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THE REMOVAL OF HOSK- BENGAL FROM AQUBOGS SOLUTION
BT nr. I) BLOOD C&LLS

i gLuring somm work on phot ©dynamic hemolysis # it was 
necessary to measure the amount of dye taken up by rod 
blood sells from solution* Xt was found that the amount of 
dye taken depended only on the ©oncentration of dye in 
solution* the number of sells being constant, and gave a 
straight line relationship* Jodbauer and Baffher* found the 
taking up of dye to follow the Freundllsh Adsorption iso­
therm*

x s ke^
5 0*54

The data found in our preliminary experiments would not fit 
this adsorption equation* This research was undertaken to 
find if possible, the mechanism of the removal of dye from 
solution by red blood eells*
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ThlOl ■. i 10 --L

Three possible mechanisms for ..he removal of dye from 
solution by red blood cells are suggested. One would be 
adsorption, if it is assumed that the dye is adsorbed on 
the surface of the cells in a unimolecular layer# 8 being 
the fraction of the surface covered by dye molecules, and 
(1*8) the fraction not occupied# the rate of the dye mole­
cules adsorbing on the surface at a concentration of e in 
the solution would be proportional to c and (1-8)• Then#

date of molecules adsorbing on surf-oe • kxe(1-8)•

The molecules leaving the surface would be proportional to
the amount on the surface or the extent of surface coverage.

hate of molecules leaving surface z k^0.

,1 equilibrium the two rates will be equal, fence,

( 1*0) S i£pj0*

• here are three conditions of surface coverage.
(a) If the surface is nearly <)* ■>: £~ty 0 i JB 3 11 3 C Qtii—

pared to 1. (1*0) ue comes approximately 1. .hen#

k|C s kgO

rearranging
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iho fraction of the surface covered is proportional to the 
concentration in solution* The dye on the cells is direct* 
ly proportional to the concentration of dye in solution*
F;Cpresented graphically this would be

vo
sr<a
>*s&

hye in solution*
Figure 1*

This is true only if a small fraction of the surface is oov« 
©red*

(b) The surface is nearly covered* 8 is nearly 1* The 
variation in 0 is small and the corresponding variation in 
(1*0) is greatly magnified* *\n approximation would be

k,c(l-e) s k 

1-0 a AV
f; C~

: iius when the surface is nearly covered the extent of free 
surface is inversely proportional to the concentration of 
dye in solution* The surface covered and the amount of dye 
on the cells is nearly independent of the concentration of
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dye in solution. Hepresented graphically this would be

Dye in solution.
.figure 2.

(c) '--here the surface is partially covered 0 varies 
directly as c. 0 varies as soifie power of c between 0 and 
1. im y ex ores® this by the equation

9 : kc^

here -yf is a fraction less than unity. fhis is the 
Preundlich adsorption isofchem# ihe reiacion i;.-&y we expr< 
ed graphically



&

Dye In solution*
Figure 5*

k second mechanism is that the dye forms a chemical 
compound with some component of the cell memar&ne. b is 
assumed to be that component* If this reaction is irre­
versible there should be no dye left in solution a© long 
as there is sufficient b to react with all of the dye.

mb -bn dye — ? 1 b.dye (compound)*

is and n are the number of molecules of b and dye which 
react to give 1 molecule a of dye • b compound. If b is not 
sufficient to react with all of the dye there will be some 
value for tee dye on the cells which corresponds to b being 
all reacted beyond which no more dye will be removed from 
solution by cell® even though excess dye Is present.
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h e m  the reaction la reversible

m b  -b n dye l b *  dye (compound) •

In this case we have at equilibrium.

= K

are the concentrations
of the molecules of dye, reacting substance b, and the com* 
pound* The concentrations of dye and dye compound (l*e* dye 
on the cells) are known* However, the concentration of the 
reacting substance is unknown and must be evaluated in some 
other manner* Also the order of the reaction, that is the 
number of molecules of each that react, is unknown*

If the concentration of b is assumed- to be constant then

^ b. dye-

This becomesis also constant

t>- dycf fomhtnj) *=■ Constant
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The dye on the cells is directly proportional to the dye 
In solution* This Is true when the concentration of the 
reacting substance is very large oompared to the amount 
reacted so that for all practical purposes it is a constant* 
That is, if only a small fraction of b is necessary for the 
reaction*

The third possible reaction is the distribution of the 
dye between immiscible solvents* The water solution acts 
as one solvent and the cell membrane as the second solvent*
In this case the concentration of dye on the cells would be 
directly proportional to the concentration of the dye in so* 
lution if the molecular species is the same in both solvents, 
l*e* if there is no dissociation or association of the dye 
when it Is transferred from one solvent to the other* This 
would be represented graphically as

Dye in solution* 
Figure 4*
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For a gIvon concentration of ceils the fraction of dye 
on the ceils at equilibrium would always be the same.

If the reac tion between the dye and the substance In the 
cell membrane is assumed to be one xaolecule of dye reacting 
with one molecule of substance forxrdng one molecule of the 
compound of the two, souse aasumptIons .as to the kinetics of 
the reaction may be made* The rate In the forward direction 
Is proportional to the concentration of dye and the concentra« 
tion of the reacting substance.

The forward ratej^- = a-c) ( b-c)

'where a is the initial concentration of the dye, b is the 
initial concentration of the reacting substance in the cell 
membrane and o is the concentration of compound at time t* 
ihe rate of the reverse reaction is proportional to the con­
centration of the oomoound*

reverse * n o

',:he rate of the reaction at any time short of equilibrium is 
the difference between the forward rat© and the reverse rate*

~ forward - reverse

h  ;i,1(a.#)(£i-ej - K o.
d t  s

;■ 1 equilibrium the tv,o rates are equal*
iv̂ ( &«*c) ( b-o) * .:».gC *
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rearranging

Ta^cTT^cT ̂

By substituting the values of a,-^r, and corresponding
values of c in these equations, b may be evaluated by simul-

dc-taneous equations, -^r at time t may be determined by the 
slope of the tangents to the time-concentration of dye on 
the cells curves*

Time in minutes*
Figure 5*

Corresponding values of c may be substituted in the equations

-Jp - hx(a-c)( D-c) - ngc

and

C , i \ . /

r^eJT^cT^ IA
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By solving the simultaneous equations, &g ®^d b may be 
determined.

The kinetics for adsorption and distribution would be 
nearly the same, The rat© of molecules of dye passing from 
water solution to the membrane would be proportional to the 
amount in solution at time t«

dC-! .... 1 \
-Jf-Z ^(a-o)

where a is the initial concentration of the dye In water 
solution and © Is the concent ration in the membrane, the 
reverse reaction, dye passing from the membrane to the water 
solution, would be propertioneX to.the .dye in tbs membrane.

v
At any time short of equilibrium the effective rate of move­
ment of dye molecules to the membrane would be equal to the 
difference in these rates

do _ do, d©,,
■ it ~w e ~ w t

i^U-e) - Kgc
This same equation would apply to both adsorption and dis­
tribution.

The cell membrane is not a simple structure but ha* two 
components, the lipid© or fatty portion and the protein.
The dye may be soluble In both of these. This will give two 
positions for the dye la the membrane and the rates of the 
dye passing to and from these two portions may not be the 
same. If the dye passes directly from the water solution to



each with tile membrane having a mosaic structure, we would 
have the following conditions*

The forward rate * ftita-Cj-Cg)

and for the second component

Kgta-o^-Sg)

The forward rate Is proportional to the concentration In 
solution at time t* Both concentrations In the cell must be 
subtracted from the Initial concentration a* For the re* 
verse reactions

4fr * Ks°i

4fr » « « •  * k4*8

The rate at any time will he the sum of the forward rates 
minus the sum of the reverse rates*

J U
Cfr - &1(a-«1-«2)+'%(»-o1-o2) - K3«i“K4e2 

or =(K-l^iig)(*-e1-e2) -

el^°2S 0 * concentration °** 011 cells*

, (Kj^KgMa-o) - i4eg

at equilibrium the rates are equal > 0.
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If the dye passes from the water solution to one 
component of the cell membrane and is in turn passed on to 
the second component there will be two consecutive reactions*

C,^(,g

The forward rates will be

i^U-Cj-og)

both c-j and c0 having been removed from the solution* x «
{> m -r / «, _ \

TfF~ 2 i 2}
where and o2 are the concentrations of dye in he two
parts of the membrane* The reverse rates are

etc,' m
j;s°i

_  ,

d f  * a4°s>

The rate from solution to the first component would be

from one O O..U jp' ,>nent to the other would be

a 1<°1-°2> - a 4c2#

Again ĉ -f' OgS c the concentration in the cells and at equil­
ibrium the rates are equal*

It is not possible to calculate the values of the react-



13

-ions for the two eases without some knowledge of ©^ and ®gf 
the amounts of dye in the two part® of the membrane* Any 
reasonable value of and may be substituted and the con-
stants 'may be adjusted to fit these values* The rates there­
fore do not give any indication of the values of ©^ an<̂  ®g»
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i£XPE!U:^.mL

A darkened room was used for all experiments. Flasks 
containing cells and dye were only exposed In the room long 
enough to make transfers* They were kept in cowered water 
baths to protest them from light* A very small amount of 
light for a short time did not seem to affect the sells but 
exposure to light for any length of time caused the cells to 
hemolyse* A red light did not cause hemolysis and# where it 
was possible* this light was used*

Each experiment was completed with one sample of blood* 
Blood from four rabbits was used* Cell counts were made 
with an hemooyt©meter to an accuracy of -1 per cent. To
give that accuracy about eight thousand cells were counted

7for each blood sample •
12 ml* of rabbit blood were collected in two tubes to 

which about *05 grams of sodium oxalate had been added as 
an anticoagulating agent* These tubes were used altematly 
to collect the blood with rigorous shaking between each 
addition to thoroughly mix the blood and dissolve the sodium 
oxalate* To remove any small clots the blood was filtered 
through a small tuft of cotton and diluted to 60 ml* with 
sodium phosphate solution which was prepared according to 
Blum* Face and Garret3* This solution was used in all di» 
lutions of cells and dye*

The sodium phosphate buffer solution was prepared by 
diluting 90 ml* of 2 normal sodium hydroxide solution and 
60 ml* of 2 molal phosphoric acid solution to on® liter.



viiis gives n solution w±th u fii. of 6.7 and. the best osmotic 
pressure for red blood ceils* ...die sodium hydroxide solution 
was standardised by titrating against weighed amounts of 
potassium acid phthalate. The phosphoric acid solution was 
standardised by titration with the sodium hydroxide solution 
using phenolphthalein and methyl orange as indicators* the 
xtethy 1 orange end point was checked with a solution of second­
ary potassium phosphate of the same concentration and contain­
ing the same amount of indicator. As a check a poteniomotric 
titration was performed* Vhis gave the same results as the 
indicator titrations*

fhe cells were spun clown in a centrifuge* ■ Abe supernatant 
solution was carefully drawn off with u pipette, care being 
taken not to disturo the red cells, and the cells were again 
ji'ide up to 00 ml* with fresh solution* This process wag re­
peated until the cells had been washed four times to remove 
as nearly as possible all of the blood serum#

• ashed cells were then nm.de up to 275 ml* and 10 ml* 
portions were pipetted into each dye solution and blanks•
Cells were added to ouffer solution without dye and this solu­
tion v-fis treated in the same manner as flasks containing cells* 
rlanks of cells and buffer were necessary as red blood cells 
even after numerous careful washines, a till give off some 
material which absorbs light in the same part of the epee trim 
as rose Aongal*

100 ml. volumetric flasks were used for the dilutions con­
taining cells and the fixtures were kept in them until used or
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dlse&rded. -X.1 asmmre was wash©d with warn sulfuric acid* • 
rinsed twice with tap water, three tie?©® with distilled water, 
drained, dried* . ashing -with sulfuric end ofrromie acid 
clean!rr solution was avoided as this seemed to cause henoly- 
e3s of th* cell®*

o IQ*3 ncl&l solution was prepared from solid rose •. en- 
gml* 25 rl* of this .solution was. diluted to 250 mi* for the 
10*!* solution hroa which the 10*° and 5 x 10*3 dilutions war® 
made* 25 ml. of 10*^ solution was diluted to 250 ml* for the
lO*6 .**llu&ioru

Cells will hemolys© if.placed in solutions stronger than 
I x 10*3# r;b th© dy© concentrations could not m  icensured 
with, any decree of accuracy he low 10*^ the rang# of starting 
dilutions were lied ted be tween 1 ac 1QW^ m d  1 x 10*3. io iyl*
of dye solution were pipetted into a 100 ml volumetric flask 
and diluted to within about 15 ml* of the ,«ark* xvfler shak­
ing, the cells were pipetted into this solution and then di* 
luted to the mt*rk* this avoided the possibility of adding the 
sails to concentrated dye solution, -..11 solutions were pre­
pared sorae tias© before being used and allowed to stand, in the 
water baths or refrigerator sufficient ti.ni!© to reach the de- 
sired tg&psrftture a© for© adding th© cells* 5 small amount of 
tee buffer was uIso allowed to con© to each te^.peratur* .for 
dilution to the mark*

• them,.a** Uitically controlled electric ally heated water 
both ton used fox" 5t° c* mis wan controlled to mfe 
i 0*1^0* . butii of flowing tap water was used for 25° e*
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. his wbs found 1.0 o r  ivitain — 0*5’̂ s ,  the igrostest error 
In temperature v as the fact th«t the solution rapidly warmed 
to room oe;::per.Mturo» idooufc 30° Cf, v/hen placed in the centri­
fuge. aowever, most of the cells had. been spun down at the 
start of centnhLfuging so tills error was prob&hly small,

■ifter standing, with occasional shaking, the required 
ti-©, seraiee re'-e removed from the flasks and the• cells cen­
trifuged out, vhe cle%r dye solution was centrifuged a second 
time it a higher speed to raaofo all e«n«, ^cbrie, etc. 
olen/. of cells v-doh no dye • a« created at ..-he- sane time as
esefc so in ole containing' dye ., .■ ;e noluh'ton a;,f clank wereA
than measured in ©pootrojhot • i\r urno-:-; tube containing. "'i,
distilled inter eg a sfc&rt 'nr" can©, ien r ^ d i u r,,-. rare taken
or e,eh solution# th© tubes were ro^era ■ ji'tac five re-dings.
the average of ten reading*® ■ , r t tKfir an* a -erage for th©
blank wop subtracted c> : a ; '. -: :.■-•■• ca.>=..- ... - 'v:p>'-'. ©tome ter
readings# a iausch ana ''>■ casual spec' . .  t a- was used
for the measurements, . 11 'were tana .. o". the .roo. around 5461
• l'* this is the peak of th© ebsorpfcl -a Land for rose cental,
rha position of the line ^ag determined by standardizing on
the bid! line from a mercury arc. The error in the spectro-
photometer re-, din^s a?; agouti 3 per cent,

k s ...uer : s ha w , ;■■■.. r 7 7  log was f o mid t o oe a c cur s. te ove r© c j.0
the range of oonoentrations used, this v.aa used to calculate 
t he dye o one e r t ra ti oris *

In order to check the reversibility of the reaction, 25
ml, of cells, prepared in the manner as in previous erperi-
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-5— ments, were suspended In 250 ml* of 10 dye at; 25 0 c* and 
allowed to stand with an occasional very light shaking for 
three hours, then were spun down and resuspended in buffer 
The solution was treated as before to give velocity of he 
reverse- rose ti on* A blank of -cells and buffer solution were 
treated in the same manner* The equilibrium values for 
1 x ICT6, 5 x 1(T6, and 1 x 1Q~5 were determined on the same 
sample of blood* .Results are given in Table IV*

In the experiments where the concentrations of the cells 
were changed, larger quantities of blood were necessary* It 
was found that the rabbits used could survive about a 20 ml* 
loss of blood* Two rabbits were used to get the required 
quantity of cells* The blood was kept separate until after 
the final washing to prevent possible clotting on mixing the 
blood* Th© blood was washed in the same manner as before and 
made up to a c neentr&tion of ten times that used in the 
previous experiments* 10 ml. of this solution was used for 
the 10 times blood concentrations, 5 si* for the -5 times, 
and 10 ail* were diluted to 100 ml*, and 10 ml* portions used 
for the same concentration as used in previous experiments*

The results are not as accurate where the larger quantities 
of blood cells are used* The greater concentration of cells 
Increases the amount of hemolysis and also gives a much larger 
correction for the light absorbing substance form the cells*
In the case of the concentration ten times the cell concentra­
tion used in previous experiments the amount of light absorbing 
substance gave a correction that exceeded by about ten times 
the reading attributed to th© dye for 1 x IQ"® dye* In this
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on® Instance the xrror In concentration of the dye may be 
1:60 per cent* He suits are given In Tables V and VI*

The following outline Is typical of these experiments*
All solutions were prepared on the day before eolleotlng the 
blood* 3-100 ml* flasks of dye and buffer «er© prepared for 
e&eh temperature for the 1 x 10~® dye concentrations* 10 ml* 
Of 10*S dye solution was added to each flask and then diluted 
with phosphate buffer solution to within about 16 ml* of the 
mark* Three flasks were used for the rosetlon at different 
times after mixing and one was used for equilibrium* Larger 
amounts of solution were neoessary for this dilution as a 10 
cm* absorption sell was used* 2 flasks of dye and buffer 
were prepared for the 5 x 10"® dye concentration for each 
temperature* 5 ml* of 10"* dye solution was added to each 
flask and then diluted* Similarly 2 flasks of dye and buffer 
were prepared for the 1 x 10*® dye eonoentration for each 
temperature by diluting 10 ml* of 10"* dye solution* 3-100 
ml* flasks of buffer were prepared for the blanks for eaoh 
temperature and 1 flask of buffer was prepared for the sell 
counts* These flasks were placed In thelx respective water 
'baths and the "refrigerator until used*

About 14 ml* of blood was collected from a small out In 
the rabbits ear In two tubes* This blood was filtered through 
a small tuft of cotton and 12 ml* were diluted to 60 ml* in 
four 15 ml* centrifuge tubes* The cells were then spun down, 
the supernatant solution drawn off, and the cells diluted to 
60 ml# with fresh solution* This was repeated until the cells
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had bean washed four times* They were then diluted to 
275 ml* 10 ml* of this blood solution was added to each 
flask in its turn* The 1 x 10"® dye concentration was run 
by itself as there were only six holdsres in the centrifuge 
for tubes* 10 ml* of the blood solution were added to three 
100 ml* volumetric flasks for one temperature* One was set 
aside in the bath and allowed to stand until the next day for 
the equilibrium value* After standing 10 minutes a ©0 ml* 
sample was transferred to four 15 ml* centrifuge tubes and 
centrifuged 8 minutes* The supernatant solution was decant­
ed and this solution centrifuged for 5 minutes* A flask 
containing only cells was treated at the same time as a blank* 
These solutions were decanted into a 10 cm* absorption tube 
and spectrophotometer readings were taken* This procedure 
was repeated at 30 minutes after mixing and 60 minutes after 
mixing* This was repeated for the other two temperatures*

The 5 x 10~® and 1 x 10"^ dye concentrations were treated 
in the same manner* As a 1 cm* absorption cell was used for 
these dye ooneentrations# only a 30 ml* sample was necessary# 
and both solutions were run at the same time* These were 
treated the same as the 1 x 10~€ and the spectrophotometer 
readings obtained on each dye concentration and blank* Cells 
were added to the flasks for equilibrium at the same time* 
These were allowed to stand over until the next morning and 
were then centrifuged and .the spectrophotometer readings 
taken*
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CALCULATIONS

!• Dye concentrations from spoctraphotosae ter readingss

Beer1® Law E • log.i?.

Tor two concentrations of the same substance:

_L. n £o _ 1 , T,
u , c ,Iog# j: "/>^> g*X^

The spectrophotometer retdings are l o g . ^  Substituting 
readings from Table I.

7— rr°.781 - TJJ^ 0.494

Cg3 0*445 x 10*®
Results are given In Tables VII to XII Inclusive.
2m Dye molecules per red blood call.
Concentration of dye on cells 0.555 x 10"® moles per liter 
from Table VII*
Led blood cells per liter:

2*275 x 10* per cubic millimeter or 
2.275 x 1010 per liter.

Eye molecules par red blood cells
0.555 x 10"6 x 5.OS x 1023 -

BUnHWM*llUiWrtr in " 1*48 X 102.275 x 1010

lie suit s are given in Tables XIII# XIV# and XV.
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4'

IA

Voltuee of I

'20 H<J y

? jf»3
Cnft SiU 0* Cl« I* Mi

m 20 x 14*8 a 296*0
ss 6 k 3*7 t 22.2

a 12.0 s 12.0

s 4 x 7.4 I 29.0
s 2 x 22.2 S 44.4
* 4 x 37.0 « 148.0

552.2
i&rlmkag# for benzene rings?44*1

608.1

Volume of on© molecule
b Q d . l  . y  x  10-22 ee

6.00 x 10

,s turning th© saoleoulos to be 
% V T 3 a 8.48 x 101*22

radius r s 9.46 x 10“ b
Tbs sodims ion is not taken into consideration as it 

probably not concerned In the reaction*
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4* Surfao© ©overed by dy© itioleettles*
fh© average surfae© of a rabbit red blood ©ell is 
about 80 x 10*8 sq* cm*7 
area of circle gov*rod by dya molecule s 
7T(C.46 x 1G*8)2 ; 8.08 x 10’le 
yraotlM of surface covered by 1*96 x 107 aj® 
MOlOGUloa

1*93 x 107 x 8*95 x 10*15 • „*“ 0*023
80 x 10“ 8
8.3 % 00T«r*d.

5# Concentration of dye in tb© membrane*
Surfae© s 80 x 10"8 aq» cm*
71s© thickness of the a e a t m e  is about 160 At?*8 
80 x 10“® x 160 x 10-® S 1.28 x IQ"18 o.c.
1.28 x 10-1®(2.278 x 1010) S .0281 o.o.
in *©11 membranes of cm© liter of blood cell a.

7« :g * 0*27 molal solution extra©t©d from 0.881 x 10*®
1 x 1CT® molal solution of dye in water*
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6# If the reaction between the dye and the substance In the 
cell Membrane is assumed to be a reversible bimolecular 
reaction

d| 3 ^(a-eXb-o) - % e

where a is the initial eonoentration of dye in 
solution, b Is the oQricentr&tion of substance in 
the sell membrane which reacts with the dye* 
o is the concentration of dye on the cells at 
time t*

At equilibrium for the reaction

Bye * b ẑ? dyo*b(compound)

ra^TtW i T * * It* * ^ equilibrium constant

© in this ease would be the equilibrium concentration*
By substituting values from fable XIII and do from tangentscTf
to time-concentration curves (see Figures 5 and 10) the 
following simultaneous equations are obtained.
For 5 x 10~6 0° C
(1) .144xl07 • KjUS.SxlO7 -6.52xl07)(b-6.52xl07) - 6.52xl07itg
(2) ,O297xl07 s it1(18.9xl07-7.6axl07)(b-7.50x10') - 7.68xl07Kg 
(S) .OOBxlO7 * K1(18.9xl07-8.07Xl07)(b-8.07xl07) - 8.07xl07£g
at equilibrium*

(4) 10.8 X 107_________   « Kj.
(15.8x10* 10.6x10*) (b - 10.8*10*) %



m

By substituting aquation (4) in (1) and (2) and solving tbs 
simultaneous aquations for b.

b 5 13*8 x 10* for 5 x 10"® initial dye concentration#

(4) nay bs substituted In (3) and the equation solved with 
(1) or (2) giving practically the same value for b#

la a similar manner the concentration of b may be determined

?• calculations of reaction constants assuming that there is 
a mem molecular condensation of dye molecules into the cell 
membrane•

Using the average percentages from fable XVII f and the slopes 
drawn to curves of the concentration of dye on the cells with 
time* Figure 11*

b 5 11.8 x 107

for 1 x 10*® dye concentration.

to S 2.87 x 107

it • *!<»-•> - KgO

equilibrium constant X s Si
*8

also K S |?§_ at equllibriun<

1.09 S 49.5 Ki - 50.16
1 T X  ̂

for ten minute value •
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^  .#0324 for ten minute® after mixing*
2 #022 for thirty minute® after mixing#
S #U09 for sixty minute• after is&ixing*
The average percentage value* were used as they give the 

s a w  result® as the actual values and are more accurate as 
they reflect the average of a number of experiments#
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TABLE I

corrected Spectrophotcjieeter Headings' on the Supernatant
Eye Solutions.

f ;corrected Spectrophotometer
T e m p e r a t u r e i Initial dye t Keadi £8 cm solution

{concentrations10 mln* f3so min.rf150 min# 3 6 hours
3 s a• 3 1

35° C S 1 X 10-6 t .0347 s .0261 s .0217 5 H
s gm s 3 3 3
** 5 X 10-® 1 .187 1 *120 3 .105 3 H
s 3 3 t 3
s 1 X 10-8 3 *346 3 •233 3 •242 3 H
s I 3 t 3
1 t t : 3

26.5® : 1 X H « o t *0341 t .0307 i .0271 3 H
3 I I 3 3
3 5 X 10“® 3 •212 •* .168 3 .149 3 E
f 3 t 3 3
S 1 X 10“® I •asm 3 mm i mm S .179
? 3 3 ss s s i 30® C 3 1 X 10-6 s •0404 ! *0499 3 •  0444 3 • 0336
3 t t s I
i b X 10*® t *233 3 *218 s •208 1 .120
s I 3 3 3
i 1 X 10-S I •  343 3 •  466 I • 396 3 .327
3 3 I 3 s

1 X 1CT5 dye with no oells 0.781
Red Blood Cell Count e 8.876 x 10“*

1 Indicates hemolysis of sufficient cells to make 
spectrophotometer readings Inaccurate* It was not necessary 
for all of the cells to hemelyse to cause this difficulty. 
The hemoglobin released when the cell membranes broke caused 
enough scattering and absorption of the light to make 
readings impossible*
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7ABLE II

corrected Spectrophotom©tor Headings on the Supernatant Dye
Solutions

sI Initial JDye 
Tempo ra ture t C onoentra ti m

sCorrected 
f

i'pS'i irophotoim ter on Solution
ijio mxn. 230 J&12U 2®u jam* s® hours

58 °C 5: 10*® is • m o 2i •021®
2
S • 021®

2
2 B

I 5 x 1Q~6 i 2 2 2
i i .161 2 • 114 2 S B
t 10*5

t 2 2 f
s i *32® 2 *311 2 • 312 2 B
s, $ 2 1 f! io-ft s I t 22S.6°C i t *0333 2 • 0243 2 *017® i H
I s $ f s
s ft x 10”® 1 *19® S •142 I • 111 •5 B
$
s 10*® ii •394 2

2 <•••** S
2 • 309 2i B

1 I 2 2 2
0«0

s t 2 f 2s 10*6 j •0414 2 *0357 2 *0300 2 • 0142
t i 2 t 2
s 5 x 10”® s • 230 t •230 2 *192 S • 12®
i
I 10”6 22 .507 22 • 419 2S • 404 t1 • 331

..JL 1 •♦ t 2

1 x 10*® dye with no cells 0*7®
Med Hood cell Count Z 1*907 x 10*
-^Absorption cell for epeetr ophot ameter was broken and the 
solution was lost*
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TABLE 1X1

Corrected spectrophotometer Beading* m  the Supernatant Dye
solutions

*s Initial 
Temperature sC oncentration

corrected c3pectrophotouaetar Heading* 
t m  Solution $

10 .mill* 130 min* g!0 Biin. iS "houra

26°C ! 10'6
! e *  xo-« 

j 10“® i
S 1

f i t
•0357 t .0278 s .0244 1 .0175 

t t 1
.208 t .148 i .097(7)1 .U S

9 9 I
*419 t .504 t .240 i .200 

t i t s

10*® dye with no eelis *78
Red Blood Cell Count s 1*97 x 10*
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fABLh IV

Correated Spectrophotometer Headings for the Reverse Reaction

fim© after 
remixing I

$
fieffeeledSpectrophotometer reading

10 minutes
:
t • 0238

30 minutes i
t
t
i

.0887
60 minutes .0463

120 minutes ss
5
1

•0819
180 minutes .0704
420 minutes Ss

t
.1302

1 x X0m® equilibrium .0163
5 x 10~® equilibrium #128
1 x 10**® equilibrium .232

10*® dye with no cells 0.78 
Red Blood Cell Count # 1.678 x 1G4 
Temperature 24.0® C
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TABLE V

Corrected Speetrophotoraeter Readings for Different 
Concentrations of Red Blood Celle

H!ni'iIsX"(£ye "IpoXropHotoaie1 ter"Concentrations of cells > readings___________
I __________ tifl «dri»YSO alnTt&O mln. \dhours
* l : s f1 10 x h .b.c . : • 234 t • 138 t • 149 t • 113
s I I s t
I 3 x K. B* C • i • 284 : • 198 t • 158 : • 134
i ♦* t •« s
i 1 X B.B.C# i • 387 l • 801 : .232 l • 231
s : t s t

10*® dye with no cells *731 
Bed Blood Cell Count * 2.2 x 10*
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TABLE VI

Corrected spectrophotometer Headings for Different 
Concentrations of nod Blood 

Cells*

Concentration* Initial dye i___________Headings_________
Of cells * Concentration 2 10 mi'n* 2 "^-Four’s.—  ---

2 2 3
10 x b .b .c . 5 10”® 2 .008 2 .009

1
2 © X 10-6 I

1 •044
2
S • 042

2
S 10-5 t

J .057
f
3 • 063

I 2 2

5 X R.fe.Co
*
2 10”®

2
2 *029

f
2 • 028

2
I 5 X 10”®

••
2 *056

2
S • 054

♦
1
2
2

10“6
2
2
2

*111
2
2
2

.100

1 X E.B.O.
S
t 10-0 1

2 .027
1
2 •029(f)

2
2 5 X 10”®

t
t *108

S
3 • 097

2
t 10”®

2
2 .257

2
3 •223

2 •9 2

X * icr5 dy. With »© o.lls .741 
\.d Blood Count g 1.88S x 10*



TABLE VII

Concentration of Dye on the Cells and Dye in Solution 
Concentrations are moles x 10"® per liter of solution or cells

Initial ] 
c oneentretion; ~ ySST'after m£xli &Q minutes ; *Temp* id minutes"",rr ;

p B s "  "ByeDye i Dye in s Dye i Dye in ; Dye 9 
son cells;solution;on cells:solution:on cells:solution:on cells:solution

s  s .EquiliSrIum~
ye in i Bye : u y e in

* ♦* •• «ft •ft #• 2 2 •

35°C : 1 X 10“ 6 ft* 0*555 *ft 0 .4 4 5 ft& 0 .6 6 6 ## 0 .3 3 4 a 0 .7 2 3 2 0*377 ftft w •• 8
•# : •s s t «ft 1 ft «ft
: 5 X 10 6 ? 2 .5 1 4 2 .4 9 : 3 .465 a* 1 .5 3 5 ftft 3 .6 5 5 S 1 .346 S H * H
: •a ftft e# ft : % t ft«
s 1 X 10~6 a• 5 .5 7 : 4 .4 3 s 6 .7 3 3 3 .2 7 1 6 .9 0 % 3 .1 0 t 1 eft K
5 se #* f 2 ■»* i t 2

o* s » s 2 : 2 i ftft
25*50 s 1 X

01or-f I 0 .5 6 3 s 0 .437 s 0 .6 0 7 ft 0 .3 9 3 2 0 .8 5 3 s 0 .3 4 7 t 1 ft# B
s -.is s s 2 1 2 s 2 ftft
• 5 X 10“6 i 2 .2 8 s 2 .7 2 I 2 .8 5 X 2 .1 6 ftft 3 .69 S 1 .5 1 t M 2 H
s e? s fte t : S 2 2 S

s 1 X 10“ 5 s •• s *• ftft 2 i 7 .7 1 »» 2 .2 9
s ♦ i s 2 5 I 2 2
ftft •s ae s 2 ftft 3 : *

0°C ! 1 X 10*® t 0 .367 i 0 .6 3 3 ♦• 0 .361 ftft 0 .639 ft 0 .432 1ft 0 .5 6 8 2 .587 ftft • 433
s CL

t# »« a I ftft ft 2 ftft
: 5 X 10 6 e• 1 .7 5 ft» 3 .2 3 • 2 .0 8 ftft 2 .9 2 ♦ft 2 .3 4 2 2 .6 6 *ft 3 .4 6 •ft 1 .5 4
♦a £1

e# : #• ftft S S i 2
2 1 X 10"5 •ft 3 .0 5 t 6 .9 5 s 4 .0 5 I 5 .9 5 ftft 4 .9 2 1 6 .0 8 ft 5 .8 1 % 4 .19
• • ft s 2 : 2 2 3 ftft
•

ed Blood Cell Count S 2*275 x 104 per ou. mm*
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TABLE IX

concentrations of Dye on th© calls And By® In Solution 
concentrations are solas x 10~6 par liter of solution or calls.

" '’Msia "after 
'50 'alnutas"Temp.; Initial: concentration TSgS

I'G^mlnutas^ ,r i ...30 ^linutas : 1 6o'rminut’©8 %
'TUy© in'': Hye Y~"Sfn Yn~i Hye n^JFTSTl I5yi“

sEmlTiT 
2"' "Bye in

«a 2 » i 1 a♦ i •■*
25°C s 1 X 10"° : 0.551 * 0.449 2 0.644 1 0.356 2 0.688 a• 0.312 9• 0.776 «* 0.224** /» I • •a 3 3 2 aa 3aa § X 10“6 1 8.34 * 9.66 3 3.15 3 1.85 3 3.76 1.24 2 3.555 «• 1.445

2 t : 3 2 I •* s **
t 1 X 10 6 s 4.64 *• 5.36 *» 6.11 i 3 .89 3 6.85 2 3.16 2 7.36 : 2.64•a » s »# s 1 3 3 3 «•

Bed Blood Call Count • 1.97 x 10*
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TABLE X

Concentration© of Dye on the Cells* and Dye In -Solution
for Hovers© Reaetioa 

Initial Dye Goaeentratlon s l i  IQ*6
Concentra tion© ar© moles x 1Q~® per liter of solution or ©oils# 

24® 0. H.B.C.Count s 1.6*75 x 10*

Lmeaffer Tt on ©ells : in solution
0 minutes ;s10 minutes s

♦t30 minutes t
*60 minutes %s120 minutes i
44180 minutes j
i

420 minutes $

s7.03 t 0
6.724 •

v * 0.306
6.870 ■■ * 1 0.460

16.437 : 0.623:6.237 s 0.793
f6.014 t 1.016
t3.463 t 1.667
t

Equilibrium values
10 ?! 

5 x IQ*®* .7883.36
t1 0.212 
i 1.644# «• 1OH 7.03 l 2.97
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TABLE XII

Coneentrations of Bye on Cells and Bye In Solution with Changing
Concentrations of Cells

Concentrations are moles x 10*® per liter of solution or cells.

$i*e after mixln 10' miriuf: tInitial dye sconcentration? ‘ 
concentration? of cell® i

e a ; "tT~"$6Q" minute a
W~'T& j T)J%r i 3ye Ins ion cells?solution!on cells?solution

t «4 ** *» 3icr6 «* 10 X I 0* 892 I 0.108 a 0.879 »* 0.121
5 x io“e

3
• 10 X

*•• 4.406
*¥«• 0 . 594

3•« 4.434
?*» 0.566

it 3 e• 3 3 110"b 3 10 X s 9.238 3 .768 •• 9 .160 #a 0.850S t 3 I aa
3 i* *• •• I10-»i ** 5 7. * 0.609 «a 0.391 •4 0.622 s 0.378

-A 3 3 ** 2 t•
a x 10 6 3 5 X % 4.248 I 0.755 5 4.272 t 0.728

S9 1 I I 3 t10“s I 5 X I a. 505 i 1.495 3 8. as t 1.35
t 3 I 3 s

£* •* 3 3 3 **10"6 i 1 X *• 0.646 •* 0.351 •• 0.60© ** 0.391
t t 1 I 25 x eio

i 1 X 3 3.545 I 1.455 i 3 .693 «• 1.307
2& i f I t f10 i 1 X t 6.55 *a 3.47 3 6.97 I 5.03

«* t s S 1
Bed dlood Coll Ccnmt s 1.820 x 10^



TAHU'XIIX

Dye Molecules per hod Blood Cell

Bye eoneentrfttloii* ere dye m o l m n l m ®  x 107 per ©ell

's Ynlilal  »
sco&eentr&fclont 
sper red Oloods

ye on 
T i m  after

cellsrig"W ima iiiewiiepgBBw>10 jSEr/iSCEH f .  lOT-mnTrSgulIl'brlua
1 1 l t t

35°C t 2*60 i 1.48 5 1.78 3 1,93 »«*« 13.3 . | 6.68 ft* 9.24 % 9.74 ♦•
1 26.6 s 14.86 i 17.08 % 18,4 J
1 ♦V s » t. * * s fte £ *»

28.8®> 2.66 ! 1.60 t 1*02 *© 1.74 *•
1 15.3 1 8.08 I 7.80 £ 0.84 t2 26.6 1 *♦ I ©• 20.53** i ft9 « »*
: ! % 1 t

0°C 2 2.66 * 0.98 I 0.96 t 1.15 s 1,61ft* 15.5 1 4.07 9e 5.66 ** 8.24 s 9.23
$ 20.0 1 8.13 ■l 10.8 £ 15.1 »ft 16.5
I ! J § #
t t i S $

38®C ft* 3.18 s 2.08 * 2*30 ? 2.30 I
* 16.0 s 0.34 i 11.26 £ •
-9ft 31.8 ♦ft 18.46 i 10,2 ©4 19.1 I
i 1 * *ft j
i t : S t

as% t 3. IS •* 1.74 l 2.10 ••ft 2.40 «
t 15.9 i 7.94 I 0.82 ft 11.4 s
t 31.8 ♦t 15.75 •• 4« 19.2 ft
t ' ♦t s ftV 1
t i • 1 t

o°c s 3*18 t 1.50 s 1.72 : 1.96 ftft 2.6
i ■ 15.2 9« 6.52 s 7,58 t S. 07 ftft 10.©
s 31.8 t 11.14 t 14.72 t 15.32 : 18.3
f % t et 9ft
s t t s : M O  minutes

28°C I 3 .07 t 1.89 1 1.08 i 2.11 £ 2.39
f 15.36 s 7.10 1 9,68 £ 11.65 f 10.9
J 30.72 I 14.20 5 18.8 1 21,1 S 22.0
A t #* •« s
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fAIM XIV

Dyt tfaXoeul** par Blood c«ll - ovoreal ;oaotion

tiHnnfiiirwrom  i W a  m  a'aiia
0 adzkutaa t

\ * 83*43 * 10*
10 n&nutaa $i 24.38 ■
30 minute a •!

I
*♦

25.78
00 a&aufcaa 23.28

120 Klimt* s *
I 23.58

180 mlnufcas §
1 21.7©

420 Klnutea
5s
5

19.8
I

^qutlifcriua values

l i i M a l  # i  p a r
it* B.C.

l
f Dyo an B.&.C*

3.62 x 10* • i i 2.85 x 1G7
iaa *

1 12.15
58.2 sI

I
25.45
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TABXiE XVI

Percentage of Surf**# Covered by py# Molecule#

f #is* i a r o i r g i r i --------- — T i s T j B s n a a g

S6°C $
Jt•**
**

1 x 
5 x
I X

10"®
10*®10-5

3•♦
f
3
t

l.«£
7*317*7

3
3
8
*
I

2*1
11.121*2

*
8
!
3
S

8.3 % 
11.7 
82.0

3
$
f
S##

t 3 8 3 3
25°-• I I X 10-6 3 1*8 3 1*0 3 2.1 :** 5 X 10-6 ? 7*2 3 9*1 3 11.8 s

: I X 10-6 3 3 X t 24.5 %*• 3 » 3 i
1 J 3 3 i0°C I 1 X 10-6 3 1*0 3 1.0 3 1*4 «* l.@v 5 X 10-0 3 5*6 1 6*6 3 7.6 t 11*0
I 1 X 10-6 3 8.7 3 14*0 3 16.7 3 16.3
1 i ■ t 1 ?t 3 8 t I

55°C 1 1 X 10-f f 2*3 3 2*8 i 8.8 3
t 5 X 10-6 t 11.5 3 13*8 t 3
1 1 X 10-6 3 82*1 8 22.0 i 28. 8 3
? S S , 3 I1 .̂ Jft 3 1 3 1

26°s: *# 1 X 10 ® 3 0*1 t 2*6 8 3*3 3
1 5 X 10“6 3 10*5 3 11*3 t 13*6 %
£ 1 X 10-6 3 18*7 3 3 82*9 X
2 1 3 t 1
S t I 3 1

0®C s I X 10-f 8 1*3 f 2*1 I 2*3 I 3*4
i 5 X 10-® 3 7.8 3 9*0 3 8.7 I 12.0
** I X 10-6 t 13*1 8 17.6 3 18*3 I 31*6
i t 8 f X
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TABLE .XVII

Percentage of i-7© Molecules cm Hed Blood Colls

«*Ta f i l T _ S .tims affiir skiingeaip. jeonoantrationuu minutest 30 alnutessda minutusi qullibrium
: t 3 % 8

38 °C s 1 X 10-^ 3 55*5 % 3 66.9 £ i 72*5 'si? «a
1 5 X 10-f ! 50*5 3 69.4 t 73.2 s
8 1 X 10-° t 55*0 3 66.4 8 69.2 8
t : t I f
** 3 3 *• 8

85.5°s 1 X 10-6 I 30*3 i 60.9 I 65.4 s
t 5 X io r3 t 45.7 S 57.1 t 73.9 s
s lx 10*° t •a i I 76.2 <1
s S % t 8
1 f % t S0°C ! 1 X 10” s t 36.0 X 36.2 X 43.4 I 56.7
: 5 X 10-f * 35.1 i 41.7 s 46.0 8 69.4
* 1 X IQ”8 « ' 50.0 t 40.0 % 49.2 8 58.2
i 1 3 t S
* « : a♦ 8

35% s 1 X 10-6 s 05.4 i 72.8 s 72.2 S
3 6 X 10-f t 50.7 3 70.0 8 S
t 1 X 10-5 $ 58.0 3 00.3 I 00.0 3
f 3 St s S
S S I 8 S

2S®C « 1 X 10-® s 34.7 I 60.0 1 77.3 1
S 5 X 10”6 1 49.4 t 01.7 % 71.5 f
s 1 X 10-8 I 49 5 3 1 60.4 8
1 3 S S ,1s 1 1 S 30 %  I 1 X 10 f t 47.2 $ 54.0 s 01.6 S
I 5 X 10*8 S 41.0 S 47.7 s 50.8 S
1 1 X 10-8 S 35.0 1 40.3 3 48.1 :#..., .r.t.. I t 8 ft t 1 3 8

2 5%  i 1 X X0«*o t 55.0 t 64.4 i 08.7 8 81.8
I 5 X 10-6 I 40.0 } 03.0 s 75.0 t 67.0
i 1 X IQ’5 I 40.7 s 61.2 s 68.7 S 57*5
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DISCUSS IOM

A great variation was found between the results of tills 
investigation and the results report## by Jodbauer and

zHaffner. They found equilibrium in ten minutes. In this, 
equilibrium Is not reached until at least three hours. Also 
they made no correction for colored material from the cells.
In these experiments concentrations of cells such as they 
used were impossible because the amount of colored material 
from the cells would be far greater than the readings from 
the dye. However, they used beef cells while this investi­
gation was performed on rabbit cells.

tnsn the amount of dye on the cells Is plotted with the 
Initial concentration of the dye, each time interval gives 
a straight line, Figure 6. A calculation of the percentage 
of surface covered assuming that the dye is adsorbed on the 
outer surface of the cells shows a variation of surface 
coverage from about two per cent to twenty two .per cent.
Table XVI. A straight line relationship could not be expected 
with such a wide variation In the surface coverage.

There 1® a possibility that the dye is being adsorbed on 
a much larger surface. The cell membrane Is a layered 
structure containing llplde molecule® with long paraffin© 
chains oriented perpendicular to the surface and with protein 
leaflets oriented with the long axis parallel to the surface.® 
This would present a large surface for adsorbing the dye mol­
ecules and could give a linear relationship over the range of 
concentrations used. It is, however, difficult to picture
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predieted by the fact that the concentration on the cells 
at any time- is proportional io tnc concentration in solution*

Any other order of reaction would t,lve

•J^s .-.1(a.c)“(b-o)»i-..i2 <P
where w and n are the n w b e r  of molecules of dye and sub­
stance in cell wall which react t;o form -/ molecules of 
compound, it is obvious that no values other than 1 for ai, 
n and will 0ive the same rate of reaction*

It Is possible that there &■•© two reactions occurring at 
the gam time, one between the lipidte molecules and dye and. 
tne 0‘Uier between the protein molecules and dye. bheae two 
inactions may balance in such a maimer as to give a direct 
proportional!by between the dye on the cells and the dye in 
solution. Ibis is a remote possibility for one temperature* 
it is hardly probable that such a balance could be maintained 
for different temperatures.

ihe suostanee which reacts with the bye may be assumed 
to be in such a l&r^e quantity g® to be very little changed 
oy a ton-fold change in ay© concentration reacting, finis 
in :J;e equilibrium

c/dye.o compound „
""» .................. ...n il ............     mm, g

» n ,eg x c dye
.atthe concentration, Cg, is assumed to be such a large Iralue 

that it is practically constant*



For this reaction the? dye on the cells is directly pro­
portional to the dye In solution only in the cage where 
n and J are equal to 1* This is a bimolecular reaction 
which has oeen shown to be impossible*

It is necessary therefore, to assume that the reaction 
is between the dye and both components of the membrane to 
explain the rates of reaction* Blum and Gilbert^ hare 
calculated, by assuming s molecular weight of 100,000 for 
the protein molecule and 500 for the lipide molecule, that 
there are about 10? molecules of protein and 10^ molecules 
of lipide In the membrane of the cell* To obtain a value 
for the reacting part of the membrane, with a value large 
enough that its reacting concentration is very little changed 
by a reaction in which between % x 10? and 2b x 10? molecules 
of dye react,, cm# must assume that a number of dye molecules 
are reacting with each molecule of protein* Also the last 
molecule to react must react as readily as the first one*
This is hardly possible with such a large molecule as rose 
Bengal.

From Figure 7, the reaction is over ninety per cent 
reversible and from Figure 8, the amount taken up by the 
cell is proportional to the amount in solution per cell*
Table XVII shows that for a given temperature the percentage 
of dye molecules on the cells is practically the same for
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any one time* The best explanation of this would be that the 
dye is distributed between two solvents with the membrane as 
one solvent and the buffer as the other* A calculation of the 
concentration of the dye in the cell membrane would give a 
2*7 x 10*1 aolal solution being extracted from & 1 x 1Q"S 
solution of dye in water* This 1® a 10*000 times concentra­
tion in the cell membrane, but this may be explained by the 
fact that the mCMbrane is probably a rather thick jelly struct­
ure which would tend to hold the molecules of rose bengal In 
its structure# This would also explain the slow rate of reac­
tion#

A calculation of the reaction velocity based on the as­
sumption of a mos&omolecular condensation and evaporation from 
the cell membrane indicates that there are probably two re­
actions* The pseudo constants are not oonst&nt*

11̂  s 0*0324 for ten minutes,
8 0*022 for thirty minutes and
s 0*009 for sixty minutes*

(See Calculations, page or)* This would indicate that there 
are two components of the cell membrane removing dye from
solution* There are two structures proposed for the red cell

Tf Umembrane* » * On© is a structure of lipide molecules in one 
continuous layer with protein molecules in another layer*
This structure would give the dye being distributed between 
the first layer and the water solution and between the first 
and second layer* This would give as the kinetic equations
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for the reaction between the solution and the first part of 
the membrane

tiU-^-OgJ-Kg*!,
and between the two parts of the membrane

etc ’
df z R3t0l”®2' 4*8

The other structure Is a mosaic of lipids and protein* The
two components would each remove dye from solution directly*
The kinetic equation for this would be

- V l  • E4°s

It is not possible to calculate the individual velocities
of these reactions without some knowledge of the concentrations 
of the dye in each part of the cell and cg* At the present 
time there seems to be no method for determining these values* 

The best explanation for the removal of the dye from 
solution by rose beagal Is that the dye is distributed be* 
tween immiscible solvents, the protein and lipide of the cell 
membrane and the water solution*

Such a large concentration of dye in the membrane should 
affect its structure* The cells are normally diecolds* The 
dye causes some change in shape* The discs gradually lose 
their shape and finally Do coins spheres without an appreciable 
change In volume with increasing dye concentrations* Higher 
concentrations of dye will cause hemolysis of the cells but 
this concentration is an order of magnitude higher than the 
concentrations used in these experiments*



SUMK&KX

■ Time concentration values fur temperature* of 35° C*#
25° €• f and 0° C. have been determined for the removal of 
rose feen̂ &l from aqueous solution by red blood cells* The 
reaction is not adsorption or the foration of a chemical 
compound* The best explanation Is that it Is a distribution 
of dye between*the water solution and both the lipide and 
protein fractions of the bell membrane*
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