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Stable nitroxide radicals have found wide applications 
in chemistry and biology and they have some poten- 
tial applications in medicine due to their antioxidant 
properties. Nitrocellulose filters impregnated with 
lipid-like substances are used as an imitation of 
biomembranes and could be used as a controlled drug 
release vehicle, while experiments with hollow fibres 
can be useful in the modelling of a drug delivery via 
blood vessels. This paper describes mechanisms of the 
nitroxide transport in four different model systems, 
i.e. a) exit of nitroxide into aqueous solution from 
porous nitrocellulose filters, impregnated with 
organic solvents, b) transport of nitroxides through 
the impregnated membrane from one into another 
aqueous solution, c) transport of nitroxides from bulk 
phase of organic solvents through the impregnated 
membrane into aqueous phase with ascorbic acid, and 
d) transport of nitroxides from liquid organic phase 
into aqueous solution through porous hollow fibres. 
The results are analysed in terms of mass transfer 
resistance of a membrane, organic and aqueous phase, 
based on nitroxide diffusion and distribution coeffi- 
cients. Ascorbic acid reduced nitroxides in water and 
enhanced the rate of their transfer due to the decrease 
of transport resistance of unstirred aqueous layers. It 
is demonstrated that in the case of biomembranes the 
rate limiting step could be the transport through 
unstirred aqueous layers and membrane/water inter- 
face. 

* C o r r e s p o n d i n g  A u t h o r .  

Keywords: N i t r o x i d e s ,  t r a n s m e m b r a n e  t r a n s p o r t ,  c o n t r o l  
r e l ease ,  h o l l o w  f ib re  m e m b r a n e s ,  t w o - f i l m  t h e o r y ,  r e d u c t i o n  
a n d  o x i d a t i o n  o f  s t a b l e  r a d i c a l s ,  i n t e r f a c e  r e s i s t a n c e  

1. I N T R O D U C T I O N  

Stable ni troxide radicals have found  a broad  
spec t rum of applications in biology and chemis- 
try as so called spin-probes due  to the sensitivity 
of EPR spectra of these repor ter  molecules to the 
propert ies  of mic roenv i ronment  [1]. They can be 
used in analytical chemistry,  for example  in 
analysis of v i tamin C in biological liquids [2], pol- 
ymer  science [31 and also used in biophysics,  
including investigations of tissues and living 
systems I4]. Mechanisms of d rug  release f rom 
l iposomes and topical del ivery th rough  the skin 
in vivo were  recently characterized using nitrox- 
ides [5]. A m o n g  different  applications probably  
the most  interest ing are the characterisation of 
metabolic activity of biological tissues [6] and 
magnet ic  resonance imaging, where  ni troxides 
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264 N.M. KOCHERGINSKY et al. 

can be used as metabolically active and hypoxia 
sensitive contrast agents [71. 

Nitroxides are physiologically active sub- 
stances [8]. They have antioxidant properties [91, 
can protect DNA in skin from illumina- 
tion-induced damage [10] and even to be used as 
less toxic anticancer agents [8'11J. In general they 
are able to protect against oxidative stress in 
vivo, resulting in neuroprotection and decreas- 
ing ischemia-reperfusion injury of myocar- 
dium [12'13]. Unlike most of low molecular weight 
antioxidants, which are depleted while attenuat- 
ing oxidative damage, nitroxides can be recycled 
due to the ability to be transformed from 
reduced to oxidised form with the nitroxide as 
an intermediate [141. Superoxide dismutase 
mimic activity of some nitroxides can be used to 
modify activity of malaria parasites directly in 

• [151 human erythrocytes . 
The purpose of this paper was to characterise 

some physico-chemical properties of nitroxides, 
especially their mass transport, to imitate some 
aspects of pharmacokinetics, to characterise the 
possibility of their delivery with a membrane 
type of drug delivery vehicles, etc. The availabil- 
ity of nitroxides with different hydrophobicity, 
possibility to measure their concentration in 
both organic and aqueous phases as well as their 
ability to be reduced in aqueous solutions com- 
bined with the sensitivity of the EPR spectra to 
the microenvironment makes nitroxides a very 
good model in the investigations of fundamental 
mechanisms of membrane transport and control 
release of different drugs. 

It is well-known that nitroxides in water can 
be reduced by ascorbic acid [7'16] and this is one 
of the major mechanisms of the nitroxide metab- 
olism in vivo [2]. Ascorbic acid is not surface 
active and at physiological pH it has very low 
solubility in organic phase. The reaction of 
nitroxides with ascorbic acid has found a lot 
applications in biophysics, including measure- 
ments of lipid flip-flop [17], rates of nitroxide 
transport through liposome and biomem- 
branes [18'19] and many others [2°'21]. 

Main experiments described below were con- 
ducted using simple artificial membranes, made 
by impregnation of nitrocellulose porous sup- 
port with organic solvents. These and similar 
membranes can be used as an imitation of many 
barrier properties of biomembranes [22]. Compar- 
ison of different systems was conducted. In the 
first system the nitroxide was delivered from the 
biomimetic membrane into aqueous solution 
with and without ascorbic acid. In other systems 
the same membrane separated oil and water and 
two aqueous phases, respectively. 

In one more group of experiments we have 
used the membranes in the form of porous hol- 
low fibres, separating aqueous phase flowing 
inside and oil flowing outside of the hollow 
fibres. These experiments could be useful for the 
interpretation of the drug delivery mechanisms 
complicated by blood flow or using artificial 
artery. 

Finally a brief comparison of permeability of 
biomimetic and biological membranes is given 
and possible role of oi l /water  interface resist- 
ance in biology is discussed. 

2. T H E O R Y  O F  M A S S  T R A N S F E R  

T H R O U G H  T H E  L I Q U I D / L I Q U I D  

I N T E R F A C E  

If a substance diffuses from a bulk (superscript 
b) organic phase (subscript o) towards its inter- 
face (superscript i) and then reversibly pene- 
trates through it into an aqueous (subscript a) 
solution, and does not participate in any chemi- 
cal reaction, its steady state concentration in 
organic phase near the surface (Cio) can be 
described by the equation l. Corresponding 
steady state concentration in aqueous solution 
near i n t e r f a c e  Cia can be described by similar 
equation 2: 

~D°- (C~ - C i) - (koCio - k~C i) = 0 (1) 
o 
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NITROXIDES THROUGH MEMBRANES 265 

D~(cb - Ci~) - (kaC i - koCio) = 0 (2) 
L~ 

k a and k o are the rate constants for mass transfer 
from aqueous (a) into organic (o) phase and vice 
versa, cm/s ,  C~o and C~a - are concentrations of 
the substance at the interface on the organic or 
aqueous side, and Loand L a are the effective 
thickness of organic and aqueous phases, respec- 
tively. The flux (mol/cm2s) from organic phase 
into water  in this case is described by the 
equation 3: 

Do b F = K ( C o  - C o) (3) 

Diffusion in organic phase includes diffusion 
through organic unstirred layer and pores of 
membrane,  impregnated with organic solution. 
The effective thickness of organic unstirred layer 
is: 

Lm¢ 
Lo = L~ + - -  (4) 

c 

Lu, L m - thickness of unstirred organic layer 
near membrane  and membrane,  impregnated 
with organic liquid, respectively, ¢/e - tortuosity 
of the membrane  divided by its porosity. 

Solving the system (1-3) and taking into 
account (4) we can write the next two equivalent 
equations for the flux: 

F = MTCo (C b - K d C a  b) (50o) 

or, 

In the first and the second cases mass transfer 
coefficients are calculated based on organic 
(MTCo) and aqueous (MTCa) phases as a refer- 
ence, respectively: 

1 
MTCo = Lu+Ln,(¢/¢) ~ q_ 1 (6a) 

Do + D~ E 

1 
MTCa = Lu+L,,,(¢/~) + L~ ~ (6b) 

DoKa D~ + k~ 

It is clear that 

MTCa = Kd MTCo, (7) 

If we assume that both interface transfer con- 
stants are very big (koand k a >>D/L), MTCo and 
MTCa will be determined by the first and second 
terms in the denominator ,  which have the mean- 
ing of mass transfer resistances of the organic 
and aqueous phases, respectively. This is the 
usual  case, described in the double film the- 
ory [23]. Further one can see that MTCo is not 
dependent  on hydrophobici ty  (Kd), if the first or 
the third terms in the denominator  are big in 
comparison to the second term. This is possible 
for slow transport  in viscous media or slow exit 
from organic phase (D O or koare small). 

We can rewrite the equation (3) in terms of 
concentrations, membrane  surface area (S) and 
aqueous phase volume (Va): 

V~dCb - MTCo(Co b - KdC b) (8) 
F - Sdt 

Using mass conservation law, after integration 
of equation (8) we have: 

Ck(Va2+ K d f ° )  ] 
lnA = in 1 - Ms J 

_ ( M T C o  MTCa~ 
\ Vo + T j  St (9) 

M t - total content of the nitroxide. In the simple 
case when  V a = V o =V equat ion (9) is reduced to 
the one, described in literature [24]. 

If nitroxide after it leaves the organic phase is 
immediate ly  chemically t ransformed (reduced 
by ascorbic acid or oxidised by a complex of Fe B+ 
in water) we can neglect the influence of back- 
ward transport  f rom aqueous into organic phase. 
Besides that we have C~ = 0. After integration 
of (8) and using initial condit ion Co = Co ° at t=0, 
we have usual  equation, which allows to meas- 
ure MTCo: 

l n ( ~ )  -- MTC°Stvo , (10) 
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266 N.M. KOCHERGINSKY et  al. 

O* O* 

2,2,6,6-Tetramethyipiperidine-l-oxyl 2,2,3,4,5,5-Hexamethylimidazolidine- l-oxyl 
(TEMPO) (Imidazolidine R') 

~'~ ~~80 H 
O *  * 

17 

2,4,5,5-Pentamethyl-3-imidazoline- 
1-oxyl (Imidazoline R') 

Octyl-2,4,5,5-tetramethyl-3-imidazoline- 
l-oxyl (C8 imidazoline R') 

FIGURE 1 Structural formulas of nitroxides 

Another way to calculate MTCo is based on 
initial rates of mass transfer of radicals from 
organic phase: 

F 
MTCo = GG (11) 

Co 

MTCo, calculated according to the equation (11) 
is often called permeability. 

The above analysis demonstrates that even 
without assumption of equilibrium distribution 
through the liquid/liquid interface the govern- 
ing equations are very similar to the described in 
literature [23]. The only difference is the addi- 
tional term in the denominator of the 
equations 6, which reflects the role of possible 

interface resistance. It means that the simple 
demonstration of the experimental validity of 
equation 10 does not necessary mean that the 
distribution processes through the interface is 
fast and can be characterised by equilibrium con- 
stant, as it is usually assumed [23]. 

3. EXPERIMENTAL 

Mater ia ls  and  m e t h o d s  

Structures of nitroxides used in different experi- 
ments are given in Figure 1. TEMPO (tetrameth- 
ylpiperidine-l-oxyl, Sigma) and other nitroxides 
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NITROXIDES THROUGH MEMBRANES 267 
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Magnetic field (G) 
FIGURE 2 EPR spectra of TEMPO in different solvents (1,2,3- in water, octane and in mineral oil, respectively), and the spectra 
in a membrane impregnated by mineral oil after the experiment 4 

(Ecology Inc., Novosibirsk, Russia, [25]), ascorbic 
acid (99.0%, Nacalai Tesque, Japan) and also cat- 
ionic detergent N-cetyl-N,N,N-trimethylammo- 
niumbromid (CTMA, Analytical Grade, from 
Merck) and anionic dodecylbenzenesulfonic 
acid, sodium salt (DBSA, Technical Grade, 
Aldrich) were used without further purification. 
Solution of Fe(III)-dipyridyl was prepared by 
mixing of 2,2'-dipyridyl and Fe(III) perchlorate 
hydrate (both from Aldrich), dissolved in water 
in molar ratio 3:1 with further adjustment of vol- 
ume and pH. Viscosity of mineral oil (Mallinck- 
rodt) at 25°C (55 cP) was measured using 
standard rotating-cylinder viscometer. Viscosity 
of octane (LAB-SCAN) at 25°C is 0.52 cP [261. 

Initial concentration of nitroxides in organic 
solvents was 10-3M in the experiments with flat 
membranes and membrane slabs and 10 .4 M 
with the hollow fibre modules. The X-band Elec- 
tron Paramagnetic Resonance (EPR) spectra 
were measured in quartz tubes periodically in 

both aqueous or organic phases without 0 2 
removal, using EPR spectrometer 8400, Reso- 
nance Instruments Inc., USA, with the internal 
Mn /MgO standard. Ratio between intensity of 
lower field component of spectrum of the radical 
and the third peak of Mn(II) was used as a meas- 
ure of radical concentration. Modulation ampli- 
tude was 1G, centre field 3292G and power 
attenuation 15dB. Time for measurement of one 
spectrum was one minute. Usually six spectra 
were accumulated for each point and average 
was used in kinetics analysis. 

Distribution coefficients K d of nitroxide radi- 
cals were determined as a ratio of concentration 
of radicals in organic and aqueous phases. It was 
done both in the end of experiments with mem- 
branes and independently in l iquid/l iquid 
extraction experiments. For TEMPO this value at 
room temperature was near 15 for both octane 
and mineral oil. K d values for other radicals are 
presented in the Table I. 
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268 N.M. KOCHERGINSKY et al. 

3 

2 

FIGURE 3 Schematic representation of experiment with transfer of nitroxides from membrane slabs. 1 - beaker, 2 - membrane, 
impregnated with solution of nitroxide in mineral oil, 3- aqueous phase with or without ascorbic acid 

TABLE I Parameters of transport of nitroxides between 
mineral oil and phosphate buffer (pH=4) through the hollow 
fibre module 

M T C  o M T C  a 
Radical Kd 10 -5 cm/s 10 5 cm/s 

TEMPO 15 0.3 4.5 

Imidazolidine R" 0.5 0.9 0.5 

Imidazoline R" 0.1 0.5 0.05 

Typical  spectra  EPR of TEMPO dissolved in 
water ,  minera l  oil and  octane are p resen ted  in 

the Figure 2 (spectra 1-3) in compar i son  wi th  the 
spec t rum of a minera l  oil - impregna ted  nitrocel- 
lulose filter after the exper iment ,  where  the 
ni t roxide t ransfer  f rom the filter was  m e a s u r e d  
for 90 hrs  ( spec t rum 4). Less intensive and  wider  
peaks  of the spectra  for the solut ion in the octane 
are due  to the spin-spin  exchange wi th  d issolved 
oxygen.  The spec t rum of the m e m b r a n e  can be 
in te rpre ted  as a superpos i t ion  of a spec t rum of 

the radical immobi l i sed  on a po lymer ic  supp o r t  
and the one dissolved in minera l  oil [11. 

Investigation of nitroxide exit from 
impregnated filters 

Initially a strip of nitrocellulose filter (Millipore, 
Type  GSWP, 0.3 cm wide  and  14 cm length and  
the thickness near  150 ~m, pore  size 0.22 ~tm and 

average  poros i ty  79%) was  d i p p e d  into minera l  
oil, containing 0.001M TEMPO or C8- imidazo-  
line ni t roxide (Figure 1). I m p r e g n a t e d  filter was  

then  incubated  in aqueous  solut ion for a rela- 
t ively short  per iod  ( f rom 0.1 to 5 minutes) .  Then 
intensi ty of the EPR spectra  of the stable radical  
in the m e m b r a n e  was  measu red  after inser t ion of 
the strip into the quar tz  tube, fixed in the resona-  
tor of spectrometer .  The cycle incubat ion  + 
m e a s u r e m e n t  was  repea ted  several  t imes 
(Figure 3). It was  imposs ible  to conduct  s imilar  
m e a s u r e m e n t s  wi th  a filter i m p r e g n a t e d  wi th  
less viscous octane because  of its h igh  volatility. 
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NITROXIDES THROUGH MEMBRANES 269 

7 

Cross-section view 

Top view 7 

Side 
view 

FIGURE 4 Schematic diagram of an experinrental cell with vertical membrane. 1 stirrers, 2 - membrane, 3 - Teflon semicham- 
bers, 4 metal screw, 5 - glass window, 6 - Teflon ring, 7 metal frame 

Investigation of nitroxide transport from bulk 
organic phase through a flat membrane into an 
aqueous phase 

Exper iments  were  conducted  in the cell wi th  a 
vertical flat m e m b r a n e  (Figure4),  separa t ing  
octane and  aqueous  phases.  Usual ly  it was  nitro- 
cellulose m e m b r a n e  Millipore, wi th  the pore  size 

0.45, 0.22 or 0.05 gm and the thickness near  
150gm. In some exper iments  PTFE m e m b r a n e s  
f rom Millipore, (pore size 0.2gm and thickness 
50gm) and also hav ing  posi t ive surface charge 

m e m b r a n e s  H y b o n d - N  + f rom A m e r s h a m  (thick- 
ness 155gm and v o l u m e  poros i ty  66%) were  
used. The m e m b r a n e  initially was  i m p r e g n a t e d  
wi th  pu re  organic  solvent  and  fixed in the cham-  
ber. M e m b r a n e  surface area was  4.9 cm 2. Aque-  
ous  phase  was  a d d e d  into one  s emichamber  and  
then  organic  phase  wi th  dissolved ni t roxide was  
added  into another  side. Vo lume  of each l iquid 
phase  was  37 cm 3. 

5.10 3 M p h o s p h a t e  buffer  was  used  as aque-  

ous phase.  In the exper iments  wi th  an ascorbic 
acid p H  was  6.0. Both phases  were  mechanica l ly  
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270 N.M. KOCHERGINSKY et  al. 

FIGURE 5 Schematic diagram of a set-up with hollow fibre module. 1 computer,  2 - pH electrode, 3 - hollow fibre module,  4 
- pressure  transducers,  5 peristaltic pumps ,  6 -solution of nitroxide in organic phase, 7 aqueous  solution 

stirred with a rotating mechanical stirrer at 120 
rpm. If necessary the thickness of membrane was 
changed by using stacks of impregnated filters. 
Similar experiments were conducted also in 
water /membrane/water  system and TEMPO, 
where the nitroxide was added into one aqueous 
solution and its concentrations in both aqueous 
phases were measured as a function of time. In 
some experiments a cell with a horizontal mem- 
brane and more effective magnetic stirrers was 
used. Construction of the cell is described in [27]. 

Investigation of nitroxide transport from liquid 
organic phase through hollow fibre walls into 
aqueous phase 

Another group of experiments was conducted 
in the hollow fibre contactor module with micro- 

porous polypropylene fibres (Celgard 
5PCM-102, Hoechst-Celanese). Usually this 
module is used for water deaeration and carbon- 
ation, hemoglobin processing, culture media 
oxygenation, etc. Schematic diagram of a system 
with hollow fibre membrane module is pre- 
sented in Figure 5. The fibre walls with the effec- 
tive pore size 0.05~tm had the thickness 30~tm, 
the inner diameter of fibre is 240 ~m, fibre length 
was 18,4 cm. The module had 7500 fibres and the 
total membrane surface area was near l m  2. 
Aqueous phase was pumped through the inner 
tube side, while organic solvent was pumped 
outside. Volumes of both circulating phases 
were 0.5 L. Flow rate of aqueous solution was 
changed from 90 to 200 ml /min  (linear rate from 
0.5 to 1.1cm/s), and was constant for oil 
(90ml/min, linear rate 0.1 cm/s). In order to 
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NITROXIDES THROUGH MEMBRANES 271 

prevent any leakage of organic liquid into water 
the pressure in the aqueous phase was higher 
than in organic solvent by 2-3 psi. 

Values of both m a s s  transfer coefficients for 
nitroxide transport from organic solvent into an 
aqueous buffer were calculated from linear 
anamorphoses of kinetic curves, plotted based 
on measurements of nitroxide concentration in 
water, and equations 7 and 9. In the case of 
reduction of nitroxides by ascorbic acid or its 
oxidation by Fe(III)-Dipyridyl complex, meas- 
urements of the nitroxide concentration in water 
were impossible and the analysis was based on 
the measurements of concentration decrease in 
the organic phase and the equation 10. 

4. RESULTS 

Nitroxide exit from impregnated filters 

It is difficult to measure the changes of nitroxide 
concentration in the slab in contact with water 
continuously, because the aqueous phase in the 
resonator of EPR spectrometer decreases the sen- 
sitivity of measurements. That is why the meas- 
urements were conducted in a cyclic manner. 
Typical kinetic curves for the nitroxide exit from 
a membrane slab impregnated with solutions of 
TEMPO or C8-imidazoline nitroxide in mineral 
oil are presented in Figures 6a and 6b. X-axis cor- 
responds to the total time of incubation in the 
aqueous solution. For example in the investiga- 
tion of TEMPO exit into water without ascorbic 
acid the incubation time at each step was 1 
minute and total number of cycles was 4, which 
corresponds to 4 minutes of incubation 
(Figure 6a, curve 1). Total time of the experiment 
was near 35 min due to the time necessary for 
the EPR measurements. Addition of 1M ascorbic 
acid to the aqueous solution (Figures 6a and 6b) 
increases the rate of transfer, especially for the 
more hydrophobic C8-imidazoline nitroxide. It 
means that after addition of ascorbic acid into 

aqueous solution we can both eliminate the 
nitroxide backward transfer from water into 
organic phase and also decrease the mass trans- 
fer resistance of the aqueous layer. This fact 
demonstrates an important role of diffusion of 
radicals in the aqueous phase, which increases 
overall mass transfer resistance. 

Slower exit of more hydrophobic C8-imidazo- 
line nitroxide also demonstrates the role of 
unstirred aqueous layers and can be interpreted 
for example based on equation 6a. Three terms 
in the denominator of this equation reflect resist- 
ances for mass transfer of unstirred organic and 
aqueous layers and resistance of interface, 
respectively. Much higher distribution coeffi- 
cient of C8-imidazoline nitroxide results in the 
increase of resistance of unstirred aqueous layer, 
which becomes dominant for this hydrophobic 
radical. 

It is important that increase of incubation time 
in every "incubation-measurement" cycle in the 
presence of high concentration of ascorbic acid, 
when role of diffusion in aqueous phase is not 
essential, resulted in the slower kinetics of exit 
for both radicals. During the measurement in the 
EPR spectrometer, which takes near 6 minutes, 
concentration profile of the nitroxide in the 
membrane becomes more uniform, but then it is 
formed again during the next incubation. This 
fact demonstrates the importance of non-steady 
and changing with time concentration gradients 
in the slab, which are formed due to transport of 
a nitroxide into water and result in a decrease of 
the exit rate till the steady state value. This also 
means that the resistance of interface mineral 
oil/water for the nitroxide exit is not high. If it 
were dominant, non-steady state diffusion and 
incubation time should not play an important 
role. Unfortunately, this set of cyclic experiments 
is not easy to describe quantitatively, especially 
in the presence of ascorbic acid. Diffusion coeffi- 
cients in both organic and aqueous phases and 
corresponding mass transfer resistances were 
measured in the experiments with flat mem- 
branes, described in the next part. 
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FIGURE 6A Kinetics of TEMPO t ransfe r  f rom a m e m b r a n e  slab into wa te r  (1, incuba t ion  t ime lmin . )  or  1M ascorbic acid, p H  6 
(2,3,4-incubation t ime 1; 0.5; 0.1 min ,  respect ively)  
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FIGURE 6B Kinetics of n i t roxide  C8- imidazol ine  radical  t ransfe r  f rom a m e m b r a n e  slab into w a t e r  (1, i ncuba t ion  t ime 5 min . )  or  
1M ascorbic  acid, p H  6 (2,3,4-incubation t ime 5; 1; 0.1 rain, respect ively)  
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TEMPO transport from bulk organic phase 
through a flat membrane into aqueous phase 

In the case of nitroxide transport through a flat 
membrane from bulk organic phase into aqueous 
solution the concentration of the nitroxide in the 
oil phase during the experiment was practically 
constant, but we were able to measure its increase 
in the aqueous phase. Kinetic curves for TEMPO 
transport from octane and mineral oil are pre- 
sented in the Figure 7 -a for the membranes hav- 
ing the thickness of one and five filters. The linear 
anamorphoses are presented on Figure 7-b. Based 
on the slopes and distribution coefficients we cal- 
culated corresponding MTCo values. For trans- 
port through one filter it was 1.8 × i!0-Scm/s 
with octane and 0.44 × 10-Scm/s with more vis- 
cous mineral oil. The relative changes are much 
lower than the ratio of viscosities, which can be 
explained by the different rate limiting steps for 
the TEMPO transfer from mineral oil and octane. 
In the separate experiment TEMPO was added 
not into the organic but the aqueous phase. Kinet- 
ics of its transfer from water into octane also gave 
a straight line in the semilog coordinates with 
similar mass transfer parameters. 

Increase of membrane thickness in five times 
resulted in a significant decrease of flux in the 
case of mineral oil, which again demonstrates 
the role of diffusion resistance in the organic 
phase (Figures 7-a,b, curves 1,2). 

In the case of membrane impregnated with 
less viscous octane the same variation of the 
membrane thickness almost did not change the 
flux (Figures 7-a,b, curves 3,4). To clarify the 
possible role of aqueous and interface resistances 
in this case we conducted the experiments with 
ascorbic acid. Though kinetics was slow it was 
possible to measure it based on the nitroxide 
concentration decrease in organic phase. 
Dependence of Ln C o on time was a straight line 
for more than 200 min, but the effective first 
order rate constant increased only by a factor of 
four when 1M ascorbic acid was added in the 
solution (data not shown). 

Transmembrane transport of TEMPO from one 
aqueous solution into another 

In these experiments decrease of the radical con- 
centration in one phase was equal to the increase 
in another and finally both concentrations were 
practically equal. Kinetics was analysed in the 
coordinates of the reversible first order process 
and the corresponding permeability for the 
membrane impregnated with octane was near 
1.4 × 10 -4 cm/s.  Initial concentration of TEMPO 
in water in this case was 10-4M. Corresponding 
equilibrium concentration in organic phase in 
this case is 1.5 × 10 3M, which is similar to the 
typical concentrations used in the experiments 
described in the previous section. It is interesting 
that the value of MTCa in those experiments is 
equal to 2.7 x 10-4cm/s  (K d × MTCo) and is 
approximately twice as high as the membrane 
permeability, which reflects the difference in the 
experiment arrangements. 

If a filter was impregnated with mineral oil or 
water, the MTCa was 8.7 × 10 .5 and 
1 × 10 .4 cm/s,  respectively. In both cases initial 
concentration of the nitroxide was 10-3M. 

Nitroxide transport through hol low fibres 

Hollow fibre modules have much higher sur- 
face/volume ratio than the chamber with a flat 
membrane, which gives much faster mass trans- 
fer processes. As the result without ascorbic acid 
it was possible to measure nitroxide concentra- 
tion changes in both phases. For example in the 
case of Imidazolidine radical initially dissolved 
in mineral oil both the decrease in organic phase 
and increase of its concentrations in the aqueous 
phase practically finished after 250 min 
(Figure 8). Volumes of both oil and aqueous 
phases were equal and the decrease of the radi- 
cal concentration in the oil was similar to its 
increase in water, which demonstrated negligi- 
ble influence of adsorption on membrane. Final 
concentration of this nitroxide in aqueous phase 
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FIGURE 7A Kinetics of TEMPO transport through a membrane from organic solvent to an aqueous solution at pH4.1,2-mineral 
oil, 3,4- octane, 1,3- one filter, 2,4- five filters. Initial concentration of TEMPO in the organic phase (COo) is 10-3M 
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FIGURE 7B Linear anamorphoses for TEMPO transport  through a membrane from organic solvent to an aqueous solution at 
pH=4: 1,2-mineral oil, 3,4- octane, 1,3- one filter, 2,4- five filters 
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Time, min 

FIGURE 8 Kinetics of Imidazolidine radical distribution between mineral oil and water  at p H  4 in hol low fibre module. 1 
phosphate  buffer, 2 - mineral oil 

was higher than in oil, which corresponds to the 
distribution coefficient K d equal to 0.5. 

For more lipophilic TEMPO changes of con- 
centration in organic phase are small and accu- 
racy of measurements is low. Due to this fact 
only kinetics of TEMPO concentration increase 
in the aqueous phase was used to characterise its 
mass transfer through the membrane. The linear 
anamorphose of this curve together with similar 
dependencies for two other more hydrophilic 
radicals plotted based on the equation 9 gave the 
straight lines. Correlation coefficient in all cases 
was higher than 0.99 with the changes of In A(t) 
by more than unity. Values of MTCo and MTCa, 
calculated from the corresponding slopes, are 
given in the Table I together with the distribu- 
tion coefficients K d. 

Another method of MTCo calculation was 
based on the values of initial rates of the radical 
transport, when nitroxide concentration in the 
aqueous phase is small and the backward trans- 
fer from aqueous solutions can be neglected. 
Though this method is less accurate, the results 
were in good agreement with the data calculated 
from the linear anamorphoses. 

MTCo values with mineral oil are independ- 
ent of K d and are similar for different radicals. 
On the other hand the values of MTCa are paral- 
lel to the changes of K d. This tendency can be 
explained based on the equations (6a and 6b) 
and means that unstirred organic layer plays a 
dominant role in mass transfer processes in min- 
eral oil. 

In the case of much more hydrophobic C8-imi- 
dazoline radical (K d - 200) the limiting step is 
different. Its aqueous concentration is much 
lower and the resistance of unstirred aqueous 
layer (second term in the denominator) plays an 
essential role. As the result its MTCo is much 
lower (-10 -7 cm/s). 

If instead of mineral oil we use octane as a sol- 
vent, rate of TEMPO distribution through the 
hollow fibres into water is much higher and 
equilibrium was practically established in less 
than five minutes. The estimated MTCo and 
MTCa are -2 × 10 -5 cm/s  and ~3 × 10 -4 cm/s,  
respectively (K d is 15). These values are only -6-  
7 times bigger than with mineral oil. This differ- 
ence is much less than the difference of the vis- 
cosity of these two solvents and reflects the 
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changes of the rate-limiting step from organic 
solvent to water, similar to the demonstrated for 
flat membranes. 

In the presence of ascorbic acid it was possible 
to measure decrease of TEMPO concentration in 
organic phase. Concentration of ascorbic acid in 
these experiments was 0.1M. First order kinetic 
anamorphoses were the straight lines both for 
octane and mineral oil. The MTC o value for 
TEMPO exit from octane was similar to the one 
for flat membranes and equal to 
3.4 × 10 5 cm/s. Corresponding value in min- 
eral oil was 3.9 × 10 6cm/s. Again the relative 
change of the slope was only 9 times, which is 
much less than the difference of the correspond- 
ing viscosity and D O values. Both values were 
only slightly bigger than those without ascorbic 
acid (Table I). It worth it to mention again that 
1M ascorbic acid gave only 4 times increase of 
the rate in the experiments with flat membranes. 

5. DISCUSSION 

Nitroxide transfer from impregnated filters 

Experimental results demonstrated that in the 
case of cyclic movement of the membrane from 
the incubation media to the EPR instrument and 
then back we are dealing with the non steady 
state diffusion of nitroxide in the liquid organic 
phase in the membrane and then in the unstirred 
aqueous layer. The last process can be made 
faster by nitroxide reduction with ascorbic acid. 
Quantitative description of the system in this 
case should be based on the numerical solution 
of the system of partial differential equations 
describing two- phase diffusion with the reac- 
tion in one of the phases. The cases where ana- 
lytical solution of similar problem is available, 
are usually dealing with continuous, not cyclic, 
mass or heat transfer. 

In our experiments the time between succes- 
sive incubations in aqueous solution was near 6 

min, which was necessary for the sample treat- 
ment and data acquisition. In more viscous min- 
eral oil the D O value is near 3*10-7cm2/s (see 
later). This value allows calculations of the char- 
acteristic time necessary to reach the steady state 
profile. Based on the Einstein equation (12) we 
have around 100s. It means that we can assume 
the uniform concentration profile formed in the 
membrane after each 

z - -  D (12) 

measurement. For octane the characteristic time 
is even lower. 

Without reaction mass transfer from organic into 
aqueous phase for small incubation time z can be 
described by the equation 13124]: 

F = C°° (D°~  1/2 
+Kd ( ~ ) , / 2  \ ~ /  (13) 

1 

We can assume that even in the presence of 
chemical reaction the equation for the average 
flux during each incubation will look like 

E =  zcT,'v = .ACo" 
sac  

where Co n is the initial concentration in the n-th 
cycle, t 0 is the time of incubation in each cycle 
and t is total time of incubation. 

For small incubation times in each incubation 
we can neglect the difference of initial and current 
concentrations and after integration we have: 

Co SA 
Ln ~ - t 

Experimental kinetics plotted in these coordi- 
nates for small incubation times (6s) gives good 
straight lines for both TEMPO and C8-imidazo- 
line radical (Figure 9). Increase of temperature 
resulted in the acceleration of mass transfer in 
the presence of ascorbic acid and effective activa- 
tion energy for the process was near 22 kJ/mol 
in the range from 276 to 321 K. Though this 
value is relatively small, it is difficult to interpret 
this result as long as the relationship of the 
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FIGURE 9 Linearization of C8-imidazoline radical transfer kinetics in the semilog coordinates. (All other conditions like in 
Figure 6b) 

parameter A, diffusion coefficients and chemical 
reaction is not clear. At neutral pH Ea for the 
reaction of TEMPO and ascorbic acid is near 30 
kJ/mol  [71. More quantitative analysis in terms of 
diffusion coefficients was possible in the case of 
flat membranes, separating two liquid phases, 
which is discussed in the next section. 

Investigation of nitroxide transport from bulk 
organic phase through a flat membrane into 
aqueous phase 

Based on the equations 6a and 8 and changing 
the membrane thickness we can determine the 
coefficient D O multiplied by the ratio poros- 
i ty/ tortuosi ty of the membrane. Analysis of the 
slope of Flux -1 dependence on the membrane 
thickness is presented in Figure 10. For mineral 
oil and octane the corresponding values are 
7 × 10 8 and 5 × 10 6 cm2/s, respectively. Cal- 

culation of Dofor TEMPO according to the 
well-known Wilke-Chang correlation equa- 
tion [28] gives 2.8 × 10 -7 and 1.8 × 10 -5 cm2/s 

for mineral oil and octane, respectively. One can 

see that the experimental D o in the membrane 
are 4 times less then corresponding theoretical 
values. This decrease could be determined by 
both the solvent immobilisation in the mem- 
brane pores (see Figure 2, spectrum 4) and also 
by the influence of porosity and tortuosity of the 
membrane. 

Rotational correlation times for TEMPO [291, 
characterising microviscosity for the rotational 
mobility of nitroxides, were 5 × 10 11s and 
2 × 10-11s in mineral oil and water, respectively. 
These times are typical for so called "fast rota- 
tion" range [11. Their relative changes from water 
to the mineral oil are much less than the relative 
difference for the translational diffusion. For long 
molecule of C8-imidazoline radical the difference 
of rotational correlation times was much bigger 
(near 10). 

The value of the intercept with the Y-axis in 
Figure 10 can be explained by existence of an 
extra mass transfer resistance, which is not 
dependent  on the membrane thickness. In gen- 
eral it could be determined by transport through 
three components: unstirred organic layer near 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



278 N.M. K O C H E R G I N S K Y  et  al. 

, ] 
100 

60 

b 4O 

20 
2 

J. ,L .L I 
~ ~ 

0 0.02 0.04 0.06 0.08 
L, c m  

F I G U R E  10 T r a n s p o r t  r e s i s t a n c e  o f  f la t  m e m b r a n e s  as  a f u n c t i o n  of  t h e  m e m b r a n e  t h i c k n e s s :  1 - m i n e r a l  oil, 2 - o c t a n e  

the membrane, the interface organic solution 
/water  and finally unstirred aqueous layer on 
another side of the membrane. This total extra 
resistance can not be neglected. In the case of 
mineral oil it is comparable to the transport 
resistance of one impregnated filter. In the case 
of octane the extra resistance becomes dominant 
and it is bigger than the inner resistance of five 
impregnated filters together. Though the value 
of this total extra resistance was different for the 
two solvents and equal to 2 × 105 and 
6 × 104 s /cm for mineral oil and octane, respec- 
tively, the relative difference for the two solvents 
again is less than the difference of their viscosity. 
This demonstrates the essential role of either 
aqueous solution or interface or both of them. 

In the experiments with a chamber with hori- 
zontal membrane we had much stronger stir- 
ring. As the result the effective thickness of 
unstirred aqueous layers was decreased, the 
process was 4 times faster and the effect of ascor- 
bic acid was less evident than in the case with 
vertical membrane. 

Aromatic solvents are able to form intermo- 
lecular complexes with TEMPO [7]. As the result 
in the experiments with toluene the Kd value 

was 167 and MTCo due to the increase of aque- 
ous resistance was equal to only 0.3 × 10-5cm/s. 
Viscosity of the toluene is only 10% higher than 
that of octane. In the presence of ascorbic acid 
we did not see any decrease of TEMPO concen- 
tration in the toluene during two days. Summary 
of the MTC values for the TEMPO transfer from 
different organic solvents is given in the Table II. 
The smaller rate of transfer in the case of toluene 
in comparison to octane demonstrates the role of 
intermolecular interactions in the l iquid/l iquid 
mass transfer kinetics. 

In the case of octane mass transfer resistance 
due to diffusion through the organic solvent and 
membrane is relatively small. Both with and 
without ascorbic acid, the increase of membrane 
thickness by five times gives much smaller 
decrease of the exit rate for TEMPO. In 1M ascor- 
bic acid MTC 0 values for one and five mem- 
branes were 6.4 × 10 -5 and 4.1 × 10-Scm/s, 
respectively, or in the terms of resistance it gives 
1.6× 104 and 2 .5× 104 s / cm  or less then 
2 × 103 s / cm  per one filter. As the result the 
measurements of other components of total mass 
transfer resistance are more accurate than with 
the mineral oil. 
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TABLE II Transport parameters for TEMPO distribution 
between different organic solvents and phosphate buffer 
through a flat sheet membrane 

MTC o MTC a 
Solvent Kcl 10 -s cm/s 10 -5 cm/s 

Toluene 167 0.3 50 

Octane 15 1.8 27 

Mineral oil 15 0.4 6 

Role of aqueous resistance can be decreased 
due to the chemical reaction with ascorbic acid, 
taking place simultaneously with the nitroxide 
diffusion. The corresponding theoretical value of 
aqueous resistance with 1M ascorbic acid, calcu- 
lated using expression 17, should be only 
2.5 × 103s/cm. This value is relatively small 
and is similar to the estimated earlier resistance 
for simple diffusion through one layer mem- 
brane with octane. 

Still the experimental effect of ascorbic acid 
was less than expected based on the two-film 
theory. Usually the acceleration factor due to the 
fast irreversible reaction in an aqueous phase is 
described by equation 161231: 

/ D " k C ~ S ~ c o t h J ~ ;  (16) 
= v M Ca 

Cas c is the concentration of ascorbic acid in 
aqueous solution. Using this equation and 
nitroxide reduction rate constant k equal to 5.8- 
7.5 M-is -117] we should expect the acceleration 
factor, equal to 18-20 for the 1M ascorbic acid, 
which is much bigger then the observed experi- 
mental value, equal to 4. Besides that total mass 
transfer resistance was higher than a sum of cal- 
culated resistances of octane and aqueous phase 
with 1M ascorbic acid. 

In the chse of mass transfer with irreversible 
first order reaction in the aqueous phase its 
resistance as a function of concentration should 
be described as [23]. 

K~ (17) 
v / D ~ k C  . . . .  

In our experiments concentration of ascorbic 
acid was changed in the range from lmM tolM. 
Though the accuracy of the point at low concen- 
tration is not high, still experimental dependence 
of F 1 versus Casc -°'5 gives a satisfactory straight 
line (Figure 11) and the value of the rate constant 
k estimated from the slope is (4,7 + 1,9) M-ls -1, 
which is similar to the values described in litera- 
ture and equal to 5.8-7.5M ls-1 at pH 7 and 
room temperature [7]. 

It is interesting that in the presence of 10-2M 
Fe(III)(bipy) 3, which is able to oxidize nitroxides 
with high rate constant (5 × 106M-is-1 [30,31]), 
MTCo was 1.6 × 10 4 c m / s .  Much higher effi- 
ciency of this reaction in comparison to that with 
ascorbic acid can be explained by the ability of 
bipyridine complex to bind with the 
organic/water interface, similar to its interactions 
with both anionic and cationic micelles [31' 32]. 

In the presence of 1M ascorbic acid there 
should not be appreciable amount of oxygen in 
the aqueous phase. Still we did control experi- 
ment in a sealed glow box with argon bubbled 
through all three solutions before the experiment 
starts. The rate of mass transfer was practically 
the same as without a glove box, which means 
that reoxidation of nitroxides in the acceptor 
aqueous solution cannot be the reason of the low 
efficiency of ascorbic acid. 

Another possible explanation of the lower effi- 
ciency of the ascorbic acid at high concentration 
could be the influence of the negative change on 
the membrane surface. It is well known that the 
nitrocellulose filters have carboxylic and other 
anionic groups, which makes the surface nega- 
tive and results in the formation of the trans- 
membrane potential of impregnated filters in the 
presence of organic cations [22]. Electrostatic 
repulsion between negatively charged filter sur- 
face and ascorbate anions, reacting with nitrox- 
ides ]7], could result in the decrease of ascorbate 
concentration in the reaction zone and effective 
decrease of the reaction rate between ascorbate 
and nitroxide. Still comparison of TEMPO trans- 
port from octane into 1M solution of ascorbic 
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FIGURE 11 Relationship of mass transfer resistance and concentration of ascorbic acid, pH 6. for the 1M ascorbic acid points 1 
4 -Nitrocellulose membrane,  2 - Teflone membrane,  3 - Hybond  N +, 4 - Nitrocellulose membrane  in the presence of 2"10- M 

CTMA in the aqueous solution 

acid at pH 6 through the membranes with differ- 
ent surface charge demonstrated that this effect 
does not play an essential role. We have com- 
pared impregnated nitrocellulose membrane, 
the same membrane in the presence of cationic 
detergent (2 × 10-4M CTMA), and also impreg- 
nated Hybond N + and Teflon membranes. The 
nitrocellulose membrane with adsorbed CTMA 
and Hybond N ÷ should have a positive surface 
potential, while Teflon should have no net 
charge or maybe a small negative potential [33]. 

In all these cases the difference of the experi- 
mental MTCo was not more than 10 %, CTMA 
resulted in the acceleration of the process only at 
concentration higher than critical micelle con- 
centration (CMC), which is determined by the 
phenomenon of micellar catalysis [16]. Anionic 
detergent (14 × 10 2 M DBSA) practically did 
not influence the rates of process both with or 
without ascorbic acid. 

Small effect of ascorbic acid can be explained 
by the fact that extrapolation of the experimental 

dependence does not go the origin of coordi- 
nates and we have to assume the influence of 
one more factor, for example interface resistance. 
The value of interface resistance is relatively 
small and it is only near 20% of that of the aque- 
ous phase without reaction. The relative influ- 
ence of the interface would be even lower in 
comparison to the total mass transfer resistance, 
especially in the case of viscous solvents like 
mineral oil. Still, it seems this is the first time 
when the oil /water interface mass transfer 
resistance was demonstrated experimentally. 

Nitroxide transport through hollow fibres 

Using the values of diffusion and distribution 
coefficients discussed earlier it is possible to com- 
pare the experimental value of MTCa for hollow 
fibre contactors and theoretical values of separate 
components of mass transfer resistance, calcu- 
lated using the correlation criteria, given in [34] 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NITROXIDES T H R O U G H  MEMBRANES 281 

For the process inside the hollow fibre, filled 
with water, we have: 

MTCald _ 1.62 (d2u'~ 1/3 
D~ \ Z D a J  (18) 

v - water velocity, 1.1 cm/s  
Z - module length, 18.4 cm 
Calculated MTCalis 6 × 10 4cm/s, which is 
twice as high as experimental MTCa for TEMPO 
in octane. It is much higher than with mineral oil 
and cannot play essential role in this case. 

Transport resistance of the organic phase is 
mostly determined by diffusion through porous 
membrane impregnated by organic solution. 
Corresponding MTCa 2 can be calculated using 
equation 19: 

KdDo ( ~ )  (19) 
MTCaa - L m  

G 
porosity / tortuosity, for Cellanese mere- 

brans it is equal to 0.1 [34l 
Calculated MTCa 2 values are 5 X 10 5cm/c 

for TEMPO in mineral oil, which is similar to the 
observed in the experiment. The MTCa 2 value 
for transport through the membrane with octane 
(8 × 10 -3 cm/s)  is much higher than the experi- 
mental. 

Resistance of organic unstirred layers outside 
the fibres we can evaluate according to 
equation 20: 

(d~_ou) 1/3 MTCagd = 1.4Kd (20) 
Do 

v - liquid velocity, 0.1 cm/s  
Though equation 20 gives very approximate 

results I341, calculated MTCa 3 values are much 
bigger than those for diffusion through porous 
membrane, impregnated by organic solution, 
and it means this step is not rate determining in 
any case. 

Summarising this analysis we can say that in 
the hollow fibres we have the same rate limiting 
steps for nitroxides transfer as in the experi- 
ments with flat sheet membranes. Biological 
blood vessels and other structures should be an 

essential barrier, determining the kinetics of 
drug distribution and blood circulation should 
not play an essential role at least on the first 
steps of drug delivery. It corresponds to the fact 
that blood flow in the experiments with rats did 
not change nitroxide delivery through skin of 
animals at least for one hr [5] 

Mechanisms of nonelectrolyte transport 
through biological membranes 

Qualitatively role of the interface resistance we 
can characterise using the equation 6b. In the 
case of biological membranes it is possible that 
the first and second terms in the denominator 
are small due to the small thickness of biomem- 
branes and fast reactions in the cytoplasm or 
flow in blood vessels. In this case mass transfer 
can be determined by the interface resistance. In 
this case the flux dependence on concentration is 
similar to the usual dependence from double 
film theory [23], but the physical meaning of the 
MTCa is different. 

Based on the equation 6a and the idea that the 
intercept with Y-axis on the Figure 11 reflects the 
interface resistance, we have koequal to 
(8.5+2.5) × 10 5cm/s  or kanear 10 3cm/s.  
These values could be qualitatively explained 
based on the theory of the absolute rates and 
gave reasonable activation energies. For exam- 
ple, diffusion of a small molecule through the 
homogeneous layer with the thickness 10A (rea- 
sonable for the interface thickness) and with dif- 
fusion coefficient as in water should give 

D~ 
kl -- -- 50 c'm/~ (21) 

Li 

We can assume that the experimental k a value 
for the interface transfer is described by equation 

ha = kl exp(-Eact/FtT) (22) 

In other words we add extra activation energy 
necessary to overcome the interface barrier due 
to the inhomogeneity of the media. Using k a 
from the experiments with hexane, we have the 
additional activation energy equal to only 
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27 kJ/mol  This value is probably determined by 
solvation / dehydration processes, when the 
molecule moves through the interface. The acti- 
vation energy for the exit from organic phase is 
bigger (34 kJ/mol) and can be easily explained 
by van der Waals interactions in the organic 
phase. Bilayer of lipids in biomembranes is cer- 
tainly more viscous than octane. Using D o for 
mineral oil we have activation energy only 
20 kJ/mol, which is similar to the experimental 
activation energy for the TEMPO transport from 
the membrane. 

Finally we would like to note that the interface 
resistance can be very important in biological 
transport processes, where the membrane thick- 
ness is less then 0.01 btm, the transported mole- 
cules can be very hydrophobic, have a high 
molecular weight and are metabolised in cyto- 
plasm. 

N O M E N C L A T U R E  A N D  A B B R E V I A T I O N S  

Casc 

Co, Ca 

d 

Do, Da 

F, 

f 

ka, ko, 

K 

Concentration of ascorbic acid 
in aqueous solution, M 

Concentrations of nitroxide in 
the organic (o) or aqueous (a) 
phases 

Fibre diameter, cm 

Diffusion coefficients of 
nitroxides in organic and 

aqueous phases, cm 2 / s 

Flux, mol/cm2s and average 
flux during one incubation 

Acceleration factor due to 
chemical reaction 

Rate constants for the mass 
transfer from aqueous (a) into 
organic (o) phase and vice 
versa, cm / s 

Second order reaction rate 
constant, M is 1 

Kd 

Lo, La, Lm, Li 

MTCo, MTCa 

MTCa 1 , MTCa 2, 

MTCa 3 

Mt 

S 

Vo, Va 

Z 

~d, "¢o 

superscripts i,b,° 

Organics / water distribution 
coefficient 

Effective thickness of organic 
and aqueous phases, mem- 
brane and interface, cm 

Mass transfer coefficients, 
based on organic and aqueous 
phases, respectively, cm / s 

Mass transfer coefficients for 
hollow fibre module, 

calculated using correlation 
criteria: 1,3- for the process 
inside and outside of the hol- 
low fibres, 2 - for the diffu- 
sion through porous 
membrane, respectively. 

Total content of the substance, 
mol 

Membrane surface area, cm 2 

Volumes of organic and aque- 
ous phases, cm- 

Hollow fibre module length, 
c m  

Liquid velocity in hollow fibre 
module, cm / s 

Membrane porosity 

Membrane tortuosity 

Characteristic time of diffu- 
sion and time of incubation in 
each cycle, respectively 

The interface(i), bulk(b) or ini- 
tial(o), respectively 

Acknowledgements 

This work was supported by the grant from the 
National University of Singapore. 

References 
[1] L.J. Berliner (Ed.) (1976) Spin labeling: theory and applica- 

tions, Academic Press, New York. 
[2] E. Lozinsky, V.V. Martin, T.A. Berezina, A.I. Shames, 

A.L. Weis, G.I. Likhtenshtein (1999) Dual fluoro- 
phore-nitroxide probes for analysis of vitamin C in bio- 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NITROXIDES THROUGH MEMBRANES 283 

logical liquids, Journal of Biochemical and Biophysical 
Methods, 38, 29-42. 

[3] K. Matyjaszewski (Ed.) (1998) Controlled radical polymer- 
isation, American Chemical Society, Washington. 

[4] R. Stosser, K. Mader, H-H. Borchert, W. Herrmann, G. 
Shneider, A. Liero (1995) Pharmaceutical aspects of esr 
investigations on drug delivery systems In: H. 
Ohya-Nishiguchi, L. Packer (Eds.) Bioradicats detected by 
ESR spectroscopy, MCBU Birkhauser, Basel, 301-320. 

[5] L. Honzak, M. Sentjurc, H.M. Swartz, (2000) In vivo 
EPR of topical delivery of a hydrophilic substance 
encapsulated in multilamellar liposomes applied to the 
skin of hairless and normal mice, Journal of Controlled 
Release, 66, 221-228. 

[6] Y. Ueda, H. Tokoyama, A. Nakajima, H. 
Ohya-Nishiguchi, H. Kamada (2000) In vivo ESR spec- 
troscopy on signal decay of intrastriatal nitroxide radi- 
cal after acute administration of haloperidol in rats, 
Brain Research Bulletin, 51, 313-317. 

[7] N.M. Kocherginsky, H.M. Swartz (1995) Nitroxide spin 
labels, CRC Press, Boca Raton. 

[8] R.I. Zhdanov (Ed.), Bioactive spin labels (1992) 
Springer-Verlag, Berlin. 

[9] N. Noguchi, E. Damiani, L. Greci, E. Niki (1999) Action 
of quinolinic and indolinolic aminoxyls as radical-scav- 
enging antioxidant, Chemistry and Physics of Lipids, 99, 
11-19. 

[10] E. Damiani, P. Carloni, P. Stipa, L. Greci (1999) Reactiv- 
ity of an indolinonic aminoxyl with superoxide anion 
and hydroxyl radical, Free Radical Research, 31, 113-121. 

[11] D. Metodiewa, A. Kochman, J. Skolimowski J., A. 
Koceva-Chyla (1999) TTT, a novel free radical spin trap, 
induces apoptosis in Sarcoma Yoshida cells in vivo: 
comparative investigation of its cytotoxicity in vitro, 
Anticancer research, 19, 3343-3348. 

[12] R.A. Shankar, K. Hideg, J.L. Zweier, P. Kuppusamy 
(2000) Targeted antioxidant properties of N-[(tetrame- 
thyl-3-pyrroline-3-carboxamido) propyl] phthalimide 
and its nitroxide metabolite in preventing postischemic 
myocardial injury, Journal of Pharmacology and Experi- 
mental Therapeutics, 292, 838-845. 

[13] R. Rak, D.L. Chao, R.M. Pluta, J.B. Mitchell, E.H. Old- 
field, J.C. Watson (2000) Neuroprotection by the stable 
nitroxide Tempol during reperfusion in a fat model of 
transient focal ischemia, Journal of Neurosurgery, 92, 
646-651. 

[14] R. Zhang, S. Go|dshtein, A. Samuni (1999) Kinetics of 
superoxide-induced exchange among nitroxide antioxi- 
dants and their oxidized and reduced forms, Free Radi- 
cal Biology & Medicine, 26, 1245-1252. 

[15] E. Schwartz, A. Samuni, I. Friedman, E. Hempelman, J. 
Golenser (1999) The role of superoxide dismutation 
malaria parasites, Inflammation GoldfeId, 23, 361-370. 

[16] N.M. Kocherginsky, M.G. Golfeld, R.M. Davydov, A.B. 
Shapiro (1972) Effect of detergents on the rate of reac- 
tion of iminoxy-radicals with ascorbic acid, Russian 
Journal of Physical Chemistry, 46, 1354-1355. 

[17] R.D. Kornberg, H.M. McConnell (1971) Inside-outside 
transitions of phopholipids in vesicle membranes, Bio- 
chemistry, 10, 1111-1120. 

[18] D.S. Cafiso, W.L. Hubbell (1978) Estimation of trans- 
membrane potentials from phase equilibria of hydro- 
phobic paramagnetic ions, Biochemistry, 17, 3871-3877. 

[19[ A.P. Todd, R.J. Mehlhorn, R.I. Macey (1989) Amine 
spin probe permeability in sonicated liposomes, Journal 
of Membrane Biology 109, 41-52. 

[20] N.M. Kocherginsky, N.I. S'yakste, M.A. Berkovich, 
V.M. Devichensky (1981) Reduction of spin probes 
with ascorbic acid in solution and on biomembranes, 
Biofizika, 26, 442-446. 

[21] J.F. Glockner, H.-C. Chan, H.M. Swartz (1991) In vivo 
oximetry using a nitroxide-liposome system, Magnetic 
Resononance in Medicine 20, 123-133. 

[22] N.M Kocherginsky, K.J. Liu, H.M. Swartz (1995) 
Thermo-induced phase transitions and regulation of 
permeability of biomimetic membranes, In. D.A. But- 
terfield (Ed.), Biofunctional membranes, 163-172. 

[23] E.L. Cussler (1997) Diffusion, 2nd ed., Cambridge Uni- 
versity Press, Cambridge. 

[24] V.V. Tarasov, G.A. Yagodin (1988) Interfacial phenom- 
ena in solvent extraction, in: J.A. Marinsky and Y. Mar- 
cus (Eds.), Ion exchange solvent extraction, V. 10, Marcel 
Dekker, New York, 141-237. 

[25] L.B. Volodarsky (Ed.) (1988) Imidazoline nitroxides, CRC 
Press, Boca Raton. 

[26] D.R. Lide, H.P.R. Frederikse (Eds.) (1995) CRC Hand- 
th book of chemistry and physics, 75 ed., CRC Press, Boca 

Raton, p. 6-241. 
[27] N.M. Kocherginsky, A.B. Grishchenko (2000) Mass 

transfer of long chain fatty acids through liquid-liquid 
interface stabilised by porous membrane, Separation and 
Purification Technology, 20, 197-208. 

[28] C.R. Wilke, P. Chang (1955) Correlation of diffusion 
coefficients in dilute solutions, American Institute of 
Chemical Engineer. Journal, 1, 264-270. 

[29] A.L. Buchachenko (Ed.) (1977) Atlas of EPR spectra of 
spin labels and probes Nauka, Moscow. 

[30] V.A. Golubev, Yu. N. Kozlov, A.N. Petrov, A.P. Purmal 
(1992) Catalysis of redox processes by nitroxyl radicals, 
in R. Zhdanov (Ed.) Bioactive Spin Labels, Springer-Vet- 
lag, Berlin, 119-140. 

[31] D.B. Nail<, W. Schnabel (1999) Photoionization of 
Ru(bpy)(3)(2+) ions in aqueous solutions containing 
sodium dodecyl sulfate. Influence of ion binding, 
Chemical Physics Letters, 315, 416-420. 

[32] G. Muthuraman, K.C. Pillai (1999) Electrocatalysis in 
micellar media: Indirect reduction of allylchloride in 
cationic surfactant cetrimide containing aqueous solu- 
tion, Bulletin of Electrochemistry, 15, 448-451. 

[33] J.C. Reijenga, G.V.A. Aben, Th. P.E.M. Verheggen and 
F.M. Everaerts (1983) Effect of electroosmosis on detec- 
tion in isotachophoresis, Journal of Chromatography, 260, 
241-254. 

[34] B.W. Reed, M.J. Semmens, E.L. Cussler (1995) Mem- 
brane contactors, in: R.D. Noble, S.A. Stern (Eds.), 
Membrane separation technology, Elsevier Science, 
Amsterdam, 474-497. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


