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PHE #.MOVAL OF ROSL BUNGAL PROM AGU:LOUS SOLUTION
BY }.D HLOOL CiLLS |

puring some work on photedynausic hamolys&ul'zit was
necessary to messure the amount of dye taken up by red
blood sells from solution. It was found that the amount of
dye taken depended only on the soncentration of dye in
solution, the number of cells being constant, and gave &
straight line re¢lationship, Jodbauer and Harfner® found the
taking up of dye to follow the Freundlieh Adsorption 1so-

therm,

x = kﬁﬁ
+ 2 0.54

The data found in our preliminary experiments would not fit
this edsorption equation, This researeh was undertaken to

find if possible, the mechanism of the removal of dye from
solution by red bleod cells.
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FAESETIY BRI Tk

Thyee pogelile weohsnisme for .he rewoval of dye from
solution by red blood cells sre suy,ested, oOne would be
sdgorption. 4f 1t is usswmed bthat the dye is adsorbed on
the gurfres of the cells in & unisoluculer layer, 6 being
the frection of the surluce coversd by dye meleecules, and
{1-0) ihe fruction not occupisd, the rute of the dye molee
cules ndsorbing on the surfsce at a concentration of ¢ in

thie solution would be proportional to ¢ and (1-3). ‘Then,
qate of wolecules scsorbing on surl ce e kic(l=8),

ihe welecules leuving the surfsce would be proportional to

the sasount on the surfrhce or the ezxtent of surfsee coverage.
veate of wmolecules leaving surface = KeBe

~% egullivbrive the two psates will oe equal. lencs,

shepre are bthree conditions of surfsce covertge.
() If the surface 18 nesrly eree @ 18 swmkll &8 ¢ 0=

pured 20 le (1=9) secoues spproxiustely l. L hen,
k'} G - 5:28

rearyanglng



ihe frection of the surf.ce covered 1s proportional to the
econcertration in solution. The dye on the cells is directe
ly proportionsl to the concentration of ¢ye in solution.

lepresented grashiceally this vould be

iw“ye in solution,

rigure 1.

ihig is true only if a swall fraction of the surface 1g cove
erede

(b) The surfuee is nearly covered, © is nesrly l. The
yariation in © is small snd the corresponding varistion in

(1=8) iz greatly wmsgnified. :n spproximation would ne

Ky
.6 D
1 ED()C-

nas wlien the surface is nesrly coversd the extent of free
surfsee is inversely proportionsl to the concentration of
dye in solutione. the suriace covered and the smount of dye

on the cells ig nearly independsnt of the concentration of



dye in solution. Hepresented . raphically this vould be

Dye on Cells.

i:ye in solution,

“1gure 2,

(c) - here the surface is partially covered © variecs
Girectly os ¢ © varies ae some powsr of ¢ bebueen O and

ls e may exoress this Dy the equstion

A

8 3 keh

- here -ﬁ‘ia & fraction less than unity, hils ig the
treundllceh sdsorption 1sothera. (iae relation usy .e expressge

ed graphleally
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LDye in solution,

Flgure 3.

i second wechsnisw g that the dye forms 2 chemical
compound with some component of the cell memirane., b is
sgguned to be that component. If this reaction is irre-
verslcle there should ve no dys left in solution as long

ag there 1s sufficient b to resct with all of the dye,
wo +n dye —» 1 b.dye (compound).

m osnd n are the number of moleculecs of b snd dye which
resct to give 1 molscules of dye o b compound. If b is not
sufficient Lo react with all of the dye there will ue some
value for iyre dys on the cells whileh corpresponda to b boing
all reacted beyond whicii no mors dye will be removed from

solution Ly cells even thou.h cxcess dye 1s present,



here the reaction is reversible
mb +ndye =2 10, dye(compound),

In this case we have at equilibrium,

c/
bodye (am/wnd)
=K

h wo
{'d/e X ¢ b

€

Vs
5. 0'}’4’ (/am/mm/)
of the molecules of dye, reacting substance b, and the oom=

where 04; s Cy 5 8nd C are the concentrations
pound., fThe concentrations of dye and dye compound (1.e. dye
on the cells) are known. However, the concentration of the
reascting substance is unknown snd mast be evaluated in sowe
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 1s assured to be constant then

e
cb. a'/l/& [/’"}aunp’)

n
nge

Cf’ is also constant., This becomes

y
cﬁ-dyﬂlhﬂﬁM&Q_

= Constant

»
Ciye.



The dye on the cells is directly proportionsl to the dye
in solution. This is true when the coneentration of the
reacting substance is very large compared to the amount
reacted s0 that for all practieal purposes it is a constant.
That is, 1f only a small frastion of b is necessary for the
reaction.

The third possible reastion is the distribution of the
dye bstween lmmiscible solvents. The watef solution acts
a8 one solvent snd the cell membrane as the second solvent,
In this case the concentration of dye on the cells would be
directly proportional to the econcentration of the dye in s0e
lution if the molecular species is the sane in both solvents,
1.0, 1f there is no disscoletion or sssooiation of the dye
when it iz transferred from one solvent to the other. This
would be reﬁraaenied gﬁﬁph;onlly‘ai |

YRS R A i O 21 N A 0TS Y A P RN T B T R 11

Dye om cells

Dye in solution,
Flgure 4.



Hor & glven concentravion of cells the fraction of dye
on the cellg =t eqﬁilibrium would ulways be the gaume,

If the reccilon bastween the dye and the substunee In the
cell membrane is sssumed Lo e ome moleculs of dye rescting
with one moleeule of substunce forinding one uolocule of the
conpound of the two, scme sasuw:ptimms a3 to the kinetice of
the resctlon way be made, The rate in the forward divection
ig oroportional to the concentration of dye end the concentrae

tion of the reseting subeliiCee
‘he forward razﬁjé; = ml(a-c)(b-e)

wilere a 1s the inlcial concentratlon of Lhe dye, L is the
injivial concentration of the reaciing substsnce in ithe cell
vembrane and ¢ is the concentration of comnound &t time .
.he rote of tha reverse rerction ig propoptionsl Lo the cone

centration of (he comuound,

e reverse $ . ¢
B -k»l

A7
Jhe rate of the resction 20 any time short of sguilibriuw is

the difference between the fopward rate =nd the reverse rate,

/c g’; ﬂ/ﬁ
T = forvard - — revorse
77 Sy oA

ﬂ/C ; i b e A
%— /A-zl(&"c)({) ) HQ{;.
st sguiliorduw the tvo rabes sre equal.

apla=e)(b=c) 3 .5



rearraenging

-—

o _ &,
(a=c)(b=c)] ~ ¥,

By substituting the values of a,j%%, and corresponding
values of ¢ in these equations, b may be evaluated by simile
taneous equations. 2%%- at time t may be determined by the
slope of the tengents to the timeeoconcentration of dye on

the cells curves,

Time in minutes.
rigure Do
¢orresponding values of ¢ may be substituted in the equations
i%é,: ﬁl(a-c)(b-c) - nge

and

C = ‘l}_/
(G=c) (607 na
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By solving the simlteneous equations, Ky, Xy and b may be
determined,

the kinetics for adasorption and distribution would be
nearly the szme., 7The rate of molecules of dye passing from
water solution to the membrane would be proportional to the

amount in solution at time ¢,

ﬂ/&; 2 X (as0)

where a 1a the initiml maneentrutian of the aye in water
solution and ¢ 1is the eanaentratlon in the mambr&na.‘ The .
reverse reaction, dye passing from the membrane to the water

solution, would be proportiwnal to the dye in the membrene.

ﬂﬁy

7: ng
At any time short of equilibrium the effestive rate of move-
ment of dye molecules to the membrane would be egual to the

difference in these reates

%: i{l(n«-e) - Kgo

ihis same equation would apply to both adsorption and disge
tribution.

The cell membrane is not a siumple structure but has two
components, the lipide or fatty portion and the protein.
The dye may be soluble in both of these. This will give two
positions for the dye in the membrane and the rates of the
dye passing to and from these two portions may not be the
same., If the dye pusaes direotly from the water solution to
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each with the membrane having a mosale structure, we would

have the followinyg conditions,
The rorward rate f%%—a Kl(n-eloog)

and for the second component

ae,

7 = Kgla-oy~ey)
The forward rate is proportional to the concentration in
solution at time t. Both eoncentrations in the cell muet be
subtrected from the initial coneentration a. For the ree

verse reasctions
jggg‘roverse S Kgey

—%%f reverse = K409

the rate at sny time will be the sum of the forward rates

minus the sum of the reverse rates.

Ac "
o = Kl(a-el-ca)f—xz(a-cl-ag) - K5°1-K432

c
or 2%%'=(K1+K2)(a-e1~ea) - Kspl-ﬁ4cﬂ

¢yt0,% o & concentration of dye on c¢cells.

2
s (KjtEg)(a=-c) - Kye, - $402
at equilibrium the rates are equalé%é s Q,

(Ki+ﬁ2)(a-o) 2 ﬁaairx4a2.
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If the dye pusses frow the water solution to one
gomponent of the cell membrane snd Is in turn passed on to

the sscond component thers will be two consecutlve resctions.

T,

;:_-"’Cl

Al -—’
Gy

ihe forward r-tes will be

i%%L' £i(a=cqy=cg)

both ¢y snd ¢, having been removed from the solution.

where ¢y and 6, =re the concentrations of dye in the two

parte of the nembrane, ‘he reverse rates are
1
//(I -

deo .
/2

The rate Prom solution to the flrst component would be

a4

vk &1(&'01‘02) - asol

“Scl

from one cowporient o the other would be

VA ) - i
A7 = PLAC1T02) T fly

Again Ci+tc,s ¢ the concentration in the celle snd at egquile
ibriwn the rates zre equal,.

It iz not possible ©to celculate the values of the react-
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-ions for the ﬁwc eases without aama’kmvwledga of o, and Gos
the amounts of dye in the two parts of the mewmbrune., Any
reagonsble velue of 2 and gy @Ay be substltuted and the cone
stants way e adjusted to £it these wvaluesz, The rates there=

fore do not give any indleation of the values of ¢, and o,
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EXPIRLLNTAL

A darikened roowm was used for all experiments. Flasks
containing cells snd dye were only exposed in the room long
enough to make transfers. They were kept in covered water
baths to proteet them from light. A very small amount of
light ror_a'short time did not seem to affeet the nelli but |
exposure to lighﬁ for any length of time caused thﬁ'délla“to
hemolyse. i red light did not cause hemolysis and, where it
wag possible, this ligzht was used.:

nach experiment was completed with one sample of blood.
Blood from four rabbits was used. Cell counts were msde
with an hemooytometer to an aceuracy of X1 per cent. To
give that aecuracy about eight thousand cells were counted
for each ulood samplc7.

12 ml, of rabbit blood were c¢ollected in two tubes to
which aboutl .05 grems of sodium oxalate had been sdded ae
an anticoagulating agent. These tubes were used slternatly
to collect the bleood with vigorous shaking between each
addition to thoroughly mix the blood and dissolve the sodium
oxalate. To remove any small clots the bleod was filtered
through a small tuft of cotton and diluted to 60 ml, with
sodium phosphate solution whieh was prepared agcording to
Blum, Pace and Garrets. This solution was used in all die
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 acild solution to one liter,
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—~ments, were suspended in 250 ml. of 10™° dye at 25 © ¢, and
. allowed to stand with sn occesionsl very light shaking for
three hours, then were spun down and resuspended in buffer
The solution was treated as before to give velooity of .he
reverge reaction. A blank of cells and buffer solution were
treated in the same menner. The equllibrium values for

1 x 1078, 5 x 10'6, and 1 x 10°9% were determined on the same
aample of blood. Hesults are given in Table IV.

In the experiments where the concentrations of the cells
were changed, larger quantities of bLlood 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
gpantity of cella. 7The blood was kept separate until after
the final washing to prevent possible clotting on miming the
blood. The blood was washed in the same manner as before snd
mrde up to & ¢ neentration of ten times that used in the
previous experiments, 10 ml. of this solution was used for
the 10 tiwes blood concentrations, & ml. for the 5 times,
end 10 ml. were diluted to 100 ml., aund 10 ml. portions used
for the same concentration as used in previous experiments,

The results are not as acourate where the larger quantities
of blood cells are used. The greater concantration of cells
inereeses the amount of hemolysis and alse gives a muoh larger
correction for the 1li. ht sbsorbing substance form the cells.
in the case of the concentration ten times the cell concentre=
tion used in previous experiments the amount of light absorbing
substance gave & correction that exceeded by about ten times

the reuding attributed to the dye for 1 x 10-8 dye. In this
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one instance the srror in coneentration of the dye may be
+¥50 per ecent. Results are given in Tebles V and VI,

The following outline is typileel of these experiments,
All solutions were prepared on the day before collecting the
blood. 3«100 ml., flasks of dye and buffer vwere prepared for
e#ch tempa:atura‘for the 1 x 1078 dye coneentrations. 10 ml,
ol 10"5 dye solution was added to each flask and then diluted
with phosphate buffer solution to within about 15 ml. of the
mark. Three flasks were used for the resetion at different
times after miging and one wae used for equilibrium., Larger
amounts of solution were necessary for this dilution as a 10
om; absorption cell was used. 2 flasks of dye and buffer
vere prepared for the 5 x 10~8 dye coneentration for esch
texperature. 5 ml. of lﬂf‘ dye solution wes added to each
flask and then &11u§ed‘ Similarly 2 flasks of dye snd bufier
were prepared for the 1 x 10-5 dye eonsentration for emch
t.emporaturol by diluting 10 ml. of 10™% aye solution. 3-100
mle flasks of buffer were prepared for the blanks for eaoh
hemperatureféad,l rlaak of bﬁfrer was prepared for the cell
counts, These flasks were plaaced in thel® respective water
paths and the refrigerator until used,

About 14 ml. of blood was collected from a small cut in
the rabbits ear in two tubes. This blood was filtered through
8 smell tuft of cotton and 12 ml, were diluted to 60 ml, in
four 15 ml. centrifuge tubss, The cells were then spun down,
the supernatent solution drawn off, and the cells diluted to
60 ml., with fresh solution. Thie was repeated until the cells
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had besn washed four times. Ihey were then diluted to
275 ml. 10 ml, of this blood solution was added to eagh
flask in its turn. 7he 1 x 10® dye concentration was run
by itself as there were only six holderes in the centrifuge
for tubes. 10 ml, of the blood sclution were added to three
100 ml, volumetric flasks for ome tempersture. One was set
aside in the bath and allowed to stand until the next day for
the equilibrium value., ifter standing 10 minutes a 60 ml,
sample wag transferred to four 15 ml. centrifuge tubes and
centrifuged & minutee. <The supernatant solution was decante
ed and this solution sentrifuged for 5 minutes, 4 flask
contalning only cells was treated st the same time as a blank,
‘thege solutions were deeanted into 2 10 cm., sbsorption tube
and spectrophoiometer reasdings were taken. This procedure
was repeated &t 30 minutes after mixing and 60 minutes after
adxing. This was repeated for the other two teumperatures.
The 5 x 107% snda 1 x 10~5 dye concentrations were treated
in the same manner, 48 & 1 em, aisorption cell was used for
these dye coneentrations, only & 40 ml. eample was necessary,
and both solutions were run at the same time. These were
treated the ssme as the 1 x 10™% and the spectrophotometer
readings obtained on each dye concentration and‘blank. Cells
were added to vhe flasks for equilibriws at the ssme tine,
{These were allowed to stand over until the next morning and
were then sentrifuged and ths apectrophnotometer resdings

taken,



CALCULATIONS

le Dye concentrazilons frowm spectrophotoueler readings:

——

i w N ,L ?
veer's Law B LC loge=—=">

T

+01 two concentrations of the same substanco:

Lot
T L

T
19.
g7

vhe specirophotometer re:idings are 1%.-;:,2 Substituting

readings from sable L.

! 1
7;;;}0 o781 = J7XC, Ce.484

cg? 0.445 x 1078
Fesultes are gylven 1in Tables VII to XII inclusive,
2e bye molecules per red bleood cell.
soneentration of dye on cells 0,558 x 10~8 noles per liter
from reble vIile.
red blood cells per liter:

£.275 = 10% per cuoic milliseter or

2,875 x 1020

per liter.
wye molecules per red blood cell:

0.655 x 108 x 6,06 x 10°°
2,275 x 1010

S 1,48 x 107

nesults are yiven in Tables XIII, XIV, and XV.



Yo ~olal Voluwwe of Hose i%ngal&

¥ 2 20 x 148 = 206,0

20
Eg S 6 Xx 3,7 = R3.2
o' asid 2 12,0 = 1%2.0
04t = 4x Te4 2 2948
6lg T 2 x 22,2 = 4444
ig = 4 x 37.0 = 148.,0

HH2 R

Shrinkage for benzene ringsidd4.l

50861

Yolume of ons molecule:

g ~22 o
G408 x 107 _

vedtd X 10

Assumning uvhe molecules to Le sphepes:
¥/wr® s 3,48 x 10°22

radius » 2 9,46 x 10~8
The sodiws 1on isg not taken into conslderstion ns 41t is

probably not concerned in the reaction,
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4. Surface coversd by dye molegules.

The average surfacs of a rabbit red blood sell is

about 80 x 10-8 8Ge cm.7

Area of circle covered by dye molecule =
(9,48 x 10°8)% = 8,95 x 20718
Fraction of surface covered by 1.5 x 107 dye

molecules

1,95 x 107 x 8,96 x 10738 |
80 x 10-8

2.3 % covered.

5. Concentration of dye in the membrane.
Surface = 80 x 1078 8Ge Cm,
The thickness of the membrane is about 160 AU,

80 x 108 x 160 x 108 = 1,28 x 10°2% g.c.
1.28 x 10~18(2,875 x 1019) = ,0281 c.c.

8

in ecell membranes of one liter of blood sells,

-6
7.71 x 10 =
0.27 molal aolution extracted :
0.861 x 10-B «£27 molal aolu extracted from

1 x 10~ molal solution of dye in water.
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6+ If the reactiocn between the dye and the substance in the
¢ell memdbrane is sssumed to be a reversible bimolesular

reaction
%% 2 Kj(a=0)(b~0) = Kge

where & is the initial concentration of dye in
solution, b is the conesntration of substance in
the cell meambrane which reagcts with the dye.

¢ is the eonsentration of dye on the cells at
time t.

At squilibrium for tlie reaction
Dye + b & dye.b(eempound)

] 1 x.; e

ey 3 K;' K equilibrium constant

¢ in this eage would be the equilibrium concentration,
By substituting values from Table XIII and de from tangents
to time-concentration ocurves(see Fizuves 5 EEA 10) the
following simultaneous equations sre obtained,
vor b x 10¢ 0° ¢
(1) +144x107 » £;(15.9x107 =6.52x107)(0=6.52x207) = 6.52x107Kg
(2) +0297x107 = X, (15.9x107-7,58x107)(b=7.56210") = 7.58x10"K,
(3) .008x107 & Ky(15.92107-8,07x107)(b-8.072107) - 8.07x107%,,
et equiliorium. S

(4) . 10.8 x 107 | s Ky
(16.9x107 = 10.8x107)(b = 10.8x107) Kg
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By substituting equation (4) in (1) and (2) and solving the

simultaneocus squations for b.
b = 13,8 x 107 for 5 x 106 initial dye concentration,

(4) may be substituted in (3) and the equetion solved with
(1) or (2) giving praectically the same value for b,

b 2 11.8 x 107

In & similayr menner the ooneentration of b mey be determined

for 1 x 10%® dye oonecentration.
b = 2,87 x 107

7. Caloulations of resaetion constants assuming that there is
a monomolesulsr condensation of dye molecules into the gell

membrane.

%% ® Kj(a-0) - Kge
Using the average perseentages from Table XVII, and the slopes
drawn to curves of the coneentration of dye on the cells with
time., Figure 1l,
equilibrium eomstant X & 51

v = dye on gells ‘
alse X = %;%”‘rﬁggarﬁtiun‘t equilibrium
on ce‘la

g = 76.2 5 5 38 Solution

|
"E

1,00 = 49.5 Kl o 50616 X for ten minute wvalue,
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Kl s . ,0324 for ten minutes after mixing.
K1 = +028 for thirty minutes after zdxing.

ﬁl = JUOR for sixty alrutes after mixing.
The average peréentage values were used as they glve the
. same results as the soiusl values snd are more sgcurate As

they reflect the average of & nuuber of experimenta,
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TABLE I

Corrested Spectrophotometer leadings on the Supernatant

Dye Bolutiona.

:Corrected Spectrophotometer

‘ o
Temperature: Initial dye : RHea 8 on Solution
‘ teoneentrations o o3 Dot ours

H H

$
M 3 H
350 ¢ : 1x1210°6 ; ,0347 : 0261 : 0217 : H
: H H 3 H
: & x 10~6 : «187 ¢ J120 ¢ L10B H
$ H H H H
1 1x10°0 ; 346 : .BB5 : .242 ¢ H
H )4 H 1 1
[] B 1 ] : 1
25,5° : 1 x10"% ; ,0341 ; 0307 3 JORTL ; H
H H H H H
: 5x10°8® 4 ,212 : ,168 ; .1490 : H
H H s H 4
: 1l x 10=5 1 =- ] w- § == T 179
H 3 i $ 3
H H 3 '3 H
0°¢c 1 1 x10"6 3 ,0404 : 0409 : ,0444 : 0336
4 H H $ b4
: 5x 10" ; .853 1 .218 1 .208 : .120
H 3 4 H :
t 1 x10°0 ¢ 543 § 466 1 306 3 L3R7
H $ 1 H 3

1 x 10°% aye with no oells 0.781
Red Blood Cell Count = 2,276 x 10-4

H indicstes hemolysis of sufficient cells to make
spectrophotometer readings inaccurate, It wes not necessary
for all of the cells to hemelyse to cause this difficulty.
ibe hem@gldbin released when the cell membranes broke caused
enough scattering and absorption of the light to make
readings impossible,
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TABLE I1

corrected Spectrophotometer Headings on the Supernatant Liye

Solutions
! scorrected Spectrophotomster Hesdings
: Infttial Dye 3 on Selution
lemperature:Concentration; e 3 o $0U miN. 3 ours
: : e H
35% : 107 ; 0270 1 L0218 5 .O218 ¢
3 H 3 H 3
: 5x 1076 ; ,161 3 +1l4 5 s H
3 5 H s H 3
3 10°° 388 $ <311 : «318 3
il 3 : I 5
H b s ¢ 3
25.89 108 ; 0353 : 0243 3 0176 : H
H H 4 i 4
: 5 x 1070 1 196 & JI46  : .11l s E
$ -5 ! : $ ¢
3 10 t J304 § weeud ! 000 t B
] 3 : 3 H
H -6 $ H H 3
0% s 10°° 3 ,0414 : LO357 : 0300 : 0142
] : $ H
t 5 x 109 { .230 1 230 3 J192 3§ .126
H H H 4 s
1 10°5 3 507 1 4419 5 404 1 331
3 3 b } H

1 x 10~5 dye with no cells 0.78
Red Blood Cell Count = 1,907 x 104
wwAbsorption cell for spectrophotometer was broken und the

solution was lost.



TABLE III

(orrected Speotrophotometer Readings on the Supernatant Dye

Solutions

t tcorrected §pectrophotmtex~ Headings

$ Initial ] 3 on Sol t.ten :
sraturesConcentration: 10U mi 1ours

H H H H . }H
26% 3 107  ; L0357 : L0278 : 0244 3 OL75

H H . $ $ H I

t 5x 10" § .208 : 148 1 .097(7): o113

H , 4 ] H B ¢

: 10~5 t +410 1 .304 5 .248 : .206

3 3 3 H H

10~% dye with no cells .78
Ked Blood Cell Count = 1,97 x 10%



TABLL IV

Corrected Spectrophotometer Resdings for the Reverse Reastion

~Yme alfter 1 Correoted
remixing s Spectrophotometer reading
10 minutes : 0 039
30 minutes : « 0357
60 minutes : «0483
120 minutes : <0818
180 minutes : 0794
420 minutes 2 013502
1 x 106 equilibrium 0165
5 x 1079 equilibrium .128
1 x 10" equilibrium 232

105 dye with no ocells 0.78
fed Blood Cell Count = 1,675 x 104
Temperature 24.0° C
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TABLE V

Corrected Spestrophotometer Readings for Different
Goncentrations of led Blood Cells

“IAYTIaY dyeé iComeenirationiCorrected &:peoEropHoEo‘ e te T
Concentration: of cells = ‘
3

8 : H 4 $ H

10° £ 10 x BeBaCo ¢t o234 1 o186 1 149 : 113
b4 } 3 H 4
4 3 X RKeBoeCs ¢ 284 T «198 1 188 : L 134
H H H H -4
t 1 X Rei3aCos 8 o387 1 301 : .852 31 231
3 3 3 H $

108 dye with no cells 731
ked Hlood Cell Count ® 2.2 x 10%
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Corrected Spectrophotometer iteadings for Uifferent

Concentrations of rfed Blood

Cells,

3
Coneentration: Initial dye

1 Correeted Upectrophotomster

:

Readings
‘ [+ Eaura

of cells 3 Concentration :~ BU miDe ¢
s H 3

10 X R.B.C. 3 106 : ,o008 : . 009
b b H

¢+ 5 x 10°6 1 J044 s .042
: 5 H 4

: 10" $ » 087 H +063
3 $ 3
) H - H H

5 x R.BsC. 12 10 1 «029 : -028
. H H

: 5 x 108 i .056 : .064
H 5 1 3

. 10" 1 <11l t + 100
H 3 i

t Y } rE—
1l x HeBoUo ¢ 10” H « 027 $ .029( ?)

3 ] H

: 5 x 10”6 i +108 : <087
: , -5 : t

$ 10 8 «287 H o223
: K $

1 x 10°% dye with no sells .741

sed Hlood Count 2 1.886 x lo4
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VIII

TABLE

Coneentrations of Iye on the Cells

end Dye in “olution

Py

Congentrations are moles x 10°° per liter of solution or cells.
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TABLE IX

concohtratians of Lye on the (Cella sand Dye in 3olution

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

a
*

Time sarter mixl

ae

iempes Initial ¢ IO mlnﬁies : 30 uinutes U minutes 1360 minut 8
teoncentration:™ Lye T Dye I8 @ Jye T Uy® in ;. Dye T Uyé In 1 Dye : Lye In
s 1gn eells:solutian :on celle:solution:on cells:solution:zon celle:solutien
: T B 3 1 ' ' : :

259 : 1 x 10-6 H 9.391 : D440 ¢ 0644 1 0,356 1 0,688 : 0,312 : 0,778 : 0.224
: 3 : : : : : : :
: 5§ x 10’6 s B.34 t 2,66 1 3.15 t 1.85 t 3,76 t l.24 1 3566 : l.445
: : : 3 s ! : t :
1 1 x 1070 ;4464 1 5.36 1 6411 1 3.80 1 8.85 : 3.15 : 7.36 : 2.64
:. : 3 g H : H H :

ked Bleod Cell Count = 1.97 x 10%
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TABLE X

Concentrations of Dye on the Cells and Dye in Solution
for Keverse Resstion
Initial Dye Concentration s 1 x 10~

Coneentrationg are moles x 10*6 per liter of solution or cells.

24° ¢, R.B.C.Count s 1,675 x 104
‘f:;lztng# ;: éﬁ‘ﬂ&lia‘ ; in sé?ggiﬁﬁ;
0 minutes : 705 : Q
10 minutes i 6724 : 0.306
30 minutes | 6.670 i 0,480
60 minutes : 6,437 : 0.693
120 minutes : 6,237 1 0,793
180 minutes : 6.014 : 1.01¢
420 minutes E 5.463 % 1.867

Equilibrium values
1
10~6 788

H

5 x 10%%1 3.36 t l.64
3 b

10°%; 7,03 i 2497
i |
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TABLYE XII

Conecentrations of Iye on Cells and Lye in Solution with Changing

Concentrations of Cells

Concentrations are moles x 10'@ peyr litsr of seclution or cells,

: 1 Time Altor mixing
Initisl dye :Concentration: o0 minutes :  B60 miputes
concentration: of celle : Dye t Uye In : Lye : Uye in
3 ‘ ton cells:sclutionion cellis:solution
H b H : H
10=6 ; 16 X t 0.802 ; 0.108 : 04879 ; 0.121
H M M H $ .
5 x 107% 10 % T 4.406 i 04594 : 4.434 : 0,566
. 8 H H H %
107° 10 x § 0.232 3 JT768 : 94150 : 0,850
4 2 $ H :
R L4 H H $
10°° . 5 : 0,608 3 0,351 : 0,622 1 0.378
H 3 H : ' H
5 x 1079 ; 5 3% 1 4e24B 5 04755 1 4.272 : 0.728
H H 3 $ H
10°5 ; 5 X 1 Ge506 1 14495 1 B.65 1 1.3B
3 H }H ? $
6: 3 H H :
10°° 3 1 1 0,648 ;1 0.36% : 0,808 : 0,391
3 H ] H b
5 x 1075 ; 1 $ B.B4b 1 1.455 1 5.693 1 1.307
? H ! : H
10" 1 X § 6eB3 : Bu47 : 6.97 s 3.03
H H b4 H 3

wed slood Coll Count 2 1.8%956 x 104
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FABLE XKLL
Lye wolecules per ied ilood Cell

Tiye songentrations &re dye wmolecules x 107 per eell

T Initisl 3

teoncentration Cye on eolls
iper red blood: L e é!%ar 2§£§IIIB“I"“‘“"”
Temp.icells, 110 BdNe i OVeAl Ny 180 MLNe (LG TLUm
1 ? 3 ; ?
35% 2.66 t 1e48 1 1478 : 1493 :
3 185.% -3 Ge68B Pe2d : Ge74
H 256 b 14035 2 17065 3 lé.4 t
3 H ! : ?
H H s t :
26,59 2,66 t leB0 3 1462 : 1,74 :
H 183.3 1 6408 3 T80 1 9.84 ¢
i 2@5.6 H : $ : 20.55
s : : 2 :
] ) 3 1 ]
0% B.66 t 0,08 t 0866 3 1,158 1,51
: 133 P 4487 1 5.8B ¢ Be24 : P23
[ 28,8 3 Hel3 1 1068 : 13.1 H 16.5
g ! i 3 :
H ¢ H ] H
IB0; Sel8 t 2,08 1 2330 1 £.30 3
: 18,9 t P34 1 11426 : :
3 3le& : 18448 : 19.2 1 19.1 ¢
g 3 t : $
s t Tt : $
2% 3.18 s 1474 ¢t 2419 : 2,46 :
4 1509 4 7094 $ Pe B2 1104 !
H 31.8 : 18,75 : s 10,8 ¢
3 3 3 : !
: 3 : ' i T
0% : 3.18 t 1eB0O 1 1,72 & 1.86 : 26
H 18.9 1 B4B2 @ TeBB ¢ 8,07 : 10.8
H 31.8 t 11414 31 14,72 : 15.328 18,3
1 3 2 : 3
t 1 1 : T 300 minutes
28% 3.07 t 1le60 :t 1,98 1 2,11 : 2,30
] 13.36 H 7016 $ 9.58 3 11;55 H 10\'9
3 30,72 t 14,28 : 18,8 : 21l.1 22,9
$ $ $ : 3




TABLE XIV

Dye nolesules per ed Dlood Cell - Ieversal lesction

1
O minutes . i 28,45 x 107
10 minutes i 24.52
30 minutes : 25.78
60 minutes : 23.28
120 minutes : 23.58
180 minutes : , 81,78
420 minutes : 18.8
H
:

Equilibrium values

TEITIal dye per 1
Ja BaCo L Dye on . ilCo
3.63 x 107 : 2,85 x 107
1841 1215
3642 P e5.45
3
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TABLE XVI

Percentege of Burfaee (overed by Dye iLolecules

Témpet INLTIAL dye g Time efter MLxing
teonocontration: IV minutes o0 BIDULOS 3 mmﬁim
H o S H F

26% @ 1x10°% 5 1.8 1 Bl i 1t 2.3%
: 5x10"° ¢ 7.3 ;11,1 1 11.7 :
: 1 x10°% ; 17.7 3 2l.2 1 22,0 3
H 3 H H H
$ $ H H H

5% ;3 1x10"¢ ¢ 1.8 t 1.9 2.1 :
: 5x10°6 ;7.2 : Pl 1 1ll.8 1
: 1 x10°6 : : 1 24,56 %
H 3 $ $ H
: : : [} :

0% : 1x 10'3 1.2 1 1.2 1 l.4 T 1.8
% 5 x 19- H B5e6 % 8,6 H 76 : 11,0
3 1x10°% ¢ 9.7 i 14.9 t 1B.7 : 18,5
$ 3 4 : 3
4 H H 4 H

3% : 1x106 1 2,8 t 2.8 1 2.8 :
: 5x10°¢ ¢ 11.5 i 13,8 : :
: 1x1lo8 . 22,1 1 8.9 : 28.8 :
3 3 $ R 3
: 3 3 1 3

259 ¢ 1x10°% ; 2. t 2.6 T 343 :
1 S x 10’6 3 10,3 : ll.8 t 13.86 H
: 1 x 10~b : 18,7 3 3 28.9 '
3 3 3 H H
: ) H H $

0% :+ 1x10~¢ ; 1.8 T 2.1 2.3 ! B4
1 & x 10’? s 7.8 H 9.0 H D7 t 12,8
: 1 x10"5 : 13.1 it 17.6 i 183 t 3le6
3 | ] $ 3
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TAHBLE AVII

Percentage of Lye iiolecules on ed slood Cells

" T inltial dye i - Time after mixing
Jempe teoncentration: 10 nd S0 minutea; ol m brdwn
t ) $ ) $ ]
369 : 1L x 10"0 i 5548 1 1 6648 % 1 TEeD % 3
t 5 x 10’? 1 5048 1 60.4 2 T3.2 !
: 1 x 1o°v t 55.8 1 06844 : 69,2 :
H H H ) H $
H : H 4 H
25,8% 1 x 106 1 56,3 1 6040 t GBed :
t 5 x 10°8 1 45,7 1t 571 1 7349 :
1 1lx 1079 t : : 2 T6.2
3 H 3 3 H
H 3 H H H
0% : 1 x 10°8 ; 36.8 i 3642 t 434 $  B6.7
: 5 x 10°6 ¢ 35,1 t  41.7 1 46.8 t 69.4
t 1 x10°% ; 30.6 t 40,8 1 40.2 s B8.2
H 3 H H :
8 ) 3 : $
359 : 1 x 10"6 1 65.4 1 TR.8 t TZ2.2 3
: & x 106 1 58,7 t 70.8 1 3
t 1 x10°% 3 0B.O t 603 1 8040 :
- 3 3 1t 2 3
$ 3 s H H
259% 3 1 x 10"€ ¢ 54.7 i 68,8 1 773 :
t 5x10°8 1 49.4 1 61,7 t T8 :
: 1x10°6 : 49 5 : : 60.4 :
] 3 ] H H
$ -8 H H L H
000 b3 1 x 10 H 47 .8 s 5460 H 8le6 1
: 65 x10°¢ 3 41,0 1 477 : 508 :
: 1x10°5 : 35,0 3 46.3 : 4841 :
* $ 2 , H H
! ' s 1 3 ¢
269; 1 1 x 10=v t 55.0 t 64.4 1 6847 s 8l.8
t 5 x 106 1 46.6 1 63,0 t 7540 t 67.8
: 1 x 107° : 48,7 t 6l.2 1 5847 1 57,8
H 3 $ H 3
H H H }H $
Aversges $ s : $
359¢ 1 57.2 1 67.1 t 71.7 3
2a°$°= 1 50.8 : 62.4 1 7040 t T2
0°C 1 : 5746 3 44.4 t 5040 1 85,2
H H ] 3 3
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DISCUSIION

& great variation wes found between the results of this
investigation and the results reported by Jodbauwer and
H‘ffnar.é

equilibrium is not reached until at lesst three hours. Also

They found equilibrium in ten minutes., In thils,

they made no correction for colored material from the ocells,
In these experiments concentrations of eells such s they
used were impoassible begsause the amount of colored material
from the cells would be far greater than the readings from
the dye. However, they used beef celle while this investi-
gation was performsd on rabbit cells.

When the amount of dye on the cells is plotted with the
initial ooneentration of the dye, each time interval gives
a straight line, Figure 6. A oalculation of the percentage
of surface covered assuming that the dye is adsorbed on the
outer surface of the cells shows & variation of surfeace
coverage from about two per cent to twenty two per cent,
Table XVI. A straight line relationship could not be expected
with such & wide variastion in the surface coverage.

There ies & possibility that the dye is being adsorbed on
a muaeh lerger nﬁrrnaa. The cell membrane is & layered
structure containing lipide moleculegs with long paraffine
echaineg oriented perpendicular to the surface and with protein
leanflets oriented with the long axis parallel to the surface,8
This would present a large surface for adsorbing the dye mole-
eoules and could give & linear relationship over the range of

concentrations used. It is, however, difficult to picture
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predicted by the fsot thet tuhe concentrstion on th eells
at sny time is propovtional io ¢y concentrution in solution.

sy other order of resetion would ive

f%?’ (=g )i Deg)ie ® el

whepre m ond nosoen e pusbe s of molecules of dye nrd gube
gstanee in cell wall winlel resct to ror. £ molseules of
compound. i is obvious that no vaiwes other than 1 for wm,
n oand /wa L oJive the suwe rate of coactlon.

Tt {6 poseille that shere w ¢ Lwo renctliong oscurring at
the scme tlze, one Dotween the liplde molecules and dys sud
tne ouner beitvwesn the prolein smoleeules snd dye.s hese two
resctliong uswy balance in sueh & senner a8 L0 give u direct
provopruionnlity between the dye on the cells and the dye in
solution. “his iz & reaote possiiility for one tempsrature.
it ie herdly probable thai such 2 bolsnee could be mainbained
for different toimperaturce,

che sucvaiance whieh resoies witl Lhe e wmay be agsuned
to be in euck a lerge quantily & Lo Le very 1lttle changed
oy % ten=001ld change 1n dys econcaniprstion rescling. hus

in he eyuiliuvsium
sjﬁgﬁ.u G L OunG N
L SN

m
ty X &n dye

"
the concentration, cy, 1s assuued to be such & large walue

that 1t is practically constant,
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cj7gge b (compound)
n
¢ dye

& 8 comatant

For this reaction the dye on the cells is direeSly pro-
portional to the dye in =olution only in the c¢cage where
n and /7are equal to 1. This 12 = bimoleculsy resction
which hes veen shown to be impossible.

It is necessary therefors, to sssume that the resction
is between the dye mand both eomponents ef the membrane to
explain the rates of reaction. Hiuwm and uilbert? have
caloulated, by assuming & molecular weight of 100,000 for
the protein mﬁl&cule and 500 for the lipide molecule, that
there are about 107 molecules of protein and 10% molecules
of lipide in the ﬁembrane of thﬁ'éell; To obﬁa&n 2 value
for the reactling part ol the memvrane, with a value large
snough that 1ts reacting concentration is very little eshanged
by & reaction in which vetween 2 x 107 and 25}3 107 molecules
of dye resct, one nust assume that & number of dye woleoules
are reacting with each molecule of protein. 4lso the lest
molecule to react must resot as readily as the first one.
This is heardly possible with such s large molecule as rose
bengal,

From Flgure 7, the reasction 1s over ninety per cent
reversible and from igure 8, the awount taken up by the
cell is proportional to the amount in solution per cell,
Table XVII shows that for & given temperature the perecentage

of dye molecules on the cells is practicelly the same for
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any one time, The hegt explanation of this would be that the
dye is disiributed between two solvents with the membrene as
one solvent and the buffer as the other. A calculation of the
concentration of the dye in the cell membrane would zive a
2,7 x 101 molal solution being extrasted from a 1 x 10=B
solution of dye in water., This is 2 10,000 times concentra=
tion in the cell membrane, but this may be explained by the
fact that the membrane is probably a rather ithick jelly structe
ure whish would tend to hold the molecules of rose bengal in
ita structure. This would dlso explain the slow rate of reace
tion,

A esloulation of the reaction velocity based on the as-
sumption of = momomolecular condeneation and evaporation from
the cell membrane indlcetes that there are probably two ree

sctions. The pseudo ecnatants are not consiant.

Kl = 0.,0324 for ten minutes,
= 0,022 for thirty minutes and
s 0,000 frfor slxty minutes.
{2ee Caloulationes, page 25), 4ihis would indieate that there
are two componenta of the cell wembrane rencving dye from
golution. ‘here are two structures proposed for the red cell

membrane.v’s'

One 1s & structure of lipide molecules in ons
continuous layer with protein molesules in another layer,

This strusture would give the dye being distributed between
the first layer sand the water solution and between the first

and second layer, This would give as the kinetic equations
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for the reastion between the solution and the first part of
the membrane

< - -
5/?' L1(a=cy=cg)=kge;
and between the two parts of the meumbrane

ge’

a7 = Bgley=eg)-Kyeg
The other structure is a mosale of lipide and protein. The
two components would each remove dye from solution direetly,

‘he kinatie equation for this would be

%f%z A1(8=0y-0p) + Kplasoy=0g) = Kgey = K40y

It 12 not posaidle to esleculate the individual velocities
of these resotiona without some knowledge of the conecentrations
of the dye in cach part of the cell ¢; and ¢ge At the present
time there sesms to ve no method for determining ilhese vulues.

The best axplanation for the removal of the dye from
solution by rose hengal is that the dye is distributed bee
tween lmmldlscible solvenis, the protein and lipide of thn}eell
rmembrane znd the water solution,

%ueh 8 large congentration of dye in the membrane should
affect 1ts structure. The gells are normally discoids. The
dye causes asome change in shape. “he dises gruduelly lose
thelr shape snd finally bicome spneree without an rpprecisble
change in volume with incressing dye occoncentrotions. khigher
eongentrntions of dyes will csuse hemolyslis of the cells but
this concentration 1is en order of magnitude higher than the

concentrotions used in these experiments,



SUMMBARY

Time consentration values for temperaturas of 35° C,,
259 ¢,, and 0° ¢, have besen determined for the rcmoval of
rose benygal from aqueous solution by red blood cells. 'The
reaction is not‘adsorption or the formstion of a chemical
compound, “he best explanation is that it is & distribution
of dye betyeoﬁ,thm water solution and both the lipide snd

protein fractions of the tell membrane. .
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