestinal surface,-with which the suspension is
assumed to react, is poorly understood..

The main‘ﬁhysical properties of suspensions have been established
'(Goddard, 1970) including the rols of thé stabiliser, suspensiqn stabilify,
particle size agd surface properties. It_waé demonstrafed that the
stébiliéer fﬁlly coated barium sulphaté particles; the stability of a
suspension was related toithe viscosity and degree of structure of the
equeous phase. The dispersibilify:of a suspension in aéid_and ih water
Qas related to the degree of hydration, or hydrophilic character of the
"particles. No attempt was made to relate the 1nvsstlgated parameters
to a suspen91ons effect in vivo, and llttle pr9v10us woTk upon this
topic has been reported. Bircher et al (1971), howsver, 1nvestlgated
two widel} di%Féring suspensions under clinical conditions. Radiographs
were expertlyAQSSQSSQd under a number of criteria ahd this rglated

vétatistically to the suspensions concentration and viscosity. These
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authors concluded that.thebtwo suspensions gave differing results, but
~were not able to say which bhysical property or préperties were responéible
for this.

Theories of the interaction of barium sulphatse suspension witﬁ the
surface of thé gastro intestinal tract are few; charge : charge interaction
has besn invoked, as has a process analagous to precipitation. Hitherto
there has been no experimental evidence to'support either view.

What is certain is that previous in vitrc tests of radiopagues are
quite inadequate, and give little indication of the performance of a
barium .meal in vivo. The conditions of interaction”of a'suspsnsion in
the gut with the gastro intestinal mucosa ére very complicated, and no
in vitro test has attempted to approximate these conditions to any
great extent.

The present study follouws cn-fromiwbrk by Godd;rd and was an
attempt to devslop and épply a model>system which would_accuratsly
feflect-conditions in ?he in viuo’situatiﬁn, whilét allowing abjective."
assessment of mucéué membrane/bariuﬁ sulphate interaction; :The study
can be divided into;

(1) The develdbment of an in vitrd‘method of inyesiiga£ing the interaction
of barium meals with the surface of ﬁha gastro intestinal tfact. |

T

(2) The development of’an in'QiOo;model'syéthjlé

\d the use of the
method to'deﬁqnétra£é thg efFQCt'of.chéng;ng the physiological conditions
in the qut ubon radiopaqueAefficiency; |

(3) An investigatioﬁ of surface properties'of variously coated barium
sulphate particles. A

(4) An investigation of'vérioﬁs-carbbx} methyl cellqlosé deriva#ivss

for use as stabilisers. .

(ﬁ) This involved a study of the intsraction of suspensions with small
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sections of gut tissue derived from rat duodenum and small intestine,
The reaction could take'plaée under strictly controlled conditions;'and
many sxperiments wa%e performed upon tissue opbtained from a single
animal; animal variation in a‘'set of experiments was therefore ﬁinimised.
Suspensions from various sources. were investigated under various
conditions of pH, stabiliser, concentration etc.j and the interaction
of the suspension with the gut surface assessed by evaluation of derivgd
microscopic preparations.
(2) This involved the perfu51on of a barium sulphate suspen31on through
the sma}l 1ntest1ns of an anae;thetlsad rat. The thlckness of the
resulting coat of barium sulphate was sssessed by the wé;ghing of the
residue 1eff adhering to a specific length'of gut after all organic matter
had bsen removed. - |
(3) The surface properties of particles coated with'cmc.‘derivatiyes
were investigated, and the effect of the degree of substitution upon
surface charge demonstrated. The su:faca'propertigs of particles from
various commercial éources were ipvestigéted; enabling sohé.genéral
recognition of stabilisers qséa;.'Coafed péf#icles'yhiéh had been re-
covered from ﬁﬁe ileum of both no:hally fed animals and those sub jected
to various fasts, were examined and the.intéraction of suspensions with
mucous solutlons investigated. - _
A(4) The varlatlon of the stability of 60% w/v. suspen31ons with
concentration of cmc. (0 — 1e0% w/v.) was 1nyestlgated, and thls Qés
correlated with the viscositias‘of:suspénsipné,\anﬂ'the degreé of'
substitution of thé cmCe der;yative; 'fhe~dispersib;lity of ﬁhg prepared
éuspensions‘was'heééﬁféd'quaii£atively. - | o

The modsl systems were not pompletely suoceséful, because.ﬁf
experimental diffiéulties, notably the method of assessing results,’
' Althouggfthere was considerable variation in some qf the results obtained
from'the in vivo metﬁod (2), nevertheless,3significant results were
obtained. The systems were a great 1mprouement upon prev1ous laboratory

tests, and the results obtained were capable of 1nterpretat10n from the
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point of view of physical and chemical conditions at the gut surface;
and application to the clinical situation. Cmc.'proved to be an éffect—.
ive stabiliser, especially when the degree of substitution was greater
than Q‘? and the concentration of cmc. between 0+6 and 1¢0% w/ve. The
stability of a sugpension could be correlated with the Viscosity of the
suspansion, and the dispersibility of a suspension. in botﬁ acid and
water reléted not only to the surface properties of the particles-but
also to the degree of "structure" possessed by the aqueous phass.
The general conclusions obtained from this study of the model systems
(1) ana (2) may be'sgmmariséd as followsi - |
(a) The site of adsorption is‘the mucous membrane of the.gut surface,
Penstration of particles could bé deep.
(b) Thé barium sulphate particies reacted with the mucus at the surface.
No adhering layer.of bariﬁﬁbsﬁibﬁaté was‘fﬁuadiupqn surfaces devoid
of mucus. | ”
(c) The particles coﬁld react with fres mucus present.in the lumen of
the qut resulting in‘oéglomerafion (or flocculation) of the suspension
and uneven_eoating of thé gut.l‘
(d) The mucous membrane becomes fully coated mithvbarium sulphate when
the comcentration of a stabilised suspension at the surface is 50% w/v.
Increasing the concentration above thié Figufe does not result in .
greater adsofption. ~Gobc} F;fm coats of bgrium sulphate upon the gut
surface were obtained with’more dilute suspensions.
(e) The stabiliser was not responsible Fpr adherance of partibleé to
‘the gut suffaces_ Unstabilised suspensions aisq resulted in aﬁ adsorbed
layer, although tﬁis was irreéular._ Fd: unstabilised s;spensionsVno
limiting concgntration was fodnd( . |
b(f) The main action of the sfabiliser, from the poin?lof view of efficacy
in use,>was to increase‘the uniforﬁiﬁy‘bfkthe layer~resulting'in more
consistent fesﬁit;.; fﬁiévwas>félatea_to a reduction of floccqlation and

..éedimantation of the suspension in the gut. Sodium citrate as a stabiliser
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did noﬁ coat and protect the particles of barium sulphate,‘although it

much reduced the viscosity of the suspensions, which behaved similérly

to preparations containing no additives.

(g) The surface charge of the particles was not responsible for the

adhesion of particles to the mucus. The adsorbed layer was unaffected

by pH, and all stabilised suspensions, containing different stabilisers

and thus having different surface propérties, gave essentially similar

adsorbed layers.

(h) Alteration of the state of the surface mucus, either by the topical

action -of a drug (M-acetyl-l-cysteine) or by previous fasting o% the

expsrimental animal,had a great sffect upon_tﬁe adsorbedvlayei,

- resulting in.a 70% reduction in the ueiéht of barium sulphate; This was

correlated to the decrease in viscosity of the mucous membrane.

(i) In becoming attached to the surface of thé gut at the mucous membrane

the particles of barium sulphate, whether frpm unstabilised_or-stabilised

suspensions, became recoated with mucus. |
It was concluded that the moéei systems gave a good indica£ion of -

the cliniéal performance of é barium meé; and their application cduid

be useful inAéhe initiél development of a barium meal. It is essential

that stﬁdies of model systems’be extended, in particular the results

must be correlated and compared with actual X-ray plates.

Y
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Chapter 1. Section 1. Barium meals,

Radiopaques are used fof‘the medical examination of internal body
organse. They are introduced into the organ under investigation and X~
rays are directed thfough this region of the body, whereupon a photograph
is taken. The organs appear on the radiograph as whife images on a
black background. Ths aﬁtion of a radiopaque depends ﬁpon its ability
to coat the sdrfaces, or fill the lumen, of the organ, and to absorb
X-rayse. There are two main categoriss; thpse based upon insoluble.
inorganic compounds of heavy metals, and those based upon soluble
"~ organic molecules containing iodine. 1In the present study only inorganic
radiopaques bésed upon barium sulphate were investigated;

Suspensions of bariuﬁ éulphate particles in water have long bean.
the preferred radiopaqus For-investigation of the gastrbintestinal
tract, since barium sulphate is insolﬁsle and'nonfto*ic (when preparéd
under controlled conditions), cheap, easily administered, and gives’
good but by no means perfect visualisation of the organs under exam=
ination. Such suspensions, either availaeble commercially, or prepared
by radiographers according to their own spscificatiohs, usually haue.a
ﬁumber of additives to improve their gfficiency as a diagnostic tool.
fhese additives caﬁ be stabilisers, fluidisers, antibacterial aggnts
(to improve sforage ability) flavouring, gnd nut:ients such as o0il and
sorbitol to increass the épeed'@ith which a éuspension pésses through'
the gastfointestinal tract., |

Radiographers. are agreed thatisﬁspensiqné should déposit a thin,
aven coat'of barium.sulphate particles Upon‘the éurface of the mucosaﬁ.
The coat should be pllable, not flake unevanly, and r831st permsta151s
in the gut, and the manlpulatlons of tha gut by the examiner. Further-
more the layer should persist for several hours, andvthen be easily
vvolded, It is~generally agreed that unstabiliééd suspensions of ﬁarium
sulphate are not affic1ent radiopaques, and that the addition of a

stabiliser confers some of the above properties upon unstabilised
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suspensions. There is, howevery disagreement as to the best conditions
for achieving a thin and even coat. Some radiographers rscommend the
use of suspensions of high Qarium sulphate concentration, and go to
great troubles to achieve this, including the addition of coarse
barium sulphateiparticles to a suspension of fine particles, and even
the introduction of precipitating agents to the suspension in the gut.
The patient is rolled over so the particles sediment ovef the whole
surface of the gut. Nelson (1967) pleads for the use qf small volumes
and concentrat;ons of suspension, adding that vast quantities Qill
distort the organ Qnder study;.Robt and Morgan (1969) come‘to similar
conclusions.

Barium sulphate suspensions are unsatisfactory when the resulting
radiograph gives an inadequate, and in some cases misleading‘reﬁresent—
ation on the surface of the gut. Failure in this.respect can be due
to a number of factors, the most 1mportant 13 flocculatlon in the
lumen of the gut. Thls may be due to the instability of these suspensions
to the conditions of pH and ionic étrength in the gut, or reaction
with free mucus. Astley and French (1951).shouad the in vitro
precipitation of unstabilised suspensiuns wifﬁ-éalivéry and gaétric
mucus. Commercial preparatlons whlch contalned a stablllser were not
31mllarly afrected by thls treatment but Plrk et al (1967) demonstrated
that many available preparatlons had an lncreased rate of settling
whan gastric juice was‘addad. Knoeffel et al (1956) suggestad that .
flocculation is due to the uptake of a specific fraction of mucus by
the ba;ium‘sqlﬁhate'particles. |

The effect_éf»flocculation»is-to give én appearan;e of patchiness
due'toVUnevén>coating of‘fhe gut surface witﬁ aggfegationsVof;parficleé.‘
Thanresulting.thick coat masks imburtant surfécé éeagurés.

Many stabillsers have been reported in the llterature' their

clalmed effsct is usually to increase tha stability of the suspension
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with respect to sedimentation on storage and in vivo, and to allow a
more concentrated or fluid suspension to be administered, as well as
decreasing flocculation in vivo. Alexander (1950) reported the use of
purified mucin, and an improvement in radiographs was claimed. The
resulting suspension was more stabie, but too yiscous to be used with
sase. Other vsuspending" sgents include flour, acacia, gelatin, pectin,
traéacanth, malted milk, egg yolk, and msthyl cellulose, with varioué
claims being"mada for their efficiency in use. Inorganic stabilising
. agents reported include aluminium hydroxide (Marks 1951) silicones
(Keats and Whitrock, i955), sodiuonr potassiam citrate or |
pyrophosphate (Gutcho, 1970) and dioctyl sodium sulpho succinate.
'Their invariable effect is to make the suspension more fluid in vitfo;
But in the gut the suspensions quickly‘become.deﬁydréted, which
reduces them to an insqluble immobile mass in the.large bowel;
Degraded caragseenan and ghatti gum have been reported asAgiving good
suspénsions(Anderson, 1962), but synthetic stabilisers, rather than
plant extracts have become more popular since they are of more uniform
duality, cheap, and available with a wids raﬁge of properties. In
particular celluloss derivationé.have had good reports'(e.g.'Kirsh and
.Spellberg 1953, Kotzmann, 1969, Gutcho, 19?O)vKnoefFel and‘Davis |
demonstrated that Aerivations éontaining chérged groups were supefior
to neutral derivatives; Embring.and Matsson (1968) repprted,Ahowever,
that carbﬁxymethyl celiulose (°W°°),”é$ unsuitable because the meals
so produced gere'too viscous and tended to-be'immixible with‘gastric-
juices. Their findings are‘contrary to those of mény other workers,
and could be due to poor selection of a carboxymethyl celluiose
derivativé; as many, designed fﬁr sﬁecific purposes are cémmercially
available. vCarboxymetﬁyl'callulose as an édditive'is cited by many
| batients for commercial preparations (a.Q. Uérpatent 3,236,735, 1966,

US patent 3,201,317, 1965).



Goddard (1970) investigated the physical properties of various
commercial stabilised suspensions, and laboratory prepared stabilised
and unstabilised suspension of barium sulphate, from the point of
view of particle size ana SLﬁface propefties; the effect of
stabilisers from different sources and concentrations upon suspensions,
and the dispersibilities of such suspensions in acid and water. It was
shown that the majority of commercieal pfeparations had particle sizes
of between 0°07-0+§ A m, as determined by an electron microscope, and

that they were negatively charged at pH 7. The éhanée of this charge
with pH of such particles was demonstrated and contrastsd with-that
of particles from unstabilised>su§pensions. it was concluded that the
'étaﬁilisers coated the barium sulphate particles éompleteiy; barium
sulphate itself'did not contribute to the surface change; A Léngmuir
typs adsorption isotherm was demonstrated for the uptake of a wide
range of s£abilisers by barium sulphate particles. The stabilities
of stabilised suspensions was related to the viscosity of the aqueous
phase, and the'degree of structure of fhis phase (due to high
concentrations of sfabilisér). ‘Stable suspensions wérg prgpared
with all stabiiisers‘investigated, hotably CD75, a plént gum extract
and cmc. The capéci£y of suspensions to disperse readily in water and
écid was related tb the degreé of hydrétion achieved by the sufface of
particlés in suspension.
'“;Th;.most éuoted'daéirable physical propertiss of Eérium‘meals are

(a) good stability on storage and in the gut,
(b) a cancenﬁratioﬁ of barium gulphate 40 - 150% w/ve, which caﬁ be

diluted without precipitation for administration, | -
- (c) uniform particle size, S
(d) freedom from air bubbles and from foaming.

‘AlthoUgh larger pértic;es have been'repbrted és giving betfer

results (Perei and Friendsnberg, 1967), Shufflelbarger (1953) reported



that suspensions where particle sizes ranged 03 - 1¢5 /() m gave best
results, whilst Brown (1963) quotes 1¢0 = 20 /L) m as the optimum.
Confusion arises because no clear distinction is made between the

sizes of individual particles,'as determined by election.microscopy,

is generally under 0e5 /L)m- Embring and Matsson (1§68) stress that
it is the size and stability of aggregates that determine the quality
of ﬁhe radiograph. Certainly aggregaﬁes must occur in suspension.
Absolute pargicle stability is not required (Anderson, 1962) and whilst
there is no general agreement concerning the viscosities of suspsensions
- (confusion arises because it is not realised that many suspensions are
non-Newtonian) it is agreed that suspensions should mix readily with
“the gastric juice and other physiologiﬁal liquids in the gut} Gutcho
(1970) adds that particles should remain in suspension for 30 minutes,
and should not clog enema tips or assoéiated tubing,.

Radiologists disagree which hommercial meais, or meals prepared
by themselvss aré best, or why. This is no doubt due to the wide
variety of administration techniques used, the great variability of
physiologicalvstates encountered, either dﬁe to the illness of the
ﬁatiant or variation in patiehf p:eparation techniqueg, or the
variability of commercial preparations stabilised with plant guﬁs
(Eirk'et él, 19675. Thére are no agreed,dbjectiue criteria in the
assessment of radiogréphs (Bircher et al, 1971) and a fundamental lack
of khowledge regarding fhe interaﬁtion of barium sulphate particles
with the mucosa§-of the gut. 7

In'vitfo tésts are limited to tests of dispersion in acid and
.watef and theAeFFect of aqdition of gastric juice‘to suspension, and
assessing of adhésiun of partiéles'to glass (Mi;ler 19@5) and gelatin.
The interﬁretatién of such tests, andlpredictions made concerning in
vivo behaviocur of radiopéquss are of limited value.

The effectiveness of clinical trials are beyond doubt, but these
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are.lengthy, costly and still dspend upoﬁ the subjective assessment of
radiograﬁbs by experts. Few systematic and controlled trials have

been carried out, and only one had statistical design (Bircher et al
1971). Here the effectiveness of two widely differing commercial

barium meéls were compared, and the effactiueness of additives increasing
the speed the suspension travels through the gut>investigated. Both
meals contained stabiliser, one was viscous and highly stable, tha other
sﬁspension quickly sedimented. It was concludedAthat the two

suspensions gavé different results, the more stable suspension being
slightly, but significantly better. The difference was not due to
differences in uiscosity,‘and the viscous suspensions were only
advantageous‘in the oesophagus where periétaltic moyements were greatest.

The physiological effect of fhe two sﬁspensionsvdn thé gut were
differsnt, but the differepees in performance could not be related
to this. Resul?s.were difficult to interpret because of patient and
observer variation, particularly because patients were diseassd.

Beﬁause of confusion qoncerning the physical properties cf barium
meals, and their relation.to the quality of radiographs, theories_df
adhesion to the surface of thebgut are few. Adolph & Taplin (1950)
compare it to preciﬁitafion, Embring and Mattson (1968) to a process
of sedimentation. Miller (1965) assuming particles to be negativeiy.
charged,.and the surface of the gut to'be positively charged suggests
an electronic interaction. It is obvious that a definite interaction |
occurs between barium sulphate pafticles and the mucus present at the
surface ;f the gut, since the partiqles persist at the surface when
all excess.suspension is removed. The situation is further complicated

because fhe structure and physical properties of mucus ars not wsll .

‘defined. '

Chapter 1. Section 2. The structure and function of mucus.

Mucus is a generai_tarm for any biologicaily derived viscous
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liquide. It is Virtually ubiquitous in the animal and plant kingdom,.
The organic constituents, which may or may not be soluble, of such
liquids are known as mucins, and are present in quite low concentrations
(0e2% w/v. for porcine gastric mucus). The mucins are macromolecular
compounds containing both peptide and carbohydrate portions. Tne term
glycoprotein ls now in general use for such compounds. Glycoproteins
aan be further subdivided into mucoproteins, where protein is pre-
dominant, and mucopoly-saccharides, dhara tha converse is the case.
For both the keyAcomponents are the amino sugars. The link betwesn
seovelonl’s ovionmie

the carbohydrate and protein moeties of the molacula{ %s ;the molecular
Fhe chewnn

weight of wtéoers may be of the order of 2 x'106,-eanzbelianidzdv/dbvnlant;

Throughout the mammalian gastro-intestinal tract the epithelial
surface is aantinuously pfotectad by a flowing layer df mucuse. This
film is composed of a.tnrea dimensional gel which is synthesised and
secreted by certain epethelial cells throughout the system. The mucus
noé only protects the villi of surface of ths gastrointestinal tract
fron mechanical and chemical injury, but also pfovldas a micro
enviromant for the micro.villi. The pH, ionic concantration'and
'prdtein enviroment of the delicate micro villi are to sime degaae
independent of tha’biochemical events in the luman‘ofkthe guﬁ. ThaAtarn
"dlycocalyx" (Bannat 1963) haS'béanAused to dascribe‘suchfa system."
Calls raapansible for sacretion of mucus afe found in all regions of
the stomach (in man ‘and pig) as well as in the duadenum (notably in"
Brunner's glands) and tha 1ntast1ne (goblet cells). |

The complete elucidatlun of the structure of any gastric or
intestinal glycoprotein has not baen accompllshad. This is partly ‘
due to the complex1ty of the material and partly because of the )
dlfflculty of obtalnlng suff1c1ent homogenous glycoproteln from a
defined reglon of tha gut, uncontamlnatad by aecratlons from other

regions. Purifidation of such fractions that have baan collected



also results in disruption of the tertiary structure of the macro
molecule, and some loss of labile Qonstieuents (Kent, 1962).
Variation of collected fractions can also be dus to the state of the
system from which they are collected (Neﬁguy; 1969).

However, the sugar and amino acid pnits of glyceproteins'deriued
from the gastrointestinal tract have been well established. Galactose,
fucose, mannose, hexose aﬁd hexosamine'have been found in practically
all fractions as well as sialic aeids. Sialic acids are acyl
derivatives of the parent acid D-neuraminic aci;; which itself does
not occur naturally; three forms are oommonly encountersed: N-acetyl,

: N~glycollyl and 7 = 0 acstyl N—acetyl neuraminic acxd all common'

- amino acids have been found, notably threonlne, proline, alanins,
serine glutumic acid, and cysteine. Chondroitin sulphate and Kerato
sulphate have not been obeerved in mucus of‘tﬁe gastro intestinal fract
to any great axtene, and ere generally thcught to be absent.

The most recent work has reeulted in the elucidation of ths
secondary and fertiary structure of a mucus fraction derived from
mucosai scrapings from the Cerdiac region of tﬁe poecine gastric mucosa
(Ailen & Snary, 19%2). By using scrapings, problems associated with‘n
the eﬁzymic attack of mucus semples uere>minimised, and in contrast
to samples obtained bonther methods the purified fractions oé Ehe'
scraplngs formed gels. | |

Analysis shomed that the non—soluble (80%) and soluble mucus gel
(20%) vere very similar. Separatlon of the soluble fractions by gel
flltratlon resulted in a hlgh molecular WELth mucoproteln A and a
low-molecular melght mucoproteln Be These wers shown to be chemlcally
1dentlcal, and it was suggested that A was composed of repeatlng unlts
of B. It is significant that no sulphated esters were found in elther
fractlon. A "bottie'brush" structufe f$£ a mucoprotein subunit Qas
suggested; 31milar to knoun structures of ovarian cyst blood group

functions. The subunit has a molecular weight of 28,000 and consists"
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of a protein nore with attached carbohydrate side chains. It has bean
proposed that each side chain consists of about fifteen sugar residues
(Kochetkov et al 1970), repeating every three to four amino acid units
forming a very tightly packed chain (Fig.1.1.). Four of the subunits
are joined by disulphide bridges (across cysteine residues in the protein
core), to form mucoprotein A (molscular weight 1 x 105). mUcoprofein
B is in turn joined up to.Form the high molecular weight mucoprotein A
(molecular weight 2 x 100) in such a way that it also is composed of
four subunits joined by disulphide linkages. Since the molecular wseight
of mucoprotein B is not altered by treatment with CsCl solution it has
been suggested that it is not polymerised by non—covaient intgractiuns.

The proposed structure of mucoprotein.A accounts for the high
viscosity of the water snlubie‘mucus, and, aiso for the reduction of
viscosity of such solufions when treated with mucdlytin agents, such
as mercaptoethanal and N-acetyl=l-cysteine, which reduce the disulphida
bonds. This would separate the subunits and cause a lowering of the
molecular weight {Snary, Allen & Pain, 1972).

The high molecular weight mucoprotein and intact disulphide
bridges are'necessary for thé formation of a gel in Vitrb;.it is thp
irreversible Formation of a gel in vivo that enables it to functione
The in vitro gel is easily disrupted by salt ;olutionsé gelling may
simply invoivé the entangling of.the mucromoletuleé (Sna:y,'Allén &
Pain, 1972), and its non—réversibility in vivo may simply be due to a
gréater concentration of mucoprotein and henne greater entanglement of
the;molenuleé; while it is enident that the integrity oF.mucoprotein
A, which in its highly hydrated and.expanded tertia;y structure, is s
nrefequisite'for the formation of a mucué 931, furtheﬁ nifferences in
molénular strncture between £hi§Awata:Asoluble nucopfotéinAénd the

water insoluble gel found in vivo cannot be ruled out.
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STRUCTURE OF SOLUBLE GASTRIC MUCUS (AFTER ALLEN AND SNARY).
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It is pertinent to ask houw universa; the proposed structure of
gastric mucus may be. Many other mucous secretions have been shown to
be broken down by disulphide bond splitting agents (Holden et al, 19%1)
into units of smaller molecﬁl;r weight. This suggests other mucins
may have a éimilar subunit structure. Those mucins unaffected by
mercaptoethanal héve a different proposed structure. Bovine sub
maxillary mucins are an example and the mucoprotein molecules are
thought to consist of a single chain vbottle brush"., The analysis of
human géstric mucus is closely similar to that of pig gastric mucus
(shrager, 1970) but demonstration of a similar three dimensional
structurse has yét ﬁo comé.

The epithelial layer of mucus isiéonstantly being removed and
replaced. Turnover of mucins is very fast, as is shouwn by 14¢ in
corporation studies of tissue cultures in vitro. The secreted gel is
coherent when first secreted; but soon imbibes more water and becomes
swollen, Gastric acid causes flocculation and breakdown of the gel.
structure, and finall? initiates the disintigration of the macromolecule
with thé liberation of fucose, sialic acid, and peptides. The rapidity
~with which gutlepefhelial cells divide and are shed fram the surface
of the gut must also contribute to the mucus level present in the gut
(Stévehs‘& Loblond, 1953). |

Many drugs are known toihavs a great inflqenca upon secretion of

mucus in the gastro intestinal tract_(Kent, 1962) when applied to the

surface bf the gut ih vitro and in vivo, notably asprin, and thé7 
topical application'of chemical,irritants such as dilute muétérd oil
. or HCl which causewfapia aﬁﬁtying of the goblet Cellé ofithe colon.
Diéting and fasting (wisé'&'Ballinger, 1953).changéfthe cgrbohydrate/
proteiﬁ ratio of mucoprotains.in the gut; sﬁreSS is‘also knowq to
‘Aaffect the mucuéilayer. The effect of injécted dpugs ié less well

characterised, but those which cause an increass in gastric acid



secretion, such as pentagastrin, are also thought to increase the
secretion of mucus. Oral administration of asprin is also known to
affect the mucus barriet, but as yet little work has been done on its

exact action.

Chapter 1. Section 3. FElectrical double layer

It has been shown that coated particles of barium sulphate are
ionogenic, ‘and as such the surface of the particles must Have an
electrical doubls layer structure.

The theory of the electric double layer is concerned with the
distribution of counter-ions and co-ions in the locality of the charged
surface, and with the magnifude of the electric double layer can'be
regarded as consisting of two regions, an inﬁer region of iongenic
' groups, or absorbed ions, and a diffuse region in wﬁich ions are
distributed according to the influence of electrical forces and random
thermal motion. Thse structure of‘?he douﬁlé layer, according.to the
stern theory and taking into account the Finite size of iohs, is shouwn
_in Flg 1¢24 }9 is the electrlc potential at the surface, whlch is
about 2 - 3 times &, the potentlal at the plane of shear. The'
potential exists when an applied electrical field causes one phase to
move Qith respect to the other,,cf o and <§s;are the chargs densities
- respectively at the éurface and at the plane of shear. The mobility

of a:particle, the oniy directly measurable parameter (Chapter'Z.
Section6.) is related to the zeta pote-nti'alf

| G - ¢ ErE

w7

where r is the relatlve perm1t1v1ty and ? the Coefflclent of
viscosity in the double layers C is a ‘constant whose value depends
upon K, the reciprocal thlckness of the ionic atmosphere, and on a,
'the radius of the partlcle. When K a :7 300 Smoluchowski showed C to

be equal to 025 so that 2Z ~is independent of the slze, shape, and o

orientation of the particle to the field.
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The equation is not altogether satisfactory, and has been modified
by Henry (j931) and Booth and Henry (1948) to take account of the
surface conductance of the ionogenic particles. In viem of the
difficulties in calculating the zeta potential from measured mobility
values it is customary fo discuss slectrophoretic results invterhs
of mobility. Provided the mobility valuss of different particles are
determined under standard conditions of pH, I, etc: then a comparison
of these values is analogous to a comparison of zeta poﬁentials.

The charge density, & g, at the shear plane is.a function of

Z , and can be calculatsd from the Gouy - Chapman equation, for

symmetrical electrolyte:

- " NAEKT % % .. z e
S = [j———gﬁﬁ———_{] » sinh (=)
where NA is the Avagadro constant, K ths Boltzmann constant, e the

electronic charge and z the valence of the counter ion.

Chapter 1, Section 4. Applications of Electrophoretic mobility

determination.

The variation of the electrophoretic mobility of a ﬁarticle in
suspension in an electrolytic solution, when the pH, ionic st;ength
or composition of this solution is altéred can be interprsted in terms
of surface charged groupse. .

An increase in ionic stréngth initially causes an ;ncrease in the
surface charge, but once this i§{cdmblete the effect of decreasing
thickness of the double layer reduces the zeté potential (Fig. 1034 )e

Information about the nature and.amounts'of‘surface grbups may be
obtaiﬁéd by varying the pH of thé medium,vmaintaining‘a constant ionic
strength. For acid groups on the surface fhe variation of mobility with

" pH produces curves (Fig. 1.4.) which can be explained by the dissociation

of chargéd groups,.tﬁe resulting curve is in effect a titiation curve.
A particle coated with an‘acidiﬁ polySQpcheride, such as cmc. will be

titrated according to the equation.
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Fige 1.3.
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-C00~ + H*, = - CO0 H

At low pH the surface charge will be zero, but as the pH is increased
ionisation of the carboxyl group will occur, with a resulting incfease
in negative mobility. At pH 4 -5 abplateau is reached when dissocciation
is complete, and no increase in surface charge ocﬁurs‘at highér pH
values. Ths charge of a protein surface,céntaining carboxyl and
amino groups, will be the algebraic sum of the charge dué to ths
dissociation of the two gfoups. At low pH the surface‘charge will
berﬁositiva due to - NH3+, resulting in a positive mebility. On
increasing the pH the net surface chargs reduces tq zero, as thé
amino groups loose a proton and the carboxyl groups become dissocciated.
The mobility therefore changes from positive to negative énd eventuaily
reaches a'plateau betwsen pH 5 and 9.4 The increase above pH 9 is due
to further ionisation of the amino Qroups.

Particles with non-ionogenic suffaces normally show a linear
variation of\mobility with ﬁH, explainéd by diéorption of hydrogen
ions or adsorption of Hydroxyl ions wlth increaslng pHe

The PKa values of the acid groups may be found by taklng the pH
- value at ths 901nt where the‘moblllty has a value of half.that at the
plateau value. Otfewil; and Sﬁum (1967) Haue shown that this matﬁod'
only approximates to fhe éCtuél value since the concentration of
hydrogen ions in fhe double layer is different from that invthalﬁulk\
solutién, but the vaiue§ obtained éra adequatévforICOmparison purposes
if tﬁe ionic strengthAofkthe.buFFer solution isAaluays thé same.
Isoeleqtfic points for amphoteric surfaces can élso be found-and

correspond to the point when the-cqated particlas have zero mobility. -

<'Chapter'1. Sectiﬁn 5, Forceéin colloidal Systems.

C01101ds may be deflned as systems in which a 81gn1f1cant pro~
portlon of the molecules 118 1n, or are assoc;ated wlth 1nterfacial

-regions, and the contrlbutlon of the interfac1al reglons to the total
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ensrgy of the system is great. Simple considerations show that when
matter is divided into particles.of 1 /) me (1,000 nm.) or less, a
substantial percentage of the molecules are in, or close to the
surface and make contribution to the energy different from those
made by molecules in the interior. The lowsr size liﬁit is determined
by the size of thes smallest aggregate for which it is meaningfu; to
distinguish between “surface® and "interior" molecules. Conventially
1 nm. is taken as this limit.

Finely divided solids (or liquids) are thermodynamically unstabls
(or metastable) with respect to the bulk phases. When finely divided
material is dispersed in such a phase, the energy associated with such

_interactions, the dispersed'colloid may remain unstable (of,métagtable)
with respect to the bulk phase (lyophobic dispersion), or may become

- thermodynamically stable (lyophilic di;persioh). Fine particles of
barium sulphate dispersed in water areAuaséable; the system is
lyophobic (hydropheobic) and particlé/mater affinity is low.

When two particles in a lyophobic system collide they may adhere
to ons ancther. ‘If the system is msta stabie only a fraction of Ehe
eollisions will result in adhesion.A The metasfability_of lyophobic
colloids arises from the existance of an energy barrier which has to
be surmounted before two barticles can adhers.

Particle'- particlé interactions have been treated quantiﬁatively
by Der jagian, Landau, Vsruwey and Durbeck. These Qorkers showed that
a delicate balance existed between’the‘électrical forces of repuision,
the Vander Waals forces of attraction, thermal agitation aﬁd Brownién

motion.

Attractlve forces increase with dscrea51ng partzcle distance.
»
They are essentially short range forces, ‘distances over which they
operate being of the order of atomic dlmens}an.,

since a charged particle with its double layer is as a whole

electrically neutral, no net coulombic forces exist between particleé



at large distences from each other. As particles approach the diffuse
regions of the double layers interpenetrate giving rise to repulsive

and -1——. The

forces. The magnifude of the forces depend upon $b>0 Ka

total energy of particle interaction is given by summating the
attractive and repulsive forces. Characteristic forms of énefgy -
particle distance curves arse shown in Fige 1.5.

In (1) a collision in which the associated Kinetic ensrgy is
sufficient to carry the systen odér-the‘potential energy barrier
(primary maximum P) fo'the minimum M, (primary minimum) association
of particles (coagulation) will result. If the potential energy
barrier is high inAcomparison to Kipetic snergies, the particles wiil
repulse one andfher and ihe dispersion wiil remain stable indefinitely.‘
In (ii) a third pdséibility arisesj upon collision the two particles
may become associated in the state represented by M, (flocculation)
and may later eithsr dissociate or pass over into the primary minimum.
.In (iii) the dispefsed étate is stable, and dispersion of the particles
occurs spontaneously as in lyophilic solse.

éutting-energy into a lyophobic sysfem, by.heating, or stirring
rapidly increases the number of collisions likely to lead to adhesion,
and thus fldcculdtion will occur more rapidly dhénging ﬁhe cnemical -
conditions of the bulk phasa, i.e. by addition of ions, or a dhange.
in.idnid strengﬁh canvalso bring about the rapid flocculation ef such
a system.. The added elactrolyte causes a compression of the dlffuse.
parts of doubla layers around the partlcles, and may, in addition
exert a Specific effect through 1on-absdrp§10n into tne Stern layer.
The primafy maximum p is reduded and allows particles to approach closse
enough for vander Waals forces to predomlnata.v

' The addition of a lyophlllc collold to a lyophobic colleid
, promotes the stabillty of the latter. In the case when polymerlc
materlal is adsorbed 1nto the surface of the partlcle, partlcle/

solvent affinity is increased, and this promotes stability by
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mechanical means. The solvent in the neighbourhood of a particls has

a higher viscosity than that in the bulk medium, acting as a protective
impenetrable layer. This protective action is shown best by lyophilic

.colloids that normally carry charged groups at the surface.

Chapter‘1. Section 6, Aims‘of present Stuéy.\

The limited range of ig_giﬁgg tesfé,.and the doubfol v;lue of
results of such tests‘extrapolatadAto the in vivo situation have
already been discussed (chapte} 1. ;BCtiOﬂ 1¢)e It uwas hoped (a)
to.develope a model system which, Lhilst approximating more closely to
in vivo would allow strict supervision of chemical and physiological
conditions, and demonstrate the effect of variation of such conditions
upon the interaction qf a fadiopaqua and the surface of the gutj;

(b) that results would be capable of interpretation not only from

the point of view of the physical and chemical parameters of the
system, but ai;o in terms of the in vivo sifuationg so that (c)

the conditions of barium méal administratiﬁn necessary for goqd visual-
isation of theigasthintestinal tract could be elucidated.

The surface properties of particles derived from barium meals
‘tested were cﬁaracteriééd; and the efficiency of carboxymsthyl

cellulose-as,a stabilisér investigated.



CHAPTER TWwO

PHYSICAL CHEMICAL TECHNIQUES.
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Chapter 2. Section 1. Microzlectrochoresis Technigue.

The cell and electrcde cempartments are shown iﬁ Fige 2+.7e The
cell was constructed by the fusion of two optically flat Hysil glass
plates (40 x 25 x 0+5 mﬁ;) sﬁch that the EEll depth wvas 05 mm. The
arms were constructed of 10 mm. bere pyrex tubing, this being ssaled
direﬁtly into the cell and bent in tha plane of the cell so that the
cell could Uerimmersed completely in a.ﬁater bathe. Glass rod around
the cell gave structural rigidity. Spherical gquick fit joints were
~used to attech the cell arms to the electrcde cnﬁpartments, and clips
were used to ensure a leak proof seal,

The electrode compartﬁents ware constructed with high quality
" vacuum taps. The fo.2. sintered glass discs uere sealed as near the
side arms as possible, thus eliminating dead space and easing fhe
removal of air bubbles,

The electrodes were made by coiling 25 cm. 2 mm. diameter silver
Qire and sealing these into rubber bungs. These were briefly clsaned
in 50% nitric ;cid, using a platinum cathode; a grey—purpie coating
was deposited. Electrical connections to the pomér supply were made
by barrel connectorse.

A Watson "Service®™ microscope was esmployed. This gave a
magnification of x 600, achieved by a x 40 phase contrast ob jective,
X 1;5 angled eye piecs and x 10 eye piaée con;aining a cross hatch
graticule. A high intensity microscope lamp, focused hirectly on the
phase plate of the condenser provided the illumination. Both the
condenser and ob jective we?e waterproofed.with nail laquer. The
‘_michSCope was moUnted‘horizontally; the normal stagse being replaced
by a 10 mm. thick rectangular‘(ZAD x.140 mme ) metal plate. This had
ja'hole cut to allowAthe condenser te péss through it. The ecell Qas A
mounted in a vertical position betwsen the condenser and eye piece by'
means of bolts attached to perséex clamps, these being screwed into

the metal plate. Sponge rubber was wrapped around the side arms before
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tightening the bolts.

The water bath.was conétructed of perspex and had two circular
holes back and fronte. Rubber flanges, glued, and clamped,in position
with aluminium rings, fitted over the condenser and the ohjectivg. The
rubber/hetal-joint was glued with cow gum; the whols provided‘a_flexible
seal and al;owed mbvement of both the condenser and the objective in
the water bath.

Water was pumped from a thermostatically cunt:olled reservoir
under the bench into the wate{ bath to maintain a constant temperature
of 255.'"The water was. retained by a "constant hesad" device, adjusted
so that the‘mhols cell and part of the side arms were immersed.

The electrical circuit.(Fig. 2.2.) was powered by 3 x 60 volt
H.T. batteries. -r1 and rp werse wire wound potentiometers. The actual
current passing through the cell was ad justed by'rz and this was
measured using a‘uorks calibrated Sangamo - Weston multi rangs
milliametsr.

The suspen31on under investlgatlon was introduced through the
funnel attached to the :Pight hand side of the apparatus and flushed

out (through rubber tubing) into a reservoir below the bench. The céll_
.was.fed by gfaVity,vﬁut.é ﬁarfial vacuum was applied on just setting
up the apparatus to remove air bubbles. The elctrode compartmehts
were fed by gravity from reservoirs containing 3°5 mol. dm.3 KC1l
solution. |

M The microscops was focused by mﬁﬁement of the objebtive, the
fine adjustment screw, thch was calibrated over tﬁe whole of ité
range was used to‘dgte;miné'the deptﬁ of the cells  In préctice;
'éhéféeiébié‘slécé Qéé found-in the Ecrew drive aﬁd'thus ﬁnly fhe mid
range of.the caiibratad scale was used éﬁd the screwA£urnéd in one

direction only.

Chapter 2. Section 2. Assembly and use of cell.

Ih'order to locate the pbsitinnS‘of.the inner front and back



| Fige2.2. THE ELECTRICAL CIRCUIT FOR THE

MICROELECTROFHORESIS APPARATUS.
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. Fig.2.3.

(a) ELECTROQOSMOTIC FLOW IN MICROELECTROPHORESIS
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surfaces of the cell, these were coated with bacteria before assembly

of the apparatus. Cells of Klebsiella aerogenies were harvested

from a plate and taken up in ethanal and the resulting suspension
pipetted into the cell, the. ‘ethanol was evaporated at‘37° in an oven,
with sqitable manipulatiqns of the cell to ensure that both surfaces
were coated. Subsequent washing the cell with distilled water removed
the vast majority of the édhering bacteria bu£ left the cell with
sufficient cells adhering for easy location of the inner surfaces.

The cell was mounted firmly in the perspex clamps, the spherical
ground joints lightly greased and the electrode compartments attached.
bare was taken to ensure that the cell was_tfuly horizontal when
-viewed from ﬁhe front, adjustmsnts being'made with reference to a spirit
lsvel, and Vertical when viewed from the side. The cell was aiso squars
to the hicroscope eye piece and the condenser;

Water was flushed through the cell, air bubbles removed, and the
apparatus left overnight with the electrodes shorted out.

The mode of operation of the appératus has been well established'
.byprevious workers and only slight modifications,‘usually due to the
nature of the particles studied, were madé.

(a) The thermostat was switched on énd ad justed to give a temperature

259 in the perspex bath (in hot weather a cooiing unit was employed in

‘the lowsr rgsérvoir). |

(b) The electrode cohﬁartments were filled with fresh 3.5 mol. duss

~ KCl from the reservoirs, and a little of this solution was forced
4through'the sintered gléss discs by opening taps 3 or 31 (which Qare

- connected to the ressrvoir), with taps 2 or’21'cldsed and 1 open. All

taps Qere then closed and fhe cell and side arms uashed with distilled - .

water to remove all traces of electrolyte. |

(c) The suspension was introduced ‘into tha'cell, and éaps 1 and 11

were closed.

(d) The microscope was focused on the fromt inner surface using the
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fins adjustment, and then racked down the required amount to the front.
stationary level (Fig..z.g.). The microscope was used only in this way
so that any error due to backlash of the screw derive occured in all
readings and was therefore automat;cally'cancelled.

(e) ~Particles wers éllowed to come to thermal equilibriUm, and after
establishing that they exhibited only Brownian motion (i.e. no
systematic drift of particles, due to various causes) the current was
switched on and adjusted to give a suitable transit tiﬁe (2 - 4 seconds)
aerossvone square of the graticule.

The time for a particle in focus to traverss a fixed distance of
the graéicule was then determined, using a cumulative stop watch reading
_to 0.015s.. The polarity of the electrodes was reversed and the process
repeated. A minimum of 50 feadings on different particles uwere taken
for each suspension. The value of the current was kept constant
throughout, and this was recordsd. Deciding which particles were in
focué at the stationary levels and at the cell surfaces was a sub jective
matter, but a constant particle appearanceAuas used at all thess levels,
to minimise errors.
| Some of the particles studied secimented rapidly, but if the cell
was truly vertical these remained in focus at the stationary level.

If the suspensions'were very qiluté the mobility determinations were
ﬁot affected, as the particles‘sedemented into the part of tﬁe cell
wvhere their presence is hydronamically unimportant. |

The cell depth was measured before eaqh eXperimenﬂ, but was found
to be effectively constant. | o
(f) The electrodes were shorted out and the cell flushed and left
filled with distilled water. Tap 1 was left open.when the cell was
not in use.

Because of the abrasive nature of the particles’studied, £aps 1
and 11 quickly showed signs of wear and became SUéceptible.to leaks.

Since the particles'tendeﬂ to ssdiment the cell, side arms and sintered
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disc soon became coated with particulate matter. From time to time
therefore the apparatus was dismantled and the cell and.side arms washed
with 50% sulphuric acid and cobious amounts of distilled wafer. The
sintered.glass discs wers cleaned with tissue soaked in distilled water.
Taps 1 and 11 weie cleaned and regreased éfter everylday. Any
adhsring particles used for dstsrmination of the cel} depth washed off
in the cleaning processes wers quickly replaced in normal use, and in
contrast to“previous work these were not removed by the suspensions

under investigation.

Chapter 2, Section 3. Preparation of suspension for Electrophoresis,.

Radiopéquss éﬁpp}ied as powders (Chapter 3. Sectionsrﬁ and 7) were
;ade into suspensions'using the approﬁiate buffer solution and those
supplied as suspensions were diluted with buffer soclution so that ths
flnal concentration was of the order 001 - 0¢1% w/v. At these
conéentrations fhe particles when reviewed under the microscope appeared
as discreét_entities énd suffered no intérference from neigﬁbouring
particles. |

Acetate-veronal buffer-snlutions (Michaelis, 1931)(herinafter called
barbiturate buffer solutions) of ionjc streng@h‘U-DZ mol. dms3 were Qsed

for determination of mobility values. The stock solution-was prepared

1

from:=  Sodium barbitone 15464 g, : .
Sodium acetate trihydate - 10207 g.
Sodium chloride 584 g, -

dissolved in § dm.3 distilled water to give I = 0e5 mol. dm33. This
stock solution was kept at 50 ta.prequt'bacterial growth.' It was
':dlluted to 0°02 mol. dm.3 HC1 or NaDH to ‘the diluted buffer solution.
The ionic strength of the buffer remains constant for the pH range 2°¢5
to 11, hut outsida this range I increases, The conductlv;ty of the
buffer solutions was determined using a pottlé‘fyps conductivity cell
wlth shlny platanum electrodas. The cell waé'ﬁounted in a water

thermostat malntalnad at 25.0 F Oe 10 and the conductance measured with
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a Wayne~Kerr B221 conductance bridge at 1992 Hj.

Chapter 2. Section 4. Theory of the closed cell.

The method of detsrmination of the electrophoretic mdbility of a
particle is based upon that of Ellis (1911), where the migration of
particles under the influence of an electric fiseld is observed using
a microscope. The measurements are complicated by the simultaneous
occurence of electro-osmosis., The internal surfaces of the cell are
charged, and the applied slectric field causes not only electrophoretic
migfétiah‘dfﬁihé%barticles bdt.also an elsctro-osmotic flow of liquid
near to the inner surfaces., Since the cell is closed there is a
compensating returﬁ floﬁ of liquid, witﬁ maximum velocity at the centre
of the cgll (Fige 2.34)e This results in a parabolic distribution of
liquid speeds with deptﬁ (Fige 2.4.) and the true electrophoretic
velocity of the particles relative to the stationary liquid is only
observed at the levels in the cell where the electro-osmotic and return
flow of liqﬁid cancel each other. These are known as the stationary
levels,

Although it is pos;ible to calculate the position of the stationary
levels thaoratically (Komogata 1933:>Vangils et al 1§36) an experimeﬁtal
determination is more accurate and also confirm§ the symmetry of the
cell,.>Ellis (1912) showed that sincé there was no net liquid flow in
a closed cell, the average particle velocity over ail depths will be

equal to the actual electrophoretic velocity, vgs

X

.

4 X1 .
ThUS V.B. = j‘\"ohs dx . o.ooccso‘.a-'-.......¢.2.1.
©

where x; is the cell depth.

‘Thus if vgpg is determined at different values of xq and the
‘ aquaﬁion of the veloéity depth - paraboia determined, Vg tan be determined,
p'.Substituting ve‘intb 2.1. for the parabola yields values for x at which

Athé liquid:velocity is zero.



Chapter 2.Section 5. Determination of the position of the

stationary leyels and éstimation of cell symmetry.

The symmetry of the cell was examined by determining the velocity
—depth curve for the cell, us&ng a suspension of Micropaque pérticles
(ice0 coated Barium sulphate particles) in barbiturate buffer solution
(pH 7¢0). The time for particles in focus at a known cell depth at a
constant electric field strength was deterhined and the reciprocal
time plotted against the cell depth, this being expressed as fractional
depth measured from the centre of the cell (Fige 2.4.). The equation
of the parabola was'determined aé.folloms. |

Let X denote the fractional depth from-the qentre of ths cell and
y the velocity (i.e. reciprocal tims measufed at thié depth). . The
equation for the velocity depth parabola i§ of the form:

‘5 = @ + bX 4+ €X2 4eeecccccecccccscccssesascsZee

.Substituting the values of the above equations and solving gives
the experimental equétion for the cell undsr study. This was

y = 0°1942 - 0.0067x = 04202 cectinnennaaa2.3,

The small value of b indicates that thé calculated centre of ths
parabola is slightly displaced from the geometricél centre. Integration
.Df equation 2.3. betwsen x = Ioes gives the experimental value of
the electrophoretic Qelocity, ieee 0015751, Substitutioﬁ of this
. value béck into the equation 2.3. gives a value for x corresponding
t0‘£he.sta;ionary levels of + 00287 and -~ 0304 from the centre
of the cell, This indicates that the stationary levels are at 0213
and 0¢696 of the cell depfh'from the front inside surface of the cell,

and conform to the predictions of the Smoluchowski eqqation.'

Chapter 2. Section 6. Determination of cell cdnstant and

E}ectrophoretic mobilitye.

iee ee -1 -1 . -
The electrophoretic mobility 'V / mZ s~1 v s i.e. the particle.

Velocity’ ?ﬂl./ ms™1 per unit potential gradient in the stgtionary level

Bl
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is given by

. X _ oL ogKk_ _ oL g o -
v x . r I S g r I JG ...‘.....2‘4.

where nl/m. is the distance travelled (n bsing the number of squares

of side L in time t/s, gq/m2 the area of cross section of the cell,

and I/A the current flowing). Kg/ohm™1 m=! is the conductivity of

the suspension obtained from the measured conductance G/nhm"1 and the
cell constént J/m=1 of the conductance celi. The values of G, I, t are
cbtained experimentally. Since it was not hossible to measure the cross -
sectional area of the cell, algtaadapd particle of known mobility ;s

was timed in the apparatus and an apparatus constant K, which included

the cell constant J of the conductance cell determined. K is given

by
| : S U ¢! 1
K o= Lq:' =' nG’l ‘esocencscssesssscselale

where t1 11‘G1 refer to values for the standard particls. combining
equations 2.4. and L, J the mobility of the particle under study can

be calculated.

V -K-r-’E Q.'.....l"'...l..‘.'l.‘Z.ﬁ.

rl e

In this study‘two standard particles'were used for the determination
of the all symmetry and the position of the stationary level.

1) Cells of Aerobactor aerogenes suspended in Barbiturate buffer

solution, pH. = 7+0; I = 002 mol, dn3>
- N —1

V = 167 I 0e02 x 108 n2 &1 v (Gittens & Jemes).

2) Nicropaquezsuspended‘in bérbituratg buffer solutioﬁ -
pH = 7.0 I = 0402 mol. dm33
v ; 1e46 E 0002 x io—a_ m2 &1 v™1  (Goddard & James).
A éuspen;icn of Micropaque was ﬁéed for daily-calibfation of thé
apparatus. | .
. Hence-forth'vélues.of-eléctrophoretic mobility will be quoted as
a;;ingle number. A valus of‘1;46 indicétes a negative‘mobili£y 6é'ﬂ R
1¢46 x 10-8 m2 s-i v=1 tthe parﬁicle béing negafively chérgéd.

In-éome instances'pafﬁicles having positivé mobility were encountered,
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mobility values for such paricles will be prefixad by‘ to |
In practice garticles of Micropaque werse very convenient since
suspenéions could be quickly and easily prepared and were not subject
to biological variation: They dié not sedimentate to any great extent

during experiments, but did tend to cause abrasion of all greased seals,

making their reconstruction practically a daily occurance.

Chapter 2. Section 7. Laboratory preparation of Barium sulphate

~ suspensions,

Barium sulphate paste was supplied by Aspro Nicholas Ltd. This
contained 65 ~ 67% solid material as determined gravimetrically; this
~was 95% Parihm sulphate, Impurities included salts of heavy metals

such as lead, and salts of calcium and magnesium. The barium sulphate
particles, precipitated under acid canaitioqs; had a characteristic
diameter of 0¢07 = Oe¢6 /M. average De13 SO M. (Goddard & James, 1971).
Inltlally, the paste was washed by dispersion in a large amount
of distilled water, allowed to settle, and the supernatant removed.
The sediment was drigdvin an*évgn_at 20009, broken up, and mill Qround.
It was found that‘éuspeﬁsiéns praparéd from the washed and dried‘
paste tended to exhibit grittiness, due to the presence of aggregates.
oflbariﬁm sulphaté formed in the drying prdcess. These larger-particlés~
"quickly sa&imented out of suspension leaving a preparation of uncertain _
conceﬁtration; and had a mafkéd effect upon viséosity‘and sfability
detefminations.- | |
Suspensions were therefors prepared from ﬁhe untreated paste,
An amount.of'the ;aste was thoroughly mixed in a ﬁlaétic‘bag. By
drying weiéhed éamples of the mixed pasté in an oven éf 2000 to ab:
constént weight the'cohcentmation‘of solid barium sulphate éauld be
determined.‘ |
Unstablllsed susﬁenélons.were prepared by 1ntroduc1ng an amount

of the mlxed paste, contalnlng the equ1valent of 360 g. of solid barium
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sulphate into a 600 cm3 polythene or thick glass, scrsuw top'bottle.
200 cm? oé distilled water Qas then addéd andbths mixture blended for
30 minutes with a ;Premier" colloid mixsr.

The nature of .the mixer ‘is éuch that agglomeratiohs of particles
are broken up by causing fast moving particles to change direction |
suddenly. The mixer has no grinding action and thus the size of barium
sulphate particles.was strictly cbmparableAto those in Micropaque, which
is prepared industrially with the same paste, and to other laboratory
mgals which needed extended mixing to ensure a homogenous prepgration.

After blending the suspeésion was treated for 30 minutes in an
ultraesonic bath,‘and'could be diluted, if reduired with distilled
water, | |

Two methods 0f preparation of stabilised meals were employedsone
- based upon the method of Goddard (1970) which employs processes similar
to the industrial preparation'of Micropaque and the other based upon
'Gutcho (1971)s The latter méthod was more convenient and quicker in |
practice, and no differences in meals containing the same amounts.of
a given stabiliser, but prepared differently, could be detected.

In the first methed a. 2% splution‘of the given cmc. powder was
prepared by introducing the ppwder into warm watef vigorously stirred
with the colloid mixer."fhe appérent uiscqéity of the cmc. soclution
was determined, and adjusted, if—necessafy, by dilutioﬁ yith distilled
water éo that the viscosity of the solution was comparablé to that of
the natural gum extract solution used in Micropaque. The equivilent
of 360 g. of barium sulphate was introduced as the paste into a.600 cm?
bottlé and 200 cm? of the cmc. solutioﬁ‘added. The mixture was blended
for 30 mi;htes, and then made up to 600 cm3 with distilled water. It
uasfreated in an ultra-sonic bath for 30 minﬁtes. This pfoéedqre
resultea in a homogenous suspension containing 60% Q/v. of étébilised

barium sulphate., Suspensions were allowad'to stand 24 hoursvbefore

they were further investigated."
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In the second method paste was introduced into a 600 cm? bottle,
and the appropriate amount of dry cmcs. powder added. The mixture
was blended for 15 ﬁinutes with tﬁe colloid mixer, the cmc. fluidised
the barium sulphate paste and'efficient mixing uwas achieved. 200 cm9
of warm (40°) distilled water was added and the suspension.blendsd for

a further 15 minutes. It was then made Up~t0‘600 cms énd treated in

-
P

an ultra-sonic bath, and left 24 hours to equilibrate.

All prepared meals required some degree of stirring before any -
tests were performed on them. Usually § minutes of blending in the
"premier” mixer followed by § hihutes in an ultra sonic bath was
sufficient to redisperse‘all sedimented particles and achieve a
homogenous éuspension. With the less stable meals, éspeciélly those

containing high (above 0¢6% w/v.) amounts of stabiliser needed longer

to disperse the "cement® which formed on the bottom of the bottle.

’Chaptef_Z. Section 8. Determination of the viscosity of Barium

meal,

A liquid flows when a force is applied to it, and this fiow will
be characteristic of Newtonian or non-Newtonian behaviour. Fige. 2.5(a).
.shows a simple model consisting of a liquid betwsen two parallel planes.
when a force F is applied to the upper plane it moves with a velocity
Ue All the liquid enclosadbby the plane does not move with the same
velocity, however, as the rate of flow varies with the distance from
the upper plane, épproaching zero at the lower plane. The 1ayer310f

liquid in contact with the planes:are stationary relative to the

planes. At any point'in‘the liquid, the liquid velocity is given by

%E, The force ~% applied to unit area of the upper plane is the
X : S : ‘
"shearing force, or stress, and ~%§ is the shear rate. For Newtonian

liquids the ratio of sheér stress to shear rate is constant and defines
the viscésity 1? . .A plot of shear rate against shear stress gives

a straight line, passing through the origin of slope i? app (Fige2.5(b).)e.
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Fig. 2.5.
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Most of the suspensions under study, however, exhibited non-=Newtonian
behaviour, i.e. thg visposity did not vary in a linear way with the
shear rate. Most suspensions were psuedé plastic, which is characterisad
by a stress that increases morelgapidly at low shear fates‘than at
high shear rates. 1In plastic behaviour, which resembles the former,
and indeed is difficult to differentiate from it experimentally, the
shear rate does not aquiré a finite value until the stress exceeds a
given value, known as the yield value (yv.). Theories of psuedo
plastic behaviour all involve the formation of links between particles
in the system; these.ére’diéfortéd {nkshear and eventually break but
later may reform. The breaking of such interbarticulate forces, what-
. sver their néture, requires work and thus this.contpibutes to the
viscosity of the system. -The rate of formation of "bonds" will not
increase as quickly as the rate of shear, hence the work in breaking
" them éhdvthe“shearinéiééfeéémréquired will not increase so rapidly as
the shear rate. UWhen a system is at rest the formation of "bonds" is
able to pfoceed to a point where the system'can‘be thought of as
having a definite structuref To disrupt this a definite stress is
ABcessary, if a force below this minimum stress is applied no flow
will result. The minimum strsss required is the yield value, when it
is applied interparticulate bonds are broken -and flow will commence.
The value of yv. can be thought of as a measure of the strength of the.
bdnds ur the degree of structure assdciated with the colleid. .
Viscosity measuremeﬁts were made using a Ferranti Portable
viscometer, model VM., supplied with VM. cylinders and fitted‘with a
)20 g./cm. spring. "The apparatqs consists éf énwouter rotating cyliﬁder
driven by a synchronous motor, with an inner ﬁyliﬁdar located coaxially
binside it.e This inhér'cylinder is attached to the spring, and rotétes
around it. Batﬁeen the tbp of the inner cylinder‘and the outer
cylinaar is a guard ring'which prevents‘end“effepts. -Tﬁevinner

cylinder activates a pointer, which moves over a linear scale. Ths
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instrument is supplied with three calibrated cylinders of different
sizes and the instrument has a gear box‘capable oFAthree'differant
speeds, thus nine different shear rateé can be produced ranging from
8 - 1605"1 To obtain tﬁe vélue-of 12 6? a suspension at any given
shear rate the scale reading is multiplied by the appropriate calibration
factor, (determined by the size of the inner cylinder and the spesd
of rotation of the outer cylinders). Values of the shear stress were
calculated, and a graph of shear rate againét shear stress was drawn
for each suspension. The slope of the graph givés the apparent
Viscésity 1? app. of a suspension, and the values of yv. obtained
from extrapolution of the line. |

Since %2 is independent of shear rate, this parameter of

the various meals can be directly compared.

" Chapter 2. Section 9. Determination of the stability of Barium

Generally; suspensions prepared in the laboratory were quite
stable in that settling was appreciéble only over long periods of
'standlng, and thus the relative stabilitiss were measured under
centrifugation,.

Suspensions céntéining De5% w/ve or less carboxy methyl celluloss,
and plain suspensions of barium sulphate separate into two distiﬁct'
phases when centrifuged. 'Tﬁis is fheoretically prediciable since a
suspension cogtaining particles ‘with an approximately mohotonoﬁs size
distribution should'settle out when subjected to é gravitational fleld
in such'a way that at'a giVen time éll particles Qhosa equivilent
spherical diameter 1s greater than a given value are completely
sedimented. The samples, contalned in "Unlversal" bottles wers
centrlfuged at a constant speed for set periods of tlme._ The helght
of the precipltate Qésvthen'measQred after each time interval, 'A blbt

of fractional height of precipitate against time was then drawn. The
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time taken for half precipitation to occur was dirsctly proportional

to the stability 6f ths suépension. In each cenfrifugation run two
suspensions of 60%.w/v. barium suiphats were included. Times taken for
half sedimentation of the sampleé-were compared to the tihs taken by
the cantrol:barium sulphate suspension to reach the same stage. The'
ratio time for half sedimentation of sampls/time for half sedimentation
of control barium sulphate suspension is called the relative stability
(RS.) of the suspension. Variations in centrifugation pfocedura vere
thus automatically allowed for since 60% w/v. barium sul;hate suspensions
provided an afbitary standard; and this means RS. values of different
suspensions can bs meaningfully compared.

Suspehsions containing concantrationgstabiliser in excess of 0°*6%
w/Ve éou}d,not be sedimentsted to give two distinct phases in undep
‘two hours, in a centrifuéar field of 900 g., and even after this time
separation of the tuwo phases was not clear. They'didAhowever give a
definite and méasurable sediment in the bottom of the “Uﬁiversal"
bottle, and a plot of fraction sadiﬁentated (i.e. height of precipitate
/height of>precipitate after complete sedimenfatidn) gage an analogous
.. graph to Fige. 2.7, uﬁen’such suspensions were centrifuged, two samples
of a stabilised suspension of known RS. (by the first method) weré
included. By comparing times of halflp;ecipitation of.the suspensions
.of known RS. to.those . of the ﬁthers, the RS. of fhe more siablé
Aéuspen;idh;'couid be deterﬁined. ‘The RS, valﬁes of‘some sﬁspensiohs,
usually those containing De5 = 0¢6% w/v. stablllser were open to

determination by both methods. It was found that the values of RS.

obtained agfeed closely for such_suspenslons.

Chapter 2. Section 10, Dispersive properties of suspensions.,

It.is generally held that to be an efficient radidpaque; i.s. one

'that adherss evenly and unlformally to the gastro lntestlnal tract so

.that dlagn031s is p0551ble, a barlum ‘meal must disperse readlly in a
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larger volume of liquid, either distilled water, or as the gastric
fluid is acid, solutions of hydrochloric acid. The dispersive
properties of prepéraed meals was therefore investigated.

p 2000 cm? measurlng cylinder was filled with either distilled
water or 0°25 mol. dmsS HCle 1 = 2 cms of a suspension was then slouly
disqharged from a Pasteur pibette into>the top. of the cylinder. The
ease with which the suspension dispersed was then obserﬁed;
Flocculation, the presence of a'snow" of tiny leaflets of sQSpension,
and even the rapld 31nking of droplets of undispersed material werse

" gvidence of poor performance.



CHAPTER THREE
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Chapter 3. Section 1. Introduction;

Carboxyme£hyl celluloss (cmc.) is reported to be a good stabiliser
of barium sulphate‘suspensions and tﬁis material hés the advantage that
it is readily available, cheap, non—toxic, and easily soluble. Further-
more it is not variablevin quality, . asvis‘the case for some vsegstable
. gum extracts (Chapter 3. Section 7.) and its properties can be easily
altered and controlled to make it suitable for a specific purpose.’

cmce. is a macro molecule consisting of repeating carboxymethyl o-methyl

glucose units joined by .‘3 , 1e4. linkages:

c“zCOCH;_COO Na - Ohte
c>'
‘ o -
CH; CooCHCOONa
the

The deérea of substitution (DS) of a cmc. molecule is defined aa(aueraga'
anber of - CH2.COU’ groups in each-énhydro-glucose unite The DS value
is important in determining its dispersibility in Qater and a minimum .
DS. value of 035 is necessaryvfor its solubility., cmc is usually

supplied as the sodium salt. =~

Chapter ‘3. Section 2. cmc types‘iﬁvestigated in the laboratory

All samples wsre supﬁlied by Herculss Ltd.; and had‘the foi;owing-
codes: (i) 4N6Fk‘:: DS = 0.4, .Food grade (i.e.can bs used as
supplied in foods)rviscosity‘af a 2% w/v. solution 300 - 600 cp.

(at unspecified shear rate).atlzso. N
(ii) 7HF ‘DS ‘% 0-7;‘ Food grade, 2% solutions have é viscos;ty

over 1,000 cp.

(iii) 9merF : DS 09 viscosity of a 2% solution 400 - 800 cp.

(iv) 12M8Pp ¢ DS = 1+2. pharhaceutical grade. 2% solutions have a



"medium" viscosity (hepce the M) of 400 - 800 cp.

The aim of the investiéation was to determine the effect of the

degree of substitution upon stabilities and dispersibilities of

suspensions; to characterisse the electrophorstic mobilities of particles

coated with these stabilisers, enabling the recognition of such

stabilisers in other commercial products: essential if a comprehensive
?

study of barium meals is to be made (Miller, 1965). The Langmuir

adsorption isotherm of cmc in barium sulphate has been well characterised

(Goddard, 1970) and was not further investigated.

Chapter 3. Section 3. Results.

Table 3-0 1e

Physical properties of 60% w/v. barium sulphate suspensions,

NO.}stabiliser conc. App. | yield value Relative
. % w/ve /CPe (yv) stability
o : /cpe (Rs.)
1 0419 75 0 0+9
THF - ‘ ' _
2 : 0466 5747 7,000 63
3 0.49 8e3 0 15
4MEF o o o
4  0e77 " Be5 2,000 11
5 _ 0e64 - 2946 33 10 -
' 9M8F RSN o .
6 095 6240 300 12 .
7 | 068 28 0 11
12MBP o o o o
8 . 0.87 53 o 15
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VARIATION OF VISCOSITY WITH SHEAR RATE FOR VARIQUS CMC. SOLUTIONS
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Fig. 3624

pH MOBILITY CURVES OF LABGRATORY PREPARED CMC. STABILISED MEALS

MEASURED IN ACETATE VEROMAL ‘BUFFER SOLUTION I = 002 MOL. Dme3

9

60

F NN S
U/ }ﬁ
u—w
o
B
) |

O 12 MBP

‘ '® 4 MeF
@ 7w
€ omer

1O




The dispersibilities of the SUSpensions in water and 0+25 mol.

dms3 HCl. (measured as described in ChapterZ . Sectionie.) are

shown in Tabls 3,3.

Table 3,3,

stabilised barium sulphate suspensions.

Dispersibility of cmc.

 0eBT% w/ve

Noe stabiliser dispersibility
cong. water . De25 mol. dms3 HCl.
THF Good dispersion,
1 Fine dispersion slight "snow" of
019% w/v. ‘ ' flocculated particles.
THF Poor.dispersion, Very poor dispersion,
2 o ‘ : .
0°66% w/v. heavy Ysnouw" - heavy "snouw"
4M6F Fine evann Good dispersion;
3 dispersion, »
0¢49% w/v. “slight snow slight flocculation
4M6F dispersion,quife floccuiation
4 o good,but marked :
077% w/Ve flocculation ~ more marked
9MBF fine dispersion, Fine'disperéion,
S . .
o 0e64% w/v, very slight "snow" slight "snow"
9MBF Fine Poor dispersion,
6 : .
0+95% w/v. dispersion heavy "snow"
“12M8P Fine even. Finé even
7 dispersion, » o
0+68% w/v. “no flocculation . 'dispersion.
12M8P “Fine Fine dispersion,
8 ' - .
dispersion no "snow"

61



62

Samples were prepared by the method‘of Godﬁard. Fof Saméles 1, 3,'

5, 7, the concentration_of cmc. in the o;iginal stabiliser solution |

was adjusted to give a viscosity at a shear rate of 25 secT] similar

to that of CD75 solutioné used in the.industrial preparation of
Micropaque. The variation of 1? with shear rate for the various
stabiliser solutions is shown in Fig. 3.1. Use of these soclutions did
not result in suspensions of similar viécosity and stability to CD75
stabilised suspensions. ‘Solutions were therefore prepared containing
the maximum concentration of cmc. concomitant with accurate measurement
of fheir viscosities, and these solutions were used to prepare samples
2, 4, 6,'8.‘

All cmc; soiutions except those prepafed mifh 12M8P showad:nun—
Newtonian behaviour, and confusion arises if viscositieé'ﬁf suspensibné
are not quoted at a specifib shear rate, as 6ccurs too frequently in
the literature. |

The variation of ths mobility valuaes of particles derived from
suspensions coﬁtaining the higher concentration of stabiliser aré shown
;n Fig; 3¢2¢ pKavalues for the ibﬁogenic groups at the surfaces of the

particles are given in Table 3.2.

Yable 3.2.

Mobility values of cmc. costed particles at pH 7+0, I = 0202 mol. dmsS

stabiliser | DS . gxa' v
12m8F : - 12 o 3025 1 28
S oes | 3 ,51 :2;72';
7HF  : _: "De7 . v  _ 3f25 o 2042
- AMEF ) "Ooa ) _i 3445 v{ 2-00
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Chapter 3. Section 4. Discussion.

The pH mobility curves of the coated particles show the expected
trend, 12M8BP giving the most negative particle and 4M6F the least.
Values of PKa are typical of the carboxyl ion, the final platesau values
achieved by particles in all suspensions are indicative of the various
degrees of substitution of the cmc. preperations. 12MBP andFQNBF,gave
the most stable suspensions, a.result of the high viscosities exhibited.
Altnough the suspension stabilised by 7HF at a concentration of 0°66%
also had a high apparent viscpsity (58 ep.) the RS value was lower than
suspeneions stabiiised with either 9MBF or 12M8P. 12M8P gave a suspension
that exhibited Newtonian behaviour at both concentrations (sinca yv % 0),
9MBF showed a slight deviation from Newtonian behaviour. 4M6F gave
unsatisfactory suspensions, bothtin terms of stability‘and dispersibility
"in water and acide 7HF, though givrng unstable suspensions was |
acceptable because sedimented particles could be easily redispersed by
ehaking and in this characteristic it is similar to some commercial
products (Chapter 3. Section 7.)s However its'dispereiee properties
‘in water and acid were unsatisfactory.
| Although suspensions containiné 12MBP and 9MBF as stabilisers.
,settled only slowly, the resulting precipitate was not easily reeuspended,
especially at the higher concentratione,.as it set as a "clay". Their
?_diepereive properties were aceeptable, and theee-tdo etabilisers_were'
selscted tor Further experiments. Suspenelons wvere prepared by the
second method (Chapter 2. Section 5 ). 60% m/v.-suspen31ons were
prepared contalnlng a range of concentrations of the two stabilisers
and the VlSCOSlty, yield value, relatlve stabilltles and dleper81b111tles
.of these investlgated (Tables 3. 4. - 3. 7 ) ‘The V1sc031tles and ywald
~ value are plotted as a function of stabillser concantratlon (Fig. 3. 3.
and KPY ) and the relativa etablllty is plotted as a function of.

= stabiliser concentratlon (Flg. 3¢5 ) and apparent v130051ty (Flg. 3 Go)e
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Fige 3.4,

VARIATION OF YIELD VALUES OF STABILISED.SUSPENSIUNSIUITH

CONCENTRATION OF EMC.
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Fig. 3.5,

VARIATION OF STABILITIES OF SUSPENSIONS WITH CONCENTRATION OF CMC.
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Fig. 3e6e

VARTATION OF STABILITIES OF CMC. STABILISED SUSPENSIONS WITH

APPARENT VISCOSITY
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Table 3.4.

Physical parameters of 60% barium sulphate suspensions stabilised with

cmc. (9M8BF).

conce/% w/v. 7 App./cp. yv./cpe RS,
0e2 430 144 12
0.3 120 35 0-98
G‘(‘ 11.1 D 1'0
) D
06 240 1] 60
i 4740 6 10
1.0 680 45 - 120
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Table 3,5, .

Physical parameters of SD% barium sulphate suspensions stabilised with

cmc. (12M8P).

Conce. |

]7 App./cp. yve/cpe RS

12M8P/% w/v.

De2 14 59 0e5
03 9.0 44 0e5
0ed - 7.0 0 1:0
06 80 0 740
0e8 21 o -10+0
140 62 0 170
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Tabla 3.6

Dispersibilities in water and'acid of suspensions stabilised with 9MBF,

Conp. , Dispersibility.

% w/Ve water 0e25 mol. dms3 HC1,
0.2 heavy flocculation very heavy flocculation
e heavy snou, heavy snow, some
03 . .

no dispersion, ‘dispersion
KE fine dispersion, fine dispersion,
Oe4 :
slight flocculation slight snow
. fine dispersion, fine dispersion,
0e6 . .
'slight flocculation some snow
e 'dispersion less dispersion quite
G-8 good, slight good, some
flocculation flocpulation_
slight flocculation - good dispersion,
1.0 :
slight flocculation
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Table 3.7,

Dispersibilities in water and acid of suspensions stabilised with 12M8pP

Conc. Dispersibility
% w/ve water 0°25 mol. dms3 HCl.
heavy snow, ‘ severs
Ge2 . .
no dispersion flocculation
: heavy snouw, : heavy snow,
03 ' . .
no dispersion flocculation
Fine even " Fine dispersion
0«4 . v
dispersion, no snow slight snow
Fine dispersion Fine disbersion,
0e6 ' ' o : )
slight snow
Fine dispersion, good even
"very slight snow “dispersion.
Fine dispersion, - dispersion good,
10 A o , ,
: slight snow very slight snow

Chépter 3. Section 5; Discussion.

(2) Shapes graphs.

'(i) Varlatlon of yv. and V150031ty of squen51ons with cancentratlon

of stabiliser (Flgs. 3630 and Belde)e

The v1sc031ty of a suspension can best be con31derad as resultlng

from partlcle -partlcle 1nteract10n, and the v1sc091ty of the llqu1d
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phase. Initially the.viscosity>of:the liquid phase (i.e. of the
unstabilised barium sulphate suspension) is very low, but particle -
particle interaction is high. The uncoated particles are rough and thus
great force is required to produce shearing. The added staniliser coats
the particle, reducing particle - particle interaceion, but little
stebilisef pasees into the liquid phase, thus there is a decrease in

5? App @nd yv. UWhen the particles pecome fully coated particle -
particle interaction remains constant and increasing amounts ef stabiliser
now enter the liquid phase. fhe viscosity of the suspension therefore
rises. If the suspension is Newtonian; as is.the case for those containing
12MBP, the yield‘value remains at zero.k For tnese suspensions stabilised
with 9MBF the yv increases after 0+6% m/v.'stabilisef added, -and this
is due to the increasing "structnreﬂ assumed by the liquid phase, and
is the minimum energyAreqnired to break fhis'structure. Suspensions
'contalnlng above 0°¢6% w/v. 9MBF were non-Newtonian. ' The minimum in the
yield value is thought to c01nc1de with the concentratlon of gnm :
necessary to fully coat the barium.sulphate particles. Thus particles
became fully coated at 0s4% w/v. stabiliser concentration. i

(ii) Veriation of Relative stability value and concentration of

stabiliser (Flg. 3e5e)e

The grapbs are of a 51m11ar shape to those of 1? App end yv. as
.a function of concentratlcn, and this glues the clue to their 1nterpretat10n.
Stability is least when part;c;es flrst becone fully coated, and therefors’
offer little resistance to their motion thrbugnﬂtne'liquid pnaee,whichv
contalns llttle stabiliser in solutlon. As the‘stabiliser concenfration
increases pertlcles move through an incr8351ngly viscous medium, and
the ferce resisting their motion increases as concentration of stabiliser
in the liquid“phese increases.  1éMBP gave more.stable suepeneions, and
this must be dus to the greater degree of substltutlan, since 12N8P

suspenslons were less viscous than those contalnlng QNBF at the same

concentration.



(iii) Variation of RS with apparent viscosity of suspension

(Fiq. 3.6.).

For concentration of stabiliser 0«4 — 1¢0% w/v. fhe RS io,olearly
a linear function of the apparent viscosity of the ouspension, and nenca
of concentration stabiliser.present; 12M8P for the same viscosity gives
more stable suspensions than 91i8F, yet only the latter displays none
Newtonian behaviour.

(b) Dispersibilities in acid and water. (Tables 3.6. and 3.7.).

Generally for both stabilising agents the dispersive properties
of -suspensions containing do4 - 1¢0% w/ve. of stabiliser i.e. fron when
they just become fully coated, were Qery good and comparable to best
commercial préparations in thio respect.  Best dispersions were given
by those containing between 0+6 and 0¢8% w/v. stabiliser, above and
below this concentration good dispersions were léss_readily obtained

and slight snow was apparent, especially under acid conditions.

(c) GCeneral observations.,

The bench life of the suspension waorfairly long, especiglly for
those containino-higher concentrations of stabiliser,.the precipitatos -
' which sventually over a period of days.set as a "camantﬁ; this claying
being more apparent for 12MBP tnan for 9M8F§ vigorooo étirring was neeoed f
to break the sodiment up and rodisperse'it. 1Tnis is not a gooo featurse,
but such a situation obtains in mény_commercial preparationég €eQe ]
Micropaque, Raybar and Baoitop,ﬁhich containvhigh'concantration of s
stabiliser. Claying'can obviously be pfeoentod if the barium meal is
supplied as a spray dried oowder; where the.characteristics daoi;ed
for a!bafiun neal can be incorporoted into a pfodoct without the bench

life of a SUSanSan belng considered.

' No differences in phy31cal characterxstlcs could be 3381gned to
suspensions prepared by dlfferent methods, and agreement between
similar samples prepared by the tuo methods' was good. The second

method was by far tha most convenient and mlght_well have commercial

applicationse.



Chapter 3. Section 6. Barium meals used in Animal work.

(i) micropague. |

Micropaque is perﬁaps the most popular Barium meal manufactured
. in the British Isles. It is suppiied either as a suspension or as a
spray dried powdesr. Only the former was investigated. This contains
100% w/ve of barium sulphate (av. diameter D-ZIL/ me) stabilised by 2 =
3% of CD75, an extract of a plant gum. Various other additives are
present ipcluding flavourings and antibacterial agents, but thess do
npt affect the stability of the suspension,b CD75 is of variable-
composition (according to source) and this results in the variation
of Micropague from different production runs. Because of the knouwn
uériability of Micropaqus two dm? samples from a single batch wsre

resserved for use in all in vitro and in vivo investigations. The

physical parameters of Micropaque have been well defined by Goddard
and James (1972).' Micropaque has a long bench life, being highly
stable, and good dispersive properties in acid and watef. The pH
mobility curve.of Micropaque particles ~is shown in Fige. 3.9,

(ii) Barosperss.

Barosperse was inﬁestigated because its physical properties are
very différent‘from'micropaque,vand yef is very pﬁpular with radiographers.
It‘is supplied aé a powder of dry coated barium su;phate particles. |
Suspensions are eaéily ppepéred in the léboratory by.the simple addition
of water followed by slight agitation to ensure mixing. Thé stpension t
is pink, -.and contains flavourlng and varlous other addltlves, but there
is little excess stabiliser in the ageous phase. vtonsequently prepared
susﬁensionsquickiyisettle; although these are eésily résqspanded by
agitation. Suspensions show less gobd dispersive characteristics in
a01d and ‘in wa£er. The coated barium sulphate ﬁarti&les are characteriséd

by a high negatlve charge, the mobility at pH 7 is 2+7. (Fig. 3.8. Ye

(iii) pther commercial preparations.

Other commerc1al preparatlons are sxmllar elthar to Nlcropaqua,

belngbsupplled as ready made stabllised suspensxons contalnlng from



60 - 90% w/v. barium sulphate, includiné

(e) Baritop (Fig. 3.9.).

<p)_Raybar, basically Micfﬁpaqua, 75% w/Vve barium sulphate with
added hydroxy ethyl cellulose.
or ta Baiosperse, supplied as a dry powder s.g.

(C) EUQnDSt (Figo 3.9.)0

(d) Roussell UCLAF (Fig. 3.8.)

Bscause some commercial preparations as s.g. Eugnost and Roussell UCLAF

were only available in very small quantities it was not possible to
determine their relative stabilities. All commercial preparations had
good dispersive properties in water and in acid.

(iv) Citrate stabilised suspensions.

Citric acid has long bsen known as an additive to barium sulphate
suspensions. It greatly reduces the viscosities of such’suspensions,
and allows more concentrated suspensions having a viscosity low enough

for oral administration fo be preparede The preparation was supplied

as a dry powder containing 2% w/v. citric acid and sodium bicarbonate..

pH mobility curves of barium sulphata partlcles from the various
suspensions are given in Fig. 3.7. and 3.8. All provide evidencs that
~ the particles are coated with stabiiiégr,'sinqe tﬁe curves are unlike
those . for unstabi;ised barium sulphats particles ﬁrépared under’barious
conditions (Goddard 1970); Partlcles of Mlcropaque and Barltop give
curves typical of carboxyl surfaces (surfacg_pKa=v3-4 ~ 3¢5)e The pK
of Barospefse could not be.msasuredvaccuratély as the mobility.hever
approached zero. This might'indiCafé the presence of a stronger acid
residue at the surface, Bege phosphate or sulphate.A Since, thevef,:..
<the main suspendlng agent in Barospersa is cmc., ﬁhe high moblllty of
partlcles in suspen81ons oﬁzgh might 1ndlcate 1ntsract10n of some other
.component in the preparatlon affectlng the surface.r

The'pH mobility curve fof particles of Eugnost afe peculiar and -

give little clue as to the nature of the stablllser, while the partlcle

of UCLAF. appears to be coated wlth a stablllser carryzng both amonic

L
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and cationic groups (possiblg carboxyl and imino groups). The pH
mobility curve for citrate stsbilised particles gives evidence of the
physical adsorption of citraterby the particles, producing highly

charged negative particles..

Chapter 3. Section 7. Surface properties of other commercial

preparations,

The pH mobility curves are shown in Fig. 3.10. “Ryubari sol.B, X
sol.B, and Earyten sol. are of Japenese manufacturs. The"cmc. Micropaque"
preparation was supplied as a 100% w/v. suspension similar in all
rgspects to Micropaque, but stabilised with 2% cmc. instead of CD75.(Fig.3.7.)
Liquibarine‘was supplied as a ppudér. |

' The pH mobility curves are all similar, and characteristic of
surfacesvcontaining carboxyl gboups (Eka 3¢5) for each preparation.>
All particles are thus coated with stabiliser. 4For "cmce Micropaque"
the limiting mobility value (2+1) suggests a degree of substitution of
0.5 (Chapter 3.%Section.3., Table 3+2.)e The sfabiiiser for the other
preparations cannotvbe defined sb confidenfly, but theif great similarity
'to the pH mobility curves previously 6btained for laboratory p;epared
meals (Fig. 3;2.) strongly suggest that cmc. is the stabiliser, although;

of coursa; there may be other additives present.
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Fig. 3.8,
pH MOBILITY CURVES OF VARIOUS COMMERCIAL PREPARATIONS MEZSURED

IN ACETATE VEROMNAL BUFFER SULhTIDN (I = 0«02 MOL. DMT3)

30;

20,

<]

- Barosperse

IO citrate ~

stabilised

(O Roussel UCLAF

IO,




. Fig. 3.9.

pH MOBILITY CURVES OF COMMERCIAL PREPAR-TIONS FMEASURED IN ACETATE

VERONAL BUFFER SOLUTION I = De02 MOL. DHT3
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Fig. 3410,

pH MOBILITY CURVES OF VARIOUS, COMMERCIAL PREPARATIONS MEASURED

IN ACETATE VERONAL BUFFER SOLUTION I = 0202 MOL. orzs
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CHAPTER FOUR

'DEVELOPMENT AND APPLICATION
OF IN VITRO INVESTIGATION OF

BARIUM MEALS
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Chapter 4, Sectionv1. Introduction;

The need for objective testing of radiopaques has already been
discusseds. Ideally the test should be so. constructed that the experi-
mental conditions can be easily altered and those parameters thought’
to be important for efficient radiopaques investigated, so that the
conditions most favourable for an even coating of the géstro intestinal
mucosa in vivg can be elucidated.

It was not possible to.conduct controlled clinical trials o%
radiopaques, and even here the results of such trials. as have besn
carried out, rely upon expert appraisal of X-ray photographs obtained.

A model system had therefore to be developed, in which a standard mucosal
surface could be bréughf into contact with a radiopaque of known
concentfatiqn, and the interaction of the surface with the radiopaque -
under contréllad conditions of pH, ionic‘strength ana duration, assessed.
The essence of the developed téchnique involves use of small samples

of fresh ileal tissue and their interaction with radiopaques is assessed
by microséopic examination of sections removed from the tissue sample,
frozen at completion of thé expsrimentf‘

Criteria considered in the development of the technique were:

(aj Mucosal surface, i.e. thickness of mucus and the>state of villi,

to be reproducible, so that_pesplts Frbm différent experiments could

be directly compared; |

(b) Concentration 6? barium sulphate suspensions, ﬁH and ionic strengths
to be easily varied and known accu:ately. |

(c) Assesshent of adhesion to be non-sub jective gnd open to interpretation
from the point of'view ofrbofh thickness and unifo;mity‘of'any adhering
layere.

(d) Results to be applicable to clinical in vivo technique.

Chapter 4. Section 2. Development of technigue. '

A fasted rat (male, 250 9. ) was sacrificed and the body cauity

opened to reveal the duodenum and the large and small 1ntestines.
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5 cm? of a Micropaque suspension, diluted to 50% w/v. with phosphate
buffer (pH 7¢0. I = 01 mol. dn%3) was injected into the duodenum,
This was allowed to find its way along the small and large intestines
and 2 cme lengths, starfing’from the stomach were tied off and removed.
Each was further divided into 0«5 cm. lengths, and washed in isotonia
medium (Difco Trowell medium T.S. adjusted to pH 7). Care was taken
not to disturb the mucosal surface in any other waye Two 0.5 cm. samples
from each 2 cm. sampiet wera briefly immersed in a solution of 10% PVA
(poly vinyl alcohal) in wataf. These and the other two Doé cm. portions
were then flash frozen by dropping into 20 - 25 cm3 of n~-hexane
maintained at —65°C by a solid carboh dioxida/ethanoi cooling bath.
The frozen aiecas were removed, briefly driad on kleenex tissue, and
stored in labelled bottles at =70°, |

The samples af ileal and duecdenal tissua were subsequantly sactioned
in a cryostat Eo éiva fZA/) m tangsnital cross sections. The cryaostat
chamber was maintained at =259 and the knife at =709, Sectiocns werse
aut from equivalent distancas:along the blocks o% tissue that is 025,
ﬁ's and 0°75 of theblaﬁgth; ia‘fhis way a standardAprocadure for each
tissue sample was maintained; | |

The seetions wers mounfed'on standard hicroscopa slides at room -
tamperature, dried;briefly.on a warm (500) hotplaﬁe and stained‘in a
bath of Toluidine blue (0¢2% w/v. in 0e1 mol. dms3 citrate buffer pH
6°0), washed in distilled water, dried and labelled. For each original
2 cm. of the gut 16 stained preparatlons were mada. The preparations
were examinsd mlcroscoplcally. Rasults of tha examlnatlon weres |
a) The Intastlnal tlSSUG w1thstood the various manlpulatlons well,
There was no evxdanca of any degradatlon of the mucosal or muscle layerS,’
or the villi, which were lntact._ | o
‘b) Barium sulphata partlclas ramalnad adherlng to the mucosa throughout
,the freezing, cuttlng and mountlng praceduras, in samples treated with

PVA., and also in the untraated samples. Although 1t was p0351bla that



these operations might remove barium sulphate, this mas'not the cass,

and all samples from all regions of the gut showed a thick layer of

barium sulphate particies.‘ in seme instances, especially in the lower

gut, this layer extendsd iqte the lumen of the gut. |

c) Adhesion was very variable even within a single region of the gut,

and appeared to depend upon the state of the mucus on the mucosal surface,

the presence of free mucus in the lumen_of the guf, eed the actual

position in the gut from which the sample had been taken.‘ It was not

possible to compare direcfly samples taken from the small inteetine and

the lerge intestine, due to morphological differences in the samples.

In the duodenum villi are short and compact, whilst ie the small intestine

they are long and filamentous. The surface areas of the mucesa are thus

very different in these two regions, as is the etate of ths mucous lining.
Because of the non uniformity of the adhering 1a§er it was not

possible to estimate the.barium sulphate with a mierophote—densitometer.

Estimatioﬁ of the layer gravimetrically, involving the enzymic digestion

of the section and weighing of the barium sulphate was open to the

objection that sections varied in size, i.s. the eueface areas of ths

‘mounted sections was variabie and therefore the weiéht eﬁ’barium sulphate

would eepeed to.a grea£ extent upon this.r Attempts to assess the area

of gut surface, and the area with an’adherihg laysr were also abandoeed

due to the presesnce of barium sulphate inehe efypts and the great

variability and diversity‘of the mucosal surface, which meant that

barium. sulphate particles did not always penetrate to the surface of

the get. ‘Such a calculation of the area would thus have little meaning.

(Plate 4.1.).

Howsver, ‘the experiment was valuable in showlng that a standard

technique using a standard region.of the intestine‘was required, and

that the state of ths mucus llnlng would heve to be very carefully

controlled if any claim fer the standardlsatlon of the method was to

lbe made.

This was underliﬁed when a similar experiment was carried out with -



pig ileum. Fresh pig ileum obtained from a slaughter house was washed
in Difco medium (pH 7-0) and 30 cm. tied off into 2 cm. lengths. Each
length was injected with 50% w/v. Micropaque suspensions (pH 7+0) and
left for five minutes, after Which it was opened and portions (0-5 Ce
X 1 cm,) removed. Two from eéch of these were treated with PVA., and
a total of four small sections from each tied off section were flash
frozen as before, sectioned, mounted and sﬁained.

Microscopic obsefvatioﬁ of the sections revealed that very little
barium sulphate had adhered to the mucosal surface, and this was
variable in a random fashion.

This was due to handling of the intestine before its aquisition
wvhich caused damage to the mucous lining, énd to the cutting up of the
gut into small portions for freezing'aftar the introduction of the
barium sulphate suspension; when further disruption of the mucosai
surface could not be auoided,

No differences could be found between those samples treated with
PVA and those not treated. It waé concluded that pig ileum obtained
in this way was unsﬁitab;e éince the state of the mucosal surface was
not in any way controllable or reproducible.

Further experiments wers therefore carried out only upon rat ileum,
since the diet of the animal.could be easily controlled, the maﬁarial
always fresh, could be taken from a known region of the gut, and handling
of the tissue could be kep£ to ahfébsoluta minimum. Thé ileum and not
the stomach was chasen for a number of reasansf (i) Tﬁe rat’sfbmach is
unlike the human or pig'stomaph since approximately hélf of lumen is a
continuation of the oeéophagus;'éﬁd“ééfsﬁcﬁﬁha;.nd‘ﬁilli; gastfié or
mucus-secretlng cells, (ii) The morphology of different fagions of the
glandular stomach are also different, and preparatlon Of the material
~ for experlments would require more handllng than for the 1leum. (111)

The ileum, or small intestlne of the rat is a well defined organ and

homogenous region of the gute: The v1111 are coated with a thick layer



of mucus which is able to withstand the various manipulations required.
(iv) since the ileum is characteristically 30 - 35 cm. long. One enlmal
will provide enough tlSSUe for many experiments., The results of such

experiments will be strictly comparable since thers is no animal

variation.

Chapter 4. Section 3. Experimental.

(a) Apparatus., |

Glass rings, such as are used for nounting.large biological
specimens for microscopic examination were glued to standard microscope
elides, two per slide, with "Araldite". It was in these gells, ebproxi— ,
mately 1o5,cm.»in diameter by 0«5 cm. deep that the experiments wers
performed. The.bottom of -each cell Qas lined with two squares (1 cm.
x 1 cm.)yof lens tissue to provide;a eeat for the'ileal tissue.

(b) Experimental Technigue.

A fasted rat (male, 24 hodrs'on.water.only) was sacrificed and
the small intestine removed. This was placed in a shallow dish
containing Difco medium. Further operations were,carried‘out only
'in this dish so that the tissue was subjected'to'a minimum of shock,
and drying out ef the tissue was preventeds The mesentry was removed'
and the anterior end of the small intestine cut into rings of 0-2 cm.
lengths, starting 5 cm. in from the.ddodenum; Each ring was fdrther
divided down one side, so that gross deformatlon of the tlseue, due to -
curling of the perltoneal surface was prevented. Twenty of these
sections were then transferred to the prepared cells, whlch had been-
filled with 05 cms of the'same Difco-medlum solution. The cells were
then tenporarily fixed td pieces of'card and labeiled. " The contents '
of the cells were leBd by gentle shaklng of thess cards, this ensured
that all cells recelved the same treatment. The medium solution of each
cell, now contalnlng tlny particles of removed food was drawn off thh

3 i Thls procedure ensured that mucosal surfaces were -.

- a2 cm syrlnge.

clean ahd free of food. Care was taken to flll and drain the cells only
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from the sides soAthat the ileal tissue was not disturbed. The cells
were again drained and 0-5 cm3 of preparaed barium sulphate suspensions
added to all cells except four‘controls for each experiment. The controls
were carried through all manipulations; 0¢5 cm3$ of pﬁosphata buffer
solution (I = 0°1 mol, dmg, PH according to tﬁe experiment) was added
instead of theAsuspension. For each different suspsnsion preparation
there was a minimum of tgo sells. During sxposure of the tissus slices
to the suspensions the cells were gently agitated, to minimise the
effect of settling of the suspensisss. VAfter 10 hinutas the suspensions
(and buffer solution of controls) were removed with a syringe and 0.5
cm? of fresh medium introduced. The cells mefé again agitatsd, fresh
medium introduced, and the washingprocedure rspestsd.-_The washing was
necessary to remove any particles of barism sulphate loossly hsld on
the gqut, as would be the case for particles not in actual contact with
the mucus lining of the gut,.

The ileal pieces wsre removed with fine fopceps and frozen in
hexane as before.~.The'frdzsﬁisiocks QarsAcuﬁ in a standard manrer,
12 J° M. sections being taken and tHese.qere mounted and stained as
before. Flash freezing of samples ensured that ice crystals did not
form in the tissue, with consequsnt lsss of ‘structure. If frozen in’
such a manner ths inter cellular water sets as a giass and the integrity
of the tissue is retained. | 7 |

| The technique'used only 05 cms of a given suspension. This st,

useful when snly a small aﬁoﬁnt of suspension was available;.and slso
meant that the effect of pH and concentration of'theAsuspension upon
adhesion could bs;ihvestigated using the same batch ufla suspension.
Since Commercial suspenslons are known to be varlable unwanted factors -
could ea31ly be 1ntroduced ‘if the same suspension was not used through—
out the experiments.

The method was qulck and easy in practlce, and parametsrs such as i

ths pH and ionic strengths nf suspensions could aa31ly be controlled
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The absolute concentration of barium sulphate coule also be controlled,
though because of sedimentation this was less easily accomplished with
unstable preparations.

The mounted samplee were examined under the micfoscope, and
evaleated for the thiegness and unlformity of the adhering laysr.
because this was a subjective.matter a further control was introduced
into sach experiment. This was Micropaque, diluted to 12¢5% w/v. with
buffer (pH 7¢0). In each asseesment of the various samples Micropaque
at this cohcentration and pH was given an arbitary value of 10, and ths
other samples judged using this standard, Experimental results from
different animals could then he:directlytcampared, and variation from
animal to anihal could be assessed and allowsd for,

All animals used in experiments were fasted overnight‘before the
experiment. This ensured that the small intestine was reasonably clear
of food and requieed a minimum of washing, and differencas due to variation-

of feed minimised.

Chapter 4. Section 4. Exgerimahtaliparameters.

_ All-sectione_cdt fromvileal tissue treated with harium eulphate
suspensiehs'exhibitee, te a greater or lesser sxtent a layea of barium
sulphats adhering-tq the mucous hembrane. In nolcase was a eimilar' 
- layer found on the periteneal surface of a section. This showedbthat
a deflnlte interaction between the layer of mucus and barium sulphate
saspension had eccured, and the coating upon a section was not dus only
to settling of bariuh sulphate partlcles. |

"5The~ileal tiseue, even at pH 3 and 8 showed no degradation;'in.
either>thoee.un‘-treatedlwith varieue suspensions and those not
treated (controls). | H l - - .
A comparison of sectlons takeh from tissue treated with 12 5% w/ve
M1cropaqua at pH 7, 1ncluded in all experiments, revealed that animal -

varlatlon was less than anticipated, since these standards were all
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- comparable in terms of eveness and thickness of adhering layer.

(a) Effect of concentration of Micropaque.

Micropaque was diluted with phosphate buffer solution (I = 0¢1 mol.
dmT3, pH = 7) to give concentrations of 50, 25, and 12+5% w/v. 2 cm? of
~each suspension wss taken up in a disposable syringe; and were well shaken
befdra introduction into the glass cells to ensure a hormogenous
suspension. Difco medium was adjusted to pH 7 for all washings. A 50%
w/v. unstabilised suspension of barium sulphats was also included in
the experiment.

An éxpected trend in the thickness of the adhering layer was found,
the thickness dscreasing in the order 50> 25 > 12'5% w/v. Micropaque.
The uniformity of the layer showed the'reverse. trend, 12-5} 2S> 50%
w/v. (Plates 4;2. - 4,4,) 50% w/v. unstabilised barium sulphate gave
a thicker coat than any of the Micropaque dilutions,

The thickness of the adhering layer was definitely related to ths
poncentration of the suspension. The uniformity of thé'layef increased
with dilution, and thérefnre with decrease in viscosity of‘the
suspension. Uncoated particles of bérium sulphate adhered strongly
to the mucosal surface, bgt the layser was by no means uniformlaver the
whole surface, and aggregations of barium sulphate as well as Eéra
areas'of mucosa gére common.v The»unstabiliééd suspension was ver?
viscous;,and the wéshing ﬁrocedure tended to remove éggregations'qf
‘4bérium sulphate in a random manner.

It'wés céncluded'that greater dilutions gave tHe best results,
since the adhering layer was"mora’uniform from sample to éampie'and I
within a‘samp;e, This le:d to thefséieﬁtion of,12‘5% w/v. éuspension
of Micropaque for use as a standard in all sussgduent experimgnts (Plates

4.2. - 4.50)0

(b) Effect of pH of Micropaque suspensions.
- Micropaqus, 125% w/v. was prepared from the original suspension
" by dilution with buffer solutions of pH 3, 4, 5, 6, 7, B, and 9.

Samples of Difco ﬁediuﬁ solution were also ad justed with 0¢1 mol. dm73
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HCl or NaOH solutions to these pH values for washing of the tissué
pieces beforse and after infroduction of the suspénsions.

Microscope seétions from all pH values were very similar (Table
4.5., Plates 4.6. and 4.7.)e" |

(¢) Comparison of suspensions.

Commercial and laboratory meals were-compared with Micropague,
at 12+5% w/v. These were Barospere, Bariﬁop, Eugnost, Rousel UCLAF,
Raybar 75, unstabilised barium sulphate (chapter 3. section 7.) and
cmc. stabilised suspensions. These were prepared by the method of
Goddérd (1970) and cantainéd 0<8% Q/v. barboxy methyl celluloss of
medium viscosity, D.S. = O+4. The suspensions were made up to 12¢5%
w/v. in phésphate buffer solution (pH 7) and used in a similar manner
to Micropaque. Because several of the suspensicns were much less stable
than Micropaque, notably Barospere and Eugnost and Roussel UCLAF, the
cells containing the tissue and these suspensionsvwere agitated svery
30 seponds. The experiments were repeated for all susbenéions at pH 3
and 8. |
Generally, the less stable suspension scored more highly than.
- Micropaque (Téble &.2.) but gave a greater variation of fesults., This
was ths case for Barosperﬁ and cmc. stabilised suspensions, espeéially
at extremeé of pH. The adhering barium su;phate was not consistent From '
sample to samplé, and even within a samﬁle vafiation‘of sections, taken
from different parts ﬁf the tissus block, was éviﬁent.
 Raybar‘gava consistantly poor covering, especially at low and high
pH, which was non»uniform, ag§regatesAand areas of very spafse povering
being cbmmon.. At pH 3 the covefing exHibitad by differenf meals.takihg
account of thickhess ahd unifofmity was in Orde::
‘cmce ) Baritop~) Micropaque_ 7 Eugnostw‘=A.Roussé13>» Baroépera>.
Barium sulphate{)t Raybar 75A - |
and at oH 72 ) o | | | |
VCmc}'?y Barosperse > Baritop > Roussel - = Eugnoét > ‘hicropaqug>r

Barium sulphate > Raybar 75



Table 4.1,

values.

Scores acheived by 12+5% w/v. Micropague- suspensions at different pH

PH score average
(a) (b)
3 10 12 11
4 10 10 10
5 7 10 85
"6 10 . 11 1045
7 . 10 10 10
(control)
. B 1 12 115
9 10 - .10 -10

92



Table 4.2.

Scores achieved by 12+5% w/v. suspensions at pH 3, 7 and 9,
Suspensions. Average score.
pH 3 pH 7 pH 9
Barospere. 8 - 10 11 - 13 11 = 13
Baritop 12 12 12
Eugnost 8.— 11 8 - 11 8 -1
Roussel UCLAF 8 - 11. 8 - 11 8 - 11
Raybar 75 5 6 - 10 6 - 10
Barium sulphate| 8 = 10 10 10
CMCe 9 - 15 12 = 14 9 - 14"
" Micropaque 9 -1 10 9 - 11,
(control) : '




at pH 8 - 9:
Barospere z, CmCe > Béritop > Eugnost = Roussel ) Barium
sulphate % Micropaque >9>Raybar.

(d) The effect of viscosity of suspensions_upon adhesion.

Micropaque was diiuted to 12+5% w/v. and centriﬁﬁged. The
stabiliser, i.e. the gum solution was £emoved and the barium sulphate
particles résuspended in distilled water. This suspension was centri-
fuged, the supefnatant removed; and particles resuspended in distilled

water to give a concentration of 12¢5% w/ve.
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The suspension was homogenised in an ultrasonic bath. The separated

gum solution was used to dilute a fresh sample of 100% w/v. Micropague
to 12¢5% w/v. The two suspensions werse then compared at pH 3 and 8.

with 1205% w/v, Micropaque prepared in the usual way (i.e. by dilution

with water) and a 12¢5% w/v. Barospere suspension in a further experiment.

Results.,

Micropaque diluted with gum showed nodetectable difference from
the standard, but the suspension not containing éum was ‘significantly
- better than the standard at both pH values, and was comparable‘to Lo
. Barospere. écore at pH 3 was 11 = 13;at pH 8 it was 13.
(é)_Discussion. )
It would seem that the charge carried by a particle plays little

part in the adhssive process, as is shown by the similarity of the

adhering layer exhibited by Micfopaque and the other suspensions at

extremes of pH. Differences in this layer shown by different suspensions

can not bs atﬁributed tq.differences in surface charge carried by the
pértiéles, but they are most pfobabiy due to the‘greaﬁ vafiétion in
stabilities of suspensions. Since Micropéque‘particles in Qnstable
suspension gave a better average than tHe standard indicétes thé effect
which the stability has upon tHe adhering layér of barium suiphate |
under the conditioné pf the experiment. This may ba duevto thé greater

ease with which a less viscous suspension can wet the surface of the



mycosa, Or to sedimentation during the experiment, thereby achieving
a greater concentration of barium sulphate at thes mucosal surface.
When differences in performance were detected at different pH values,
as in the éase of Raybar and unstabilised suspensions, theae-could be
assigned to precipitation or flocculation of the suspsnsions at low pH
resulting in non-uniform coating of the gut surface. |
| The indications are‘that interaction of electrostatic charges

play little part in the adhesive process, and that a mechanical process
is more probably occuring. The site of adhesion of these particles
was demonstrated as the mucosal surface, and showed that quite deep
penetration into the crypts between the villi is possible,. It is
not surprising therefore‘that barium meais are known to pers;st in the
body for a long time after administration. It could well be that
barium sulphate is only removed from the gastro intestinal tract when
fresh mucus is secreted and the old is sloughéd of fe

The main critism of this experimentai technique is that it is not
fully quantitative in that the performance of a meal is assessed
 subjectively, Adhesion to the ileal mucosa Qas shown on the microscopic '
level and it was not pcssibla to extend the method to obtain a
hucroscopic.picture of the adhesion, as would be oEtéined from an
in vivozxfray examination. The ilsal Eissue was possibly in av
shocked condition at the time of.the exberimen?,‘due to theukilling
of the énimal, and disruption of tﬁe mucus lining was possible dué te
the various manipﬁlétiqns eﬁﬁloyed. |

The prsdictioné qf tha ﬁetﬁod were léés‘étéble‘suspgﬁsions, or
more concentrated suspensiohs woﬁld be helpfﬁl'in’the producfion of a
firm‘even coat of barium Qulphate'on thé_gastro intestinal tract, in

support of the conclusions of many radiographers.



PLATE 4.1.

SECTION OF SMALL INTESTINE OF RAT TREATED

WITH S0% w/v. MICROPAQUE (DARK AREA). -

©(x75.)
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- PLATE 4.2, : T

' MICROPAQUE 50% w/ve, pH 7 ADHERING TO RAT

INTESTINAL MUCDSA

Sx 1332
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PLATE 4.3.
MICROPAQUE 25% w/v.

!x 133!
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'PLATE 4.4.

MICROPAQUE 12¢5% w/v,

- (x 133)
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PLATE 4.5,

RAT‘ SMRLL INTESTINE COATED WITH UNSTABILISED .

BARIUM SULPHATE 50% w/v.

(x 133)
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PLATE 4.6,

" MICROPAQUE “125% w/v. pH 3

{x 133)
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PLATE 4.7.

_ MICROPAQUE 12+5% w/v. pH B

gx 1332
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CHAPTER FIVE

DEVELOPMENT AND APPLICATION
OF IN VIVO INVESTIGATION

OF BARIUM MEALS .
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Chapter 5. Section 1. Introduction.

The in vitro testing‘of bafium sulphate suspensions indicated
that animal variation was not es great as had been thought. The
particles of barium sulphate are held firmly to the mucosa, and adhesion
is quite consistent along the length of the small intestine. The
gravimetric analysis of samples of'gut tissue with adhering barium
sulphats particles was therefore thought possible and worthy of invest—-
igation. This method would be truly quantitatioe and allow more subtle
criteria of the adhesive propertiesvof mucosal barium sulphate suspensione

to be investigated.

Chapter 5. Section 2. Experimental Technigue,

The experinental method finally developed depends upon the
introduction of a suspension into the small intestine of a rat, the
washing of the intestine, followed by ths removal of the intestine
and the gravimetric estimation of the amount of barium sulphate adhering
to a known length of the intestine. Because of their availability rats
were again used. The malses ofesingie serain (CFHB) were used to minimise
possible animal variation. |

The animal was weighed and anaesthetised with. urethans solution.
This was injected as a 25% w/Q. solution into the abdominal cavity..

A dose of 5 cm§ /kg. body weight'uas useoe The rat was transferred to
a small operating table and the trechea.caéplated.with neoprene tubing

to ease the breafhing of the animal. The body cavity was opened, and . .

the stomach revealed. A catheter was inserted through the lower stomach

wall to pass through the pylorlc sphlncter,‘end tied in place with cotton.
A sxmllar catheter was 1nserted at:the’ end of the small 1ntest1ne and
secured as beforse. The anterlor catheter was connected to a3 - - way
nylon tap assembly, attached to two penstaltlc pumps with neoprene

tubing. The delivery rate of the two pumps was 3 cm. m1n‘1, and these

were fed by glass vials conteining either isotonic (0+9% w/v.) saline
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solution or the barium su;phate suspension under investigation. The
posterior catheter drained in£o a similar vessel. (Fige 5.1.) The
exposed intestine was covered with cotton uooi or tissue.soaked in -
isotonic salinse t6 brevént drying out the 6rgan.

The small intestine was washed through with iso£onic salins from
one of the pumbs. As it was not known what disruptive effect this
would have upon the mucous barrier of the small inﬁestine pumping
was carried out for a spécific time, so that the effect would be the
same for all animals. The suspension of barium -sulphate was then
perfused through from the other pump, after a few minutes all isotoni§
saline was rémoved and the coﬁcentration of suspension was tﬁe same in
the dut as in the vial. The suspension'was.leff to equilibrats, for a‘
specific time. The gut was then further washéd with isotonic saline
until the perfusate became quite clea£. The‘twobends of the small .
intestine were tied off, the catheters removed, and fiﬁally the whole
of the small intestine carefully removed,.taking care not to disturb
the adhering layer of barium sulphate. The intestine was laid on the
operating teble and moistened with isotonlc sallne, graat care was taken
‘not to stretch the gut. 5 cme. portlons were then tled off wlthhcotton
from specific regions of the gut,_uhich characteristically measured 30
- 35 cme. The pH 6f the Qarious perfused liquids was recorded. The
gut pieces werebdried at 80 - 100° in weighed crucibles, and ignit;d
under a bunsen. The carboq feéidue‘was mmoved in a muffle furnace at
600 = SDD° The'crucibles'were allowed'to cool, and the contents treated
with concentrated sulphurié acid to ensure the re-ox1dat10n of any barium
sulphate reduced by the carbone. Excess sulphurlc ac1d ‘was removed in

the muffle furnace, and the crucxblas heated to a constant welght. The

welght of barium sulphate for each removed 5 cme length of gut was .

recorded.-
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Chapter 5. Section 3. Standardisation of Method,

(a) Variation due to animals.

Initially the times for which the small intestine was washed befors
perfusion of the‘barium'meal, the perfusion of the meal, and the time
it was allowed to remain undisturbed in the gqut were'quite arbitary,
as was the time af the final washing of the gut. As these were the same
for each animal results from different animals were comparable. The
standard conditions adopted were:=—
(1) The time of washing with saline solution — 5 min. (15 cm3).
(2) The time of perfusion of suspension = 5 min. (15 cm3), and this
was left a further 5 min.
(3) The gut was washed for 10 min. (30 cm?). The pH of the saline
solution and suspension, was adjusted to pH 6 «:7 with 01
mol. dms> NaOH or HCl solution before the experiment.
(4) Two 5 cm. samples were removed from 10 = 15 cm. and 15 = 20 cm.
along the small intestine, measured from the pyloric sphinctér.
Suspensions of Micropaque, diluted with water to 25% w/v. were
used in the initial experiments, because thsy did not sediment to any
.great extent in the neoprene tubing or tﬁe gut, as was the case for
more dilute suspensions, and suspensions of different radiopaques.
The initial wash was duite sufficient to remove all food particles
. but left the sﬁrface mucus intact, and 5 min. of perfusion with |
Micropaque was long enough to ensure that its preparea'concentration
was maintained in the gut.. The final perfused liquid was initially
very cloudy;‘but becamé clear after 3 - 4 minutes. Gentle manipulation
of the small intestine to remove any sedimented particles resulted in
a slight turbidityvéf the perfusate; such'manipulation was only done
once for each animél during the final.wash.' The parfusate quickly.
cleared and remaingd so for the rest of.the time of perfusibn.
Controls where the Micropéque suépension was replaced with isotonic

saliry were always included. 16 animals, from the same batch mere used.

These had been kept on a standard holding diet for 14 days. All weighed
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betwesn 230 and 260 g. Under the standard conditions ef test the amounts

of barium sulphate recovered from a 5 cm. length of qut are recordsd in

Table 5.1. Table S.1.

The weight of Barium sulphate recovered from a 5 cm. length ofﬁgut,‘

25% w/v. Micropaque.

5
weight'of barium sulphata‘mg.
Rat . (a) (b) ) Average mge.
Number 10 = 15 cme 15 -~ 20 cm.

1 97 65 ' 86
2 79 , 80 " 79e5
3 75 74 . 745
4 100 63 B1e5.
5 76 BT . B3e5
6 ' 98 63 ~80°5
7 74 | 89 T 815

. 8 ' 112 58 ' 8540

Average ~.82+1 mge.
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The control rats which were simply subjected to perfusion Qith
isot&nic saline produced én average residue amounting to 7+25 mg. per
a 5 cme. length of gut,

In all subsequent tables and figures the amount of barium sulphate
recovered has been corrected for residue of 7+25 mg.Afrom a control
animal. Thus the average amount of barium sulphate retained for a
5 cme length of gut was 74295 (75 ¥ 7 mé.).

These results gave a standard figure, or base to which results
from other experiments where the experimental conditions were changed,
could be compared. The variation of sample (a) to sample (b) was due
almost entirely to handling of the small intestine in its removal
from the body and separation of 5 cms portions« In later experiments
the difference was reduced to less than the variation found from animal
to animal.

(b) variation of barium sulphate recovered from the gut due to

change in diet of animals.,

When the rats were>dalivered to the animal house the pellet diet
was automatically changed from a breading diet to a holding diet. This
'changa was found to have a great effect Opon the adhering layer of
barium sulphate, (Fige. 5.2.) measured under the standard conditions.

When the'rats were used on the first day an. amount of barium
sulphate, comparable to 75 mge. was recorded. When used one day after,
this amouﬁt was reduced to 254- 30 mge. For the next 3-06 Qays, the
amount recprded was in the'rangé 31 - 75 mge, varying in a random manner.
Only after 7 -8 days following the change of diet did the amount of
barium sulphate adsorbed return to a normal high figure‘(ﬁé ~ 99 mg. ). :
Even then some variation was found. The effect is not due to the siza'>‘
of the rats at thettime'of the experiment. Aftef 8 déys féts originally
weighing 90 g. weighed 140 g. and a normal amount of barium sulphate
was recévefed.“ whsq raﬁs of‘initiéily 140 g. were used erratic résults

were again recorded up to 8 = 10 days after the change of diet. | |
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As a result rats wers kept for a minimum of 8 days before being
used in the experiments. Their original weight was 140 - 160 g. and
this rosse to 200 -~ 220 after 8 days; after 17 days a weight of 260 -
280 g. was normai. | )

(c) Variation of adsorbed barium suipﬁate due to procedurs.

(i) Time of final Qash, This had no effect upoﬁ the weight of
barium sulphate recorded, as long as the saline solution was finally
clear,

(ii) Time of perfusing the suspension. The time of perfusion was
a compfomise between ensuring the correct concentration in the gut, and
the abrasive effect which particles'of barium éplphate, whether uncoated
or coated, szt have upon the mucus of the intestinal surface. As long"
aé the distance between the anterior and posterior catheters was 25 -
30 cm.’the wegght reéorded was ﬁot aléered if the time of perfusing
varied from 3 - 5 ﬁinutes.

(iii) Time suspension remained in gute. For a stable suspension,
such as Micropaque varying this time didAnot have any effect. The
procedure had to be alte;ed'for more gnstable suspensions, but it
'app;eared that any setfled.pafticles w;ré quite'readily removed in the
final‘wash. | . 1 : -

(iv) Time of initial wash. In the initial wash free mucus is’
removed as well ;s food. Thig was demonstrated by adding a sampls
of the perfusate to a solution of 0¢2% w/ve Alcian blue in buffer
(pH = 58) when a precipitate of mucus was formed (Piper, 1970).
Removal of~free.mucus, and perhaps mucus from the‘iléal surface could
wgll‘affectAthe adhesion of barium éUlphate, and since the amouﬁt of
food'presgnt in the guf Variédrfrom animal'to'animal, SQrface mucus
could wéll éléq vary; bifferantes in the mucué layer could acbount'
for the animal variationkfound.b It.was'assumedlthaf as long as the
wash was standard the'results.from the experiméﬁté would be strictly
comparablé. | |

(v) variation of weight of barium sulphate retained with distance
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along the smail intestine. 5 cm. lengths were carefully removed from
o, 5, 10, 15, 20, 25 cm. from the pyloric sphincter. The variation
along the gut‘was small and within the range of the variation from
animal to animals
(d) Discussion.
The method as developed gave reproducible results, and the
weights of barium éulphata.fecovered from 5 cme. lengths of intestins
from different animals tfeated with 25% w/v. Micropaque were comparable.
The procedure, with a few additions according to the nature of ths
experiment was adhered to in all further experiments. It was convenient
to remove only 5 cm. samples from the intsstine since these could easily
be dried and ignited and the amount of barium sulphate such samples
gave could be weighed accurately., Had the whole of the small intestine
been used anélysis‘uould have become a lengthy and tedious procedure.
If two samples were taken for each animal the variation along the gut,
a probable result of handling during the‘experiment could be judgsed.
This gave an indication of possible disruption of the mucous layer,
and such could'be allowed for.' .
The animal uariafion was apeéted, and though minimised by‘cOntrol
of the animal diet, it necessitated a large number of experimégts
(usually a minimum of 6) for each expefimentai parameter investigated.
This was a leagthy procedure and reduced the numbér of parameters fhat
could be investigéted. wheneQer possible Micropaqﬁe diluted to 25% w/ve.
was included in a days experimanté, This’acfsd as a "control" or
stanaard, to which results fromvthe same day's~experiments could be
' compared, If the confrol was grossly different from 75 mge. i.e. below
- 60 mge, the experimén%s were repeated. Result§ from exparihanfs whgre

a control was included are quoted in terms of % of the control &f that day.

-
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Chapter 5.S5ection 4. Experimental investigations,

(a) Effect of fasting of animals on the adsorption of barium sulphate.

It was appareﬁt that diet had a great effect upon the amount of
barium sulphate taken up by the ileal mucosa. This effect was further
inveétigated’by dieting of animals. These diets were used
(1) a total fast of water only. |
(2) Carbchydrate only diet, in this insrance sugar.

(3) A combination of (1) and (2).

The normal diet was replaced by the experimsntal diet,the morning
before the day of the experiment, so that animals uere kept for e
minimum of 24 hours upon the chosen diet. The effect of restoration
of a normal diet 24 hours and 2 hours before experiments was also
investigeted. In all experiments a 25% w/v. suspension of Micropague
was used. (Table 5.2.).

(b) Effect of pH of suspension and saline solutions on the

" adsorption of barium sulphate.

Micropaque, 25% w/v. and isotonic saline solutions were ad justed

to a wide range of pH values with 0¢2 mol. dmz>

NaQH or HCl. 1In the
gut the pH of both pH edd saline solutions were'subject to chenge,
tending td pH 6 = 74 The pH of all frections (initial perfusion,
suspen51on, flnal perfusion)were therefore recorded and averaged

after each experlment. Weights of all animals were also recorded.

(Table 5.3. Fig. 5.3.).

- -(c). Effect of concentration of Micropagque on the adsorption of

barium sulphate.

100A w/v. Nlcropaque was dlluted with uater to give suspensionsv
ef 75, 50, 25, and 12 5% w/ve The pH of each uas adJusted to 6 - 7.
The results are presented in Table 5. 4. and Flg. ¢4w

(d) Effect of leFerent meals on the w81qht of barium sulphate

_ recovered from 5 cm. 1engths of gut..
The followlng barlum ‘meals were studled--

(i) Unstablllsed barium sulphate suspensibn SD, 25, 1245% w/v.



Table 5.2.

Effect of fasting on the weight of barium sulphate recovered from

5 cm. lengths of dut (25% w/v. Micropaque).

Wte of rat

Description Wte. barium- sulphate "Average
/9. . mQe
(a) (b)
10 = 15 cm. 15 =« 20 cme.
187 . 34 38
Rats fasted N
76 24 26
‘ 31
147 33 37
24 hrse
120 33 21
Rats sugar diet 155 35 44 .
. 36
only 135 38 27
Sugar diet 140 8 6
after fasting ) 14
24 hrse 160 20 21
Restoration 163 49 66
of normal feed , 69
(24 hrs,) 173 66 71
. Restoration
of normal feed 170 26 26 26
(2 hrs.) : '
Control 160 68 68 68

114
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Table 5.3,

The effect of pH on the weight of barium sulphate recovered from 5 cm,

lengths of qut (25% w/v. Micropague).

wt. rat/g. pH wﬂ.‘barium sulphaté/mg.
(ayerage) 10 - 15Acm. 15 = 20 cm. ~ Average
240 30 ] 100 o7 99
165 36 M 57 64
235 40 93 77 85
260 . .. 4 | . o4 77 86
245 ~ 5e5 74 89 83
161 63 . L T4 7 74
- 240 65 | s 68 7
152 g | e 68 65
(control) B IR _
160 -~ - 7e7 - |oes L 77 71
250 ges | 7 ‘ 84 78
150 S99 55 55 | 55
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Tahle 5.4.

Effect of concentration of Micropaque on the weight of barium sulphate

recovered from 5 cm. lengths of qut.

conc. wt. barium sulphate/mg.
% w/v. Average
122
75 113 126
143
121
115
50 126 ; 124
128
119
25 75 | 75
(control)
29
45
1245 ‘ , 25 ‘ 28
26
14
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Fig.5.4. EFFECT OF COMNCENTRATION OF MICROPAQUE ON THE

WEIGHT OF BARIUM SULPHATE RECOVERED FROM

5 CM. LENGTHS OF GUT.
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(Table 5.5. Fig. 5.5.).

(ii) Barospere at the same concentrations.

(iii) cmc. stabilised suspension (the same as used in the in vitro
investigation). e

(iv) Citrate stabilised suspension. Dilutions of a 100% w/ve.
suspensions have received good reports in the literature

(Embring, Mattson, 1968) and are ﬁharacterised by initial

effervescence when prepared, very low viscosities‘and therefore low

stabilities (Goddard & James, 1971).

The suspensions, eépecially at the lower concentrations, were much
less stable than Micropague at equivalent concentration. This resulted
in sedimentation of the suspensions in the pumps, neoprene tubes and
small in?éstine, so that the absoclute concentration of suspensions in
the qut was not known with certainty. To minimise this situation the
pumps and tubes responsible for perfusion of the suspensions wers
prefilled with saline. The vials containing suspensions were stirred
and the suspensions introduced into the tubes. Timing was started
when the spspension reached thé 3-way tap. The reservoirs were
~continuously stirred du?ingvperfusion. " whilst the éuspensioﬁvremained
in the gut, the intqstine was moved from lying on one'side of the animal
to iying upon the other side every minute. By fhis it was hoped.td re-
suspend sedimented pafticleé. The time the suspension reﬁained in the
small.intesﬁine was reduced to 3 minutes. During the final.mash the
gut was manipulated as before; after each the perfusate became cloudy,
but pleared after a few minutes. The manipﬁlations were continued until
‘they resulted in no cloudiness in the bérfusate.v For some suspensiohs;
notably those stabiliséd.witﬁ citrats,\manipulation:resultéd in the
appeérance of %locculated particles in tﬁe saline soluﬁipn,hmhich hevér
became completely clear after the "turning" over of the small intestine.

In such cases the wéshing was terminated -after 5 minutese.



Table 5,.5.

The effect of concentration of varicus meals on the weight of barium

sulphate recovered from 5 cm. lengths of qut.

Meal

" Concentration / % w/v:

12+5 25 50 75 -
i) unstabilised 25, 65, 48, 49, | 228, 181,
barium 38, 64, 70, 60, | 174, 189, —
sulphate 30, 34 53 292, 242
(34) (56) (218)
33, 33, 33, 56, 34, 170, {157, 117,
24, 26 | 92, 25, |209, 140 |130, 172
ii) Barospere
107
(34) (70) (141) (134 mg.)
32, 39, 56, 61, |141, 112, 91, 96,
iii) emc. 20 60, 30, | 49, 58, 64, 96
stabilised 45, 72 86, 113
(30 mg.) (54 mg.) (93 mg.) (87 mg.)
iv) sodium go, 66, | 69, 97, |09, 182
citrate _— 79 81
stabilised (75 mg.) (Bj'hg.) (146 mg.)
Micropaque (28 mg.) (75 mg.) (124 mg.) (126 mg.)
. (control) ‘ - ’

Figures in brackets are "average' valuss.
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(e) Other observations.

The small intestiné was quite transparent,‘and it was possible to
obsérve the coating of barium sulphate, and to estimate the uniformity
and thickness. Generally the coating was uniform, and a concentration
of 30 mg. barium sulphéte per 5 cme length of gut was sufficient to coat
the gut surface uniformiy under the best conditions. . Above this the
coating Eecame denser and its uniformiﬁy difficult to judge during the
experiment. Anomalous results, where areas of the ileum were bare,
whilst other areas showed a thick layer, were mofe common with unstable
preparations, and most severs with citrate stabilised suspensions which
flocculated in the gut. Such reéults were also more common with fasted
animals.

Sections of the coated ileum were prepared and investigated
microscopically, These were essentialiy similar to sections from the
previous experiments (chapter 4.) except that the coating was thicker,
-and more uniform. | |

The sige of the gut was quite uniform in animals weighing from -

140 - 300 g(:g?Z;;’ZO minutes wash£;;;>a

e

50% w/ve. unstabilised barium sulphate was very uiscous,'and its
introduction into the ileum distended the gut to a great extent. The
washing tended to be slower, but the pérfusaté became clear, and remained
so, after B minutes.

(f) Discussion

. The investigations were of necessity in4the nafﬁre of an initial
stUdy, aﬁd_no attempt at statistical>design of experiments was mads.
This was not so importént for Nic:opéque, which gave more consistant -
‘results, bﬁt caution is needed invthe_interprétation of results for the
more unstéble breparations. Because of the spreadAof'rasulté obtaiﬁed,‘
especially at high concentration,no rgal_differsnbesdbetwéen Baroépe:e,

Micrupaque,'and cmc. stabilised suspensibns are readiiy apparent and -

assigned to such physical parameteré'as the charge carried by particleé



(due to different stabilisers used), particle size, or viscosities of
suspensions. 4

Nevertheless f&r all suspensions the shape of the concentration
adsorption graph is clear and.typical of a Langmuir adsorption isotherm.
‘This would indicate that a mucus/particle reaction is eccuring, dependant
upon the relative conéentratiéns of particles in suspension and the mucus
upon the ileal wall, The anomolous result obtained for unstabilised
barium sulphate at 50% w/v. may well be due to the high viscosiiy of
the suspension and associated difficulties in washing. Results for
sodiumAcitrate stabilised sdspensions are difficult to interpret because
of their great.instability in the gut.

In the.range 3 - B the pH of the suspension of fMicropague has no
effect upon the adhering layer. This‘poinfs_definitely to a non-
- electrical interaction between mucus and barium sulphate particles.
Flocculations at extremes of bH.may be due to differences in the
stability 6f Micropaqus at such pH values, or the tbpical action that
;uspensions of véry high or louw pH‘may have uponAtﬁe ileal mucosa; in
~ the inhibition or stimulation of secretion of mucus or pancreatic juice.

The'greatest effect-on this adsorption is the diet. Diéﬁ, and

.especiaiiy fasting, Has been_shoun to effect the mucus secretion in
ﬁamméls (Bellinger & Wise, 1969, Menguy, 1969)s That fasting causes
such a drop may be due to (a) less mucus preéent (b) change in nature
~of the mucus, poégibly in Jisc°sity, due to a change in the chemical
makeup pf the glycoprotein.

Results from thésa experiments coﬁfirm.to én extent tﬁose preuiou§ly
obfained. The‘thicknesé ﬁf the adhe:ing.layer of barium sﬁlphate is
dependant upon the concentration ofithe suspension; it is independent

of pH, and results for unstable preparations are difficult to interprst.
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- CHAPTER SIX

FURTHER IN VIVO

INVESTIGATIONS.
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Chapter 6. Section 1. Introduction.

Results of previsus experiments indicated that the state of the
mucus present in the gastro intestinal tract had a great effect upon
the layer of barium sulphate adsorbed by the mucus barrier of the gut.
It is possible to affect this barrier mechanically, chemically or
physiologically:
(a) by perfusion of an abrasive suspenéion;
(b) by perfusion of a mucolytic agent or
(g) by injection of a drug such as pentagastrin. o
The effect of abrasion Upon the mucous barrier is unknown, and ths effect
of pentagastrin is uncertain and not well documented. .A mucolytic
agent would disrupf the mucous barrier, perh;ps by the breakége of
disulphide bridges, and subsequent removal of portions of the barrier,
or by causing a conformational change at the surface, disrupting the
viscosity and the surface tension of the outer layer of mucus present
in the barrier.

Before such effects could be inueétigatad a method ofresﬁiﬁation

of surface mucus had to be developed.

_ Chapter 6. Section 2, The estimation of mucus.

TThe method depends upon the estimation of dye binding activity of
mucoproteins, and is developed from the method(of Frankel-Conrat &
Cooper (1944)vand Piper et al.(1970) and is similar to that of Whiteman
(1973).

Alcian blus is a soiuble cationic dye which forms an insoluble
complex with giycoﬁroteins. The precipate can be removed, washed qnd'
made soluble. The bound dyé can bs estimated pho£ometrically either
by estimation of the resolubilised dyé or measﬁring the dye pfecipitated
by difference. Bacguée'ofbdifficulties‘invsolubilising precipitates-

the létter method was chosen.



Method. . .

A 0:2% w/v. solution of Alcian blue (BDH) in O¢1 mol. dm39 citrate
buffer solution, pH 5'8, was prepared. A rat (male CFHB, 190 g.) was
anaesthetised and the small intestine washed by perfusion with isotonic
saline solution. The small intestine was removed, and divided into
5¢5 cm. portions.

Each pbrtion was homogenised for 5 min. in citrate buffer solution
(0+1 mol, dm73, pPH = 5¢8) in a Potter — type ground glass homogeniser,

- and the suspension made up to 50 cm? with buffer solution. The
homogenising process removed énd homogenised only surface mucus; and
left the mu;cle and peritoneal layers of the'intEStine intact. The
remains of the intestine were removed with forcepse. ~ A volume of the

v suspansign, between 0 = 5 cm? was added to 5 cms of the prepared Alcian
blue solution in a centrifuge tube and made up to 10 cme with buffer
solution. This mixture was left for 24 hrs., and the precipitate of
Alcian blus = glycoprotein complex removed by centrifuging and decant-—
ation of the supernatant; A portion of this was diluted x 2 with
citrate befe:. A standard adsorbance = cofcentration curve fdr Alcian
,Elue in Oe1 mﬁl.‘dm73 citrate buffer soiu£ion was prepared (Fige 6.1.),
this was linear over the concentration range O = 100 mge dmfs. It was
thus possible to determine the concentration of Alcian blue in each
solution and hence the weight of Aician blue.precipitaﬁed as a compléx
from the original dye - ﬁucus suspension estimated. fig. 6.2, shous
the.effect‘of the addition of various volumes of‘homogenéie to the
Alcian blue éolution;' This demonstrated that the precipitatioﬁ of mucus
" as a complex was quantitative under the conditionsvofhthefexperiment.
Fig;vé§2; is in fact a calib;étidn curve. |

fhe variation of bindiné aloné the small intestine was inuestigateq;.'~
Two rats (240, 215 g. CFHB) were anaesthetised gnd the small'intestines_
washed with saline éolutioﬁ'(ofg% w/Ve)e ’These weré‘then removed, and

four 5+5 cm. samples removed from each. These were homogenised after
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the mechanical removal of mucus. 3 cm? of each homogenats made up to
50 cm? was added to the Alcian blue solutions, and the resulting reaction

made up to 10 cm? with buffer solution. The samples were left 24 hrs.

and the Alcian blUé bound'by the mucus estimated as before..‘

The controls, where the mucus had beesn removed ﬁechanically
bound 0°17 — 0+30 mge. of Alcian blue for each 3 cm3 of homogenats,
whilst those untreated bound 050 - 0-70 mge Alcian blue. (Fige6e3.).

A similar experiment in which two 55 cm. samples were removed
from six different rats was carried out, and eight blanks were also
prepared. This revesaled that variation from animal to animal was not
great, and such variations..as there were were within the variation along
- the length of the small intestine; The control samples all bound
beﬁween 0 and *18 mg. of dye for 3 cm? of solution. Amount of Alcian

blue bound for 5¢5 cme. portion is obtained by multiplying the valus

for 3 cmS by 50/3.

Chapter 6. Section 3. Experimental disruption of mucus from -the

small infestine.'

N-acetyl cysteine (NAC) has been reported (Sheffner, 1963) as a
mucolytic agent whiCh reduces the viscosity of mucous solutibns in
vitro. It has its greatest effect at pH 7+4. A 2+0% w/v. solution
in 0¢1 mol. dm73 nTris" buffer pH 7+4 was pfepafad; This solution
was incorporated in the experimental prﬁ?édﬁféhbreviouély developed
A(Chapter 5.) in the fp;lowing‘waxfi |

One of the pumps-and associated.heoérene tubes were filled with
saline solution, the other with tﬁe'NAC sdlution..>Tha small intestine
was washed with salins, and then perfused with thé NAC solution, after
specific time an air bubﬁla was introduced in the feédsr tube of ﬁhé
pump, and the vial coqtaining the NAC solution changed to oné-cgntaining
saline solution. .The bubble travelled aioﬁg the tube and gave indicatioh_
of the replacehent'of NAC solution with saline solution. dn‘réaching

the 3-way tap, timing of a second saline wash was begdn, and the time
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of perfusion of the NAC solution recorded. The second wash was completed
after three minutes. 5¢5 cm. of the ileum was tied off and the anterior
catheter reinserted posterior to the tied off sample. Micropaque, 25%
w/v. was then introduced, and,the experiment for the measurement of the
uptake of the radiopaque, completed in the ususl way. The sample not
treated with Micropaque, but treated with the NAC solution-was homogenised
and its Alcian blue bindiné capacity estimated. The time of perfusion
with mucolytic solution was varied from 2 — 10 minutes. 4 experiments
were completed each day,including a control. -Any effect time of day
might have upon the adhesion was allowed for by distributing times of
perfusion in the experiment in a systematic fashion over the day.

Results are depicted in Fig. 6+4. The adhesion of barium sulphate
was grea?ly affected by pretreatment with the NAC solution, but the
effect is only noticeable under these experimental conditions after 2
minutes of perfusion of NAC solution, after which there was a drastic
reduction in the weight of barium sulphate recouered;this levelled off
at 35% of the control (26 mg.);

. Estimatioh of Alcian blue bound showed no significant differencs
. between those samples nAt treated with the mucolytic solution and those
treated for 10 minutes. Either the mucolytic was not removing any
surface mucus, or it was removing too littie fo be estimated. The
spréad of results for the Alcian blue determination was'large, even for
é single time of perfusion of NAC solution. - It would seém‘that treatment |
with NAC affected the Alcian blue bihding'capacity of the mucus, éﬁd
this interFeBEd with the estimation'procédure. o

Diésaction of samples that had been treated with the NAC solution
for 10 minutes revealed the presance‘of copious ambunts of surface mucus,
but that theré waé'only é.sparse covéring of barium sulpﬁate. Accordf
ingly tﬁe various perfused liquids were tested spectfdphotametrically’
for the présence ofirempvia mucus. | |

. An animai (CFHB, 390 g.) was sacrificed, and the small intestine
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Fig. 6040

VARIATION OF WEIGHT OF BARIUM SULPHATE RECOVERED FROM § CM. OF GUT

AFTER TREATMENT WITH 2°0% w/v. NAC SOLUTION FOR VARIOUS TIMES

(MICROPAQUE = 25% w/v.)
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removed. Surface mucus was squeezed out, taking care fo keep
desquamation to a minimum, and weighed. A suspension containing
2% w/v. mucus was prepared by.homogenisation of the surface mucus in
a solution of 2¢0% w/v. NAC, 0+9% w/v. NaCl. Aﬁy food particles were
removed by gentle centrifugation. A suspension of 2% w/v. surface
mucus in‘OoQ% w/v. NaCl. was also prepared. This suspension became
clesar after centrifugation. |

The spectra of these solutions were recorded in the uv region,

a summary of the results is given in Table 6.1,

Table 6.1.

Spectra of Mucus Solutions.

Solution blank principle features
Mucus/0«9% 0e9% w/ve Max. 208 nm.
w/ve NaCl/H,0O. NaCl/H»0. Shoulder 280 nm.
Mucus 0¢9% w/ve 0e9% w/Ve
NaCle. 20% w/ve NaCl. shoulder 280 nm.
NAC
Mucus 0¢9% w/ve. 0°9% w/ve
NaCle 2°0% w/v. NaCl. 2+0% ' ‘Max. 280 nm.
NAC : © NAC '
" 240% NAC/0.9%  0.9% NaCl. " Max. 215 nme
\U/Vo NaCl.
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Ihe

NAC supresses the maximum adsorbance of mucus at 208 nm. anquhoulder
at 280 nme becomes well defined when NAC is present in the blank, and
enabled the recognition of mucus in solution in the presence of NAC.
The adsorbance at 280 is most probably dus to tfyptophan, ﬁr

possibly tyrosine, in the protein moeity of the mucus. Both also
adsorb strongly at lower wave lengths, 200 - 240 nm.

The previous animal experiments, incorporating NAC pretreatmgnt:
were repeated with the following changes; | .

(1) The NAC solution, and the following perfusate of saline solution

were collected after théy had passed through the gut, and kept for
spedtrometric analysis;

(2) micropaque diluted to 50% w/v. was perfused instead of a 25% w/v.
suspensiqn. |

(3) Final washing time was extended to 15 = 20 minutes to allow the

saline solution to become completely clear. Results are shown in Fige 6.5,

As:before the perfusion of NAC solutions had great effect upon the
weight of barium:sulphéte recovered from the small intesiine. The
effect was immediately appafent i.e. after 2 minutes perfusion, and
. again the amount recover;d became constant at 27 - 28% of the control,
(26 - 30 mg. barium sulphate) comparable to that for Micropague at 25%
w/ve (26 mg.).i

The spectra of the recovered‘saline and NAC solutions showed a
maximum at 280 nm., when determined against a blank containing NAC.
This indicated that mucus was rémoyed from the intestinal surfa;e.

In the cése of rats not treated with NAC éolutions, a sample of
the. first saline perfusate was:ccllecteﬁ after it had become free of
food particles and mucus présent initially in_therluﬁen of the:gué,
the spectfum was dstermined in the uve. :egion; In no caSe>Qas there
any Qignificant adsorbance'aﬁ 208 or 280 nm., revealing that the

surface mucus remained intact during the saline wash.:



Figo 6.5.

VARIATION OF WEIGHT OF BARIUM SULPHATE RECOVERED FROM 5 CM, OF

GUT AFTER TREATMENT WITH 20 w/v, NAC SOLUTION FOR VARIOUS TIMES.

(MICROPAQUE = 50% w/v.)
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Chapter 6. Section 4. Discussion.

Despite the experimenﬁal difficulties encountered, and the spread
of results, especiélly in Fige 6.5+, the effect of perfusion solutions
of NAC upon ths weight of barium sulphate rscoyered from 5 em. lengths
of the small intestine, and therefore upon the mucus barrier of the ileum
has been demoﬁstrated. This effect is not entirely due to removal of
mucus from the intestinalAsurface, as revealed by macroscopic examinétion
of the gastro intestinal tract after completion of an experiment, and.
the results of Alcian blue deterpination. Mucus is removed, but not
to any great extent. Tﬁe main effect of the NAC must be in disrupting
the tertiary structure of mucus at the surface, or the presence of
different surface groups revealed by removal of mucus sub units.

For Micropaque at both 50 and 25% w/Ve concentrétions, NAC solution
and times of perfusion of 6 - 10 minutes the weight of barium sulphate
recovered attains a constént Qaer ofr25'- 30 mge for 5 cme. length,

This indicates that a true interaction between mucus and Micropaque is
occuringe Such an amount is also comparable to that recovered from
fasted rats. |

There is a correlation between rgsﬁlts obtained from the tuo
experiménts (Table 6.2.)

Differences betwsen weights recovered for 50% and 25% Micropaque
suspensions may be-dqe to: ’.

(a) the gréater ébrééive natﬁfe‘of‘micropaqde at 50% w/v; and
(b) differences in time oflfinal_wash.‘

It would séem that the mucosal surface of the intestine ié
capable of adsorbing only é specific amQuht pf mucus,.ana(this is
decreased by perfusion of NAC soiutipns..fhié will-ba a anctioﬁ of
surface tension,vviscosity, or the numbér of hydrogsen bonds évailable
at the surface, as the result of a conformational.qhgngé; ';ﬁcreasing
the concéntratioh oé stabilised éuspénsion aone.afgritical concentration
does not result in any mors barium'sulphate being adéorbed,-and thus

recovered under the conditions of the experiment.



Table 6,2

Weight of barium sulphate recovered from 5§ cm. lengths of gut after

perfusion of NAC solution.

Time - weight barium sulphate recovered
(sec.) of
perfusion 50% w/v. | © 25% w/u.
0 120 : - 715
120 R 68
140 .63
‘180 22
195 15 36
195 68
235
255 : 18 34
270 SRR B | | 3
275 : - 31
303 . 44
325 . 18
| 340 . © 30
| 450 : 33
455 ) 26
565 . 26 _ _ 24
60 | 44 - 24
605 - - 37
5 . .
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Chapter 6 Section 5. In vitro and coating of barium sulphate particles.

The results from previous experiments indicafed the possibility
of a definate interaction between mucus upon the intestinal surface and
particles of barium sulphate. The effect of Salivary mucus upon
unstabilised and stabilised barium sulphate suspensions has been

reported (Astley & French, 1951) and mucin (from an undefined source)
has been used as an additive in barium enemas (Alexander & Alexander,
1949); Knoefel, Davis and Pilla (1955) demonstrated a correlation
between visualisation of the gasttic mucosa and the volume of gastrié
Jjuice in the stomach. They also showed that the sedimentation rate of
unstabilised suspensions increased'upon addition of mucin, and that the
barium sulphate particles removed a specific fraction froﬁ their mucin
solution.

(a) In vitro coating of barium sulphate particles.

Three sources of mucus were used, two commercial and the other
from living rat intestine. BDH and the Nutritional Biochemicals
corporation supply spray dried porcine gastric mucus. Due to their
method of preparation these are of doubtful composition, and could
contain dried cellular fractions such aé other proteins, glycoproteins
and DNA. |

A 2+0% w/v. solution of each commercial preparation was prepared
by adding the powder to water in a 500 cm§ polythene bottie, the
mixture waé blended for 30 minutes, and allowed to stand overnight.
The.fine spray dried particles inbibed Qater; resulting in a clear
colloidal suspension. Dilutions of these‘were prepared, and added to
5 cﬁ? sampleé of (i) a 50% w/v. suspénsion of unstabilised barium
sulphate (ii) 50% w/ve suspension of Nicrpﬁaquevfrom which the excess
gum in solu£ion had nevéf'been'removed (Chapter 4. Section 4(dj.);

The suspensions were immersed in an ultra sonic bath for 15 minutes
and left to equilibrate for 24 hrs,VU~2% w/Ve suspénsions.nf all particles

were prepared in barbiturate buffer.and the mobility determined at pH

7.0 (Fig' 6.6.).
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Thé particles, whether derived from Micropaque or unstabilised
suspensions were coated with mucin. These results must be interpfeted
with care since the mucin was possibly denatured in thg manufacturing
process.

The mobilities of particles fully coated with mﬁcus, i.e.:taken
from suspension containing 1¢0% w/v. mucin were determined at different
pH values in barbiturate buffer. Results are shown in Fige. 6.7

The particles coated with the BOH preparation have a pH = v
curve pharactéristic of a surface carrying carboxyl groups, and shou
no evidence of amino groups which would result in a positive mobility
at low pH, which would be expected for a glycoprotein. Particles
coated with the NBC preparation appear to have a non—iogénic surface.
The increasing negative mobility at high pH is due to adsorption of
hydroxyl ions. | |

In a subsequent experiment three rats were anaethetised, the
small intestine removed, and the surface mucus squeezed out into "tris®
buffer (pH 70) in which it was homogenised. The suspension was gently
,homogeniséd to remove particles ofvfoﬁd, dﬂations were made of thet
'resulting clear suspension, and 1 g. ofvdry Barospére powder édded to
10 cm? portions of these. Barosperse particles were more convenient
to use in this experiment than those derived from Micropaqué, since
although stabiliéed they require ho washing and alsa have high mobility.
The suspenéions were shaken and left 24 houfs befors a small sample was
transferredbto barbituratevbuffer solution, pH 70 for‘fhe méasurement
of their mobility_valueg. The concentration of mucus in the original
Vhomogenatg was determined éravimetrically, by drying a measured volumse '
to a.constant Qeight.'

Again it waé‘demonstrated that the mucus had'coated the Barosﬁerse
particles (Fige. 6,?.) and, as with thebcommerbiél preparétions a piateau
’was reached at;q-ﬁ%?ﬁyv.iéucus.k‘TheAiimiting mobilitytﬁglue was 1-7,

These results indicéted that'stabilised and unstabilised barium
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sulphate preparations could be coéted in vivo when passing through the

gastro~intestinal tract.

Chapter 6. Section 6. In vivo coating of barium sulphate suspensions,.

Micropaque suspensions, g. 25, 12°5, 6°25% w/ve were preparedvby
dilution of the original 100% w/v. suspension with water, and a Barosperse
suspension of 12¢5% w/v. was also prepared. These suspensions were then
used in the perfusion of rat intestine, using the method previously
described (Chapter 5. Section 1.). The 5 cm. lengths of intestine
were immediately flash frozen at -600 and kept for he:measurement of
the electrophoretic mobility7value§ of the barium sulﬁhata suspensions
they contained. Freezing was necessary because of'thékdeiay beﬁween
the in vivo coating and electrophoretic examination; it ensured that
coating of particles occurred during the experiment, when the barium
sulphate particles became attached to the intestinal mucosa of the living
animal, and.nét during the interval betwsen the experiment and
determination of the mobility, whén denatuation of the mucus layer was
possible. Tﬁis did not occur upon freeiing, since it was so rapid,
and ice crystals wers not formed. |

The samples were allowed to thaw, and the intestine divided into
0*5 cm. lengths. These were immersed in barbiturate buffer solutioh
of the appropriate pH,and opened. Disperéion of the surface mucus
with a spatulévrapidly gave a suspension of particles concentrated
ahough to ﬁé used for the determinétioﬁ of the mobility. Aggregations
of particles did‘dccur,-and these wefe clearly visible in the appafatus,
where they settled quickly. Only individuél paftiéles were fiméd for
the mobility determination. | A

The mobility vaiues’of paftiﬁles from all‘suépepsions;‘independent
of source (i.e. Micropaque, orABarosperse) énd concentratioﬁ were the
‘same within the limits of experimental érror (Tablé 6.3.) and quite

different frdm the values 6f the controls.

“



Table 6.3,

Mobility of particles of Nicropaque and Barospere recovered from rat

intestine (pH = 7, I = 002 mol. dm%3).,

conc. v v (control)
(the absence of
% - ‘ radiopaque)
6+25 135
125 135
Micropaquse 25 1234 (1+35) 1¢48
25 ' 1431 '
25 . 1041
12-5, 137
Barospere - 25 » | 133 (1-34) 2°70
25 131

JThe difference between the mobility value of particles obtained
after'iﬁ:vivo'coating (1+35) and in vitro coating (1+7) could, amongst
other unknown factors, be due to (a) freezing of the samples befére
electrophoretic measuremsnts; (b)‘the far greater concentration of
mucué'in'vivd (approximgtely 50% w/v. at the surface of the intestihe).

To obtain further svidence on the cause of the in vivo and in vitro

difference, a rét was perfused with 12+5% w/v. Barospere, and. the wholg
of the small intestina.was removed, and frozen. Upon thaQing it was
‘divided into portions, and the adhering partiéles removed and dispé;sed
in barbiturate -buffer solution. Thé suspensions:so”obgéingd‘wgra
centrifuged and tha.partiéles fesﬁspended in an.ultra sonic ﬁath in
fresh-barpiturate‘bdffer éolutioﬁs.  fhié wasﬁinéhprocedﬁre>was repeated
,fodr times, the éléctrdphoretic moﬁiiity ofrfhe-pa?ticlés was détermined

after each‘hashing'(Table Geba)e
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Table 6.40

Mobilities of particles coated with mucus in vivo.

Number of , v (av.)
washings at pH 70 I = 0«02
0 1036
1 161
2 160
3 . 160
4 : 159 |

It is evident that after one washing the mobility of the particles
approaches the value reached after in vitro coating (1'7).

In a further control experiment the intestinal tissue with
adhering particles was not flash frozen; instead the mobility of recovéred
‘i:bérticles was determined very soon after perfusion. The mobility of
particles suspended in barbiturate buffer was 1+35. This is no
'Aiffefent to the mobility value obtained from frozen tissue, and there=-
fors the freezing process did not cause denat&afion of the mucus.

- (b) is thersfore more likely, and it may be that washing the particleé
removed only a specifiec fraction of mucus from the surface; the other
‘mucous fractionsremain on the surface. | |

The pH mobility of in vivo Qoatéd particles éﬁspgnded in
barbiturate bﬁffer without washing (fig. 6.9;) is typical of a
| glycoproteiﬁ. The positive mobility exhibited at low pH (below 3°8)
is_due to protqnated amino groups:pfesantAin the protein mosty of the
“molecule. | |

The negative mobility, acheiving a blateau.at'pH 605 is mosf
probably due to sialic aqidvrésidﬁés of the carthydfaté back bone of

the molecule (Schultz, 1962, Oncley, 1962). The inflection at pH 9 is
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due to the loss of a prot@in from the amino groups. Results were
consistent from animal to animal, variation was within the accepted

limits of experimental error,

Chapter 6. Sectich 7. The effect of diet upon in vivo coating

of barium sulphate particles.

Thé possibility of a different mechanism taking place in vivo in
fasted rats resulting in much less barium sulphate being recovered
from’the small intestine was investigated. Those fasts whose @ffects
have been demonstrated (Chapter 5. Section 3.) were again used, i.e.

a low residue sugar diet, total fast, both for 24 hrs. and a combipation
of the two. The restoration of normal feed was also investigated.

.The previously described technique was used (Chaptér 6. Section 6.),
the barium meal used was 12¢5% Barosperse. Particles were not washed
before the mobility determination.

Results are listed in Table 6.60, Figs. 6.10 -k6.11.

The results from all animals were consistent, and the differencs
in mobility between particles recovered from a normally fed animal and
a fasted animal is significant. The change can be accounted for by

differences in the mucus;

Chapter 6. Section 8. Effect of NAC solutions upon in vivo coating

of barium sulphate particles. -

The small intestine of the anaesthetisea'rat was treated with
240% w/ve NAC in tris buffer solution (Chapter 6. Section 3.) before
the perfusion of 12'5% w/ve Barosperé. The intestine was remoyed and
frozen, and the Barospeie particles recovered and resuspended in
barbiturate.buffef as previously descfibed (Chapter 6. Section 6.), :
The timesof pa;fusion of thg NAC solution were all a;out.S minutes.
The average mobilities of the.rscovered particles was 1-31. This‘.
represents.only a 4% change from fhe mobility value associaﬁed witg

particles recovered frpm_Unfreated animals and cannot be taken as significant.
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Table 6.6.

The effect of fasting upon the mobility value of Barospere particles

recovered from rat intestine.

Diet ‘ v (pH 7°0)
(I = 0°02 mol. dmfz)
122
Total fast
. 128
24 bhrs,’ . (1-26)
1426
(i.e. water only)
129
1623
sugar fast
121
24 hrs. (1°22)
' 123
1423
sugar fast followed 125
by total fast (24 hrs.) 1026 (1-26)
Total fast,Restoration 120
normal feed 24 hrs. © 1e20  (1°20)
normal feed (1-33)

148
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Pretreatment of the ileum with NAC solutions did not therefore
prevent in vivo coating of barium sulphate particles, though the

amount taken up by the mucus was so greatly reduced.

Chapter 6., Section 9. QObsservations.

During the experiments concerned with fasted animals the state
of the ileal mucus was investigated mabroscopically. mhereas mucus
derived from a pellet fed animal was a firm gel, containing about 50%
glycoprotein (by dry weight) and adhered strongly to glass, that derived
from rats fasted, whetﬁer on sugar, or total, was a much less firm gel,
water content was greater'(GO -~ B0% by weight). Further,the mucus
would not adhere to glass, and generally more of it was present in ,

the ileum.

Chabter 6. Section 10. Discussion.

Coating of particles of barium sulphate, whether stabilised or

unstabilised occurs in vitro and in vivo, and could well account for

the.flocculation of barium meals that occurs in the gut if large amounts
.of gastric jﬁice are presenﬁ. Coating of the particles with stabiliser
whether CD75 (as in the case of Micropaque) or cmc. (és in Barospere)
does not prevent this coating, and full coating occurs in all cases at
0°5% w/&. mucus, (at pH 7). In.vivo.coating with mucus eccurs in all
. cases with fasted animals, and the mobility valus of such recovered
particles gdve an indication of therrapid response of intestinal mucus
to changes in diet. Ballinger and Wise (1969) have reported a drop in -
the cafbohydrate/protein ratio in human patienté in rasponse-to fésting.
5ucﬁ a chemical change in the mucus could well explain thse changé in 1
viscosity.and adhesive properties of the mucus observed, Despite this,
the mechanism of adsorption appears to be the same in Eoth'nofmal and
Vfasted animals and Fﬁr those treatea with NAC solutions; but becauss
‘of the néture bf.the muCQS'lesé is. held int§ the mucus, and femovéd b*

bwashing,'of normal peristaltic'movemehts of the gut.
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CHAPTER SEVEN

DISCUSSION
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Before any evaluaticn or interpretation of the experimental results
is attempted it is essential that the accuracy and limitations of the
various techniques be fully considered.

- The aééqrécy-ﬁitﬁﬁmhich the eiectrophoretic mobiiity of a particlel
can be determined, for many determinations of a single partiéle, is ¥ 3%.
In the present study the averags mobilify value of at least 50 particles
in suspension were determined on at least two different samples at the
required pH. In no cases were great fluctuations between replicats
.déﬁérminéti;gé.fALHd;' The-sﬁapés of the pH mobility curves for all
particles were well defined, wifh very little scatter of points. 1In the
~vast majority of cases the shapes of the graphs webe‘characteristic of
particles with carboxyl, or carboxyl and amino groups at the surface
(Chapter 1. Section 4.). AGenerally thé absolute value of the mobility
in the plaﬁeau region was not required with great accurecy,as the shape
of the pH mobility curve provides a more important indication of the
nature of the particle surface. All measurements of mobility were made
under strictly controlled conditions of pH and ionic strength of thé
éuspansion medium and therefore any comparison of mobility values between
different particles in suspsnsion is valid. Values of the zeta potential
have not been calculated becaués of the uncerfain values of the relative
permitivity and coefficient of viscosity within the electrical double
layser. |

When differsnces in limiting mobility valﬁes were important, for
exampia for mucus=coated particles derived from nofmal aqd fasted rat
intestine, a greater number of deterﬁinations Qere made. The small
variation,(a - 5%) in the'ﬁalues obtained in réplicate:determinations
were due‘not only to the variations in the electrophﬁretic tecﬁnique,;
buﬁ also to animal variation. lThe differaﬁcs in particle mobility hf-,
Nicrobaque particles isoléfed_ffom fasted animals to those derived ffom

normal rats is 10% can thus be taken as a significant indication of
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differences in the particle surfaces (Figs. 6.9. & 6.10.).

If the mobility for Micropaque particles isolated from fasted animals
is less than that found for similar particles from normally fed animals,
this may be due to :

(a) Mucus from fasted ahimals Has a different composition,
(b) a different orientation of the mucus at the surface.

If there was insufficient mucus présent in ths gut to fully coat
the particles (this is unlikely as particles become fully coated at 0°5%
w/v. mucus, see Fig. 6.8.) pafticles isolated from féstedAanimals would
have a gréater mobility than those particles isolated from normal animals.

In the determination of absorption isotherms, using electropﬁoretic
techniques, some variation in mobility values was found, this was
especially appérent before particles were fully coated. Howeve; the
shapes of the isotherms were clear and ths limiting value of mobility

could be accurately assessed.

The accuracy with which the cocefficient of viscosity at ény given
shéar‘rata coula be determined was limifed by the accuracy of the
instrumeng,'and by .the nature of the SUSP?DSiOﬂS.’ The instrument scale
of 100 could be read ét best to ¥ 2 dué.to flgctuations in fhe motor speed.
As the deflection.was not full scale in all cases, the acéuracy of
readings varied. For the less stable suspensions (RS.\< 6) particles
which sediménted between the toﬁ of the inner cylindsr and the outer
"eylinder might well have an effect upon the shear rate applied to.the
suspensione. | . |

Values of appafent viscosity, and thé yield value were defermined

. from graphs where.shear stress was plotted against shear rate (Chapter 2.

Section 8.)e The errors involved in determination of 5? App were less -
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than errors in a given'value OFE’ since‘they were obtained from the [
best lines drawn through the points. Errors involved can be estimated
graphically and are less than 5%.‘
Determinations of yv., especially when yv. was small, were sub ject

to greater errors, since a 5% alteration in the slope of the graph results
in a larger change in yv. The estimated error for yield values(\‘lDO'cp.
is about 10 = 15%; this reduces to 5 - 10% for values of yv. ) 200.
Values of relative stability were also determined graphically (Fige2.6.)
- from the plot of fractional height against time. The graphs obtained
were all shooth monotonous curves exhibiting no significant deviations,.
Errors in individual timings, in measurement of the height of the sediment
(read to * 05 mm.) amount to an e&ror of about 4 = 5%. Since all values
ars relative to the barium sulphate suspension used as a control, errors
in the applied centrifuged force, and due disruption of the sedimented
layer ars‘thus automatically minimisea. Repeated determinations of the
relative stability of a singie suspension of low RS. showed deviations
of 10 - 15% and-this,Figure should therefore be takén as the probable
limit of error for such suspensionse For more stable suspensions (RS
6) less deviation was Foﬁnd aﬁd the error in RSe. is abouﬁ 5%e

A possible sdurcg of errors involved in many of these déterminations
lies in the accuracy with which the absolute concentraticn of barium
sulphate in suspension is known. Many suspehsions_give an appreciable
sédimeht'rgpidly - in a matter of 30 - 60 minutes (wﬁen RSe { 1) and
transfafance from one vessel to another, and even étirring with the colloid.

mixer involved the possibility of a change in concentration.

As in practicaliy any other physioclogical technique, there were

many. possible sources of error in all the in vitro and in vivo experiments.



These may be summarised as (i) animal variation, (ii) variation due to |
technigue e.g. variation of time of washing of gut, (iii) method of
assessment of results (iv) physical properties of susﬁensions. The
cumulative error: involved is thus possibly very large, and thg inter—
pretation of the results would have been easier and mére certain if the
experiments for invesfigating the various parameters had been designed
| statistically.,

The original aims of.the experiments involving model systems were
(a) to establish the techniques for the study of ‘model systems (b) to
 determine the feasibility and usefulness of such techniques from the
point of view of predicting in vivo clinical bshaviour. (c) to determine
_those factors which grossly affected the adsﬁrption of barium éuipﬁage 8
by the gut. Ffor these ﬁurposes it was decided that results from a small
number of experiments invéstigating a number of parameters would be more
useful than investigating a fewer number of variables with statistically
designed experiments involvihg a great number of iﬁdividual experiments.,

The in vivo technique.developed was lengthy, and needed much preparation,
and strictly statistical design of experiments was thus very difficult to
échieve on this factor alone; In defence of the techniques established,
in a limited_numbér of experiments, however, it was shown that Micropaque
could gige very consistant results under controlled conditioﬁs. Dbéerved
changes in the weight of barium sulphate recovered from the lengths of
gut, as a result of changes in diet etc: were very large (30 - 60%);
';ucg chaﬁgés are obvioﬁslyrsignifiﬁéﬁt and can readily bs detected even
with a'limited number of experiments, ‘Because Micropaque was better in
this respéﬁt than any other suspension it was used as a control in all
techniquses. Fbr the in vitro techniqués animalvvarigtion was allowed.
for by use of an internal control. The method of microscopic assessment,
a subjsctive probedure,’uas unéatisfactory,;but'did allow some indicétioﬁ
of'thé eveness of the adsorbed layer to be obtaihed, which was yery‘

difficult in the in vivo method.
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Fig. Tele

VARIATION OF MOBILITY DF CMC. COATED PARTICLES (I = 002 MOL. DNTa, pH = 7.0)

WITH DEGREF OF SUBSTITUTION OF CMC. USED AS STABILISER.
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The instability of suspensions necessitated greater handling of the
small intestine, as every effort was made to prevent sedimentation and
maintain the preparad concentration in the gut. This caused some dis-~
ruption of the adsorbed layer.and resulted in the much graater spread
of results for suspensions which were less stable than Micropaque. The
disruptive effect of handling was greater when the animal had been fasted;
this might be due to the more delicate natUre of the mucous membrans,
since the mucus was definitely less viscous. Thus in vivo experiments
with fasted animals, or where the mucous membrane maa»traated'ﬁith»
N-acetyl cysteine solutiansvware'rastricted to ﬁicrapaaue, and unstable
suspensions, such as Barosperse were never used. kot only was Mlcropaque .
more consistent and here produced qu1te reproducible results, but also
the control value was wsell established; thus smaller changes in the
amount of barium sulphata‘adsorbed by the qut could be detected, and the

values obtained were more significant.

Sodium carboxy meth;l cellulose proved to be»aAVery efficient
'stabiliser, and suspensicns with widalyAdiffering prope:ties were ppa;
pared. Cmce. was chosen because it is availabla comﬁafciaily as'a‘pufe‘
synthetic material, of varying dagrees of substitution and polymarisation;
and hence of varying viscosity. Synthetlc materlals do not suffer from -
the many drawbacks of naturally occuring products.~'Cmc..fully coated |
the barium sulphate partlcles at a concentratlon-anova 0e4 - D°5% w/Ve
cmc., and the.suffaca charge carried by thalama.-coated paftiale is
dependent upon the degrea of subatitution of<tha’cmc.zsample uaan‘(Fig.7.1.).
‘The value of mobility increasaé‘linearly'asﬁa“fqngfion40?’05; fnf‘Qaiues. ‘
of DS. below 1. Thereafter a 30% incraase in DS. resulted in only a 5%

change in V. This may be due to the arrangement of the’ carboxy methyl

groups in the molecule. For all ualues of DS. < 1 there is only one or



less carboxy methyl groups for each anhydro-glucose unit. At low DS.
it is apparent that most, if not all charged groups are orientated at
the surface such that they contribute to the total surface charge in the
same way, and the effect of added charged groups is additive. At higherr
degrees of substitution (DS. > 1) substitution will aiso occur a£ tﬁe |
2 or 3 position of the molecule. 0On account of their orieniation any
free carbﬁxyl group in these positions mill not contriSUte so much to
the total surface charge of the particle. Thus for particles whose charge
is due only to a cmc. coating a mobility value greater than 30 would
" not be expected; Values of V greater than this have,however been
encountsered in commercial preparations, e.g. Baritop, which has a limiting
~mobility value of 3;2.(at I = 0402 mol, dms3), This may be evidence.of
other additives-in this particular preparation. |

Suspensions prepared with cmc. of'12M8P grade were significantly
more stable than those prepared with 9M8F, for concentrations of cmc.’
. between 0«6 and 1-0%.w/v. (Figs. 3.6 and 3.7.)e A 60% w/v. barium sulphate
suspension stabilised with 1%'w/v. 12M8P has RS. = 17, in.contrast the
suspension stabilised with 1% w/ve 9MBF has RSe = 12. The difference
in the mobility of particles coated with the two stabilisers is about 5%
- and would not account for such a differeﬁce in RS, Suspensiong stabilised
with cmce. of grade 9MBF exhibit non;Ngwtonian_behaviour, whereés suspensioﬁs
with emc. of jZMBP_grade shq@ed:Newtcnian:behaviour. This would suggest
fhat inter-particulate forces are greater fbr.QMBF coated particles, |
resulting in the suspension having some‘degrée ofistructure.. The Yield
value gives an'indication of the force required to break this structurs
and causé the sﬁspension to floq.' One would expect thét éuch”suspensions
would be mora;stablé than an equiveiént suspension exhibiting Newtonian
behéviour. However; this is not thé case. Evidénce that interparticuiatg
forces do axis£ in the suspensions,vwhetﬁar_Newﬁonian éf non—Newtonian
,is‘givenhby thé claying qF particles onn sédimenting; this pﬁénomenoryb,

of ciayfhéfoccufed in both 12MBP and SM8F stabilised suspensions at higher



concentrations of stabiliser, but not below concentrations of cmc.
<0¢6% w/v. Claying, therefore, seems to be associated with excess stabiliser
in the liquid phase, réther than the degree of substitution of the stabiliser
and hence the surface charge carried by particles.
Suspensions varied in their dispersivs propertieé (Table 3.3.).
From this it is apparent that to exhibit good properties in both‘acid
and water (a) the barium sulphate particles must be fully coated (cme.
0+4 = 0<6% w/ve) (b) the degree of substitution must be greater than
0+7 (c) suspensions must not be too viscous, and (d) better suspensions
- are obtained with suspensions exhibiting Newtonian behaviour.
A high degrge of substitution of the hydrocolloid results in the
particles being hydrated in sﬁspenéion. The stability of suspensions
has bsen related to the degree of hydration of particles in suspgn;ion
(Goddard, 1970). The hydrated particlés show  some degree of hydrophilic
behaviour, and this results in greater sfability with respect to dilution,

and to the addition of electrolytes.

The shapes of the pH mobility curves of particles of ali Eommerciall
preparations, determine ¢f #n acetaté barbiturate buffer solutions are very

similaf, and generally tybical of a carboxyl surface. The actual position

of the cUrve_depends upon. the number of charged sﬁrface groups. The shape
of all curves are quite'unlike those forAﬁncoated bariuﬁ sulphate particles,
: whichkcanhot’tharefore contribute to the sﬁrééce charge, and the stabiliser
used must coat the particles fuily.‘ This not bnly.reéulté in suspen;ions
whicﬁ'ére resistant, to an extent,to dilutioﬁ ahd flocculaﬁion'in the |
gut, butvalso prevents barium sﬁlpﬁate.being attacked Sy»tﬁe various
physioloéical'solutions_in the gut, thus Baf*l'+ ions‘uill ﬁot"feadily pass
intﬁ solﬁtionf Such a situafion is not found iﬁ éuspensions'"stabilisad“ :

with sodium citrate, and doubts as to the safety of using this agent as -
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an additive have been expressed.

A typical adsorption isotherm for the uptake of barium sulphate by

the gut was not found for either unstabilised or citrate stabilised
suspegsions. As particles from neither suspension can be considered as
having a protective coating, the coating possessed by particles in other
stabilised suspensibn; may in some way be responsible for the isotherms
encountered in vivo. |

After particles become fully coated with stabiliser further addition

merely results in stabiliser accumulating in the liquid phase. One effect
of this is that the wetting properties of the suspensions are altered,

dﬁe to>a change in surface tension of the suspension. Further, this excess
stabiliser can compete with any free mucus present in the lumen of the

gut, preventing particles from becoﬁing coated with mucus and "ﬁrecipitating"
Since this process is more.one of particles becoming associated with free
mucus, rather than association of particles with sach other, agglomeration is
" a.better. term for this effect. Thus the stabiliser increases.suspension
stability both in viveo and in vitro. Pirk et al (1567) did not take into
écdount any exceés stabiliser present in.solution when they added gastric
juice to various commercial barium meals; and assumed that different
responses by the suspensibns to such t;eatment_was due to particle size

and the nature of the stabiliser.

‘Because agglomeration in vivo is reduced by free stabiliser in
solutioq, it'might be expected that those suspensiohs,containigé excess
hydrocolloid, such as Micropaque, to give more consistent results tﬁan
those containing little or no exgesé stabiliser, such as‘Bérosperée, or
citrate stabilised suspsensions, and this has been demonstrated experimentally.
| The nafﬁré of the particlé surface, if it is fully coéted; will not

'direcfiy affect the adhesibn of'a particle to thg gut, surfacé,isince the _>
charga carried by the partlcle plays llttle or no part in adhesion., Groés
.dlfferences 1n in vivo behaviour of suspensians contalnlng dlfferent
stabilisers would not‘therefope be expected, prov1ded there is suff;01ent

étabiliser to fully coat the particles.
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The study of parficle -particle interaction has been extended by
the work of Verwey-QOverbeck (1948) who derived various equations for the
calculation of interparticulate forces in suspensions of different iﬁniq
strengths and for different surface potentials., The equation for the

potential V in terms of forces of attraction Vp and repulsion VR is

V = Uy + Vg

- A . 4 ne?2 2 o-kd
127 dZ * Kkt

where the Hamaker constant A is assumed to be 10_213. d is the distance
(in A®) between the particles of surface potential % , e the electronic

~charge, k the Boltzmann constant and K the reciprocal thickness of the

ionic atmosphere defined by
4 82 >Znizi2

DKT

where D is the dielectric constant in.tha ionic atmosphers.

Figse 7+2« = 745+ show the potential eﬁergy curves for two particleé
in a celloidal suspension, calculéted for different ionic stréngtﬁé, and
different electronic charges carried by particles. The curves are relevant
to all suspensiohs sfudied at,physidlogicalipH:aﬁd;;ére;célculated for
.surface pptentials of 10 = 40 mv. since it is a good approximation that'
the surface potential is 2 =" 3 times Eg.. Experimental values of mobility |
wefe'determined only at I = 0+02 mol. dms3 Sdt even at I = 01 mﬁl..dmtz |
the limiting mobility.of.micropaque particles‘in‘barbitufate buffer is
greater than 1, i.e. = > 12°5 mv., For ail ioﬁ#c strengths, 0¢02 mol.
dm33 (tHe ionic strength of acetéte -~ barbiturate buffer) -~ 015 mol; dm73 |

(isotunic with body fluids) the curves are essentially similar in shapse,
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their positioning however, changes with ionic strength. -

The colloidal systems are obviously very stable under the experimental
conditions used in fhis work; thus any instability of the suspensiohs is
not due to a low surface charge on the particles, so that the collision
of particles does not.result in adhesion and flocculation.

Some approximation of the potential at the mucosal surface can be
made. Nuﬁous coated particleé have a limiting mobility value of between
. 1+35 (normal rats) and 120 (fasted animals) corresponding to potentials
of 16¢9 and 15«0 mv. respectively. Thus the potential betwsen two mucus
coated particles, or bet&een a mucus coated and a stabiliser coatsd
particle will be essentially similar and the variation of potential with
separation bf the particles will certainly‘be covered by the graphs shown.
There is a Very large potential energy barrier to be surmounted if particles
are to adhere at the primary minimum (Fig. 1.5.) but weak association

at the secondary minimum may be possible, but unlikely. The surface
'potehfial,ﬁg of particles coated with mucus derived from fasted animals
will bg slightly different from those coated with mucus derived from
normally fed animals, but the difference is by no means sufficient to
explain the smaller affinity of the mucous lining in fasted animals for
:thé coated barium sulphate particles. )

Further, if the mucous coated micro villi are considered to behave
as particles, similar potential energy curves for the interaction of the
.micgo Qilii.énd'mﬁcﬁé:or:stabiliser coated-particles will be similar to
those plotted, thouéh thé ionic strength in the glycocalyx is unéertain.
uhat'is'clear is that on a purely physical‘chémical basis thefe is a
largevpotentiai energy- barrier to be;overcome-if'pérticleskéré to approach
tﬁé mﬁcous surface éﬁd adhere at the primaryjminimum. Association af
the secondary miﬁimum, atbdistances'of.éo - 100.A°‘is not'likely'as the
"minimﬁﬁ 15.50 shallow; Intaractioﬁ between partiﬁles and the mucosal
' surface.canndt thus Ee considered.aslqniy electronic, and it is doubtful

if electronic forces are in fact;inVolved to any great extent.



It.is pertinent'to ask whether the intentiong§(Chapter 1. Section 7.)
of the model systems have been fulfilled, and how far the results obtained
from the study ofAthe model systems can be used to predict the behaviour
of barium meals in the clinical situation. The advantages of the two
model systems have already been discussed (Chapter 4. Section 3.,

Chaptef 5. Section 2.); neigker model is fully satisfactory, primarily
becauss of the method of evéluatiﬁn»ih’vifrd and animal variation in vivo,
uvncertainties in the knowledge of the exact conditions in the gut (s.g.
suspension concentration).in vivo. |

In retrospect the use of intestinai tissﬁe from f;sted animals in
vitro, to minimise washing before tﬁe experimsnt, can be seen as a
mistake. Although less washing was required, the mucous membrane was
more delicate, and much more easily disrupted so that even the reduced
handling had a marked effect. VThe-afFinity ofbthe mﬁcus for barium
‘sulphate, if the situation in vivo obtains in vitro, is reduced,‘and fhis
could account fof the relative thinnesskof coatings observed;‘yhen compared
to thésa obtained in vivo. ‘ ‘
| It can be asked whether the results using rats, however interpreted
Acan be applied to thse situation in man, Sinée the full structure of 1
mucus for any species has not Eeen elucidated,”diffgrencés in the mucus
cannot be evaluated. One would not expect, hqwever, any great differences
in either composition or structure, since the function qf thevpuﬁus, viz,
protection of the villi from an adverse physical and chemical enviroment,
and lubrication,‘in.fat'énd méﬁiig.tba'same. The effect of dieting and
fasting upon the mucous membrane is also thothﬁ to befthe same, ﬁthar
animals,‘notably thevdog, havg beeh used in’éiini&al’t;iais (Ropt & Morgan,'

- 1969). These workers compared a commercial product with unétabilised ‘
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suspensions, these being administered to fasted animals, fhey concluded
that small volumes of Eommercial preparations gave a better visualisation
of the gastro intestinaL tract,'but made no attempt to apply their results
to the human clinical situatipn.
fhe main aim of the present study, however, was not to mimmic
precisely the chemical in vivo situation, but to detect and examine féctorsr
whibh affected the adhesion of barium sulphate to the mucosal surface.
The effect of changing these parameters could then be investigated.
Unstabilised barium sulphate suspensions are widely reported as
being unsatisfactory in vivo; these showed peculiar characteristics when
used in the model systems, giving thick, uneven covering of the surFape
in vitrc,.and no limiting adsorption concentration in in vivo tests.
Any preparation which gave similar results under ths conditiéns of the
tests wouid not be expected to behave satisfactorily in a clinical trial.
Only suspensions with citrate as an additive showed similar characteristics,
but no systematic clinical trials of such suspensions have been reported.
A étabilised suspsnsion4 containing excess stabiliser has been
invesfigated cliqically (Bircher st al; 1971) and gave generally
satisfactory and consistant results. The barium meal described by these
“authors is similar to Micropagque. If a suspension gave similar results
éo Micropaque when used in the mpdal §ystems, one would'expect‘satis-
factory‘results in a clinical trial. Most suspensions did in fact show
" similar characteriétics to Nicropaque.. Presumably all commercial p;e—‘
parations hgve proved satisfactory in clinical trials before marketing?
Results from the model systems therefora ref;ect ta some extent the
clinical behaviour of a barium meal. The model systems may therefors
be useful not only in inﬁestigatingaspecific.parématers affecting tha
adhesion of.barium sulphate to the mucous membrane,»but also in the .
initial development of a new preparation, and the investigation of

unsatisfactory commercial preparations,
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Some general observations and conclusions of the study of model
systems can now be attempted. For all stabilised suspensions an increass
of the concentration of ﬁarticulate barium sulphate above 50% w/v. did
not result in any increase in the amount adsorbed by the gut sufféce.
There would, therefore, seem to be little point in going to great
lengths to achieve a concentration greater than this at the gut surface.
Further a concentration of 12¢5% w/v. Micropaque suspension gave an even
and thin coat, under the best conditions. The situation is complicated
in the clinical situation in that a suspension has to pass through the
stomach before entering the small and large intestines; it is, indeed,
in the lower gut that difficulties are commonlyAencoﬁntered. The
radiopaque has to withstand the physiological conditions in the siomach,
and must not ogglomqrate or precipitate if there is to be any pdssibility
. of an even coat on the mucousal surface of the small intestine. If
. agglbmeration does take place in the stomach increasing the effective
concentration will not improve the visualisatiqn;of the small intestine.
The use of unstable preparations qauses.an initial non-uniform concent-
ration at the gut surface because of sedimentation, according to the
pgsition of the patient, but since the greater concentration of barium
sulphate does not fesult.in greater adsbfption in th915urface, peristalsis,
or manipulations by the examiner should result in sedimented particles |
passing along‘the gut, As more free mucus is present nearffhe gut
vsdrface the u§arof unstable preparétions can result:in moré ba;;um
sﬁlphate particiés beéomingkcoated with mﬁcﬁs, with adverse effééfs Upoﬁ .
fheir stability in the lower fegions of the gut.‘ A highef cbhcentration
. of stabiliser in the preparétion will :séult in a hiahé: proportion‘;ff o
tha‘suspensioﬁ.passiﬁg anhanged throughvthé éfomach;}and.thus imﬁrove

the chances of good visualization of_ths émallvintastina,
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O0f all paramseters affecting the adsorbed layer the state of the
mucus was the most important. To ensure that a patient*s gastro intestinal
tract is clear of fOOd,'it is normal for him to be fasted 24 hours before
examination. It has been shown that this procedure could drastically

affect the adsorption characteristics of the mucous membrene, i.e. there

is a smaller up—take‘of the barium meal ih the fasted animals. fhis may
be a result of the experimental technigue only. Since the mucus is less
viscous,-it, and its associated barium sulphate particles are more easily
removed by the subsequent washing procedures. The fact, howsever, that

- the séme amount of barium sulphate is adsorbed for both 50% and 75% w/v.
suspensions, despite the different abrasive effects that such suspensions
must have, and the lonéer washing time necessary for the more concentrated
suspension,suggests that the decrease in adsorbed barium sulphate is a
real effect and is due to a change in the nature of the mucus.

If the situation is similar for human examinations; it would be
useful to investigate the effect of diet upon the thicknéss and uniformity
of the adsorbed barium sulphate layer. Oiets could be low residus - and
need not be carbohydrate only, since this affected the barium sulphate
layer as much as total fasting = but could be high protein/carbohydrate
with fat. The results from the model sysfem suggest that investigation
of_patient preparation before examination would be wortﬁ while,

The site of adsorption for in vitro systems has been demonstrated
(Plate 4.1.). vPenetration of the mucus membrane by'baxium sulphate is
deep, and it is not sﬁrpfising that suspensioﬁs can remain in the gut
for several hours, or even days. It will only be removed when the
mucus is sloughed off and replaced, although even then interaction
between the old mubdoé coated particles and the newly secreted mucus is
possible. The claim that particles are "mucophilic® Qﬁiﬁh Has been

‘brought'into question, would seem to be justifiad, since séﬁeral photb—
graphs révealed barium sulphaté.pressnt in the lumen'ofktha gut; obviously -

attached to free mucus. Réybar, prescribed'forkexamination of the lower
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bowel in cases of steatorrhea, when there are copious amants of free
mucus present, gave the poorest coating of the mucus membrane. This is
perhaps due to the very high concentration of hydroxy ethyl cellulose
(around 5% w/v.) present preventiﬁg the coating of particles with mucus,
and their subsequent attachment to free mucus, or mucus at the surface.
The preparation is efficient for such conditions. '
I;creaéing the speed with which a suspension travels through the
cut would seem to decrease the possibility of particles becoming
agglomerated befora becoming usefully attached to the gut wall. However,
_ the additions which seem to achieve an increase in'speed by increasing
peristelsis, also increase the rate of éecretion of the various juices
and mucus. When food additives, such as o0il and sorbitol, arg_present,
’which not only increase secretion, especially if the gut is in a fasted
condition, but do little to‘decraase the transit time of a suspension,
a decrease in radiograph quélity is to be expected, since'peiistalsis
ipcrsased, and there is a possibility of large areas of gurface mucus
being sloughed off., This would result in flakiness, and greater
sgglomeration:of the barium meal.

. Ulcers, whether gastric, duodenal or intestinal, are thought to
result from attack of the gut wall by digestive juices. This caﬁ occur
when the mucous laygr in a certain area is daméged, or nén existant.

It is this condition,: amongst others, that the barium meal is required

to reveal. However, it has been shown that the barium sulphate particles
take up mucus. If a large concenfration of bari;m sulphate is_present

in the gut, a great amount of mucus can be adsorbéd by the particles,
‘aspecially’if'aaditives are used to precipitate the suspenéion in the

gut, and the gut is further manipulated. Ths.removal of surface mucus;
even though it ean be quickly replaced can ohly complicate sﬁch conditions,
.conditions which the barium meal is :supposed to deiect. ‘This,again is-

another reason for using as low'a concentration of meal in thevgut as

possibles.
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“ It has been shown that én electronic.interaction~between particles
and the mucous surface is unlikely to occur. The pH in the gut does not
affect adhesion,Aand particles coated with different stabilisers all
behaved similarly, and particles, when adsorbed on the gut surface became
fully coated with mucus. General theories of adhesion are very few, and
the reason that certaiﬁ surfaces fesl "sticky" ié uncertaine The
orientation of molecules to the surface, incrsasing ar dacreasing thg
number of groups available for hydrogen bonding with an édjacent surface,
‘has been put forward. It is a well known phenomencon that a guﬁ, when
dry, does not exhibit surface "tackiness". If the gum imbibgs water it
becomes sticky, but as more water is taken uﬁ this decreasss, and adhesive
properties diminishe. The viscosity of the gum also decreases as water
is added to the gum, and after a maximum in "tackiness" this property
decreases with the decregse in viscosity. Thus it is possible that soms
relationship exists between the adbesiveness of a gum and its viscosity.
Surface mucus derived from fasted animals is both less tacky (since it
will not.adhere to glass) and contains a greater proportion of‘water.
Attempts to measure the viscosity of such samples, with a xheogoniometer
were unsuccessful, dus to experiméntal difficulties, but measurements
are feasibls and arevdefinitely a possible line of inQestigatioﬁ. |

""In the gut the barium sulphate barticles become éssdciéted with the
mucous membrane by a process of "capgure", whereby they become fully
coated with mucus. The process conﬁinues until the surface is saturated;
corresponding to a dafinite.concentration of suspension (Sﬁ% w/Ve)e The
' thickness and coherence of the adsorbed layer is>controlled by the rate
at thch this layer is sloUghéd off, eithervdqe to béristalsis, or the
secretion of fresh mucus. Peristalsis»uill dfsrﬁpt the-layer mbét if

the mucous membrane is delicate, as is the case in fasted animals and
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in certain disease conditionse. This could be due to the greater water
content of the mucus, and the suspensions,especially if unstabilised,could

disrupt the membrans by'an abrasive sffect alone,

At this junction it is worth discussing the essential criteria for
a barium meal. The‘perfect meél, it would seem, cannot be preparaed, .
- since it would have to incorporate different, and indeed, incompatible
physical characteristics. (1)The barium sulphate must be stabiliséd,
nqt only to give the suspsnsion some characteristics of a hydrophilic
colloid, but also to prevent barium ions passing into the guf.
(2) The optimal concentration of barium suiphate required per unit surface
area of the qut, under specific coﬁditions, is not known, The present
study suggests that concentrations higher than 50% w/v. in the gut are
not required, and that mueh less than this can coat the gut firmly and
éﬁenly. (3) The stability of the suspension, i.e. shelf life, has
Fgatured too prominently in the evaluation of meals, Stability is not
ovér important, as long as dispersive properties are adequate.’
(4) Excess stabiiiser must be present to minimise oggloheratio% of ’
suspensions in the gut. If the stabiliser concentration is too high ;
then dispefsive properties suffer, due to the increase, in Qigcosity,'
and yield value. (5) As far as the natﬁre of the stabiliser is'concerned,
no one sigbiliser in tha_commercialipreparations séeaed superior to others.
Carboxy methyl‘cellulose, as a étabiliser, has all the required properties,
sincé éolutions of high cmc, cuncentrafion but_ldw'viscosity caﬁ be.pré—
. pared. If the'ﬁmc. is highly substituted the particiéé will be gréétly
"hydrated and‘dispersa readily. ;layingvupon storage can be preﬁented
if the breparation is sprayvdried éndvfhe méél proyided as a powder fb

be susbendad in water.



Thus a suspensioﬁ should have a high concentration of cmc. as
stabiliser.( Y 0¢8% w/v. for 60% w/v. barium sulphate suspensions, but
have a low viscosity, and thus stability (RS. £ 10) so that low concent-
rations,of suspension can be administered,.but sediment in the gut to

produce. the required surface concentration.

The two model systems developed have proved valuable, and a greét
improvement upon previously laboratory testing tecﬁniques. The in ino
method, in which the coating of barium sulphate on the gut is guantitat— .
ively determined isAtruly abjective. However, with the limited number
of animals used for the exberiments some of the several conclusions are
not as clear cut as could be wished. Now that the technique has been
established statistically designed experiments caﬁ_be planned.

The results from the in vivo and in vitro experiments would have
been easier to interpret if X-rays of thé animals had been taken at thé
same time. - The gfoss éhouﬁt}qf‘bariqm sdlphatevtakgn up by the gut and
the sUbjéctively assessed radiograph could then be correlated.. This
would result in.the 1aborétory behaviouf of suspensions being more easily_

svaluated and their clinical~perfcrmahqa more accurately predicted.,
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ERRATA

P.18!‘11ne 3 should read: confusion arises because no clear
distinction is made between the sizes of individual particles,
and aggrezations thereof, The diameter of individual particles,

as determined by electron microscopy is generally under 0.5 um,

P,30, line 10 should read: when finely divided material is

dispersed in such a phase, the energy is modified by interactions
between the surface of the particles and the medium in which they

are dispersed, Depending on the energy associated with such
interactions the dispersed colloid may remain unstable (or ﬁetastable)
with respect to the bulk phase (lyophobic dispersion) or may

become thermodynamically stable (lyophilic dispersion).



