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Abstract: Synthetic membrane processes are being increasingly integrated into existing reaction, isolation, and recov-

ery schemes for the production of valuable biological molecules. In many cases they are replacing traditional unit pro-
cesses. The properties of membrane systems which are most often exploited for both upstream and downstream process-
ing and their permselectivity, high surface area per unit volume, are their potential for controlling the level of contact
and/or mixing between two separate phases. Advances in both membrane materials and module design and operation
have led to better control of concentration polarization and membrane fouling. After presenting some recent advances in
membrane materials and fluid mechanics, we demonstrate how membranes have been integrated into cellular and enzy-
matic reaction schemes. This is followed by a review of established and emerging synergism between biological processes

and synthetic membranes.

1. Introduction

1. 1. Why Integrate Membranes with Bioprocesses?

Concomitant developments in molecular and cell
biology and separation technology during the past
thirty years have produced exciting new opportuni-
ties in the production of complex mammalian pro-
teins that have the potential to fundamentally alter
human healthcare in such areas as diagnostics, pre-

vention, and treatment of disease, is beginning to
play an increasingly important role in many aspects
of bioprocessing. Not only have membrane pro-
cesses been used in established separation schemes
such as for whole broth clarification and concentra-
tion and for purification of macromolecular pro-
ducts, but they are also being used in new emerging
schemes for the separation and purification of
macro and microsolutes. Well known membrane

! Much of this paper was abstracted from Carole A. Heath and Georges Belfort, Synthetic Membranes in Biotechnolo-
gy : Realities and Possiblities, Advanced in Biochemical Engineering/Biotechnology (issue Editor : Georges T. Tsao)
Managing Editor : Armin Fiechter), Springer Verlag, Berlin, Heidelberg, 1992.
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processes such as electrodialysis, reverse osmosis
and pervaporation are finding niches in downstream
processing of fermentation and cell culture broth.
Membrane structures are also being integrated into
the bioreactor itself in order to increase volumetric
productivity and reduce subsequent recovery re-
quirements. In addition, membranes are being
utilized not only for their permselective properties
but also for their large internal adsoptive surface
areas and excellent mass transfer characteristics.
Microporous membranes provide excellent matrices
for group and bio-specific adsorption processes such
as ion exchange and affinity-based separation,
respectively, and for enirapping enzymes. Syner-
gistic advantages of coupling membranes with other
unit processes such as affinity ligand adsorption,
precipitation, and solvent extraction are also becom
ing apparent.

Several limitations associated with bioprocessing
can be overcome or at least minimized with mem-
brane processes. These include the generation of
complex mixtures requiring extensive downstream
processing, the production of dilute solutions con-
taining low product concentrations when using sus-
pension cultures, low specific rate constants for bio-
logical processes, and contamination and infection
of unwanted biological species(especially for mam-
malian and plant cell cultures). Many of the appli-
cations of and recent advances in synthetic mem-
brane technology described below deal with mitiga-
ling these limitations. Because of their ability to
fractionate and concentrate, membranes are able to
separate product from reactant, to increase the con-
centration of a dilute solution, to reduce the possibil-
ity of contamination and infection, and, because
they are aften closed processes, to reduce the need
for stringent contamination requirements. Memb-

rances can also be used to productivity of a reactor.

1. 2. Recent Advances in Membrane Technology
Novel membrane materials and surfaces: Progress in

several areas of membrane development has o-

ccurred during the past few years. This has included
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a better understanding of the influence of chemical
structure on function, the incorporation of com-
plexing agents and other affinity groups into mem-
branes to increase selectivity, modification of mem-
brane surfaces to reduce negative effects of fouling,
the development of new materals with excellent
chemical, thermal and mechanical properties and with
narrow molecular weight cut-offs (MWCQ), and the
preparation of highly versatile particle-containing
membrane films. Some examples of these develop-
ment are discussed below with reference to Fig. 1.
Various modifications [addition of poly(dimethy!
siloxane) (PDMS); and replacement of hydrogen
for fluorine molecules] of the gas permeable glassy
polymer poly(trimethy!l silyl propyne) (PTMSP)
have resulted in significant increases in the separa-
tion factor for pervaporation of ethanol-water mix-
tures and a better understanding of the relation be-
tween chemical structure and function(Fig. 1a)[1-
3]. With limited success, complexing agents such as
crown ethers have been incorporated into mem-
branes and used to transport oxygen in preference
to nitrogen(Fig. 1b). Two approaches have been
used to reduce membrane fouling due to protein
adsorption’ surface modification by chemical and ir-
radiation techniques and the use of new materials
with low non-specific protein adsorption and nar-
row MWCQOs. Examples in the development stage or
commercially available include asymmetric ceramic
microfiltration membranes[5], recrystallized S-lay-
ers[6], modified porous glass[7], and polymerized
Langmuir-Blodgett(LB) multilayers{8](Fig. 1¢ &
d). A relatively new development is the formation
of membrane films with one phase suspended in an-
other phase or with interpenetrating contiguous im-
miscible phases. Hennepe et al [9] inserted silicalite
particle into PDMS and increased the separation
factor for ethano! from 12 to 38. Way et al [10]
have used a hydrophobic perfluorocarbon membrane
containing an interpenetrating sulphonated ion ex-
change network(hydrophilic) to selectively pass car-
bon dioxide from methane gas. Others have com-
mercialized “particle membranes” with widely dif
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Fig. 1. Novel membrane materials and structures; (a) chemical structure of poly(trimethyl silyl 1-propyne),

(b) By covalently attaching affinity or complexing agents to the membrane pore surfaces, the selectivity
of membrane pore processes can be increased as molecules are adsorbed onto the surface, (¢) Ceramic
mainfold and (d) S-layers(after Sara and Sleytr [6]).

fering properties{11].

Fluid management in membrane module develop-ment
. Typical commercial membrane modules were orig-
inally developed to treat aqueous solutions essential-
ly free of macromolecules(proteins) and suspended
particulates. Most manufacturers have, however,
adapted these early hollow fiber and spiral wound
module designs for treating biological suspensions
- containing proteins, cells and cell debris. Unexpect-
ed and severe fouling problems have occurred as a
result of protein adsorption and build-up of particu-
late matter at the membrane-solution interface.

Methods to alleviate these limitations include the de-
velopment of low non-specific protein adsorbing
materials and the design of new modules that in-
duce flow instabilities that could reentrain the so-
called “cake” on the membrane surface back into
the flowing solution. Modules with furrowed mem-
brane surfaces and others with membranes on the
faces of an annulus between a rotating inner cylin-
der and a stationary outer cylinder have appeared
on the market[12-19]. All of these designs use flow
instabilities such as vortices to sweep the surfaces

of the membranes(Fig. 2). Pulsating axial

Membrane J. Vol. 2, No.2, 1992
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Fig. 2. Membrane module designs that use flow instabil-

ities(vortices) to sweep the surface of the mem-
branes; (a) corrugated surface showing vortex
formation(after Stairmand and Bellhouse[ 121),
(b) rotating inner surface and stationary outer
surface resulting in the formation of Taylor vor-
tices. The membrane can be placed onto both or
either surface and (c) spiral half cylinder chan-
nel showing secondary centrifugal flow with for-
mation of Dean vortices(after Winzeler[ 18]).
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Fig. 3.

(b)

(c)

(a) Schematic drawing of flow through a spi-
ral porous channel, (b) cross-section of spiral
channel and (¢) schematic drawing of one
Dean vortex pair. Brewster et al. [22] have
used the neutral stability criterion and a nar-
row-gap theory to specify the geometric path
of these spiral geometries.
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Fig. 4. Classical fermentation/bioconversion and recovery processes showing different unit processes and illus-
trating the opportunities for synthetic membrane process.

flow and flow backwashing have also been used to
clean membrane surfaces and blocked pores[20].
During the past few years, Belfort and coworkers
have provided a module design rationale and proce-
dure for capture or non-capture of suspended parti-
cles[21]. They have also recently announced the de-
sign of a new scalable spiral wound membrane mod-
ule in which controlled fluid instabilities are used to
depolarize and defoul membranes(Fig. 3){22].

2. MEMBRANE BIOREACTORS

2. 1. Integration of Membrane into Bioprocesses
Biotechnology is based on the use of living organ-
isms and enzymes for the manufacture of commer-
cial products and is exemplified by the recombinant
DNA and monoclonal antibody technologies. Be-
sides the bioreactor in which bacterial, yeast, mam-
malian or other cells are used to convert raw mate-
rials and medium to final product, the manufactur-
ing process is similar to those used for the manufac-
~ture of small organic drugs and other traditional
pharmaceutical products[23]. In classical fementa-
tion, bioconversion and recovery processes, there
are many opportunities 1o integrate synthetic mem-

brane(Fig. 4).

2. 2. Immobilized Whole-Cell and Enzyme Reactors
Whole cell reactors: Whole cells have been immo-
bilized in membrane reactors within microcapsules,
in the shell space of hollow fibers and behind flat or
tubular configurations[24-28]. One difficulty of
these systems is the adequate supply of nutrients
such as oxygen to all the cells within the dense cul-
tures. Heath and Belfort[29] have shown this to be
especially true of large microcapsules(>50m in di-
ameter) and hollow fiber reactors. They emphasize
the importance of an even, well-defined spacing be-
tween fibers or flat sheets of no more than about 50
im from the furthest cell. Because of the diffusion
limitation, concentric hollow fiber[30], multiple-
layer flat sheet reactors{31], and convective-flow
membrane reactors[ 32-35] were designed.
Traditionally, membranes have been inserted into
suspension cultures and well mixed reactors[36].
New variants include a porous stainless steel rota-
ting spin filter placed within a draft tube together
with an impeller-driven fan[14], and the tubular
membrane filter with a strong sterilizable outer
jacket into which a tubular membrane is inserted

Membrane J. Vol. 2, No.2, 1992
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Fig. 5. Perfusion rotating annular bioreactor[38].
Excellent laminar mixing is obtained through
the formation of Taylor vortices in the cell
culture compartment.

[37]. McKinney et al.[38] have developed a new
type of Taylor vortex perfusion rotating annular
bioreactor for the production of valuable biological
molecules. Gasses are supplied though the station-
ary outer wall and medium is effused through the
stainless steel membrane(5;m pores) on the rotating
inner wall(Fig. 5). Excellent mass transfer of nutri-
ents, gases and products is obtained.
Membrane-immobilized enzyme reactors: Because
of their high packing density (large surface area per
unit volume of reactor space), hollow fiber mem-
brane systems are frequently used to retain en-
zymes for bioconversions[39-50]. Membranes have
been used as a barrier to retain soluble enzyme cat-
alyst or as a high area per unit volume matrix on
which the enzyme is immobilized and called a “reac-
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Fig. 6. Comparison of theoretical(lines) and experi-
ment(data points) concentration profiles in
(a) organic and (b) aqueous phases. Enzyme
loading 0.004mg/m®. One fitting parameter
was used: ks=0.025 s7'[58]. R-GB, S-GB
are the two substrate glycidyl butyrate
enantiomers. R-GYL and S-GLY are the two
product glycidol enantiomers. The entrapped
enzyme was porcine pancreatic lipase.

tive membrane”[51]. Microcapsules have been used
for retaining enzymes and their cofactors[52-56].
Most enzyme-entrapped membrane bioreactors
rely on diffusion of the substrate and/or product
over relatively long distances(10-100m). Wu et al.
[57-58] have used such a system to resolve enan-
tiomers of glycidyl butyrate from an organic feed.
The porcine pig lipase was entrapped within the po-
rous part a poly(acrylonitrile) membrane and the
organic and aqueous phases were passed across
each side of the hollow fiber membrane. With one
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fitting parameter, their model was able to predict
the temporal concentration changes for the four
species(two chiral substrates and two chiral prod-
ucts) in both streams(Fig. 6). van’t Riet et al.[59-
60] have studied lipase-catalyzed esterification and
hydroly-sis reactions in two-phase membrane
systems. Taking advantage of the membrane selec-
tivity is an important advantage of these systems. It
can increass reaction rate and final enantiomeric
excess or product purity.

3. MEMBRANE BIOSEPARATIONS
ESTABLISHED PROCESSES

3. 1. Removal of Suspended Matter

[n downstream processing it is often necessary to
separate the cells from the culture medium either
for recovery of the broth(secreted molecules) or for
recovery of the cells(cell mass or intracellular hete-
rologous proteins). Microfiltration is a competitive
process with sedimentation, rotary drum filtration
and decanting(Fig. 4). Usually the membrane proc-
ess is external to the reactor and the culture broth
is fed to the membrane module and recycled back to
the reactor after concentration of the cells. Cell re-
covery can be accomplished in hollow fiber[61-621,
plate and frame[61-64] and rotating devices[ 19,
65]. Cross-flow filtration is widely used for cell har-
vesting of bacterial cells[64], and animal cells[62-
66]. Shear stress due tc the pumps and confined
laminar flow within the modules are thought to
damage the mamallian cells[62]. Nagata et al.[67]
studied microfiltration of a bacterial culture and dis-
covered that a precipitate of MgNHPO,, formed
during sterilization of the medium and was the
prime cause of flux decline. They also presented a
new simple phenomenological model, the “solids
flux” model, to account for the reduction in flux.

3. 2. Removal of Dissolved Components

The recovery of dissolved macromolecules such as
heterologous proteins from complex biological fluids,
such as cell culture media is a difficult problem.

Flaschel et al.[68] have written a review of biocata-
lyst separation by ultrafiltration. With secreted pro-
teins(i. e. antibodies), separation of the product-con-
taining medium from the undesired cells is usually the
first step. This is then followed by concentration of
the dilute broth and product isolation. Membranes
have been used successfully in all of these steps. With
non-secreted products(i. e. for E. coli), it is necessary
to disrupt the cells and recover the intra-cellular
product from the cell debris. Viscosity and osmotic
pressure increase near the membrane surface during
microfiltration and can cause problems(i. e. concen-
tration polarization(CP) with variable physical prop-
erties). Diafiltration has been used to reduce the un-
wanted osmotic effects by removing the low molecu-
lar weight contaminant[69-71).

Membrane fouling and plugging can be an even
more serious problem than CP. Typical polymers
used for ultrafiltration and microfiltration include
hydrophobic materials such as polysulfone, polypro-
pylene and polyethylene. These materials can foul
extensively and can adsorb proteins from solution
[72]. Chan et al.[73] used a stainless steel microfil-
tration membrane to shear recombinant E. coli cells
in the presence of EDTA and simultaneously clarify
the intracellular heterogolous protein{in the perme-
ate) from the cell debris in one step. Belfort et al.
[74-75] have solved the Navier-Stokes equations
for Couette flow in a annulus with a porous rotat-
ing inner cylinder and used this solution to plot flux
~transmembrane pressure data on a universal
curve. They then used the analysis with a log-nor-
mal pore size distribution to obtain the mean num-
ber of adsorbed protein layers in the pores. An im-
portant area of research is the quest for membrane
materials that exhibit low non-specific protein
adsorption.

4. MEMBRANE BIOSEPARATIONS
EMERGING PROCESSES

Synthetic membranes have traditionally been
used as a sieving matrix, however, newer mem-

Membrane J. Vol. 2, No.2, 1992
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brane separation processes have emerged that use
the membrane’s microstructure and surface chemis-
try. Excellent selectivity and flux have been ob-
tained with immobilized ligand-adsorptive(affinity)
membranes or by membranes using an extractant
with coupled active transport. Several new ap-
proaches are presented below.

Membrane chromatography. Developers of chroma-
tographic packing have realized that diffusion
chronically limits the performance and speed of
packed bead columns. Attempts to alleviate this and
increase the convective flow in such columns has
resulted in the development of highly porous beads
with perfusion[76]. Porous synthetic membranes
have been used as chromatographic supports be-
cause of their large surface area density, large
range of convective flow rates(i. e. short cycle
times), and controllable and predictable pressure
drops[77]. Milby et al.[78] have developed hollow
fiber ion exchange membranes for the separation of
proteins such as immunoglobulins(IgG). Changes in
ionic strength or pH enabled elution and recovery of
the desired proteins. Ding et al.[79-80], using the
inner surface and proteins(Fig. 7a). Low pressure
drops characterize such systems. Other have com-
mercialized silica based porous membranes as chro-
matographic supports[81]. Briefs and Kula[82]
have demonstrated fast recycle times and good pro-
tein separation with a multiple flat sheet membrane
system.

Affinity membranes: Membranes offer a very at-
tractive alternative to conventional packed bead or
particle technology for attachment of ligands for af-
finity separations[83]. The intrinsic compressibility
of agarose beads and the need for small particles of
silica in order to obtain reasonable surface areas
and throughputs can limit scale-up of such systems
due to severe pressure-drops. Since most of the lig-
and is located within the beads or particles, diffu-
sion can seriously limit the speed of the process(and
hence the amount of affinity matrix needed). With
membrane matrices, convective flow through the
pores significant reduce the diffusional path(to

mugel A2 A2F, 1992

about 0.25 of the pore diameter) and hence the
process is significantly faster(with less matrix need-
ed) than for packed bed systems[77]. Affinity
membranes for fractionation of proteins have been
prepared from group-specific ligands such as elec-
trostatic or ion exchange molecules[77, 78, 84]:
from pseudo-biospecific ligands such as metal che-
lates[85-86], dyes such as Cibacron blue[87] and
lectins such as concanavalin A for glycoproteins;
and from molecular recognition molecules such as
protein A for capturing immunoglobulins[88] and
receptors for capturing its associated ligands[89-
90]. Membranes have also been used to retain dis-
solved bound ligand complex(also called “affinity
escourt”) allowing the nonbound solutes to be
washed away in the permeate. Then the desired
biomolecule is eluted from the complex and collect-
ed in the permeate of the second membrane filter.
The ligand is retained and recycled for reuse(Fig.
7b)[91]. Concerns that need to be addressed in-
clude regulatory approval, minimizing ligand leak-
age, and development of new and less costly
ligands.

Membrane-assisted extraction: With the develop-
ment of solvent-stable polymer membranes, mem-
brane-mediated extraction has been used to over-
come separation difficulties(i. e. phase entrainment,
small density and interfacial tension differences)
often encountered in conventional solvent extrac-
tion[92]. For differential protein extraction, the
membrane process is reported to be substantially
faster than that conducted in conventional equip-
ment[93]. Applications include: dispersion-free sol-
vent extraction of a pharmaceutical product using
pH swing procedures{94], citric acid extraction by
reversible chemical complexation in a dual hollow
fiber system[95] (Fig. 7c), enzyme facilitated
transport through a liquid membrane to separate
and purify organic acids[96], isolation of butanol
from fed-batch fermentation of Clostridium
acetobutylicum[97], and ethanol production from
yeast fermentation[98]. In many cases, removal of
the product resulted in improved production through
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showing the filtration unit where the non-bound microsolutes are washed out of the feed stream and the
stripping unit where the desired biomolecule is released from its ligand. The biomolecule then permeates
through the membrane leaving behind the ligand which is recycled for further complexation(after
Mattiasson ad Ramstorp[91]). (¢) Membrane solvent extraction showing the adsorber in which the de-
sired solute is extracted from the feed stream through the membrane into the organic extracted and the
stripper in which the product is re-extracted out of the organic solvent into a concentrated aqueous
stream (after Sengupta et al.[95]). (d) Concentration by cryofiltration showing the recovery of ice crys-
tals from the membrane cascade in the retentate and the ion ice-forming product concentrate in the per-

meate(after Michaels[108]).

a lessening of feed-back inhibition. Liquid mem-
brane emulsions containing agueous Inner cores
with enzymes were used for the continuous produc-

tion of L-isomers of amino acids from a racemic
mixture[99].

Electrically-driven membrane processes. Electrodi-

Membrane J. Vol. 2, No.2, 1992
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alysis across ion-selective semipermeable mem-
branes has been used to induce isoelectric precipita-
tion of proteins from human plasma[100]. Amino
acids such as alanine have been isolated from other
amino acids following acid hydrolysis under differ-
ent pH values using electrodialysis[ 101]. Superposi-
tion of electric forces on a pressure-driven mem-
brane process has been shown to alleviate fouling
and enhance cross-flow filtration rates[102].
Grimshaw et al.[103], using electrical forces have
deformed a charged polyelectrolyte membrane and
purposely effected transport across the membrane.
The process has the potential to effect selective dy-
namic control of solute transport.

Membranes and precipilation. Pretreatment of pro-
tein solutions by precipitation prior to membrane fil-
tration have resulted in improved performance as
compared to that without such pretreatment[ 104-
105]. Inclusion bodies resulting from overproduc-
tion of heterogolous proteins in E. coli have been re-
covered by crossflow filtration and washed by
diafiltration[106]. Membrane-modulated precipita-
tion has been proposed to overcome the difficulties
in corirolling the concentration of the precipitating
agent (electrolyte or solvent) during the formation
of precipitates[ 107]. Controlled transfer of electro-
lyte or solvent into a protein solution by elect-
rodialysis or dialysis can result in higher efficiency
and greater selectivity.

Cryofiliration with membranes. In conjunction
with an evaporative {reezer, ice particles rejected
by a membrane filter can be separated from the
permeable non-ice-forming solvent(containing the
desired product)[108]. The ice can then be melted
for recovery of pure water from the ice-forming
crystals(Fig. 7d).
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