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INTRODUCTION 

Since' the d iscovery  by  ALLW()RDEN 1 tha t  wool fibres t r ea ted  with chlorine wate r  
develop bubbles  on the surface layers,  considerable  a t t en t ion  has been d i rec ted  to the  
mechan i sm of the format ion  of these bubbles  and the na tu re  of the membrane  defining 
t h e m .  L I N I ) B E R G ,  PHILIP AND (;RALI~N 2 were able to demons t r a t e  wi th  the e lect ron 
microscope tha t  the membrane  defining the bubbles  was ex t r eme ly  thin (ca. Ioo A) and 
uniform. Bubbles  which are superf icial ly s imilar  to those ob ta ined  with  chlorine m a y  
1)e produced  with bromine  a and also, i t  is c laimed,  by  the act ion of sodium b ica rbona te  
on fibres oxidised with  peracet ic  
acid 4, a l though we have not  been 
able to ob ta in  an AI, LV<()RDEN re- 
act ion by  the l a t t e r  method.  

"File m e m b r a n e  i so la ted  by  Fig.  I. The  s t r u c t u r e  of t h e  su r f ace  l a y e r s  of woo l  ac- 
I A N I ) B E R ( ;  e l  a[., termed the epicu- c o r d i n g  to  [ANDBERG et al. ~ a n d  I.AGER.~L¢L.~¢ 2 ( t r ans -  

ticle, is a well defined histological  verse section). 

comt)onent and its re la t ion  to the cuticle is shown in Fig.  I.  The charac te r  of the 
membrane  revealed  by  bromine  is, however,  not  so well es tabl ished.  The difficulty in 
this  case is due pa r t l y  to the var iable  na ture  of the react ion ob ta ined  with different 
fibre types,  bu t  ma in ly  to the lack, in the pas t ,  of a sui table  me thod  of s tudy ing  the 
fine s t ruc ture  of the membranes .  We have recent ly  po in ted  out '~ tha t  the me thod  of 
shadow-cas t ing  in opt ical  microscopy is a va luable  technique in the s tudy  of the  fine 
h is to logy of wool fibres, enabl ing  surface t ex tu re  to be inves t iga ted  with  ease at  the  
l imi t  of resolut ion of the  opt ical  microscope.  This technique has now been appl ied  to 
the  membranes  ob ta ined  bv  the act ion of bromine  on wool, and the resul ts  descr ibed 
below throw considerable  l ight  both  on the charac te r  of the membranes  and on their  
origin in the wool fibre. The special advan t age  of this  technique  is tha t  fine s t ruc tures  
normal ly  seen only in the  e lect ron microscope are visible over  large areas of specimen,  
a l lowing the corre la t ion of fine h is to logy with  coarser  features.  The t r anspa rency  of the 
fibre, no rma l ly  a severe l imi t a t ion  in the opt ical  microscope,  is of great  advan tage  in 
this  respect  as the  permiss ible  th ickness  of specimens is not  l imi ted  as is the case with 
the e lect ron microscope.  

PRF~P.kRATION OF MEMBRANES 

T h e  b r o m i n e  m e m b r a n e s  were  p r e p a r e d  f rom s o l v e n t - s c o u r e d  0 4 ' s - q u a l i t y  m e r i n o  wool  es- 
s e n t i a l l y  a c c o r d i n g  to  t he  m e t h o d  of .~¢HURINGA et at. ~ a n d  s h a d o w e d  w i t h  g o l d  5 a t  an  a n g l e  t)f 35 ~ 
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The  shadowed  p repara t ions  were inounted  in Eupara l  and  pho tog raphed  with a . ,  95 oil immers ion  
~d)jective n.a. 0.95. The  d e v e l o p m e n t  of bubbles  on var ious  so lvent -scoured  wools and  hun lan  hair 
was observed  by m o u n t i n g  fibres in l~romine water  benea th  a coversl ip and  the  progress  nf the  
reac t ion  followed us ing  a ?< 4 e objec t ive  n . a . o . 8 5  . 

1,H~;su LTS 

T h e  b r o m i n e  i n e m b r a n e s  w e r e  f o u n d  t o  be  u n i f o r m  in  s t r u c t u r e  a n d  F i g s .  2 a n d  3 

s h o w  t h e  t e x t u r e  o f  t h e  i n n e r  s u r f a c e  o b s e r v e d  in  al l  c a s e s .  I t  is  a t  o n c e  a p p a r e n t  t h a t  

t h e  m e m b r a n e  is  n o t  p u r e  e p i c u t i c l e  as  o b t a i n e d  w i t h  c h l o r i n e ,  t h e  e p i c u t i c l e  b e i n g  

Figs. _, and  3. l','picuticle with 
adher ing  exocut icle  componen t ,  
isolated from mer ino  04 ' s -qua l i ty  
wool af ter  t r e a t m e n t  wi th  b romine  
water .  (Gold-shadowed.  posi t ive 

p r i n t s ,  ",3oo) 

l~,jere~c~ ~ p . . ~ , .  
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l*'ig. 4. Bubbles  of epicuticle ob- 
tained bv t rea t ing  wool with 
chlorine water.  ( ( ;old-shadowed,  

posi t ive  pr in t  > 2,30o.) 

i:ig. 5. Bubbles of epicuticle with 
adhering exocuticle obtained by 
treating wool with bromine water.  
(Gold-shadowed, positive print 

2,3oo.) 

featureless both by this technique (Fig. 4) and in the electron microscope. The ribbed 
structure of the bromine membranes appears to be a definite component of tile exo- 
cuticle adhering to the epicuticle. The ribs run parallel to the fibre axis and have a 
periodicity of about o.35/x, which is about half that of the furrows in endocuticle 
obtained by tryptie digestionL Fig. 6 shows the surface of a fibre after the removal of 
the bromine membrane, the furrows showing a periodicity similar to that of the end()- 
cuticle, namely about o.7/x. 

The fragments of membrane isolated using bromine water are in general much 
larger than those using chlorine water and are derived from an area of the fibre surface 
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which is cons ide rab ly  grea ter  than  tha t  of a single' scale. Ridges of adher ing  exocuticle 
which closely resemble  the  scale pa t t e rn  of an in tac t  fibre arc appa ren t  in our prepa-  
ra t ions  (Fig. 3)- In  a significant number  of cases, the line of rup ture  of the membram'  
has closely followed the shape of a r idge and is d isplaeed from it by a dis tance ()t 

about  1.5 /~. 

[:ig, t). ,qurfacc ~,1 b r o m i n e  t r e a t e d  f ibre a f t e r  d e t a c l l m e n t  of e p i c u t i c l e  ph l s  c x o c u t i c l c  c o m p o n e n t .  
( ( ;o ld  s h a & m e d ,  p o s i t i v e  p r i n t  -,,3o(/ 

INTERPRI,"I'A'I 'I()N ()V SHAI)() \VEI)  MEMI~RANt,;S 

I t  is clear tha t  the membrane  isola ted from merino wool using bromine wate r  is 
not pure epicut icle ,  but  shows an addi t iona l  adher ing  component  of the exocuticle  
which is la id down in a perfec t ly  uniform fashion. I.EVF-=\t: e t  a l .  s and P~VRISOT =~Xl) 
I,FVE:~U (' have s ta ted  tha t  in general  the act ion of bromine  wa te r  is to lift the entire, 
cuticle,  and  MER(ER AND (;OLI)EN 1° have suggested that  the membrane  is epicnticle  
th ickened  by  more or less of the adher ing  prote in  of the cut icular  cells. Our results  
indica te  a m e m b r a n e  of clear ly defined s t ructure  and very  much th inner  than  ti le ent ire  
cuticle. Apa r t  from the r idges ment ioned  previously ,  t i le exocuticle  component  adher ing 
to the  epicut icle  appears  to be continuous.  I 'h i s  may  accemnt for the larger  f ragments  
of membrane  ob ta ined  using 1)rominc water  r a the r  than  chlorine water .  

In an electron opt ical  inves t iga t ion  of the bromine ALL\V6RI)EN reaction,  .qCHURIN(;.\ 
AND ALe;ERA u noted  tha t  a small  percentage  of the membranes  in thei r  p repara t ion  were 
s t r ia ted .  These s t r ia t ions  appear  to have a per iod ic i ty  of about  o. 3 /L and are p resumably  
der ived  from the same laver  of the cxocuticle  as those in our prepara t ions .  In a recent  
s tudy  of s t ruc tura l  de ta i l  in the surface layers  of wool using the electron microscope,  
I..\(;t~.RMALM 12 observed two types  of " s t reak iness"  in the combined  exocuticle  and  
epicut icle  layers  i sola ted  from phenol- t ryt)s in  digested wool. The outermost  layer  of 
exocnt ic le  had a per iod ic i ty  ca. o.3 /L and the s t reakiness  was paral le l  to the fibre axis 
;ts wi th  the bromine membranes  repor ted  hcrc, and it is reasonable  to suppose tha t  the  

lee/eret~ccs p .  3 ~ (~. 
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exocuticle component of the bromine membranes is derived from the same layer, which 
is labelled "a" in Fig. z. 

The marked difference in the periodicity of the exocuticle adhering to the epicuticle 
in bromine membranes and the furrows in the remaining fibre surface suggests that the 
"b" layer of the exocuticle is the more susceptible to bromine. Its degradation and 
dispersion during the reaction would account for both the adhesion of the "a'" law'r of the 
exocuticle to the epicuticle and the exposure of the endocuticle on the remaining film'. 

The fine ridges or "strings" adhering to the epicuticle, observed by L.\(;ERM,\LM 1') 
in the electron microscope, and the ridges that we have observed in bromine membranes 
probably have a common origin. The distribution of the ridges in Fig. 2 and 3 according 
to a characteristic scale pattern immediately suggests that they originate from the 
junction of neighbouring scales. Their frequent parallelism to the ruptured edge of the 
membrane, presumably corresponding to a scale edge, tends to confirm this view. It is 
uncertain at present whether the scales are discrete structures or whether the cuticle 
consists of plates of endocuticle with a continuous exocnticle. No certain conclusion 
can be drawn from our results but they would lend support to the latter view. An alterna- 
tive interpretation of the ridges might be that they originate from the distal edges of 
the scales, in which case the perfect continuity of the adhering exocuticle apart from the 
ridges would also point to a continuous exocuticle. The ridges noted by I..\(;I:.RM.\LM 
were found to follow both scale edges and scale junctions. 

The bromitze All~cg~rdelz reaclio,~ i~z otlaer a,ools amt hair 

L E V E . \ U ,  LANGLOIS AND PARISOT s have studied the bromine AH~W6RI)EN reaction 
in hairs and wools and have concluded that in general the entire cuticle is lifted to 
form the membrane of the ALLW6I~>ex bubble. We have confirmed this observation 

(a) 

j (1,) 

Re/ere~.:es p. 316. 

l:ig. 7. I n t e r m e d i a t e  s t a g e s  of the  
b r o m i n e  :\LL~VORDIr.N r e a c t i o n  in (;i) 
h u m a n  h a i r  a n d  (b) 1. incoln wool .  Tim 
e n t i r e  c u t i c l e  a p p e a r s  to  l i f t  in (a) a n d  

a sca le  t t ap  in (17); ( • i,o{~o) 
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in the  case of h u m a n  hair  (Fig. 7 a) where the enticle is seen to envelop the lmbble.  
These authors  also noted  tha t  in a sample  of wool (of unspecified qual i ty)  the  bubble  
was enclosed bv a much th inner  membran( '  which thev  bel ieved to be the epicuticle,  
and tha t  the scales l if ted between nci~hhouring huhbles.  

We have inves t iga ted  the format ion of bubl)lcs in a va r ie ty  ()f wools and  find tha t  
there  is a cont inuous  g rada t ion  from tint' mer ino wools, in which the bromine  membrane  
consists exclus ively  of epicut iele  with adher ing  exocuticle ,  to human hair  in which the 
ent i re  cuticle is lifted. The l i f t ing of the r n t i r r  cuticle is commonh" observed in I.incoln 
fibres a l though not  in f requent ly  a flap of cuticle lifts and the major  par t  of the  bubble  
is of the mer ino type,  as in Fig. 7(b). This l a t t e r  behaviour  is common in crossbred 
and ( 'or r iedale  fibres which also, how(,v('r, show bubbles  of the merino type.  

The  vary ing  charac te r  of the bromine ALLW6RIW.Y react ion p robab ly  reflects 
differences in cuticle format ion,  both  as regards  the degree of over lap  of the scales, 
which is very great  in hair,  and the na ture  of the cement ing  mate r ia l  be tween them. 
There  is also good evidence,  which is discussed in the following sections, tha t  the kera-  
t in isa t ion,  or degree of d isulphide  erosslinking, in the cortex p lays  an impor t an t  par t  
in de te rmin ing  the exact  na tu re  of the reaction.  

Tlw rdalion o/bromi~w membram's to bilateral slruc/urc 

i t  is now well es tabl i shed  tha t  the cor tex  of h igh ly-c r imped  wool  fibres, such as 
fin(' merinos,  has a b i la tera l  s t ruc ture  with two segments  which differ m a r k e d l y  in 
chemical  composi t ion,  resis tance to alkali ,  and dye ing  charac ter i s t ics  13,1~,15,16. I t  is to 
be expec ted  therefore tha t  the act ion of bromine water  on the segments  will differ. 
LEVEAU, CEBE AN1) PARISOT 17 have noted a preferent ial  deve lopmen t  of bubbles  a round 
the ~ (alkali  susceptible) segment  and havr  concluded from this  tha t  the cuticle also 
possesses a b i la tera l  s t ructure .  The na ture  of the cmiele  in a fine mer ino  fibre, where 
only one or two scales encircle the cor tex at  any  point ,  is such tha t  this  is ex t r eme ly  

l " i ~ .  (~. ~ { H ~ ( ' S  IH l h o  ] ) l ' ( ) l l l i I l C  \ I . ]  \ \ O I , ~ [ ) H N  I( '~I  I I ( ) I ]  IH l l ] ( ' I - I I ] (  " 4 ~ - ~ ] t l i l l i t k "  \%()i)~ ( , l . ( ) t ) l ) ) .  

lCe/~,rcmcs [~..~ it,. 
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Fig. q. S tages  in the  b r o m i n e  
.\LLWORDEN reac t ion  in me r i no  

t~4's-quality wool (~< l,OOO). 

I:i~4. lo. S tages  in tile b romine  
ALL\VORDEN reac t ion  ill mer ino  

04 ' s -qua l i t y  wool{~< i,ooo). 

unlikely from a histological s tandpoint  and we have accordingly reinvestigated the 
bromine ALLWORDEN reaction in this type of wool. The course of the reaction is depicted 
in Fig. 8 to I I  which were photographed without  tile use of phase contrast  which, though 
it assists observation of epicuticle, only serves to complicate the appearance of the 
thicker bromine membranes.  

The addit ion of saturated bromine water to the fibres caused the rapid development 
of small bubbles on the tips of the scales around all parts  of the fibre and gradual 
differentiation of the H (alkali resistant) and S segments in the cortex as in Fig. S. 
No differentiation of the cuticle was observed at this stage either as regards bubble 
formation or swelling. The rapidi ty  of bubble formation at the scale tips suggests tha t  

lee h'rences p. 3z6. 
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["i g .  I I .  , ~ t aRcs  ill t h e  l>rt)111inc .\LI_\V()RI)FN lea t ' t i~ ) l l  ill 
m c r i n < )  ( )4 ' s  q u a l i t y  \v(u)l ( • J <;()o). 

the protein  rcsponsibh, for the 
init ial  osmotic effects or iginates  
from the cuticle, poss ibly  in the 
exocut ic le- th ickened scale tip. 
When the dif ferent ia t ion of the 
segments  was well advanced,  
larger l>ul)bh~s developed rap id ly  
a round  the S segment.  At  the 
same t ime the cuticle a round  the 
H segment  appeared  to loosen, 
m u c h  i n  t h e  s a m e  l n a l l l l e r  a s  w a s  

observed in the init ial  s tages of 
the react ion with hair  and coarse 
wools. These features are seen in 
Fig. 1). 

As the react ion progressed, 
the bubbles  a round the ,'; seg- 
ment  spread a round  the fibre 
unti l  it  was uni formly covered. 
The exclusive deve lopment  of 

bubbles  a round  the S segment  repor ted  bv Li,;VEAU cl al. ~7 appea red  in our exper iments  
only as a t rans ien t  phase in the react ion which i nva r i a b ly  gave way  to the complete  
encirc lement  of the fibre as in Fig.  Io .  In a n u m b e r  of  ins tances  the cuticle l if ted 
s l ight ly  a round  the H segment  as in Fig. I I .  a l though the combined  epieuticle and 
exocuticle  membrane  still deve loped  normallx: on the l i f ted surface. 

The med~anism o~ bubble/ormalioJl 
From the evidence p resen ted  in the p rev ious  sections it is possible to pos tu la te  a 

mechanism for the bromine ALLW6Rm':N reac t ion  which accounts  for much of the ob- 
served data .  Fig. I za  shows d i a g r a m m a t i c a l l y  the disposi t ion of the var ious  layers  in 
the cuticle of wool. The ini t ia l  a t t a ck  of bromine  appears  to be concen t ra ted  at the t ip 
of the scale, leading to incipient  bubble  format ion as in Fig. 121). This is in accord with 
the not ion of a th ickened  deposi t  of exocuticle  at  the scale t ip 12 and the " b "  layer  appears  
to be the component  involved.  From the de lay  between the incipient  bubble  format ion 
and full deve lopment  it seems tha t  prote ins  der ived  from the cor tex  are chiefly re- 
sponsible for the bronaine ALI.W(iRI)EN reaction.  L E V E A V ,  L . \ N t ; I J . ) I S  A N I )  P . \ R I S ( ) r  s 

ar r ived  at  a s imilar  conclusion from the fact tha t  the ent ire  cuticle was raised in most  
of their  exper iments .  

In the case of I.incoln wool, the bubble  format ion  is dep ic ted  d i ag ra imna t i ca l ly  in 
lrig. I2c. I t  is supposed tha t  prote ins  released from the cortex by  the action of bromine 
are unable to pene t ra te  the cuticle,  which therefore acts as a semi-permeable  membrane .  
When sufficient osmotic pressure has developed,  the cuticle detaches  from the cortex 
and a cu t ic le - l imi ted  bubble  is formed. 

In the case of Corriedale wool (Fig. I2d), it  is supposed tha t  the  inter-scale ce- 
ment ing  substance  is e i ther  more suscept ible  to bronfine or is in t r ins ical ly  weaker  than 
in I.incoln wools. This leads to the separa t ion  of ind iv idua l  scale flaps which lift to form 
par t  of the bubbh '  surface, the de t achmen t  of the epicuticle and  exocuticle  component  
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" a "  resul t ing from the  leakage of p ro te in  be tween  the scales. I t  is of in te res t  t ha t  mer ino  
fibres which have been ex t ended  lOO% in s t eam give a reac t ion  s imi lar  to Corriedale 
wool, p r e sumab ly  due to the  rup tu re  of the  inter-scale  cement ing  mater ia l .  

e x  ~ 

endo 

B~ 

d 

B5 

b 

BO 

Fig. 12. A possible mechanism of the bromine 
ALLW6RDEN reaction (diagrammatic). M, soluble 
products released from the cortex of Lincoln and 
Corriedale wools and merino H segment; m, 
soluble products released from merino S segment. 
(a) Longitudinal section of normal fibre surface. 
(b) The initial action on the layer "b" of the exo- 
cuticle. (c) The lifting of the cuticle in hair and 
Lincoln wool. (d) The lifting of scale flaps in 

f Corriedale fibres. (e) The action on the S segment 
of merino wool. (f) The action on the El segment of merino wool. 

The deve lopmen t  of bubbles  in mer ino  fibres is much more r ap id  than  wi th  coarser  
wools and  hair .  The l i f t ing of the  epicut icle  plus l ayer  " a "  of the  exocutiele  is p robab ly  
due to  the  release,  f rom the  S segment  of the  cortex,  of soluble p ro te in  which is able to 
p e n e t r a t e  the  cuticle bu t  not  the  epicuticle,  and  this  mechanism is dep ic ted  in Fig.  I2e. 
The S segment  of the  mer ino  cor tex  has  a lower su lphur  conten t  1~ and therefore  de- 
creased d isu lphide  crossl inking as c o m p a r e d  wi th  the  H segment ,  coarser  wools and 
hair .  I t  is possible therefore  t h a t  the  soluble p roduc t s  resul t ing  from bromine  a t t a c k  
on the  S segment ,  labe l led  " m "  in Fig.  12, are  of lower molecular  weight  t han  those 
re leased from the H segment  and  coarser  wools, label led  "M"  in Fig.  12. If  this  is in 
fact the  case i t  is possible  to  pos tu l a t e  a mechan i sm for the  unsymme t r i c a l  deve lopment  
of bubbles  wi thou t  suppos ing  t ha t  the  cuticle has a b i l a t e ra l  s t ruc ture lL This  mechanism 
is i l l u s t r a t ed  in Fig.  I2e,  which would  cor respond to the  inc ip ient  l i f t ing of the  cuticle 
a round  the H segment  b y  soluble p roduc ts  (M) der ived  from the H segment  to which 

ReJere~ces p. 3z6. 
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t h e  cu t i c l e  is i m p e r m e a b l e ,  a n d  Fig .  i 2 c  w h e r c  the  cu t i c l e  is p e r m e a b l e  to  t h e  s o l u b l e  

p r o d u c t s  (m) d e r i v e d  f r o m  t h e  S s e g m e n t .  T im g r a d u a l  d e v e l o p m e n t  of b u b b l e s ,  s i m i l a r  

to  t h o s e  a r o u n d  t h e  S s e g m e n t ,  o v e r  t h e  e n t i r e  f ibre  c o u l d  be  d u e  to  t h e  d i f f u s i o n  of 

s o l u b l e  p r o d u c t s  d e r i v e d  f r o m  t h e  S s e g m e n t  t h r o u g h o u t  t h e  5 b r e  as  in F ig .  zef .  

SUMMAI,tY 

The nature  of the membranes  defining the bubbles in the llronline ALLWORDEN reactiou has 
been studied using the gold shadowing technique in optical microscopy. In nierino wool the tnem- 
brane is shown to consist  of the epicuticle with an adhering component  of the exocuticle. The un- 
symmetrical  development  of bubbles hi merino wool has been reinvestigated and sh (mn to be a 
t rans ient  phase. A possible mechanism of ttle bromine :\LLWORDEN reaction which explains this 
phenomenon  wi thout  assuming a bilateral cuticle s t ruc ture  is presented. The variable reaction 
obtained with coarse wools and hair and the course of the reaction in merino wo¢,l is discussed in 
terms o[ this nlechanisnL 

R1;;SUMI~ 

l,a nature  des i1~ei11braims qui l imitent  les bulles daus ia rdaction au llronIc d'd'ALLW6RDEN a 
dtd dtudide, en ut i l isant  l 'ombrage "~ l 'or et le inicroscope optique. 1)ans la laine de mouton,  la meln- 
brane est forn16e de l'@picuticle et d 'un (;(instituant de l 'exocuticle qui y adh6re. Le ddveloppement  
disym~trique des bulles dans la laine de mou ton  a dt@ dtudid & nouveau et s 'est  rdw;ld 6tre une phase 
transitive. Un mdcanisme possible de la r6action au brome d'ALL'WORDEN qui explique ce phdno- 
m~nc sans faire intervenir  une s t ruc ture  bilatdrale de la cuticule est expose. La rdaction variable 
obtenue avec des laines et des cheveux bra t s  e t l a  nlarche de la r~aetion dans la laine de mou ton  sent  
discutdes par  rappor t /~  ce indcanisme. 

Z USAMMENFASSUNG 

Die Na tu r  der Membran,  die die "bubb les"  der Bronl-ALLWGRDEN-Reaktion begrenzt, wurde 
unter  Benutzung der Goidbeschat tungstechnik  im Lichtmikroskop untersucht .  Bei der Merinowolle 
wird gezeigt, dass die Membran  aus einer Epicut icula mit  anhaf tender  Komponen te  von Exocuticula 
besteht.  Die unregelmgssige Entwicklung  der "bubb les"  bei der Merinowolle wurde noch einmal 
untersucht ,  u n d e s  wurde gczeigt, dass sie eine {'~bergangsphase ist. Ein mGglicher Mechanisnlus der 
13rom-ALLwGRDEN-Reaktion, der dies Pti~tnomen erkl/irt, ohne eine zweiseitige Cut icula-Struktur  
anzunehmen,  wird angegeben. Die verschiedene Reaktion, die mi t  gewGhnlicher Wolle und Haaren  
erhalten wird, and der Verlauf der Reaktion in Merinowolle wird diskutier t  in Bezug auf diesen 
Mechanismus. 
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