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Introduction

In a biochemical process, the highest operating and equipment
costs can often be found in the area of downstream processing. Approx-
imately 50 % of the manufacturing costs are accounted for in the down-
stream processing part of the overall process. The downstream process-
ing step is defined as the step to recover and purify the product after
fermentation. The cost of the downstream processing step takes into
account the capital and operational expenses in delivering a purified
product to market; often times, the operational expenses encompassing
equipment and buffer preparation, process condition, equilibration and
cleaning amount to the majority of the cost. As a result, any optimiza-
tion that would enhance product yield improvement would be benefi-
cial to lowering the manufacturing costs and making the standard cost
of the product more attractive.

The optimization of primary recovery step within the downstream
process will be discussed in detail within this chapter. Primarily, this
chapter will be focused on membrane separation technologies and tech-
niques used in obtaining clarified product of high recovery and suitable
purity for column chromatography. The membrane separation technol-
ogy would pertain to areas relevant to the manufacturing process: (1)
Clarifying the cells from the fermentation broth and conditioning the
cells for mechanical or chemical disruption, (2) Clarifying the prod-
uct from a homogenate of cellular debris after a disruption process, (3)
Clarifying an extracellular product from the culture after fermentation,
and (4) concentration and diafiltration of a clarified product for chro-
matography.

Optimization of the membrane separation involves optimizing
several process-specific parameters such as temperature, specific cake
resistance of cellular material, fluid viscosity, transmembrane pressure,
cross-flow velocity, membrane surface area and type, membrane load,
quality of the fermentation culture and homogenization conditions.
This chapter will go into detail with the above process parameters and
how each affects the protein flux during the membrane separation. This
chapter will also focus on advantages and challenges in using new tech-
nologies such as disposable charged membranes available on the mar-
ket for clarification purposes and compare those technologies to more
conventional and traditional methods of capture and separation. There
are many ways of recovering biological products and the decision the
scientist or engineer has is to decide what method is best to achieve the
most efficient separation process to meet the growing demands of the
biotechnology industry. The development of the primary recovery step
emphasis is on the need to design a process that is scalable and feasible
in operation and also yielding a high quantity of product. The develop-
ment phase is the best time to test and approve the process parameters
and membrane type used for recovering the biological product before
the process is transferred to the manufacturing environment.

The chapter is broken down into subsections for discussion:

1) Critical process parameters and theoretical considerations impacting
product flux and recovery.

a. temperature,

b. specific cake resistance of cellular material,

c. fluid viscosity,

d. transmembrane pressure,

e. cross-flow velocity,

f. membrane surface area and type,

g. membrane load,

h. quality of the upstream fermentation culture and homogenization
conditions.

2) Micro-filtration/Ultra-filtration as a method of separation.

3) Depth-filtration as a method of separation.

4) Industrial options of separation using charged membranes and res-
ins.

Section 2 will be discussing the process-specific parameters affect
product recovery flux and areas within the process where optimization
can be performed to increase throughput and decrease cost. Section
3 covers micro-filtration and ultra-filtration as conventional methods
of membrane separation used within the biotechnology industry. Al-
though the micro-filtration process is a method used in industry due
to its scalability, high flux profiles and relatively low costs, it may some-
times yield low protein product recovery. If process conditions are not
optimized or considered, the result may lead to a build-up of the con-
centration polarization layer causing fouling or poor product recovery.
This section will cover the difficulties associated with this technology.
Section 4 will introduce the depth-filtration technology and its appli-
cability within the research and development phase of the project prior
to transfer to manufacturing. While the depth filtration technology can
efficiently clarify protein from the fermentation harvest, scalability, op-
erational handling and cost of this technology limits its use at higher
scales of 200 L or more.

Section 5 outline alternative solutions to membrane separations by
using direct capture to facilitate bio-burden removal and product re-
covery. Direct capture utilizes anionic or cationic exchangers within a
single manufacturing step to bind the product of interest while separat-
ing residual cellular material and subsequently purifying the product.
This section will cover the advantages and challenges of using direct
capture, as a disposable technology, from the research to the manufac-
turing phase of the project.

There are chromatographic applications like expanded-bed adsorp-
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tion which are intended to replace the clarification and purification steps
to a single step. These applications have advantages of simplifying the
overall manufacturing process. This section explores the use of direct
adsorption and membrane separation, using a mesh filtration screen of
specific pore size to achieve clarification and purification within a single
step. This method can be applied simply, inexpensively, and consistently
within a manufacturing environment. Section 5 outlines the potential
of using batch clarification to recover proteins with high yields enabling
the re-use of the resins for further operations. It will cover the economic
and business costs within a production environment to compare its ap-
plication to current conventional equipment of separation.

Critical Process Parameters and Theoretical Consider-
ations

Filtration theory and scale-up considerations

The determination of the filterability of the fermentation mate-
rial is important in order to understand the process time and also the
characteristics of the filtered biomass being investigated. A specific cake
resistance, o (units of m/kg) can be determined by a simple filtration
experiment of filtering the fermentation cell material through a 0.2 um
cellulose nitrate membrane (Whatman, UK) with a fixed surface area
and measuring the mass of filtrate being collected every few seconds at
a constant pressure of filtration. The change in the permeate volume (V)
in grams with time (t) in seconds is measured under constant pressure
and a plot of time/filtrate volume against filtrate volume (t/V versus V)
should produce a linear slope [1].

auC

slope = SAZAP 1)

The linear slope is described in the equation where:
o = cake resistance (m/kg)

= filtrate viscosity (Pa.s)

C = concentration of the feed (g/L)

A = filter medium area (m?)

AP = applied pressure (Pa)

If the broth characteristics, surface area and pressure are kept con-
stant, then the filtration time required to separate a given volume of
broth using a specified filter area, A, can be easily determined.
auCV?
20PA? @

For the modular design of tangential-flow filtration configurations,
several scale-up parameters need to be considered and kept constant
during the operation:

Filtration time =

1. The inlet and outlet pressures

2. The tangential flow velocity

3. The flow channel sizes

4. The membrane characteristics such as its type and configuration -
test data from one design cannot directly be used to design another
type of geometry

5. The feed stream properties - test slurries should be representative of
the actual process stream

With respect to point (5) above, changing the upstream fermenta-
tion conditions may have a very huge impact on the process permeate
flux (flow rate/surface area of membrane) and it is advisable that the
fermentation and recovery experiments be performed in parallel at the
bench-scale first before any attempt to reproduce the process at a larger
scale. A very common scale-up parameter is to scale up according to

constant flux rate. This will involve increasing the surface area of the
filtration module to maintain constant flux rate at the larger scale. Also,
the biochemical properties play a very important role in the filterability
as well as the recovery of the product. Although, many experiments
tend to use flow rate as a measure of how successful a recovery opera-
tion is, it is also important to measure the protein recovery during the
clarification operation. If the protein to be clarified is in a homogenate
slurry, it is important to measure the amount of protein recovered in
the permeate stream. If the protein product to be separated is in a ho-
mogenized slurry, then the product transmitted across the membrane
as well as the rate of filtration are both important measurements in de-
termining the success of a clarification process.

Theoretical considerations

Temperature: An increase in fluid process temperature may result
in a higher disruption rate. It was reported that an increase of 1.5-fold
in disruption rate was seen in a 25°C increase. An increase in tempera-
ture may be unfavorable as the increase in temperature may cause in-
activation/degradation of the product if the protein is produced. As the
homogenization process depends on the volume of the material and
the processing rate through the homogenizer, appropriate cooling may
be essential to keep the temperature at a suitable level to maintain the
stability of the protein.

Specific cake resistance of cellular material: The nature and com-
position of the cells (i.e. unicellular compared to filamentous organ-
isms) are big factors in the disruption mechanism of the cell. For exam-
ple, the rate of disruption of cells such as yeast is known to be strongly
dependent on pressure while the rate of release of soluble proteins from
filamentous organisms such as Rhizopus nigricans, only required weaker
pressures (i.e. 100 bar) at one pass through the homogenizer (Keshar-
varz et al., 1990). The breakage mechanism is, therefore, dependent on
the cell morphology as well as upon the structural characteristics of the
suspension. At higher concentrations ( i.e. above 22 g/L dry cell weight
for Rhizopus), cells form intertwined structures which may settle into
a cellular bridging network which may block the orifice of the homog-
enizer (Kesharvarz et al., 1990). In addition, the structural aspects of
the organisms may also affect cell disruption. For example, animal cells,
because they do not possess any cell wall, are highly susceptible to dis-
ruption in comparison to bacteria. Gram-negative bacteria are easier
to break than gram-positive bacteria, which in turn are easier to break
than yeast (Kesharvarz, 1997).

Fluid viscosity: The viscosity of the fluid is the result of RNA and
DNA contents being released from the cells and changing the fluid
characteristics. The main contribution towards viscosity is the DNA
molecules. The DNA polymer is shear-sensitive and degrades easily
into fragments after several passes through a high-pressure homog-
enizer, resulting in reduced homogenate viscosity. The reduction in the
homogenate viscosity is desired in order to improve solid-liquid separa-
tion. One way of reducing the homogenate viscosity is to increase the
operational temperature. However, this approach is only appropriate if
the protein product is not susceptible to heat denaturation. Another
method in reducing the homogenate viscosity may be to introduce
DNA lytic enzymes, which degrades the DNA molecules. It is worth
noting that addition of any chemical to the suspension may require re-
moval at a later stage and should be carried out with caution.

Transmembrane pressure: In the dead-end filtration method, the
fermentation broth is passed through a filter medium, which prevents
the passage of solids but permits liquid and solubles to pass. The trans-
membrane pressure or the driving force can be vacuum, gas pressure
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or pump pressure. In a tangential-flow filtration operation, the trans-
membrane pressure is controlled by the inlet, outlet and filtrate pres-
sure valves during operation. The effect of transmembrane pressure on
filtration flux is an important variable to optimize in order to control
membrane fouling and is discussed further in Section 3.

Cross-flow velocity: Cross-flow filtration operation is the process
whereby a driving force is applied across a semi-permeable membrane,
while maintaining a tangential flow of the feed stream parallel to the
separation surface. The aim is to provide sufficient shear close to the
membrane surface, thereby keeping the solids and other particulate
matter from settling on and within the membrane structure.

Membrane surface area and type

Dead-end filtration: In dead-end filtration, the two types of filters
usually employed for the operation are depth filters and absolute fil-
ters. Depth filters are made from fairly porous fibrous materials (i.e.
ceramic, cellulose fiber, sintered metal, glass wool, and celite) such that
the characteristic pore size between fibers is greater than the minimum
size of the materials to be removed. Particle removal is based on the
probability that a particle will be retained in the filter. Depth filters are
particularly useful in removal of suspended solids (i.e. cellular debris)
and can aid in lowering the cost of the operation significantly if the
right type and sequence is used.

Absolute filters, on the other hand, are used usually at the final stag-
es of the separation process. The types of membranes used (i.e. ultrafil-
tration, micro-porous, macro-porous) have maximum pore sizes less
than the minimum size of the particles to be removed. The mechanism
of filtration is primarily absolute size exclusion. In addition, particle
accumulation around an open pore can cause bridging. These particles
can then provide a filtration medium, or a secondary layer, that is more
efficient than the original filter itself. Lastly, there can be non-specific
adsorption of particles to the solid portion of the filter. Absolute filters
are quite effective in physically separating micro-organisms from the
media. As a result, for media sterilization, one would employ pre-filtra-
tion with a depth filter followed by an absolute sterilizing filter.

Cross-flow filtration: Tangential flow filtration is used for a variety
of separation processes, and it is common to classify these membranes
into the following areas:

a. Micro-filtration: separation of particulates, typically 0.02-10 um
b. Ultra-filtration: separation of particulates and polymeric solutes in

the 0.001-0.2 pm.

c. Hyper-filtration: also relates to reverse osmosis, where ionic solutes,
typically less than 0.001 pm, are separated.

Micro-filtration (MF) and ultra-filtration (UF) are the most widely
applied membrane processes in the primary recovery stages. The mem-
brane material is either polymeric or inorganic. The most common
polymers are cellulose nitrate/acetate and polysulfone. Inorganic mem-
branes tend to be ceramic based, i.e. alumina with a zirconia coating.
Cross-flow micro-filtration is commonly used to remove suspended
particles from a process fluid and covers operations such as the recov-
ery of cells from fermentation broth and the clarification of cell debris
homogenates. Ultra-filtration, on the other hand, is an effective tech-
nique for concentrating, or separating smaller particulate matter (i.e.
salt), as well as dissolved molecules of different sizes (i.e. buffer). Ultra-
filtration can also be used in certain areas of bio-processing such as (a)
initial cell separation from fermentation or culture medium, (b) size
fractionation of protein solutions and (c) recycling of biomass in con-
tinuous fermentation applications.

The membrane housings are available in the five different configu-
rations:

a. tubular,

b. flat sheet,

c. hollow fibre,

d. spiral wound,

e. vibrating membrane system

The 5 different configurations can be used for fermentation broth
and homogenate clarification, although the susceptibility to blockage
and the low working pressure limitation of the hollow fibre and spiral
wound modules are limited in their use especially with highly viscous
fermentation broth. The characteristics of the 5 different module con-
figurations are mentioned in Table 1 [2].

The separation performance of tangential flow filtration is a function of:

1) Membrane characteristics — pore size, biochemical properties (i.e.
hydrophobic, hydrophilic in nature), permeability,

2) Fermentation broth - rheological properties of the retentate, solute
(i.e. biomass) composition and concentration, morphology and size,

3) Hydrodynamics - tangential velocity, laminar/turbulent flow, tem-
perature, shear generated across the membrane surface

Surface area to

Channel size

Cross-flow velocity

Reynolds number

Cleanability

volume ratio

Liquid hold-up

Energy consump-
tion

Tubular

Large

2-6 m/s

>104

Easy to clean
(Membrane
replacement is
simple)

Low

High

High

Hollow fibre

Narrow

0.5-2.5 m/s

500-3000

Easy to clean
(high membrane
cost)

High

Low

Low

Spiral wound

Narrow

0.5-1.5m/s

500-1000

Reasonably eco-
nomic
(membrane can
collapse)

High

Low

Low

Flat sheet

Open/
narrow

2-3m/s

>104

Easy to clean
(Membrane
replacement is
simple)

Low

moderate

moderate

Vibrating Membrane

Open/ Narrow

2-3m/s

>104

Easy to clean but
Membrane replace-
ment is difficult

Low

moderate

High

Table 1: The characteristics of cross-flow module configurations.
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4) Transmembrane pressure- driving force across the membrane.

Membrane load: The cell concentration plays a crucial role in the
clarification of cellular biomass. The cell biomass is an important vari-
able to be controlled during the process optimization of the upstream
fermentation and homogenization conditions to be able to ensure con-
sistency during membrane operations. The cell concentration would
affect the number of depth or nominal filters used for clarification and
are an important variable for optimization during the microfiltration
operation. A concentration and cell wash step is usually performed af-
ter fermentation in order to minimize the volume of buffer consumed
during the conditioning step. However the degree of concentration is
required to be optimized at a small-scale prior to manufacturing.

Quality of upstream fermentation and homogenization conditions

Fermentation growth conditions: Growth conditions have a major
effect on the cell disruption kinetics. It has been shown in the disrup-
tion of E.coli cells that the batch cultures grown on synthetic medium
were easier to disrupt (i.e. lower pressures and passes) than those grown
on complex medium (Gray et al., 1972). Other studies have also shown
that cells grown at a higher specific growth rate were easier to disrupt
than cells grown at a lower specific growth rate (Engler and Robinson,
1994). This is possible as cells grown at a higher specific growth rate
may not produce a stronger cell wall structure than cells grown at lower
specific growth rate and therefore are may be more susceptible to cell
disruption. Similarly, cells harvested during the log phase of growth
are more susceptible to breakage through homogenization than those
from the stationary phase. It is well known that cells from the stationary
phase commonly have a stronger cell wall structure than those in the
log phase where the cells are focused more on protein synthesis than
strengthening their cell wall structure.

Another parameter influencing the pressure required for cell break-
age is the location of the product within the cell. A cytosolic soluble
product may be easier to release than a membrane bound protein
(Edebo, 1983) or one located in the vacuole (Follows, 1971). The nature
of the product is also important, for example, whether it is an easily
degradable enzyme or an inclusion body or a bio-degradable thermo-
plastic such as poly (hydroxybutyrate) (PHB).

Cell Disruption using homogenization: In the recovery of intra-
cellular proteins, cell disruption is a very significant step. This is be-
cause the efficiency at this step of operation affects the downstream
operations and losses occurring at this initial stage cannot be regained.
If proteins are expressed intracellularly, high-pressure homogenization
has been commonly used in industry as a means of cell disruption and
is achieved by passing the cells at high pressures through a small valve
or orifice. The Microfluidizer homogenizer (Microfluidics, USA) has
been commonly used in the cell disruption optimization work. The ef-
fectiveness of the cell disruption step is governed by a few operational
parameters (i.e. pressure, number of passages etc..) and will be dis-
cussed in the following sub-sections.

The cell breakage mechanism follows first-order kinetics with re-
spect to the number of passes as shown in the equation below:

Ln {Rm}/{R -R} =k N P (3)

R = maximum releasable soluble protein

R = amount of soluble protein released at a given pass

K = rate dependent on process temperature

N = number of passes through the homogenizer

a = exponent indicates the degree of dependency on pressure

P = pressure

The breakage as shown in equation [5] is gradual and is dependent
on the number of passages through the equipment until all the cells are
broken. As the pressure increases, the amount of cell breakage increases
accordingly.

Micro-filtration/Ultra-filtration as a method of separation

As an example of microfiltration optimization, we will be discuss-
ing the clarification of an intracellular protein from a bacterial organ-
ism. Material from an E.coli bacterial fermentation was used in this
discussion. In a typical microfiltration approach, cell concentration and
conditioning are usually performed as a start. Diafiltration is a method
where equal volumes of buffer are added to the concentrate homog-
enate (retentate stream) to recover remaining protein in the permeate
stream, trapped within the secondary gel layer of the membrane. It is
at this stage that the cell concentration is important to minimize the
volume and cost of buffer used within the process. If the product is
expressed extracellularly, optimization is also performed in a similar
fashion where cell concentration and conditioning are performed to re-
covery the product with the removal of the bioburden load.

Cell concentration is also performed to minimize the lead time of
homogenization. It is possible to feed the fermented product directly
into the homogenizer in a continuous mode of operation and perform a
final concentration and conditioning step of the clarified product at the
end. However, in most operations, the homogenization step usually fol-
lows the initial removal of cell broth extract. During cell concentration,
the increase in cell biomass and media viscosity will reduce the process-
ing flux and recovery. Diafiltration with buffer after concentration is
effective in minimizing the viscosity of the cells and thereby increasing
the filtration flux of the operation. Usually after homogenization, dilu-
tion of the homogenate is performed to adjust the cellular biomass and
viscosity to a volume where operations can be performed efficiently in
terms of high filtration time and high throughput with minimal buffer
consumption cost.

Material and methods

Cells from an optical density of 40 fermentation are concentrated
approximately 5-fold using a cross-flow filtration unit containing a 0.2
pm pore size cassette and 1.2 m2 of surface area. The concentrated cells
are conditioned in 20 mM Tris, pH 8 buffer and homogenized using
a mechanical disruptor at high pressures (13,000 to 17,000 psi) with
several passes. The homogenate is diluted to the original volume and
clarified using the cross-flow filtration unit. The clarified material is
concentrated approximately 7-8 fold by ultra-filtration using a pore size
of 10 kDa and buffer-exchanged several times with equal volumes of
buffer before delivering the material to down-stream for further purifi-
cation. The micro-filtration process for the antigen is shown in Figure 1.

Results

For a microfiltration operation, a transmembrane pressure of 5-10
psiis generally used (Rusotti, 1995). This pressure is to prevent immedi-
ate fouling of the membrane by allowing the polarization cake layer on
the membrane to gradually build up. As shown in Figure 2, the flux rate
(LMH) was plotted against the concentration at different points during
filtration. The flux rate was maintained at a steady state of 27 LMH up
to 5-fold concentration of fermentation cells. The fermentation volume
used during processing was 12 L. After a 5-fold concentration, the flux
decreased quickly indicating that there is fouling of the membrane due
to the build-up of the gel layer/concentration polarization layer on the
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surface of the membrane. The fouling could also be due to the presence
of viscous fermentation broth material that contributed to the decrease
of flux as mentioned previously in Equation 2.

The cells were then conditioned with pH 8 buffer through a diafil-
tration step. As shown in Figure 2, the conditioning effect removed the
viscous fermentation broth and, therefore, restored the flux rate to its
original value of 27 LMH (=). The fouling as seen in this figure is revers-
ible and the cells could be further concentrated to 10-fold of its original
fermentation volume. The diafiltration step not only aided in improv-
ing the flow rate but also conditioned the cells in a suitable buffer for
further down-stream processing.

After concentration and homogenization of the cells, clarification
of the homogenate was performed to remove the cellular debris from
the protein product. The majority of antigen was released at higher
pressures at several passes through the homogenizer. The homogenate

Concentration of cells
{
Buffer-exchange cells using pH 8 buffer
{
Cell lysis by Homogenization
{
Clarification of homogenate
(Concentration and diafiltration)
A
Sterile filter the clarified material

\

To down-stream for purification

Figure 1: A schematic diagram of the approach taken for the concentration
and clarification of protein antigen using micro-filtration.

Flux vs. Concentratration

35
o )“
= 25 * [
5 20 S
x 15
=
o 10
5
0 T T
0 5 10 15
Concentratration fold

Figure 2: A plot of flux (LMH) versus concentration fold for the E.coli
antigen 1 (#). After conditioning of cells, the flux rate could be restored
(w) and cells could be further concentrated to 10-fold its original fermen-
tation volume.

was re-diluted back to the original fermentation volume to decrease the
viscosity and concentration of the feed to facilitate the filtration pro-
cess. Similar to the above optimization, the homogenate was clarified by
cross-flow filtration by concentrating the homogenate 5-fold to recover
the release product in the filtrate stream. The clarified protein, during
the 5-fold concentration step, was analyzed by HPLC analysis and com-
pared to the protein released after homogenization. About 75% of the
antigen was recovered in the permeate fraction, during this clarification
step. After a 5-fold concentration of the homogenate, the homogenate
was diafiltered 4 times with equal volumes of buffer and the clarified
protein was collected in a separate container. The amount of protein
required after diafiltration was quantified by HPLC and compared to
the amount of protein released after homogenization. About 22 % of
the antigen was recovered during the diafiltration step. As shown in
Table 2, the recovery of the clarified material was about 95 % of the
initial homogenate yield, according to HPLC quantification. As shown
in Table 2, the amount of antigen 1 that could not be recovered was
very minimal.

During the diafiltration operation, it is important to determine the
amount of product recovered during each step of diafiltration. It is cus-
tomary to generally perform equal volumes of buffer exchange 5 times
to recover the product however, as the scale of operation increases by
10-fold, this generalization can be very expensive to materialize in pro-
duction. For example, if we are obtaining approximately 6 L of diafil-
trate at the 12 L scale, we would likely be obtaining 600 L of diafiltrate at
the 1200 L scale, if we were scaling up linearly. Although this may be an
inaccurate amount, the point is that product recovery needs to be quan-
tified to determine how many diafiltrations are necessary to the process.
As demonstrated in Table 3, only 1 diafiltration step is necessary in re-
covering the majority of the product from the cellular slurry and any
further processing does not add value to the operation time and cost, as
well as the extra amount of doses produced. As a result, in this example,
the concentration step during clarification followed by one diafiltration
step was sufficient in recovering the protein product. With further pro-
cessing, there is also the added requirement of potential cooling of the
product to ensure product stability if it is heat-sensitive.

As demonstrated in Table 4, the scaling of microfiltration opera-
tion is based on constant flux. Based on the optimization experiments,
the flux is used to determine the amount of surface area (m?) to be

Sample Description
Homogenized supernatant (12 L) 100
Homogenized pellet (12 L) 0

% antigen 1 recovered

Clarified permeate during 5-fold concentration of homog-

enate (9.51) 75
Diafiltered permeate (4x) (6L) 22
Unclarified Retentate (0.2 L) 0.5

Table 2: The recovery of antigen after clarification using cross-flow filtration.

Sample Description % antigen 1 recovered
Harvest material 100 %
Clarified permeate 70%
1t diafiltration 25%
2 diafiltration 5%
3 diafiltration 1%
4" diafiltration 0.5%

Table 3: Quantifying the amount of product recovered at the concentration step
and diafiltration steps in comparison to the amount of product available in the har-
vest materiala.
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used at the larger scale. Dependent on the desired time of operation,
the amount of surface area can be increased or decreased accordingly.
In this example, if the total time of operation required is 2 hours, by
scaling up the process at constant flux, the amount of surface area of
filtration is 4.3 m?. Since the membrane cassettes are purchased in units
of 0.6 m’ a total surface area of 4.8 m* was used for this large-scale
operation.

Challenges in using cross-flow micro-filtration during clari-
fication

Not all protein products can be efficiently recovery using a micro-
filtration operation. It is important to ensure the testing of the opera-
tion at small-scale before scaling up the operation. As shown in Table
5, a majority of Antigen 2 protein was being retained and only about
50-60% of the protein was being clarified in the permeate stream in
comparison to the homogenized sample. This phenomenon has been
seen in the micro-filtration process for clarification, using flat sheet
membrane or hollow-fibre membranes.

Optimization work has been performed to recover the Antigen 2
protein by optimizing at different cross-flow velocities and transmem-
brane pressures, as shown in Table 6. Despite the optimization of filtra-
tion parameters, protein Antigen 2 was not successfully recovered. The
recovery of the permeate at this stage was estimated using SDS-PAGE
gel analysis using purified samples of known concentration, as deter-
mined by the Lowry protein assay. It is noteworthy that the flux rates
during microfiltration were still maintained at approximately 28 LMH
despite the poor product recovery hence fouling of the membrane was
not taking place. In addition, the molecular size of Antigen 2 was simi-
lar to Antigen 1 which signifies that the molecular size does not play
a dominant role in poor product recovery. It is believed that the bio-
chemical property of the product to be recovered does play a role in the
recovery operation. One potential explanation could be in the nature of
intermolecular interactions which form within the viscous material of
the homogenate. As the homogenate is composed of many protein mol-

Batch Operation 20L scale 200 L scale
Volume (L) 12 150
Flux (L/m?hr) 28 28
Permeate collected 20 240
Time (hours) 1.1 1.7
Surface area (m?) 0.6 4.8

Table 4: Comparing the scalability of the microfiltration process.

Cross-flow cassette (Plate-frame technology)
Sample Description % of Antigen 2 recovered

Homogenized supernatant 100
Homogenized pellet 0
Clarified concentrate 20
Permeate collected 30
Unclarified retentate 50

Hollow-fiber technology

ecules, it is not unusual that the protein could form larger aggregates
either through electrostatic interaction or associated intermolecular at-
tractions (dipole-dipole) within the slurry which may not be easily dis-
sociated [3]. The formation of a larger aggregate coupled with the cross-
flow velocity across the surface of the membrane may likely prevent the
transmission of the product through the membrane. As tangential flow
filtration was not scalable for the recovery of Antigen2, in this example,
static filtration was used as the method of separation. The rationale here
was that if the protein of interest was associated with other different
component such as proteins or cellular debris, the method of depth fil-
tration could potentially fractionate the contaminating components in
a size-exclusion manner. An assumption in performing depth filtration
is that the protein of interest is mildly associated with other compo-
nents and that through a sieving process; the other components may be
removed. Depth filtration has been further investigated as a method for
clarification of product from biomass.

Depth-filtration as a method of separation

Since, there is potential interaction between Antigen 2 protein and
cellular particulates within the homogenate, depth filtration was used
to remove majority of the cellular debris and contaminating proteins. In
order to optimize the clarification process using static filters, a screen-
ing test involving different combination of filters (i.e. different pore size
membranes and material) was performed for the recovery of Antigen 2
protein. The screening test involved using a manifold dead-end filtra-
tion unit with the capability of inserting different types of filter disks
with surface area of 12 cm?. The filter disks required only 100 mL of
homogenate. The material used for the screening process was the cells
after homogenization. As shown in Table 7, the best combination for
the clarification process using static filtration using 2 depth filters (0.65
pm and 0.45 um) followed by a final absolute 0.2 um filter.

The 0.65 pm membrane removed about 70% of the debris from the
homogenate. Samples of the filtrate, at each stage of the filtration pro-
cess, were taken and the amount of debris remaining in the filtrate, after
each filtration step was measure to determine how much cellular debris
was removed. The majority of the debris was removed during the first 2
filtration steps, using the 0.65 pm and 0.45 um filters. The advantage of
using depth filters in comparison to absolute filters for debris removal is
the reduction in the cost of the operation. Hence, the 0.2 pm membrane
can be easily downsized with the aid of the 2 initial depth filters.

Transmembrane pressure
Cross-flow velocity tested at constant cross- Result
flow velocity
o ;
1.1 L.min"! 4,8,12, 16 psi’ 50 A;lof protein recovered
in the permeate
o ;
2.2 L.min" 10, 15, 22 psi 50A;lof protein recovered
in the permeate
2.2 L.min" 4 psi No recovery in permeate,
protein in retentate

Table 6: A summary of the clarification experiments performed using different pore
size membranes during cross-flow micro-filtration.

Sample Description % of Antigen 2 recovered Filter module 1 | Filter module 2 Filter module 3 Result of filtration
Homogenized supernatant 100 1) 0.65 um 0.45 um 0.2um Good flow through
Homogenized pellet 0 2)0.8 um 0.45 um 0.2um Fouling occurred
Clarified concentrate 24 3)1.2um 0.45 um 0.2 um 0.45 um fouled
Permeate collected 16 4) 0.65 um 0.8 um 0.2um Good flow, low recovery
Unclarified retentate 60 5) 0.65 um 0.65 um 0.2 um Fouling

Table 5: Recovery of Antigen 2 during micro-filtration clarification using flat mem-
brane (Top data) and hollow fiber (Bottom data).

Table 7: Summary of the filtration screening experiments with different filters for
the recovery of Antigen 2.
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The clarification of Antigen 2 using static filtration was performed
successfully at the 100 L scale. As shown in Table 8, Antigen 2 was
scaled to the 100 L size and the clarification recoveries obtained for
both antigens were around 80-90 % in comparison to their initial ho-
mogenization yield. The process required a final concentration step
using an ultra-filtration membrane of molecular weight cut-off of 10
000 kDa to reduce the volume 7-fold prior to delivering the material
to down-stream for further purification. This reduces the volume and
increases ease of handling during processing. Although the recoveries
were high for this process, the length of the primary recovery process
took 3 working days after fermentation was completed.

Challenges in using depth filtration as a clarification method

Although the clarification recoveries of Antigen 2 are high using
the static filtration method, there are few drawbacks in the scaling up
of the process. As mentioned previously, the processing of the clarified
material can be long due to the processing time as well as the handling
of the equipment (i.e. inserting filter elements, operating the filter hous-
ing, cleaning of filter housing), as the equipment sizes (i.e. pumps, filter
housing) increase as the scale increases. Another challenge facing the
static filtration approach is the cost of filters required for a run at the
100 L scale. Although the cost is not significant at the 10 L scale, the
disposable cost will significantly increase as the scale increases to 10 or
100 fold. The filter capacity and housing requirements would increase
dramatically and waste disposable issues would come into play.

However, the major challenge in the static filtration approach is the
robustness of the process. The clarification process is affected by the
upstream conditions such as the fermentation growth conditions, as
well as the homogenization conditions, which affects the throughput of
the clarified material. In one example, E.coli cells were homogenized at
a higher pressure of greater than 15,000 psi for several passes through
the homogenizer. The homogenization pressure increased the breakage
of the cells and formed micro-debris, which fouled the 0.45 um depth
filter much quicker than cells homogenized at lower pressures. This is
a very important consideration of the application of the static filtration
process as the robustness of the process is tightly dependent on its up-
stream variables such as cell density and homogenization pressure. The
static filtration approach however offers the advantage that the clarifi-
cation process, at the lab scale, is rather simple to operate with limited
cleaning of the equipment.

Industrial options of separation using charged membranes
and resins

The area of adsorption chromatography embracing aspects of fixed-
bed, batch suspension and fluidized-bed contacting complex feed-
stocks has been well reviewed and utilized in the biotechnology indus-
try [4]. The advances in the design of adsorbents, chemically deriva-
tised ligands with different binding specificities for target bioproducts,
have aided in the integration of processing of unclarified feed-stocks
in the upstream process and the delivery of purified and high-yielding
products for downstream purification. It offers selective advantages

Sample Description Amount of Antigen 2 (%)
Homogenized supernatant (100L) 97
Homogenized pellet 3
0.65 um, 0.4 um, 0.2 um filtration (140L) 90
10K concentrate (20 L) 90

Table 8: The clarification recoveries using static filtration of Antigen 2 at 100 L
scale.

over the simpler, yet productive, technologies of protein fractionation
(i.e. precipitation by solvents, salts, crystallization and aqueous solvent
extraction) [5]. In this section, the clarification of the protein of interest
from homogenate feed-stock using disposable charge membranes and
charge resins in a batch process will be discussed.

Materials and Methods
Batch Adsorption using charged membrane

Homogenate was used to pass through 2 types of charged mem-
branes (Q and Phenyl Sepharose) at constant cross-flow rate to deter-
mine if product could bind to the membranes followed by washing and
elution.

Batch Adsorption using charge resins in a tank

In the area of adsorption chromatography for clarifying feed-
stocks, the batch adsorption process of mixing adsorbent media with
feed-stocks within a tank containing a base with a mesh filter can be
an effective and simple way to adsorb target products. Q-Sepharose big
beads were used to capture the product, conditioned in a buffer, having
a positive charge. The charged adsorbent is subsequently washed with
a suitable buffer to remove excess protein or cellular contaminants. A
mesh filtration membrane that is smaller than the bead size is employed
to allow the washing of excess protein and contaminants while retain-
ing the protein of interest. This batch clarification method can allow
desorption of product from the beads using a higher salt buffer and the
beads can be regenerated for re-use in similar batch suspension proce-
dures (Bierau et al., 2001). The clarified material is further concentrated,
using size exclusion ultra filtration membrane, and buffer-exchanged
prior to further purification using higher resolution techniques. Batch
adsorption at the process scale offers an opportunity to exploit cheaper
adsorbents which may serve as an effective alternative to process scale
fixed and fluidized-bed applications.

Results

Recovery of Antigen 2 using charged membranes

Charged membranes did not demonstrate efficient binding and elu-
tion of antigen. Overall, the capacity of antigen was 0.5 mg per cm2
of membrane. Even though optimization of pH, buffer ionic strength,
cross-flow velocity and binding time duration, this application of using
charged membranes to clarify the antigen was not suitable option for
the production scale.

Recovery of Antigen 2 using resins within batch adsorption
tank

As shown in Table 9, the overall % recovery demonstrated that the
antigen recovery was higher using batch clarification than using the mi-
crofiltration process. It is noteworthy that batch clarification needs to
be optimized at the small-scale to determine if the process is suitable in
terms of purity, recovery and cost before scaling up the process to the
production scale.

After the fermentation has been completed, the harvest culture
was concentrated and conditioned in buffer followed by high pressure
homogenization. The clarification of the homogenate was compared
using 2 different methods, batch adsorption and microfiltration at the
production scale, as shown in Table 10. The capital cost between the 2
methods (i.e. batch adsorption and microfiltration) is not significantly
different. The buffer consumption for the batch adsorption step is more
than the microfiltration step due to the additional buffers used for con-

J Bioproces Biotechniq
ISSN:2155-9821 JBPBT, an open access journal

Volume 1 ¢ Issue 2 + 10001071e



Citation: Lee T, Amore TD (2011) Membrane Separation Theoretical and Applicable Considerations for Optimum Industrial Bioprocessing. J Bioprocess

Biotechniq 1:101e doi: 10.4172/2155-9821.1000101e

Page 8 of 8

ditioning, washing and elution. However, the total buffer volume used
for both recovery and purification step is not significantly different. The
% recovery for both methods was similar with an average of approxi-
mately 75% product recovery in comparison to the initial fermentation
yield. The big difference between the 2 methods was the operation per-
formance. The batch adsorption method was more laborious than mi-
crofiltration, as there was much effort in assembling the tank, pumping
the beads into the tank, conditioning and washing of the beads as well
as collecting the product and beads at the production scale. The micro-
filtration process was more automated so there was less handling of the
product during the operation.

The overall purification capital, filter and resin costs were signifi-
cantly reduced due to a higher purity achieved after batch adsorption,
as shown in Table 10. The significant benefit is also that the overall re-
covery using the batch adsorption method is significantly higher than
microfiltration while the overall purity is similarly high at 98 %. From
the analysis, the batch adsorption method can reduce capital and resin
costs during purification and can deliver a higher final product recov-
ery while maintaining high product purity.

Conclusion/Recommendations

A summary table, as shown in Table 11, outlines the advantages and
challenges that can be associated with the different technologies. Al-
though each technology has its advantages and challenges, it is impor-
tant to evaluate these technologies at a small-scale to determine their
feasibility. Large-scale demonstration runs will be helpful to evaluate

Antigen 2 % recovery HPLC
Homogenate 100
1st wash: Amount in supernatant 10 (product loss)

low-salt wash 12 ( product loss)
Elution 80
0.2 um filtered 72

Table 9: Clarification recovery of Antigen 2 using batch adsorption tank.

Batch Adsorption ‘ Microfiltration
Primary recovery step (per antigen)

Number of production runs to

generate data 4 4
. $220,000 (TFF unit + batch .
Capital cost adsorption tank) $200,000 (only TFF unit)
) $2,100 (per run)
Resin cost Resin is suitable for 10 runs None
Cost of 0.2 um filters (2.4 m2 $800 (per run) $800 (per run)

surface area used) Filters suitable for 10 runs Filters suitable for 10 runs

Total buffer volume used
for recovery for condition-

ing, cleaning, washing & 1685+ 961 1270 +50L
elution (L)
% recovery (in comparison to
fermentation yield) 19+18% M£19%
Purification step (per antigen)
Capital cost (Skid, column,
TFF unit) $350,000 $437,500 % 15,000
Resin cost $3,475 £ 881 (per run) $11,125 £ 581 (per run)
Cost of 10K filters (2.4 m2
surface area used) $800 (per run) $800 (per run)
Final purity % 98+2 991
Total buffer volume used for
purification for conditioning, 1268 +439 L 1860 + 256 L

cleaning, washing & elution
L)

Table 10: Summary of the comparison of process economics between batch ad-
sorption and microfiltration at the production scale.

Technology Advantage Challenges

Clarification recovery of 90% | Protein recovery is dependent
can be achieved and the on the protein biochemical
operation is scalable. properties.

The operation is difficult at a
larger scale (i.e. 200 L) and
there will be more expensive
capital (housings, pipings,
filters) and operational costs
to be considered.

Cross-flow microfiltration (i.e.
plate-frame, hollow-fiber)

Clarification recovery of >
90% can be achieved by
using a series of depth and
absolute filters.

Static dead-end filtration

Clarification recovery of 2
90% can be achieved. The
operation is the cheapest at

the large-scale in comparison

Automation of this method
may aid in reducing the
amount of manual manipula-
tions at the larger scale.

Batch Clarification using ion-
exchange resins

to micro or static filtration

Table 11: A summary of the different clarification technologies explored and their
advantages and challenges when applied to large-scale manufacturing.

the recovery efficiencies and business benefits before transferring the
process to production.
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