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  Abstract – there is at present no specific treatment for acute 

liver failure other than transplantation and intensive care 

management.  However, in severe cases of acute liver failure, 

bioartificial liver BAL support may provide a bridge to 

transplantation or would allow the patients liver to regenerate. 

If effective BAL can be developed, then they may greatly 

reduce the need for the transplant.  Use of available 

biotechnology to design and in vitro evaluation of a novel 

Fibre-in-Fibre bioartificial liver has been described.  It is 

basically a conventional fibre cartridge as a cells culture 

system with the addition of a second set of hollow fibres places 

within the lumens of the primary set. This arrangement 

provides three discrete compartments.  Fresh bovine plasma 

was used to assess inner membrane fouling under dead-ended 

and cross-flow operating conditions.  For this test the change in 

transmembrane pressure with time was determined. The 

results demonstrated that 0.3um pore size polypropylene inner 

fibre works best with cross-flow configuration.  It was also 

found that before cells inoculation, cross flow should be run for 

14-25 hours to establish steady state flux conditions.  

 

Index terms - Hepatocytes; Artificial liver, Bioartificial liver; 

fibre in fibre, Bioreactor.  

 

 
I. Introduction 

   Numerous groups worldwide are currently developing and 

evaluating BAL devices. Some designs have already 

reached clinical trials [1-3] whilst others are still under 

laboratory evaluation [4].  Some devices are perfused with 

whole blood [5] and others with plasma obtained by 

upstream plasmapheresis [6].  Many bioartificial liver 

support systems incorporate a means of oxygenating the 

perfusate in order to maintain cell function and viability.  

The oxygenation element may be integral within the reactor 

[7-9] or situated in series with the bioreactor in the circuit 

[10-11].  The latter is a more complicated alternative and 

costs more.  

 

   Coaxial (tricentric) hollow fibre bioreactors [TCHF] are 

new developed bioreactors for liver cells culture [4,12-14].  

TCHF contain at least a hollow fibre within another hollow 

fibre to form at least third media or gas compartment.  

Previous theoretical mass transfer models [12] of this kind 

of bioreactor predicted similar results given by the oxygen 

consumption rates of hepatocytes [8]. This paper focuses in 

the design of a novel multi-coaxial hollow fibre bioreactor 

so-called fibre-in-fibre Bioartificial liver (FIF-BAL). 

Membrane permeability was studied to obtain the optimum 

physical operational parameters of the FIF using bovine 

plasma.    
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II. FIF-BAL bioreactor 
   The FIF device fig. 1 has concentric cylindrical hollow 

fibres of length L.  The inner fibre is of internal radius R1 

and external radius R2.  Fluid enters the lumen 

(compartment A) of each fibre and some percolates through 

to leak into the cell region (compartment B) at r=R2.  The 

cell region extends from r=R2 to r=R3, the inside radius of 

the outer fibre, whose outer radius is R4.  We make that 

assumption that the resistance to percolative flow through 

the outer fibre is so great that no plasma leaks through it.  

Beyond r=R4 is the shell space (compartment C) which 

contains all the fibre pairs.  It is filled with gas whose 

oxygen partial pressure is PG.  The oxygen diffuses through 

the outer fibre wall into the cell region.  The cells therefore 

receive some oxygen by convection from the percolating 

fluid, and from the shell space by diffusion from r=R4 to 

r=R3. 

 

A.Equipments 
   A polypropylene hollow fibre (330-µm ID, 630-µm OD, 

0.3-µm pore size, Silastic
TM

 tubing) was used as the inner 

fibre, a silicone rubber hollow fibre (1470-µm ID and 1930-

µm OD, Silastic
TM

 tubing) was used as the outer fibre, 

Decon (BDH Chemicals Ltd), Silicone Rubber Elastomer 

(RS 692-542,RS Components Ltd), male-male luer 

connector (Vygon Ltd), Araldite (Ciba Araldite Rapid, 

Bostik), centrifuging system(Mistral 4L, FK240, MSE, 

England), plate viscometer (Wells-Brookfield, Synchro-

lectric, USA), Bromocresol Green (AB 362, Randox 

Chemical Company). Construction of the FIF bioreactor 

consisted of six stages to attach both ends. Quality assurance 

was performed at each of the stages of the bioreactor 

construction to check for any cracks in the housing material 

once it comes from the workshop.  

 

 

B. Flow configurations 
   Dead-ended and cross flows are two different flow 

configurations fig. 2 and they are perpendicular and parallel 

respectively, to the axial direction of the hollow fibre 

membranes.  Cross flow configuration is an efficient process 

for a similar hollow fibre bioreactor configuration [16].  

Although hollow fibre membrane bioreactors offer great 

potential, drawbacks such as flux decline due to 

concentration polarisation (membrane fouling) may lead to 

deterioration in the performance of the device, especially 

with dead-ended flow configuration [17].  The presence of 

concentration polarisation usually shows itself in reduced 

permeation flow by increasing the osmotic pressure at the 

upstream face of the membrane and hence reducing the 

effective transmembrane pressure-driving force. Thereby, 

the permeability of the hollow fibre membrane will decrease 

as the local oxygen solubility at the membrane surface will 

be decreased [19-22]. 
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The main factors that influence fouling are the 

hydrodynamics of the process, the physiochemical 

properties of the filtration membrane and of the feed 

solution.  Therefore, using fresh bovine plasma, membrane 

fouling and the effect of the flow configuration will be 

analysed for the FIF bioreactor. Although, bovine plasma 

contains complex protein mixtures, in this study we are 

assuming that the protein fouling is caused primarily by 

albumin.  

   One goal of this study is to compare dead-ended and 

cross-flow configurations by monitoring the change in 

transmembrane pressure and permeate flux with time for a 

constant feed flow rate using a novel FIF bioreactor.        

Permeability of the bioreactors will be examined using 

distilled water and will be compared with the clean (un-used 

with plasma) bioreactor. The comparison will show if there 

is any better behaviour of the FIF bioreactor depending on 

the flow configuration.  The dead-ended flow configuration 

will be used as well to ascertain the time at which the inner 

fibre becomes completely fouled and no more plasma can 

pass.  This is important when cells are filled in, since in cell 

culture in hollow fibre bioreactors, pore blockage by cell 

debris is one of two major factors (the other one is 

adsorption of proteins) which may contribute to the fouling 

of the membranes.       

 

C. Total Resistance Calculation 

   The total resistance of membrane has been used to study 

membrane polarisation and the effect of the flow 

configuration on membrane fouling [13]. In this study we 

have used the filtration flow rate (Qf) and the pressure data 

to calculate the total resistance according to Darcy’s law 

[23]: 

 

              R tot =  [(A Ptm )/ Qf µp]  

 

Where:   R tot is total filtration resistance (m
-1

). 

               Ptm is the transmembrane pressure driving force 

(Pa). 

               A    is the filtration area (m
2
).

 

               µp     is the permeate viscosity (Pa s). 

                Qf   is the filtration flow rate (m
3
/s) 

 

   The summation of the resistivity of the clean membrane 

(Rm) and resistivity of protein fouled membrane (Rf) is the 

total resistance: 

 

 

              Rf = R tot - Rm   

    

 

III. Theory and method: 

   The hollow fibre permeability will decrease with cell 

culture media because of membrane fouling whereby 

macromolecules in the media will clog the membrane pores. 

In dead-ended configuration, plasma perfusate will be 

forced into Comp A and radially filtered towards Comp B 

across the polypropylene hollow fibre, and removed at outlet 

port OB.  With time the permeate flux will decline and 

ultimately become vanishingly small.  This is a result of the 

increased hydraulic resistance to plasma transport due to 

protein clogging of the membrane pores. The time course of 

the decline in the filtration flux has been used by Robertson 

and Kim [25] for an approximation of the length of time 

required to achieve moderate to high levels of cell 

concentration in the interstitial region.  In our study, the 

increase in transmembrane pressure and total membrane 

resistance over a period of time will be used to detect the 

effect of the flow configuration on the FIF bioreactor 

performance. In order to obtain additional insights into 

membrane fouling in the FIF bioreactor, albumin 

concentrations will be measured in the inlet (feed) and outlet 

(permeate) flow streams. 

C B 

Fig. 1 - Functional element of FIF bioreactor. For 

clarity, the figure is not drawn to scale. In our 

device L> R4.   
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Fig. 2 - FIF bioreactor flow configurations in, 

upper, cross flow configuration and, lower, 

dead-ended configuration.  
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   The average transmembrane pressure tmP (ultrafiltration 

from Comp. A to Comp. B) will be determined as follow: 

from mass conservation and assuming no seal leakage, the 

filtrate flow rate (Qf) will equal the inlet flow (Qi). Since 

Comp B is open to atmosphere, the hydrostatic pressure in  

compartment B will be zero. Therefore PB = 0 mmHg. 

   Assuming that the pressure drop due to flow along the 

fibre x-axis is small compared to that across the fibre wall 

then the pressures at IA and OA will be equal. Therefore 

h1AB =  h2AB .  

   The mean transmembrane pressure, tmP is therefore given 

by: 

 

                      tmP  = (h1AB + h2AB)/2 - PB 

                                              = ( h1AB + h2AB)/2  - 0 

                             =  h1AB 

 
   The filtration flow rates, Qf were determined by timed 

volume collection in the waste reservoir.  The flux was 

calculated by dividing Qf  by the inner membrane area 

(membrane 1).  Measurements were taken at 0, 1, 2, 4, 5, 6, 

24, 46 and 51 hours.  All the experiments were carried out at 

room temperature (20-23
o
C).  The plasma viscosity was 

measured according to that day temperature.  Fresh bovine 

plasma and an unused bioreactor were loaded into the 

experimental apparatus for each test. The permeate was 

recycled to the feed reservoir in order to conserve plasma 

volume and maintain a constant feed concentration.  The 

albumin concentration was also used to detect the membrane 

fouling, by plotting the permeate albumin concentration 

versus time.  

 

A. Plasma Preparation: 

   Plasma was prepared from abattoir-sourced, fresh bovine 

blood, anti-coagulated with disodium EDTA (2 g/l).  The 

blood was filtered through a nylon mesh to remove larger 

emboli and particulate matter and centrifuged at 1700 

rev/min for 30 minutes.  The supernatant plasma was 

removed and re-centrifuged 30 minutes at 1700 rev/min. 

Plasma viscosity was measured using a cone and plate 

viscometer.  The viscometer was calibrated against distilled 

water at 37
o
C.  The plasma viscosity corresponding to the 

room temperature, T 
o
C was determined from the following 

relationship: 

 

                                    

water

T

plasma

T









=


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
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µ
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B. Albumin concentration measurements: 

   Plasma albumin concentrations were determined by the 

Bromocresol Green (BCG) method.  10 µl of plasma was 

added to 3 ml of diluted BCG reagent solution and the 

absorbance measured in the a spectrophotometer at 630 nm 

wavelength. The absorbance of an albumin standard (45g/l) 

was also measured with BCG reagent as a blank. The 

albumin concentration of the plasma sample was calculated 

as follows: 

Albumin Concentration  = (Asample / Astandard) x Standard 

concentration .   

 

IV. Results 

   Previous studies with similar hollow fibre configurations 

have shown that isolated rat hepatocytes die within few 

hours depending on the flow configuration and that there is 

a higher rate of survival with the radial flow configuration 

[22].  Typical of in vitro cultures of primary hepatocytes, no 

cell growth was observed over several days [15].  They 

explained the cause for this was both inner hollow fibre 

membranes fouling as well as the flow configuration.  In this 

study, bovine plasma filtration experiments were performed 

with dead-ended and cross-flow configurations in order to 

assess the effectiveness of these configurations in reducing 

the inner membrane concentration polarisation.   

 

 

A. Dead-ended flow configuration 

   The performance of the FIF bioreactor operated with the 

dead-ended configuration is shown in fig. 3. These results 

for a constant filtration flux of 17ml/min. Due to protein 

concentration polarisation the transmembrane pressure drop, 

Ptm, increases very rapidly with dead-ended flow. 

[Comparative data is given for axial-flow where 

concentration polarisation occurs at a much lower rate due 

to shearing forces tangential to the filtering surfaces]. A 

decrease in the Ptm was noticed after 200 minute for around 

10 minutes, then stayed constant for 200 minutes, and then 

increased again after 400 minutes. Another decrease was 

noticed between the 300 minutes and 350 minutes. This was 

confirmed by the decrease in the permeate albumin 

concentration at the same time fig. 3. 
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Fig. 3 -Trend in transmembrane pressure drop with time for 

dead-ended and cross-flow configuration in the FIF 

bioreactor.   

 

 
   The bioreactor could not continue with experiment after 7 

hours of testing due to the excessively high Ptm Fig. 3.  

Therefore, the experiment was stopped.  This finding 

supports the results from other typical fouling studies [13].   

  To gain further insight of the membrane fouling effect, the 

fouled bioreactor was tested with ultra-pure water for 

various filtrate flows and the resultant Ptm values compared 

with those obtained with an unused bioreactor. The increase 

in the transmembrane pressure due to the filtration flow rate 

effect is shown in Fig. 5.  It is clear that Ptm for the fouled 

bioreactor increased by two to three fold at higher filtration 

flow rates. 
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Fig. 4- Albumin concentration in the permeate with the 

dead-ended flow before the cross flow established. 
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Fig. 5- Ptm for different filtration flow rates with three FIF 

bioreactors.  One bioreactor was unused (clean) and the 

other two were used for the dead-ended and cross-flow 

configurations. 

 

B. Cross flow configuration results 

   In the cross flow configuration experiments Ptm was 

relatively constant and compared to the dead-ended flow 

study was much more stable until steady state radial flow 

was reached.  A significant flux decline was observed 

during the first 25 hours of the experiment followed by a 

relatively stable flux for about 15 hours leading to steady 

state radial flow after 50 hours Fig. 6.  The difference in 

calculated total resistance Fig. 7 was within one order of 

magnitude after 50 hours comparing to the dead-ended 

results.  This agrees with other typical fouling studies with 

plasma [26], which indicated that there was a relatively 

minor membrane fouling with cross-flow comparing to 

dead-ended flow configuration.  

   The albumin concentration in permeate was also studied 

and results are shown in fig. 8 for the cross-flow 

configuration.  The change in albumin concentration with 

time follows that of Ptm. Higher protein reflection by the 

membrane being associated with higher fouling and as a 

consequence increased Ptm.       
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Fig. 6- Filtration flux during cross flow experiment. 
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Fig. 7- Total resistance of the hollow fibre membrane with 

cross flow. 
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Fig. 8- Albumin concentration decline during cross-flow 

experiment. 
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V. Discussion 

   A novel FIF bioartificial liver was developed and tested 

for liver cells culture. Permeability of FIF bioreactor is a 

critical physical characteristic of the hollow fibre 

membranes used in this device.  The relationship between 

the flow rate Q and the hydrostatic pressure can predict the 

hydraulic characteristics of the membranes. It is very 

important that 90% of plasma enters the annulus by the 20% 

of the axial length of the bioreactor for detoxification, and at 

the same time avoiding building high hydraulic pressure in 

the annulus by concentration polarisation. Hydrophobic 

effects between the solute and membrane surface are a 

significant factor with polypropylene material.  In addition, 

this concentration polarisation resulting from the membrane 

fouling will decrease the local oxygen solubility at the 

membrane surface. 

   Membrane permeability is an important parameter when 

discussing concentration polarisation [21].  Macdonald et al 

[13] concluded from a study of hepatocyte function in a 

similar FIF bioreactor that the relatively low hydraulic 

permeability of the inner membrane was a primary cause of 

dead hepatocytes and likely due to membrane fouling.   

   As stated above, the goal of the fouling experiments was 

to asc 

ertain the influence of the flow configuration on the FIF 

bioreactor performance. Dead-ended flow and cross-flow 

configurations were studied and the results are shown in Fig. 

3 to 5 and in Fig. 6 to 8, respectively.  Transmembrane 

pressures during the time course of the experiments was 

significantly lower with the cross flow configuration.  For 

cross flow, the flux time course (until a steady state flux was 

obtained) was in agreement with other typical bioreactor 

membrane fouling studies [13,16].  Although there was an 

initial decrease in the flux due to fouling, a plateau was then 

followed over which the flux remains steady due to constant 

radial flow rate.  This initial decrease was also characterised 

by a decrease in the permeate albumin concentration.        

   We can conclude from the above experiments that the 

chosen 0.3 µ m pore size polypropylene inner hollow fibre 

works best with cross flow configuration.  Before any cells 

are seeded in the bioreactor; account should be taken for any 

different medium; and cross-flow should be run for 14-25 

hours to establish steady state flux conditions.  Moreover, 

the change in the medium characteristics used to obtain that 

steady state should be taken into account.  Therefore, it is 

necessary for the medium to be changed prior to any cell 

inoculation to achieve the desired hormonal concentration 

required by the hepatocytes for proper function.             

   FIF device has a separate integral oxygenation in the 

outermost compartment by the creation of a third space 

namely compartment C. This Integral oxygenation 

compartment should be easily oxygenate the cells in the 

annulus to levels higher than 2 mmHg, ensuring that the 

cells are functional and viable.  This work does not consider 

mass transfer rates of oxygen from compartment C to 

compartments A and B. mathematical modelling of oxygen 

is one way to study oxygen transfer rate OTR.  The mass 

transfer rates of oxygen and glucose have been modelled 

mathematically in several studies and their concentration 

profiles throughout the cell mass have been calculated. A 

mathematical model is only as good as the assumptions on 

which it is based.  If the assumptions misrepresent the real 

device, or if the real device behaves less consistently than is 

assumed in the model, discrepancies will arise between the 

model’s predictions and any real behaviour of the device. 

Nevertheless, such modelling facilitates understanding of 

the relationship between mass transfer and other bioreactor 

parameters, such as the membrane and medium composition 

[27] and cell mass density [25].   

   Diffusion and convection are the two main mechanisms 

for mass transport.  Convective transport through a 

membrane or tissue is normally assumed to follow Darcy’s 

Law which relates the velocity of fluid flow to a hydraulic 

pressure gradient. For hollow fibre bioreactors, most of the 

mathematical modelling is based on a Krogh cylindrical 

model [28]. A work on developing a mathematical 

modelling of flow and oxygen transport in the FIF BAL is 

done and will be published soon. We extended the Krogh 

cylinder model by including one more zone for oxygen 

transfer from a gas compartment.  The model has many 

assumptions in common with the Hay et al [29] model.  

However, the effect of the gas compartment on the OTR is a 

new and beneficial development.       
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