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Agenda

•A Definition of Clarification

•Criteria for Developing a Process
•Technology for Clarification

•Process Development
•Scale up Implementation and Cost 
Considerations



Clarification Overview

• It is the first major processing step in the recovery 
of a drug product from a cell culture fluid solution
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Size Spectrum of Bioreactor  Constituents

Molecular Solutes
Colloids & 
Particulates

mm0.001 0.10.01 10.0001

Mol. Wt, (kD)1 10 1000100

Clarification: Separates colloids & particulates from
molecular solutes
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2. Clarification Criteria

•Remove Host/Cell Organism
– Cells, debris, aggregates, colloids

•Recover particle free product/fluid from cell culture 
fluid
– Condition the fluid for downstream processing

•Protect Downstream Unit Operation
– Downstream processes cannot handle the solids loading from the 

Bioreactor
– Sterile Filter capacity becomes limited

– Chromatography column lifetime is diminished



Clarification Process Development Strategy: 
Points to Consider

•Determine Process Requirements
– Batch Volume 

• Current and future 
• Must Scale up to production volume

– Processing times and temperatures
• Impacts Filter Sizing  and Product stability
• Bacteriological  growth 

– Long process times put product at risk
– Utilization (batches/year)

• Can shift filter selection

•Evaluate Process Constraints
– Development timelines, template fit 
– Facility fit,

• floor space, existing equipment usage,
– Will the process transfer to CMO or other plant?
– Consider all steps of the process

• Filter installation, flushing,process,product recovery, filter removal, CIP 
of hardware



Clarification Process Development Strategy: 
Points to Consider

•Establish Success criteria
– Filtrate quality: Downstream protection need?

• How Clean does the fluid need to be?

– Product yield:  target >97-98%
– Process consistency 

• Process should work across feed fluid variability 

– Economics: Target: COGS
• Yield dominates all other costs 
• Filter costs are typically minimal
• Operating costs variable 

•Characterize Fluid Properties
– Solids level ( Packed Cell Volume)
– Colloidal  level
– Product titer
– Stability
– Batch to Batch consistency



– Whole Cells and organisms
• Mammalian cells  5-10 mm

– Delicate, can lyse under stress and 
release plugging materials

• Bacteria, yeast 1-5 mm

– Rigid 
• Lysates

– Colloids (0.01 - 1.0 mm)
• Deformable and “sticky”
• Plug downstream steps

– Filers
– Chromotography lifetime

• Lipids 
• Antifoam
• Cannot be removed by centrifuge

– Soluble entities
• Target Product Proteins
• Host Cell Proteins
• Salts

– Buffers
• Culture media

– Peptones
– Hydrolysates
– Serum proteins
– Others

– Processing precipitates
• Instability based 
• Induced via process

Biological Fluid Constituents



Fluid Characterization Methods 

•Cells and Organisms
– PCV = Packed Cell Volume method or wet wt solids

– Cell count method (hemacytometer or plating)
– Cell Viability: dye staining, LDH assay

•Particles and colloids
– Turbidity

• Whole Fluid (15 -1000 NTU)
• Supernatant (5-30 NTU) 
• Filter Capacity of Supernatant (Vmax)

•Particle Size Distribution
– Not so user friendly for PD work

•Product Titer and Contaminant Profiles 
– HCP, DNA. Other 
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NTU can approximately predict filter 
performance

Sterile 0.22 Capacity  as a Function of Feed Turbidity 
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3. Clarification Technologies

•TFF 
– Flat Sheet 

– Hollow Fibers 

•Centrifugation
•Settling Vessels or 
Bioreactors
•Fluidized Bed 
Chromatography

•NFF
– Depth Filters

– Surface Filters

•Flocculation
•Body Feed DE  
•Liquid/Liquid Extraction
•Guard Column

No Enabling Technology

Many Choices Available for Clarification



Overall Performance Criteria

•Step Capacity 
– Volume processed 

• Filter expendables costs

•Step Quality
– Turbidity 

– Downstream filter 
capacity

– Sterile Filter Capacity  
(Vmax)

•How do we get to “C” 	��
�
��
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Example of Particle Size Distribution



Clarification Considerations

•Particle load must be distributed over 
several operations in series
– Primary- Bulk solids removal

• Removes large particles,bulk solids cells

– Secondary- Polishing step 
• Remove  small sub-micron particles colloids

– Sterile filtration -
• Insures low bioburden
• Endotoxin maintenance

•Optimizing individual steps can be 
misleading

• Integration of all steps is essential



Technology Selection

Separation 
Technology

Application 
Scope

Benefits Limitations

NFF
Clarification, 
Prefiltration

Simple scale up and 
implementation, Multiple media 

options (Surface, depth, 
charged)

No filter re-use, High 
expendables, Limited by solid 

load

TFF
Clarification, 

Concentration, 
Cell recovery

Efficient and robust process, 
Can handle high solid loads, 

Re-usable filters

High capital cost, Difficult to 
operate/validate

Mechanical 
Separators

Clarification 
Only

Cheap operation, No 
expendables, Robust, Re-

usable, Easy to clean

High Capital cost, Source of 
yield loss, Difficult scaleablility



Technology Selection :Rules of Thumb

•Loose pore depth filter
•TFF  open channel 
•Centrifuge

Whole cell, hard 
particles, cell debris
(1st clarification)

> 300 NTU

Tight pore depth filter 
(pad filters)

Colloids, cell debris, 
particulates 
(2nd clarification)

100-300 
NTU

Membrane  cartridge-style pre-
filter

Colloids, small 
particulates

20-100 NTU

Protected sterile filter Colloids, small 
particulates

< 20 NTU

Recommended FiltersFluid Components/ 
Characteristics

Fluid
Turbidity



4. Typical Cell Culture Clarification 
Processes

Cell
Harvest

Primary
Clarification

Secondary
Clarification

Tertiary
Clarification

Cell
Removal
10-20 mm
3 vol%

Colloid
Removal
0.01-0.1 mm
Aggregates, 
surfactants

Final
polishing

Tangential Flow
Filtration

Centrifugation

Normal Flow
Sterile Filtration

Normal Flow
Depth Filtration



Filter Sizing

• Filter sizing (NFF and TFF) is determined by:
– Capacity ( related to  particulate load) 

• Volume filtered till a process ‘end-point’ is reached (L/m2).
• Some useful ‘Capacity markers’:

– Trans Membrane Pressure (TMP) for TFF filter (£ ~ 5 psid)
– Flow Rate decline or Pressure Drop for NFF filter 

– Product retention (£ ~ 10%)
– Turbidity (break-through)

– Process flux (Related to process time):
• Measure of the ‘speed’ of filtration process (L/m2 h or m/h)

• Determined by:

– Pressure Drop, filter type, pore size, solids loading ® NFF
– TMP, cross flow, filter type, pore size, solids loading ® TFF



Sizing Method (NFF & TFF)

•Sizing Method:
– Developed based on operation technique (NFF, TFF) 

and operation mode (constant flow, constant pressure)

•NFF: 
– Constant Pressure

• Vmax method

– Constant Flow
• Pmax method (Tmax method)

•TFF: 
– Flux controlled capacity optimization and linear scaling 

method



•Accelerated screening technique to estimate 
scaled-up filter size requirements 

•Helps to optimize filtration train rapidly
• Estimates the maximum fluid volume 

filterable through a filter
– Predicts Capacity, Vmax [=] L/m2 (@ t=� )

– Predicts Flux Decay Profile , Q [=] L/min

• Vmax Characteristics
– Based on the gradual pore plugging model

• Vmax Implementation
– Plot t/V versus t at constant DP
– Vmax = 1/Slope, Qi = 1/Intercept

The Vmax (Constant Pressure) Test



All charged depth filters,
some non-charged depth filters

Process
Solution

Pump

Turbidity vial

Pressure

Filter

Test Equipment

– Run fluid at constant flow through the 
test filter disc

• Flow rate value depends on filter

• Record and plot:

– Pressure drop

– Filtrate volume

– Filtrate turbidity

– Run until either of these two 
scenarios occurs:

• Pressure rises sharply 

• Filtrate turbidity rises sharply

• In both cases, the maximum DP or T value 
is process-dependent 

NFF: Constant Flow Test
(Pmax or Tmax)



Plugging occurs before 
turbidity break-through
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TFF Filter Sizing Overview

• Filter sizing:
– Determined by:

• Capacity

• Flux 

– Process typically run at constant flux
– TMP varies (increases) during process

• Process Time

• Capacity Markers: 
• TMP across the membrane less than 5 psi

• Product retention < 10 % or Product Passage > 90% 



TFF  Two Pump Permeate Control : Best 
Practice  for Clarification 

•Set up of an equipment with permeate control 
– 2 Pump System
– Permeate Pump & Flow Meter

•Flux control critical to success

P-feed

Retentate
valve

P-perm

P-ret

Recirculation or Feed 
pump

Permeate
pump

Pump for
product addition (Fed batch)

or Diafiltration buffer

Recovery

Process
tank

Permeate
tank

Temp
� C

Product
or buffer

tank



TFF : Effect of Membrane fouling  on Protein 
Retention  without Flux Control
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Scale-up  rules

•Scale linearly whenever possible
– For TFF Maintain flow path length

• Equivalent TMP, Flow and Flux Profile

– For NFF use robust scaling devices 

•Maintain Volume/Area ratio
– Loading 

• Particles/surface area

– Vprocess/Aprocess = Vtrial/Atrial

•Add Capacity Safety Factors accordingly 
– Feed variability

• Variable feed =Greater safety factor 

•Reuse Consideration
– Robust cleaning protocol for multi-cycle operation

– Validation Requirements



5. Controlled Scale-up from ml to m 3

Lab scale
Screening  

500 ml

23 cm2

Sizing
2 to 20 L

270 - 540 cm2

Process scale
500L to 12000 L

5.5 - 33 m2

Pilot scale
20 to 500 L

0.11 - 5.5 m2



Millistak+ Pod Scalability –
Clarification Example
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Capacity Curves Millistak+ Devices

• Average capacity 172.2 L/m2

• All devices within 20% of 
average capacity

• For different sizes, on 
average over multiple 
batches

• Need same cumulative 
process performance

– Average resistance or 
loading vs time

• Also like to have same 
performance at every step 
of process 

– Resistance or loading vs 
time



Process Integration 
and Cost Considerations



Process Integration

•Centrifuge> NFF> Sterile 

•NFF > NFF > Sterile

•TFF> NFF > Sterile

•The performance of one step will  
effect the next



Impact of Centrifuge Operation on 
Depth Filter Performance 

•Improved (L/m2) throughput can be obtained by optimizing centrifugation 
conditions
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Impact of Depth Filter Capacity on Sterile 
Filter Performance
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Optimizing Depth and Sterile Filter
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Process Simulation
“over the wall”

Michael Felo, July 2009



From process Development  to 
Manufacturing

• During Sizing Trials…
– Filters are typically run and sized step-wise
– Feed is uniform throughout process
– Pressure is constant (for Vmax sizing)

• In Large Scale Processing…
– Filters are operated continuously in series
– Feed quality changes as filters foul
– Pressures change over time (at different rates for each filter)
– Flowrates and feed methods change from sizing trial



Process Simulation Objectives

• Evaluate if predicted performance of individual small scale 
tests correspond to actual process.

– Match filter area ratios, process time and process end 
points, filters in series

– Incorporate other process steps
• Upstream steps and down stream steps

• Process Hold times

– Evaluate final design flow rates and pressure drops and filtrate
quality

• Prepare for scale up to production scale



Process Simulation Outcomes

• Evaluate impact of scaling and continuous flow operation on 
filter sizing
– Does the filtration train meet the process objectives?

• Product quality, impurity removal, etc.

• Confirmed Area and configuration requirements 
– Confirm safety factor is adequate

• Perform across several batch of feed material to confirm 
robustness and safety factor 



Other Scale Up Considerations

• Flushing requirements: 
• Process flow rate  vs. flushing flow rate 
• System Effects

• Head Heights and manifold pressure drops

• Recovery of product
– Methods

• Blow down and flush

– Complicated by filters in series

• Straight flush 
– Simplest but leads to some dilution

– Use 1-2 system hold up volumes as a guide

• Hold up volumes 
• Piping and Housing contributions



Recommendations

• <1000-2000 liters  and <10-20  batches/yr
– Pad > Pad > Sterile

• >2000 liters  and >20 batches yr    
– Centrifuge > Pad > Sterile

• If one plans to scale to centrifuge like all the big biotech  
then one should use centrifuge in scale down as several 
large Biotech's do today.....

• but in Australia we don’t see large 10000 liters bioreactors   
in near future..



Recommendations - future

• No one uses TFF for cell culture anymore.  Exception of very small scale prep  
with HF or cassettes  etc.....

• but vaccines we see TFF used, these are typically small process 100- 500 liters

• For cell harvest TFF used..  but this presentation is about clarification  ....

• Future outlook?
• More as cell densities go up to > 5% PCV or titers reach 2-5 g/l, 

flocculation or acid precipitation is being examined more in early phase. 
There are lots of papers on that....

• floc or ppt will enhance centrifuge>pad>sterile,  not eliminate it.

• at large scale centrifuge>pad>sterile will dominate still, at least until I 
retire.... (Marty Siwak)



In Summary...

• Clarification process may be simplified into a robust and consistent 
operation by

– Developing a  process development plan and scale up goals
– Characterization of the feed and its variability 
– Selection and judicious sequencing of filtration steps
– Integration of each step in process
– Use of appropriate sizing and scale-up tools

• Optimum process and technology selection guided by
– Understanding benefits/limitations of each technology
– Batch size, utilization, fluid complexity ® Process Economics

• Millipore’s  Biomanufacturing Science Network of scientist and 
engineers can support scale up and implementation



Thank You


