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Abstract 

Polarization and adsorption effects during bovine serum albumin (BSA) ul- 
trafiltration across a commercial hemodialysis membrane are discussed. BSA ad- 
sorption on the membrane surface depends on the pH and concentration of 
solutions. Overall membrane permeability is reduced due to the resistance of both 
the concentration polarization and the adsorption layers. Ultrafiltration ex- 
periments with a pure solvent (water) and solutions allow the different con- 
tributions to the total volume flow resistance of the membrane to be distinguished. 
These data are needed to develop a model bioartificial pancreas in which animal 
pancreatic islets of Langerhans are bounded between two ultrafiltration mem- 
branes. 

INTRODUCTION 

The ultrafiltration of protein solutions and the effects of membrane 
polarization and protein adsorption have been widely investigated 
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FABIAN1 ET AL. 594 

because of the practical importance of these phenomena in dairy and 
pharmaceutical industries, biotechnology, and biomedicine (Z-3). In the 
field of artificial organs, several research groups (4-7) have undertaken 
the study of a bioartificial pancreas in which ultrafiltration membranes 
will play an important role. 

By implantable bioartificial pancreas (IBP) we mean an implantable 
device for producing and releasing insulin in a controlled way in the 
blood system as a consequence of an increase in blood glucose content. 
The device is based on the transplantation of nonsyngeneic islets of 
Langerhans in a diabetic host. Immune rejection is avoided with artifical 
membranes which separate islets and blood. This device, schematically 
shown in Fig. 1, is subject to many severe operating conditions (5). A com- 
plete transient steady-state model (5-7) is needed not only to verify its per- 
formance but also to take into account the possible time variation of islets 
activity, membrane performance, and hydrodynamic conditions. 

The conceptual design of the biopancreas assumes that blood flow at 
arterial pressure into the ultrafiltation cell across two channels at different 
pressures. This effect is produced by the difference between the arterial 
and venous pressure (at which blood leaves the cell) and the two dis- 
tributed pressure resistances (Fig. 1). 

The pressure difference between the upper and lower part of the cell 
determines the production of an ultrafiltrate which crosses the layer 
formed by the two membranes where islets of Langerhans are confined. 

The glucose transported by the ultra filtrate stimulates the islets, and in- 
suline is produced and transported out of the cell in the vein. Therefore, 
no external driving force (pressure difference) must be provided to operate 
the biopancreas. 

The kinetic response of the biopancreas (5-7) (that is, the delay between 
the increase in blood glucose content and the maximum insulin release) 
depends on many geometrical, hydrodynamic, and tranport parameters, 
and among them the permeability of the membranes is important. The 
permeability of the two membranes can change during the operation of 
the device because of polarization and adsorption phenomena, and these 
changes can produce different effects on the high pressure and low pres- 
sure membranes. 

The use of heparin is necessary in the practical operation of the device, 
and this introduces further complexity to the system. A complete study of 
these changes is needed to develop a reliable model of the biopancreas. 

In this paper, adsorption and polarization phenomena occurring when 
BSA solutions are ultrafiltrated across polyacrylonitrile Hospal PAN 
membranes are discussed. 
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FIG. 1.  Ideal sketch of a bioartificial pancreas based on islets of Langerhans confinement be- 
tween two ultrafiltration membranes. 

Membranes were chosen from among those widely used in hemofiltra- 
tion. 

BSA molecules are assumed to mimic the behavior of human albumin 
which represents the higher protein content of the blood. The effects of 
other blood constituents will be studied separately. 

PROTEIN ULTRAFILTRATION 

Protein molecules adsorb on membrane surfaces both under static 
(batch) and dynamic (ultrafiltration) conditions. Protein molecular 
charge, membrane surface charge, and the protein structure at the interfa- 
cial solution-membrane layer are factors which affect membrane permea- 
bility. 

A concentration polarization gradient of retained molecules is formed 
at the solution-membrane boundary layer, and macromolecules can be 
deposited or adsorbed on the membrane surface during ultrafiltration. 

The transport of a solution across a membrane experiences hydraulic 
resistance in both the boundary layer and the adsorbed layer. This resis- 
tance increases the membrane volume flow resistance. Solution transport 
is also affected by a decrease in the effective transmembrane pressure dif- 
ference due to the osmotic pressure difference produced by the interfacial 
concentration gradient. The dynamic situation is sketched in Figs. 2 and 3. 

The volume flow, J,, observed when pure solvent is ultrafiltrated across 
a membrane with a P pressure difference follows Darcy’s law: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FABIAN1 ET AL. 

solution limiting 

layer MfMB. 
pcrmcat c 

. .  : .  
)X 

I 

0 d I  

FIG. 2. Concentration profiles during the ultrafiltration of a solution containing mac- 
romolecules which can adsorb (7) on the membrane. 

FIG. 3. Water chemical potential and corresponding osmotic pressure effect relative to a con- 
centration gradient pattern as reported in Fig. 2. 

where R, is the membrane hydraulic resistance and 7 is the solvent vis- 
cosity. When a protein solution is ultrafiltrated, the volume permeability 
decreases because of polarization and adsorption phenomena. 

The flux-pressure relationship is not linear (2). With reference to Figs. 2 
and 3 and assuming steady state, i.e., J, = constant, the flux-pressure 
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VOLUME FLOW RESISTANCE OF A HEMODIALYSIS MEMBRANE 597 

relationship can be written in different ways according to the assumed "ef- 
fective" driving force P: 

where Ans is the difference in osmotic pressure between the solution and 
the permeate. The volume flow is then given by 

where ql  is the average solution viscosity in the concentration range of the 
fed solution and permeate, and R: and Rd are the membrane (including 
the possible contribution of the adsorbed layer, R,) and the boundary 
layer resistances, respectively. 

where And is the osmotic pressure difference between the solution and the 
solution-membrane interfacial layer (where the protein concentration is 
c,,,). In this case 

where q2 is the average viscosity of the solution in the boundary layer con- 
centration gradient. 

where An,,, is the osmotic pressure difference between the two membrane 
surfaces. Therefore. 

J, = ( A P  - An,,,)/@,* (7) 

where q3 is the permeate viscosity assumed equal to that of the membrane 
pore solution. 

Equations (3), (9, and (7) are different formulations of the same 
transport phenomena (in the frame of the osmotic polarization model) 
and do not represent distinct models for volume transport. They are essen- 
tially three different definitions of the specific hydraulic resistance: the 
total membrane plus the resistance shown by the diffuse interfacial 
polarized layer (R: + Rd) if the resistance of the adsorbed protein layer is 
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508 FABIAN1 ET AL. 

included in Rz; the simple interfacial polarization layer resistance Rd; and 
the total membrane plus adsorbed layer resistance Rz. Therefore, by 
measuring the volume flow at a given applied external pressure, it is possi- 
ble to calculate a given set of volume resistances according to the choice of 
osmotic contribution to correct the applied pressure driving force to the 
effective pressure driving force. The three equations contain different vis- 
cosity terms which take into account the changes of composition of the 
solution which flows across the asymmetric interface between the two 
bulk solutions and the possible effects of the microenvironment (viscosity 
of the membrane pore solution). If the three different osmotic correction 
terms and the three different viscosities are known from experiments or 
calculated, measurement of the volume ultrafiltration flow will allow 
determination of all the volume resistances of the membrane system: the 
interfacial polarization layer, the adsorbed layer, and the pure mem- 
brane resistances. 

However, a simplified procedure is possible if only the pure membrane 
and the adsorbed protein layer resistances are evaluated. The membrane 
is coated with the protein adsorbed layer by performing suitable ul- 
trafiltration experiments with protein solutions. The solutions is changed, 
and a pure solvent is ultrafiltrated through the coated membrane. In this 
case the osmotic correction is zero, and the resistance of the coated mem- 
brane is the sum of the pure membrane resistance and the resistance of 
the adsorbed protein layer according to Eq. (7), where 7, = q3 (pure sol- 
vent). If the pure membrane resistance is separately measured by ul- 
trafiltrating the solvent across the clean membrane, both the R, and Rd 
contributions can be obtained. 

This paper presents the results obtained with BSA solutions (which 
simulate the blood albumin in both concentration and pH) in contact 
with Hospal’s polyacrylonitrile membranes. In Table 1 the main features 
of BSA and Hospal’s membrane are collected. 

EXPERIMENTAL 

Solutions with pH in the 2-8 range have been obtained with carbonate, 
phosphate, and citrate buffers by using analytical grade reagents. BSA 
was a Merck product with a purity higher than 90%. Solutions in the 5-50 
g/L concentration range were used. 

The protein concentration was measured spectrophotometrically at 235 
nm by using a specific calibration curve or by Lowry‘s method at 750 nm 
in the 5-25 g/L range and at 500 nm with more concentrated solutions. 
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VOLUME FLOW RESISTANCE OF A HEMODIALYSIS MEMBRANE 599 

TABLE 1 
Characteristics of BSA Molecules and Hospal Membrane 

Protein: Bovine Serum Albumin 
Molecular weight 69.000 
Geometry (8) Globular 

Ellipsoid 

Spherical radius 

Electrical 
properties (8) 

Molecular volume 
Isoelectric point 

(NaCI 0.15 M) 
Isotonic point 

(NaCI 0.15 M) 
Charge number 

Diffusion coefficient (11) 
(PH 7.2, c = 12 g/L, 
7' = 25°C) 

Membrane: Polyacrylonitrile 

D = 7.0 X lo-" m2/s 

Thickness 4 x I O - ~  m 
Porosity 0.5 
cut-off 10,000 

a = 70.5 A 
b = 20.8 A 
r = 31.3 A 

v,,, = 1.5 x 1 0 - l ~  cm' 
pH 4.72 

pH 5.22-5.55 

-20.4, pH 7.4 
-9.1, pH 5.4 
+4.5, pH 4.5 

Permeability measurements were performed with the apparatus shown 
in Fig. 4 by using flat Perspex cells (Fig. 5).  Membranes with two different 
surface areas (1 1.9 and 70 cm') were mounted. Ultrafiltration experiments 
were made with a differential pressure of 24.133 kPa, equivalent at 0.238 
atm. The system was thermostated at 23°C. 

In some experiments, after the deposition of a BSA layer on the mem- 
brane surface, the quantity of deposited protein was measured. This was 
done by soaking the membrane coated with the protein layer in 20-50 cm3 
of a 1% solution of TWEEN 20 surfactant for 24 h under stirring and at a 
controlled temperature (between 30 and 40°C). The proteins in solution 
were then measured. The experimental cell for ultrafiltration experiments 
was operated with feed recirculating flows corresponding to a linear 
velocity in the 1.5-3.0 cm/s range through a rectangular feed chamber of 
1.5 X 5 cmz cross section. The resultant Reynolds numbers, calculated 
from the water viscosity and the solution densities, fall in the 57-80 range 
typical of laminar flow. 
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FABIAN1 ET AL. 

FIG. 4. Sketch of the experimental assembly for volume flow measurements in ultrafiltration 
experiments: (a) thermostat, (b) feed solution, (c) pump, (d) manometer, (e) ultra filtration 

cell, (0 fraction collector, (g) pressure egulation, (h) flowmeter. 

RESULTS 

The volume fluxes obtained under the reported experimental con- 
ditions are constant in time, showing good membrane compaction and 
stability. The volumes collected as a function of time during the ul- 
trafiltration of solvent (water), buffer solutions, and BSA solutions at dif- 
ferent concentrations are reported in Fig. 6. The slope of the permeation 
plots decreases when the solution concentration increases, showing there 
is increased membrane resistance. Under the reported experimental con- 
ditions it can be assumed that membrane polarization occurs when ul- 
trafiltration starts. 

By means of Eq. (1) and the data corresponding to the ultrafiltration of 
pure water, the membrane resistance, R,, can be calculated. On the other 
hand, due to the unknown value of the effective pressure differential, the 
resistance of the protein solution cannot be evaluated. Permeation plots 
for the ultrafiltration of pure water across membranes which have pre- 
viously ultrafiltrated BSA solutions of different concentrations are report- 
ed in Fig. 7. The lower value of water permeability indicates that the 
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d 

h 

FIG. 5. View of the ultrafiltration cell: (a) feed input, @) feed recirculation, (~)ultrafiltration 
chamber, (d) screw, (e) membrane, (f) screen for membrane support, (g) permeate collection, 

(h) permeate output. 

polarization observed during protein ultrafiltration (Fig. 6) is main- 
tained. 

We conclude that an irreversible resistance effect occurs because of pro- 
tein adsorption on the membrane surface. The total membrane resistance 
(polymer plus adsorption layer) is stable, and the fluxes obtained are 
constant. 

The data of Fig. 7 correspond to Eq. (7) by setting An, = 0 (ultrafiltra- 
tion of pure solvent; q l  = q3): 
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0 30 
A 50 

0 40 80 120 160 200 240 280 

FIG. 6. Permeate volume, V,,,versus time when pure solvent (water) and BSA solutions are ul- 
trafiltrated across polyacrylonitrile membranes: pH 6.88, T = 23°C. AP = 3.5 psi. 

Also, from Fig. 7 plots and Eq. (l), the membrane resistance for as- 
received polymer and pure solvent transport, R,, can be calculated, and 
from these values the membrane resistance due to the adsorbed layer, R,, 
can be obtained from Eq. (8): 

where 1 is the index for water ultrafiltration across a clean membrane and 
3 is the index for water ultrafiltration through a membrane with adsorbed 
protein. When R, and R, are known, the reduction in applied pressure due 
to osmotic effects at the membrane-solution interface can be calculated. 
From Eqs. (1) and (7), 

where index 2 refers to the ultrafiltration of BSA solutions. In Eq. (lo), 
because BSA is retained by the membrane, the viscosities of the permeate 
liquids have been assumed equal to the solvent viscosity (q, = q3). 
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o Sdventbater) 
BSA solutions 

0 5  
0 30 
A 50 

(911 1 

0 40 80 120 160 200 240 280 

FIG. 7. Water permeation across polyacrylonitrile membranes when they are used as received 
or after pre-equilibration with BSA solutions of different concentrations: pH 6.88, AP = 3.5 

psi, T = 23°C. 

The results of the above calculations are collected in Table 2. The vis- 
cosity of water has been used: ql  = 8.94 X Pa - s. The protein interfa- 
cial concentration, c, can be written in the steady state as a function of the 
volume flow. Under complete protein rejection and steady-state con- 
ditions, the convective flow is balanced by the diffusive transport in the 
boundary limit layer: 

By integrating between x = 0, c = c,, and x = d, c = c,, we get 

where k = D/d is the average protein difhsion coefficient, and D is the av- 
erage protein diffusion coefficient in the limit-layer concentration grad- 
ient. The above relations allow the hydraulic resistance values and the in- 
terfacial concentration of the rejected macromolecules to be obtained 
from flux measurements performed under different conditions. 
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604 FABIAN1 ET AL. 

TABLE 2 
Membrane, R,, and Adsorbed Layer, R,, Resistances and Osmotic Pressure Difference An, 
across the Membrane. Polyacrylonitrile Membrane: AP = 24.1233 kPa, T = 23°C. pH 

6.88 

J"3 (ds) RZ (m-') R, (m-l) J,, (mh)  An, (Pa) 
c* (Wm3) x 10-7 x 1013 x 1013 x 1 0 - ~  x Id 

0 12.7 (= JVi)  2.13 (= R,) - - - 
5 10.1 2.68 0.55 7.3 6.69 

10 9.8 2.76 0.63 6.5 8.13 
30 8.7 3.08 0.95 5.9 1.77 
50 1.0 3.86 1.73 3 .O 13.79 

The osmotic pressure of BSA solutions as a function of pH and concen- 
tration are known from the literature (8, 9). The following function, ob- 
tained by Vilker et al. (8) at 25°C and pH 7.4, can be used in the 0-500 g/L 
concentration range: 

n = (RT/M)(c  + Ac2 + Bc3) + R T ( 2 [ ( Z c / 2 M )  + m2)]1'2 - 2 m l  

where 2 is the charge of a polymer ofMmolecular weight at concentration 
c in a saline solution of molarity m, andA and B are adjusting parameters. 
If the rn values from Eq. (13) are known (Table 2), the interfacial protein 
concentration can be obtained. For concentrations below 100 g/L, a good 
approximation to Eq. (13) is the ideal van? Hoff equation: n/c = RT/M. 

If interfacial concentration and the adsorption isotherm are known, the 
surface membrane concentration of the protein adsorbed layer can be 
calculated. For BSA adsorption on a different membrane made from the 
same polymer as the one used in this study (3), the following isotherm of 
the Freundlich type has been used: 

c,, = 0.09~:~' (pH 7 . 2 )  (14) 

The data of Table 3 were obtained according to the previous discussion. 
From the data of Table 3 it can be deduced that concentration polariza- 

tion produces high interfacial concentrations, even when the protein solu- 
tion is ultrafiltrated at low pressure, provided the membrane (as in the 
Hospal membrane case) has high volume permeability. In fact, Eq. (9) 
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TABLE 3 
Interfacial Concentration, c,, and Equilibrium Concentration of the Adsorbed Layer, c,, for 

Polyacrylonitrile Membranes Exposed to BSA Solutions. T = 23"C, pH 6.88 

Ra (m-') cae Wm2) 
c, Wm3) x 1013 c, W m 3 )  x 10-3 

5 
10 
30 
50 

0.55 
0.63 
0.95 
1.73 

186.3 
226.4 
2 16.4 
384.1 

2.7 
3.1 
3.0 
4.3 

shows that the interfacial concentration at given fixed conditions rises ex- 
ponentially with the volume flux, J,. 

From Eq. (12), if the protein diffusion coefficient is available (for BSA, 
D = 7 X lo-'' m2/s), the thickness d of the boundary limit layer can be 
calculated with the mass-transfer coefficient value k: 

These mass transfer coefficients, as reported in the Experimental section, 
correspond to Reynolds numbers in the 57-80 range for the feed flow rate. 
(See Table 4.) 

pH Effect 

The BSA isoelectric point is pH 4.7, and for this value the lowest elec- 
trostatic protein-membrane interaction is expected. Therefore, the pH of 

TABLE 4 
Mass-Transfer Coefficient, k ,  and Boundary Limit Layer Thickness d. Same Conditions as 

in Table 2 

Jy2 (m/s) k (mh) d (m) 
cs(kg/m3) c,(kg/m3) x 10-~ x 10-7 x 1 0 - ~  

5 186 7.4 2.06 3.4 
10 226 6.1 1.97 3.6 
30 216 5.0 2.54 2.8 
so 3 84 3.0 1.47 4.8 
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11 

9 

7 

5 

3 

.( 0.80) (adsorbed BSA kg/rn2) - 

(2.00) 

e(1.22) 

(1.46 1 
- 

(3.84) - 

0.64 1 

PH 

1 3 5 7 

FIG. 8. Steady-state ultrafiltration volume flow for BSA solutions of 5 g/L at different pH 
values: AF' = 3.5 psi, T = 23°C. 

a BSA solution affects protein adsorption and membrane permeability. In 
Fig. 8 the membrane permeabilities for the ultrafiltration of 5 g/L BSA 
solutions at different pH values are shown together with the protein ad- 
sorbed. These data were obtained after each ultrafiltration run by treating 
the membrane with the TWEEN 20 surfactant and measuring the concen- 
tration of the dissolved protein. pH and ionic strength effects on protein 
ultrafiltration cannot be fully explained by electrostatic interactions. In 
fact, not only the protein and the membrane charges can be affected, but 
changes in association equilibria and molecular structure must also be 
considered (8, 9). These effects can be important for protein adsorption as 
well as for boundary limit layer polarization. The osmotic reduction of the 
applied pressure difference (Eqs. 2 and 4) also changes. 
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CONCLUSIONS 

Permeability measurements for pure solvents and solutions under dif- 
ferent conditions, made by using clean or pretreated membranes, allow 
for a full characterization of membrane transport and adsorption behav- 
ior. 

BSA protein adsorbs on polyacrylonitrile membranes under both batch 
and ultrafiltration conditions. An adsorbed layer resistance, R,, of the 
same order of magnitude as the resistance of the clean membrane, is pro- 
duced. The effect is strongly dependent on solution pH and the maximum 
adsorption, and hence a higher membrane resistance is observed at the 
protein isolelectric point (pH 4.7). 

In the design of a biopancreas that must produce and release insulin 
with a fixed time delay (less than 15 min) after an increase in the glucose 
level in blood (Fig. I), the transport properties of the membranes are of 
fundamental importance for the kinetic behavior of the device. 
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