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Glossary |
Better Pumps for Better Yield!

TFF Tangential Flow Filtration

rTFF Reverse Tangential Flow Filtration

ATF Alternating Tangential Flow Filtration

TMP Transmembrane Pressure

HPTFF High-Performance Tangential Flow Filtration

PTR Pressure Transmitter Retentate Loop

PTF Pressure Transmitter Filtrate Loop

PTA Pressure Transmitter Additional (directly connected to filtrate of Hollow fiber module)

DeltaP Delta Pressure

HF Hollow Fiber Module

FM Flow Meter

CDR Centrifugal Discharge Pump in Retentate Loop

CDF Centrifugal Discharge Pump in Filtrate Loop

PD Pressure Drop

SCTFF Stepping Co-Current Filtrate Flow Tangential Flow Filtration

rscTFF Reverse Stepping Co-Current Filtrate Flow Tangential Flow Filtration
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Better Pumps for Better Yield!
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®
Motivation W

Better Pumps for Better Yield!

= Goalis Process Performance Improvement of TFF applications in
upstream (incl. Perfusion) and downstream applications with use of

TFF filter modules/membranes.

= Focus on so-called co-flow setups with recirculation flow via permeate

(filtrate connections of TFF module).
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W
Better Pumps for Better Yield!

Background and Theory

TFF, ATF and rTFF

Copyright Levitronix Levitronix Seminar



W®
Possible Explanation for Bad TFF Performance

Better Pumps for Better Yield!

» Pressure drop along filter module - TMP changes

Ret Pressure Pressure
W—- high
| i I I
iltrate Pressure = o g
F I TN
Filter Length A
— Crossflow —» ”| ||J L middle
L B T T T
o i
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W®
Possible Explanation for Bad TFF Performance

Better Pumps for Better Yield!

» Pressure drop along filter module - TMP changes
= Starling Recirculation

Reste Pressure Pressurg
W‘ ' high
l l Y Il
Filtrate Pressure 1 T ¥ | l l l i
Filter Length A

— Crossflow —» ”| ||J L middle

s g o

T Y S

low

Ref?

Starling Recirculation
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W@
Possible Explanation for Bad TFF Performance

Better Pumps for Better Yield!

» Pressure drop along filter module - TMP changes
= Starling Recirculation
= Unidirectional crossflow: only first half of filter used

R Pressure Pressure

etenta . . i
W T NOT used for filtration high
v v - + vy
Filtrate Pressure i D ¢ v

Used for filtration
¥ : Filter Length
H m = — Crossflow —» . middle
L B T T T
T Y S
low

Ref?

Starling Recirculation
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Explanation for Better rTFF Performance

Reverse Crossflow

Forward Crossflow

Pres

sure

PPTEVITRON g

(" NOT used for filtration (Backflush){

Filtrate Pressure

+

T
s 1+ 4 3

Used for filtration
Filter Length
T Y e
O T PR
. \
- I]:Hﬂ[ : —— Forward Crossflow =—3» = «— Reverse Crossflow ——
T O L R
gy gt oo
Ret Pressure
Entat . _
|| fressure TNOT used for filtration (Backflush)
v v v v N |
Filtrate Pressure 1
L Used for filtration

Filter Length

Better Pumps for Better Yield!

Pressure

Ihigh

. middle

low

Reft

Similar to TFF:

» Pressure drop along filter
» Starling Recirculation

Difference to TFF:

» Alternating crossflow
» Alternating Starling Recirculation (Backflush)
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®
Is the Backflush only for the Good? W

Better Pumps for Better Yield!

Backflush:
» Backflush: permeate back into filter (filter outlet side)

Hollow Fiber

Permeate

HF Inlet

Permeate
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®
Is the Backflush only for the Good? W

Better Pumps for Better Yield!

Backflush:
» Backflush: permeate back into filter (filter outlet side)
» Requires also filtrate generation (filter inlet side)

Enormous «unnecessary» flux across
membrane and back (filter used much
more as actually required for harvesting

Hollow Fiber

@ Permeate
HF Inlet
@ Permeate
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®
Is the Backflush only for the Good? W

Better Pumps for Better Yield!

Backflush:
» Backflush: permeate back into filter (filter outlet side)
» Requires also filtrate generation (filter inlet side)
» Backflush 10-100x larger than permeate flow (actually harvested)

Enormous «unnecessary» flux across
membrane and back (filter used much
more as actually required for harvesting)

Starling Recirculation

«t Hollow Fiber ‘

@ Permeate

HF Inlet

@ Permeate

- How can we reduce Starling Recirculation to improve TFF and rTFF (ATF)?
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tter Pumps for Better Yield!

Co-current Filtrate Flow

Theory
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®
Reducing Starling Recirculation W

Better Pumps for Better Yield!

- How can we reduce Starling Recirculation to improve TFF and rTFF (ATF)?

O—4 §-

Culture viscosity (reduce):

= Increases pressure drop
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®
Reducing Starling Recirculation W

Better Pumps for Better Yield!

- How can we reduce Starling Recirculation to improve TFF and rTFF (ATF)?

Crossflow velocity (reduce):
» |ncreases pressure drop

= | imitation: restriction to low
crossflows

O—4 §-

Culture viscosity (reduce):

= Increases pressure drop
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®
Reducing Starling Recirculation W

Better Pumps for Better Yield!

- How can we reduce Starling Recirculation to improve TFF and rTFF (ATF)?

Crossflow velocity (reduce):
» Increases pressure drop
= | imitation: restriction to low

crossflows
O—4 §-
Culture viscosity (reduce): Filter length (reduce):
» |ncreases pressure drop » |ncreases pressure drop

= Limitation: restriction to
shorther filters / parallel setups
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®
Reducing Starling Recirculation W

Better Pumps for Better Yield!

- How can we reduce Starling Recirculation to improve TFF and rTFF (ATF)?

Crossflow velocity (reduce): Fiber diameter (increase):
» |ncreases pressure drop » Small diameters increase pressure drop
= Limitation: restriction to low » Large diameters reduce membrane
crossflows surface
Culture viscosity (reduce): Filter length (reduce):
= Increases pressure drop = Increases pressure drop

= Limitation: restriction to
shorther filters / parallel setups
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®
Reducing Starling Recirculation W

Better Pumps for Better Yield!

- How can we reduce Starling Recirculation to improve TFF and rTFF (ATF)?

Crossflow velocity (reduce): Fiber diameter (increase):
» |ncreases pressure drop » Small diameters increase pressure drop
= Limitation: restriction to low » Large diameters reduce membrane
crossflows surface
Culture viscosity (reduce): Filter length (reduce): Membrane pore size (reduce):
= Increases pressure drop = Increases pressure drop = Larger pores reduce membrane
= Limitation: restriction to resistance
shorther filters / parallel setups » |ncrease in Starling flow

- We are very restricted with changing the above factors
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®
Another Way to Reduce Starling Recirculationw

Better Pumps for Better Yield!

Pressure Pressure

Cl 11 } dea:

+ v ~

Fitrate Pressire ! =t 4 1] D = Establish filtrate pressure
, 5 gradient

Filter Length

mﬂm'—' —— Crossflow —» — middle

= Match filtrate and retentate

H —— pressure
BT * ﬁ - - - - -
low » Eliminate Starling Recirculation
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®
Another Way to Reduce Starling Recirculationw

Better Pumps for Better Yield!

Pressure Pressure

Cl 11 } dea:

+ v ~

Fitrate Pressire ! =t 4 1] D = Establish filtrate pressure
, 5 gradient

Filter Length
mﬂm'—' —— Crossflow —» — middle

= Match filtrate and retentate

H —— pressure
BT * ﬁ - - - - -
low » Eliminate Starling Recirculation

Rete Pressure Pressure
meNtate pra high
Filtrate PreSsuresure
) Filter Length
m]ﬂﬂ:f,_, —— Crossflow = = middle
— Filtrate Flow —»
low

Reft
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®
Co-current Filtrate Flow: HPTFF W

Better Pumps for Better Yield!

High-performance TFF (HPTFF)

HPTFF

Rete Pressure Pressure
—ctate Pres 1 high
Filtrata Pressuresure 1 I
: Filter Length :
[ H H||,_| — Crossflow —> = } L middle
| — Filtrate Flow —»
=
low

Ref?

= Co-current filtrate flow (Levitronix pump)

» Pressure drop on filtrate side

= No TMP across entire membrane (almost)
-> No Starling Recirculation
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The Power of Co-current Filtrate Flow W

Better Pumps for Better Yield!

- We don’t decrease pressure drop, but we match filtrate pressure drop

HPTFF More flexibility for filtration:
» Crossflow velocity (all ranges possible)
» Fiber Diameter (also small possible)
o Higher Culture Viscosity (increases co-current flow)
| ‘ | = Filter Length (long filters feasible)
= Membrane Pore Size (larger pores possible)

—> simply co-current filtrate flow must be adjusted
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HPTFF, a Sleeping Beauty

Patents 5,490,937 & US 2002/0108907
= 1996 patented for DSP

» |dea to create uniform TMP distribution

» Goal to separate proteins by size

» Realized with gear pumps

Master Gear

Suction --=--=

Gear Teeth

Slave Gear

Sourcel: https://worldwide.espacenet.com/patent/search/family/024334996/publication/US5490937A?9=pn%3DLV11283A

un Patent Application Publication (o Pub. Ne.: US 200/

TANGENTIAL-FLOW FILTRATION SYSTEM

SOUTH SAN FRANCISCO, CA 90088 (1)

Better Pumps for Better Yield!

United States Patent 9 (1) Patent Number: 5,490,937
van Reis N @5 Dateof Patent: * Feb. 13,1996
TANGENTIAL FLOW FILTRATION s e e
PROCESS AND APPARATUS (UYL Y+ —

FOREIGN PATENT DOCUMENTS

lovessor: Robert D. van Reis, Redwood Ciy,
Calif. O V1Y Beeopesn P, OF

G0 e Bempem P O
Gememecn, o S Son R —y
Apies e o B l-—n.._
o
e e 10Ot 30,2000, b S 2
©
Saciaimed. Bacyer e al. J. Memb. Sci, 22: 297315 (1985), Cascade
P xs with Online Mezmtvane Regeveracion. Labo-
ralory 308 Clmical Suudies.
App No: 271223 Castioo et 2., Aniicial Kidoey, Artificial Liver, and Al
Fled:  Jol 6,199 clal Cells, Chamg, .. Plencum Publishing Corp. X.Y.. 9.
259-266, (1978). The Filration from Whele Blood: A Novel
Related US. Application Data Approch 1o Clsical
Chakrovorty € 2. Desalisation, 78(2):279-286 (1990).
o S No. 91945 ML 1S 193, hundn,  Comceriion end Pusficaion of Gelin Liguor by Uk
which i 3 comtmaion of Vise Sep 17, 1990, heasion.
P Ne 3398054 Cheryan, Urasirmms Haeook. (Techmomsc P Co.
1ot QO am & 1986) pp. 218-221, 5. 311, Feactioaation
us. Q. . e 2A63T; mrw z\wl NMKMW-
Fleld of Search Flachel ct al.. Advances in Biochemical Engincering/Bio-
TR TR ecbonior. 36 hu 192, evmras > Procom, 1983)
“Uleral de Separation of ysis.“Gables.
- uuwsom:w 304 (1984), vwmhm
s ton for . Protcins, and Bioiogical
LS. PATENT DOCUMENTS c
Mse I Scataast (List contioued o0 next page.)
LI0SSET  WITE Sumibiem - =
LTI V190 Pepwich et ot Primary Exominer.Fraek Spest
PN T ey Aniomey. Agens. or Firm—jucs E. Hassk
6 WD Makcheky o o
Pt i — 157 ABSTRACT
La3S2M9 VI Bresisn et ol
ise2e3 NIET Desiten Procescs s sppaca e povided f sepacatiog pecis of
267 81987 Takmisaws ct ot frterest from & st commmrg them which
AMIED IR Takewmrs c ol " méai o tangenal Cow Bkraion, wheress
66 5198 Kepp e the firation mesheane pecfeeably has & poee size that
ATIAS) 121988 Di Leo el retain specics with 3 size up 10 about 10 macrons. and the
ARSQ MO Tekemrs o 41 1o Sraid 2 3 level ringing fhom shout 5 % wp 40
705 $19%9 Thiboweral — NOWK 100 % of wamsiton
436 1019 Konde
AIHDIC 1198 Prince et o
ASIIW #1990 Devideon o ol 12 Claims, 11 Drawiag Sheets
1; = Joa
0% of trassition 4 - e
St T 5* (transiion post)
Jp (hr) |
SO%of tmston -
poet fizc
$%of transition

Source 2: https://worldwide.espacenet.com/patent/search/family/026717592/publication/US2002108907A1?q=pn%3DUS2002108907A1

Source 3: https://marinerspointpro.com/gear-pump-working-types-constructions-parts-applications/
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W
Better Pumps for Better Yield!

Co-current Filtrate Flow

System Setup and Control Strategy
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®
HPTFF: System Setup W

Better Pumps for Better Yield!

TFF

System Setup:

» Retentate pump (Levitronix)

Permeate Flow
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®
HPTFF: System Setup W

Better Pumps for Better Yield!

HPTFF

System Setup:
» Retentate pump (Levitronix)

= Filtrate Loop Pump (Levitronix)

@Perm eate Flow

Filtrate Flow
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®
HPTFF: System Setup W

Better Pumps for Better Yield!

HPTFF

System Setup:

» Retentate pump (Levitronix)

= Filtrate Loop Pump (Levitronix)

@Perm eate Flow

>

» Pressure Sensors (PendoTech)

= PTrin: Retentate Inlet
= PTrin: Filtrate Inlet

Filtrate Flow

Crossflow (Retentate Flow)
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®
HPTFF: System Setup W

Better Pumps for Better Yield!

HPTFF

System Setup:
» Retentate pump (Levitronix)

= Filtrate Loop Pump (Levitronix)

@Perm eate Flow

>

» Pressure Sensors (PendoTech)
= PTrin: Retentate Inlet
= PTrin: Filtrate Inlet

Filtrate Flow

= Optional:

Crossflow (Retentate Flow)

=» Flow Sensors

= Further Pressure Sensors
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®
HPTFF: System Setup W

Better Pumps for Better Yield!

HPTFF

>

Filtrate Flow

Crossflow (Retentate Flow)

Source: FHNW
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HPTFF Control Strategy

PPTEVITRON g

Better Pumps for Better Yield!

Bioreactor

Flow Control, controller 2
Pump 1 speed defined by Flow Control
with FM as actual process value and
required crossflow as setpoint

Copyright Levitronix

Retentate

Pump 1

Pump 3
(optional)

Filter

¥ 3
m————— g

> N
T Harvest

CoFlow Loop

:
@Pump 2

Controller 1

FM

Controller 2

Levitronix Seminar

AP Pressure Control, controller 1
Pump 2 speed defined by Pressure control with AP
(PTF1 — PTR1) as actual process value and e.g. O
bar as setpoint
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HPTFF Control Strategy

PPTEVITRON g

Better Pumps for Better Yield!

Bioreactor

Flow Control, controller 2
Pump 1 speed defined by Flow Control
with FM as actual process value and
required crossflow as setpoint

Copyright Levitronix

Retentate

Pump 1

Pump 3
(optional)

Filter

¥ 3
m————— g

> N
T Harvest

CoFlow Loop

:
@Pump 2

Controller 1

FM

Controller 2

Levitronix Seminar

AP Pressure Control, controller 1
Pump 2 speed defined by Pressure control with AP
(PTF1 — PTR1) as actual process value and e.g. O
bar as setpoint

- But how to define the delta?
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®
HPTFF Control Strategy: Delta Pressure W

Better Pumps for Better Yield!

- Delta Pressure Setpoint must be determined! (water characterization)

Characterization Setup

»

S06-P20U-10-N, Repligen

PE’R \ Harvest
Q o [ = @ 65 cm; 0.2 um; 0.15m?2
CDg2 s / /PTe 70
"" 1 zr": PPy @ Flm O Fla
_ ) o 60 "*‘“’x ® Pla B PTa |
/PTA = A pr, O FTa
. XV, g =50 A TTm @ P
Bioreactor — = g .\’ﬁ,\\ B Fla
B 2 p = ‘..\\
= g u
~ - 5 o 20
e .,‘ '-.‘ E S
A * 10 4
1|8
_ (PTe) |3 0
O— PTA "‘\__l_',-‘ & T T T T T T T T
e s 0 10 20 30 40 50 60 70 Reft
~— Y —':{"p'r};“: Filter Length [cm]
. L 1) .
) Rl -> Delta Pressure Setpoint = 0 mbar
CDr1
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®
HPTFF Control Strategy: Delta Pressure W

Better Pumps for Better Yield!

- Delta Pressure Setpoint must be determined! (water characterization)

g = l V. xl | X06-P20U-10, Repligen
il | t | b 70 cm: 0.2 um: 7.15m2
» it . H
"VE;.':;’L'. . 100 ® PTg A Pn O PTags B FPTa
i -5 90 - @ ® PTq: A Pg O PTags W Pl
’ 80 - ,. O PTRCI D pTABl D PTABS . PT#-'I
= _ | = Q PTac: O PTas:z B PTy B PTss
© 709 eI
-’ g 601 B
v 50 4
S5 40 A
% 30_
v °
A 20 -
10 4
0- A

0 10 20 30 40 50 60 70 80

Reft

Filter Length [cm]
- Delta Pressure Setpoint = +5 mbar

-> turbulences might be responsible for pressure drifts (not fully understood)
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What happens if we would control to W
zero diff pressure in this specific case?

Better Pumps for Better Yield!

Delta Pressure Setpoint = 0 mbar

100

® PTm A Pq O PTas: B PTa
gﬂ n '.' F'Tﬂz ‘ F‘f:g 1 FT.J.B.!. . F"'-l—.dlil-
80 1@ ] O FPFTam O PTass B PTaa
— (9] FTanz B FTa B PT:
m /70 1
0
g 60
50 1
L .
S 40 A
7
E 30- .
o 20 -
10 -
0 4 A

0 10 20 30 40 50 60 70 80
Filter Length [cm]

- Still starling flow.... inferior performance!
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®
HPTFF Control Strategy: Delta Pressure W

Better Pumps for Better Yield!

- Delta Pressure Setpoint must be determined! (water characterization)

Characterization procedure:
= Set certain retentate flow (constant) and ramp the coflow.

» Then determine the optimal deltaP to achieve HPTFF based on
PTA1-A5

» Repeat for various retentate flows
= Can be similarily applied for other filters than HF

(b)

100 - ; -
ol 2 71 PTaz : : :
— PTig PTas bt ! e
- w
80 i i & s '3
— sssip PTa1 PTas 1 © 1= | ©
- 1< 1o 1 £
© 1o 1 T 1o
E : :
£ 60 i L a5
o T T
= PDRIRE S o 1 e e H
@ 40 s LA L : |
U L TR it SO —————— O -~
Q@ 92 | TTesseiia It aai. s I i
I "eer iudnns, 1 I
3 Vekada e v SRR i
o e o - _—
201 b e |
—N e — e ——
1 1 |
i 1 L S
i i i
0

0 250 500 750 1000 1250 1500 1750 2000
Co-current Filtrate Flow [mL/min]

Ref?
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®
HPTFF Control Strategy: Delta Pressure W

Better Pumps for Better Yield!

- Contact us and we drill some holes
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TFF Filter Characterization

Better Pumps for Better Yield!

1. Filter shall be characterized prior to implementation of control strategy details.

2. ldentification of Pressure profile

along TFF membrane:
g Characterization Setup

»

)

CDg2

[PTg\ Harvest

PPy

Bioreactor

h

CDf

Co-current Filtrate g Y

g' 2 Retentate Loop

Modified
from Reft
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®
TFF Filter Characterization cont’d W

Better Pumps for Better Yield!

3. Ramping Step: Keep retentate flow (crossflow) at constant process target and
ramp the co-current filtrate flow from 0 to a large value definitely above HPTFF.
Then identify the required coflow to achieve HPTFF by plotting the data depending

on the filer length position (see 4.)

100 > = .
— PTm PTaz ! ' '
—— PTg2 PTaa : ' !
ce= PTpy +ees PT, u
s B0 S : §= :
= A1 a5 ! N |
(s ] 1 1 LT 1
.Q : : ’—,1__4
£ 601 ! v Y Lt S
Sl ~ - ‘\J:'\ ‘/::;"-.'.,'_ ...... il :
g ,———,-—,—.’.T.f.’-’ ...... . : :
404 L gsomrmet Iy i "
g m_:-‘-'),.;“' ................ qoonverre,0aat®s, Mecccsncwe®’saea Laves
w ...................... daa ] |
. R L R 1 1
% 1 T emaney g S T A RN | SR ]
o_ : ....... : .:.
C Ly e ——— N Pl L |
)
: : i T
i i : Ref?
D%t

0 250 500 750 1000 1250 1500 1750 2000
Co-current Filtrate Flow [mL/min]
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®
TFF Filter Characterization cont’d W

Better Pumps for Better Yield!

4. Set point of SETPOINT Delta Pressure determined by filter characterization:

100
90 - @
80e

70 A
60 -
50 1
40 A
30 1
20 A

10 -
0 A

PTa1 A Pn
PTgz A Pg

PTaga
PTapa

PTaz
PTa3
PTaa
PTas

[
L]
o]
o]

BEOCO
EOEO

Pressure [mbar]

T T T T T I I

0 10 20 30 40 50 60 70 80 e
Filter Length [cm]

Can be zero, positive or negative delta P setpoint

-> determined by filter characterization
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Co-Flow System W
Setup

Better Pumps for Better Yield!

Ceteniate U Setup can be applied to upstream and downstream processing. In
y AT HarvestPermeate/Filirate downstream processing, vessel would not be a Bioreactor (for
—Q Wi @_’ example, with mammalian cells) or Fermenter (for example, with
CDeo microbial cells) but a vessel with product and/or buffer/liquid.
PPy
U PTg,: Filter Feed Pressure can be measured prior filter or with
Bioreactor/Fermenter/Vessel integrated port as part of filter housing in feed entrance area of
P e filter
/“V CD . -
¥ U PTg,: Filter Retentate Pressure can be measured after filter or
£ with integrated port as part of filter housing in exit area of filter
g U PTg,: Permeate inlet pressure can be measured prior filter inlet
S | E U PTg,: Permeate outlet '
8 o pressure can be measured after filter outlet
FSg —
\_/ -"PTR'}
= T AN U PTA,: Number of sensors along filter housing can be 5 (or more)
N j Feed or any different amount (min 1 sensor).
CDR| Modified from Ref?
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CoFlow System, Variant 1a m

Better Pumps — Better Yield

Retentate
Pump 3

(optional)

Bioreactor @
> T P> —_
Harvest

CoFlow Loop
Filter

<+—PTF]
@Pump 2

—

-t

Controller

PTR1

AP Pressure Control

Pump 2 speed defined by Pressure
Feed control with AP (PTF, — PTR,) as
actual process value, and e.g. 0 bar as
setpoint (but setpoint can be also
different from 0O bar, in general, setpoint
Pump 1 = +/- xx mbar)
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CoFlow System, Variant 1b

PRELEVITRON G

Better Pumps — Better Yield

Bioreactor

Copyright Levitronix

Retentate

Filter

PTA

Pump 3
(optional)

:@—»
Harvest

CoFlow Loo

Pump2

Feed

PTR1

Controller

Pump 1

Levitronix Confidential !

AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTA,— PTR,) as
actual process value, where any of the
additionally available PTA sensors
(PTA, to PTA;) can be used, and e.g. 0
bar as setpoint (but setpoint can be
also different from 0 bar, in general,
setpoint = +/- xx mbar)
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CoFlow System, Variant 2a

Retentate

Bioreactor

Pump 1

Flow Control, controller 2

PRELEVITRON G

Better Pumps — Better Yield

Pump 1 speed defined by Flow Control
with FM as actual process value and
required crossflow as setpoint

Copyright Levitronix

Pump 3
(optional)
Harvest
_ CoFlow Loop
Filter
«—PTF
T Pump 2
PTR — Controller 1
1
AP Pressure Control, controller 1
Feed Pump 2 speed defined by Pressure control with AP
(PTF1 - PTR1) as actual process value and e.g. 0
FM bar as setpoint as setpoint (but setpoint can be also
different from O bar, in general, setpoint = +/- xx
mbar)
Controller 2

Levitronix Confidential !
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CoFlow System, Variant 2b

Bioreactor

Retentate

Pump 1

Flow Control, controller 2
Pump 1 speed defined by Flow Control
with FM as actual process value and
required crossflow as setpoint

Filter

PTA

X

PRELEVITRON G

Better Pumps — Better Yield

Pump 3
(optional)

O
Harvest

CoFlow Loo

Pump 2

Feed

PTR

Controller 1

FM

Copyright Levitronix

Controller 2

Levitronix Confidential !

AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTA,—- PTR,) as
actual process value, where any of the
additionally available PTA sensors
(PTA, to PTA;) can be used, and e.g. 0
bar as setpoint (but setpoint can be
also different from 0 bar, in general,
setpoint = +/- xx mbar)

1-March-2024
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Better Pumps — Better Yield

CoFlow System, Variant 3a

<
Retentate
Pump 3
Pump 1 (optional)
Bioreactor ‘ ;@
T Harvest
_ CoFlow Loop
Filter
< PTF@
T Pump 2
Feed L =
PTR | controller
1 B

AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTF1 — PTR1) as

> actual process value, and e.g. 0 bar as

setpoint (but setpoint can be also

different from 0O bar, in general, setpoint

= +/- xx mbar)

Copyright Levitronix Levitronix Confidential ! 1-March-2024



CoFlow System, Variant 3b

Bioreactor

Pump 1

<

Retentate

Filter

PTA
X

PRELEVITRON G

Better Pumps — Better Yield

Pump 3
(optional)

~eed

O —=
Harvest

CoFlow Loo

Pump 2

PTR

Controller

Copyright Levitronix
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AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTA,—- PTR,) as
actual process value, where any of the
additionally available PTA sensors
(PTA, to PTA;) can be used, and e.g. 0
bar as setpoint (but setpoint can be
also different from 0 bar, in general,
setpoint = +/- xx mbar)

1-March-2024
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CO FIOW System, Variant 4a Better Pumps — Better Yield
Retentate
Pump 3
Pump 2 (optional)

Bioreactor (]}

-T- -

Harvest
Filter CoFlow Loop
< PT2|<¢

b1 L-t Controller

AP Pressure Control

Pump 2 speed defined by Pressure
Feed control with AP (PTF1 — PTR1) as
actual process value, and e.g. 0 bar as
setpoint (but setpoint can be also

different from 0O bar, in general, setpoint
Pump 1 = +/- xx mbar)

Copyright Levitronix Levitronix Confidential ! 1-March-2024



CoFlow System, Variant 4b

Bioreactor

Copyright Levitronix

Retentate

Filter

PTA

PRELEVITRON G

Better Pumps — Better Yield

Pump 3
Pump 2 (optional)

X

s
@ Ly Harvest

CoFlow Loop

A

Feed

PT1

Controller

Pump 1

AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTA,—- PTR,) as
actual process value, where any of the
additionally available PTA sensors
(PTA, to PTA;) can be used, and e.g. 0
bar as setpoint (but setpoint can be
also different from 0 bar, in general,
setpoint = +/- xx mbar)

Levitronix Confidential ! 1-March-2024



CoFlow System, Variant 5a

Bioreactor

Copyright Levitronix

Retentate

Filter

Feed

Pump 2

CoFlow Loop

PRELEVITRON G

Better Pumps — Better Yield

Reverse Flow Control

Pump 3 speed defined by Flow Control
with FM as actual process value and
e.g. 2 mlpm as setpoint

A
o
-
N
y N

PT1

Controller

Pump 1

Pump 3
(optional)

— FM _
@ H @ Harvest

Controller

AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTF1 — PTR1) as
actual process value and e.g. 0 bar as
setpoint (but setpoint can be also
different from 0O bar, in general, setpoint
= +/- xx mbar)

Levitronix Confidential !
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CoFlow System, Variant 5b

Bioreactor

Copyright Levitronix

PRELEVITRON G

Better Pumps — Better Yield

Reverse Flow Control

Pump 3 speed defined by Flow Control
with FM as actual process value and
e.g. 2 mlpm as setpoint

Pump 2

CoFlow Loop

A

Controller

Retentate
Filter
A
PT1
Feed
Pump 1

Pump 3
(optional)

— FM _
@ L @ Harvest

Controller

AP Pressure Control

Pump 2 speed defined by Pressure
control with AP (PTA,—- PTR,) as
actual process value,where any of the
additionally available PTA sensors
(PTA, to PTA;) can be used, and e.g. 0
bar as setpoint (but setpoint can be
also different from 0 bar, in general,
setpoint = +/- xx mbar)

Levitronix Confidential !
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CO FIOW System, Variant 6 Better Pumps — Better Yield
Retentate
. Flowmeter
Bioreactor — R
Harvest
_ CoFlow Loo
Filter

'y : Pump 2
Controller

Permeate flow control

Pump 2 speed defined by Flow Control
Feed (or simply as speed control) with FM as

> actual process value and e.g. 2mipm

(perfusion rate) as setpoint.

Pump 1

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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Better Pumps — Better Yield

CoFlow System, Variant 7

Harvest Permeate flow control
Pump 2 speed defined by Flow Control with FM
as actual process value and e.g. 2mlpm as

setpoint

Retentate
Controller

: Pump2
Bioreactor p N FMFIowmeter ‘
(E} T Harvest
Filter CoFlow Loop
A
Feed
>
Pump 1

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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CO FI ow System y Var | ant 8a. Better Pumps — Better Yield

Retentate ‘ Pump 3
(optional)

PTR

Bioreactor mTr -
2 T > -
': Harvest

CoFlow Loop

L @Pump 2

v

Filter

q

Controller

PTR

AP Pressure Control

> Feed Pump 2 speed defined by Pressure control with
AP2 (PTR2 — PTF2)

as actual process value and AP1 (PTR1 — PTF1)

as setpoint

Pump 1

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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Better Pumps — Better Yield

CoFlow System, Variant 8b

Pump 3
L (optional)

Bioreactor mTr -
2 > = > —
Harvest

_ CoFlow Loop
Filter

PTA @):
T Pump 2

1 ] .

A Controller
PTR

Retentate ‘

A

AP Pressure Control

Feed Pump 2 speed defined by Pressure control with
AP2 (PTR2 — PTF2) as actual process value, and
AP1 (PTR1 — PTAX) as setpoint, where any of the
additionally available PTA sensors (PTA; to PTA;)
Pump 1 can be used

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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Better Pumps — Better Yield

CoFlow System, Variant 8c

Retentate ‘ Pump 3
L (optional)
i -
Bioreactor ;@
PTAL_ :.I. > _
X Harvest
_ CoFlow Loop
Filtey

i )
p 2
1 ;

Controller

AP Pressure Control
> Feed Pump 2 speed defined by Pressure control with
AP2 (PTR2 — PTAX)
as actual process value, where any of the
additionally available PTA sensors (PTA; to PTA;)
can be used, and AP1 (PTR1 — PTF1)
as setpoint

Pump 1

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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Better Pumps — Better Yield

CoFlow System, Variant 8d

Retentate ‘ Pump 3
L (optional)
i -
Bioreactor ;@
PTAL_ ;_I_ > —_
il Harvest
_ CoFlow Loop
Filtey

PTA @
xb <

Pump 2
1 1

Controller

AP Pressure Control
> Feed Pump 2 speed defined by Pressure control with
AP2 (PTR2 — PTAXxb)
as actual process value, where any of the
additionally available PTA sensors (PTA; to PTA;)
Pump 1 can be used, and AP1 (PTR1 — PTxa)
as setpoint, where any of the additionally available
PTA sensors (PTA, to PTAg) can be used

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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CO FI ow System y Var | ant 9 Better Pumps — Better Yield

Retentate

Bioreactor

v

Harvest
_ CoFlow Loo
Filter

Pump 2

Filtrate Speed Control
Pump 2 running on constant speed
Feed throughout entire run

Pump 1

Copyright Levitronix Levitronix Confidential ! 1-March-2024
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Crossflow vs. Co-current Filtrate Flow W

Better Pumps for Better Yield!

FAQ: How high is the co-current Filtrate Flow ?

HPTFF

Depends on many factors:
» Culture Viscosity

@Permeate Flow

b

» Operating Conditions
(Crossflow)

Filtrate Flow

» Filter Characteristics

Copyright Levitronix Levitronix Seminar 6-March-2024
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Alternative Control Strategy: Slope Control W

Better Pumps for Better Yield!

Slope Control Strategy vs. DeltaP Control
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®
Alternative Control Strategy: Slope Control W

Better Pumps for Better Yield!

PTaz
PTas |
PTaq
PTas

EO=O0

©

70
@ PTm
= DeltaP: Match PTR1 (inlet of crossflow 60 : 7T
loop) and PF1 (inlet of co-flow loop) = £ o
E B Pla
£ 40
m \
; 30
0
g 20
fu
o
10
0
Retentate 0 10 20 30 40 50
| Filter Length [cm]
Pump 2
Bioreactor .
CoFlowL T Harvest
Filter eriow “"j
v_E']'_@%"l.mlp 2
Pump 1 AP Pressure Control, controller 1
@ Feed Fumng 2 spesd defined by Fressure control with AF
. | [PT2=PT1) &% actual process value and &.9. O bar
- 1 ™™ ] as setpoint

Flow Control, controller 2
Purng 1 speed defined by Flow Cantrol
with Fid as actual process walus and
requined crossfow as selpaint

Copyright Levitronix
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®
DeltaP Control Strategy: Limitations W

Better Pumps for Better Yield!

@ HPTFF with DeltaP control © HPTFF with DeltaP control
l - low membrane resistance T i - high membrane resistance T
Presstir_e[mbar] Presstir_e[mbar]
\- — Pressure within HF — Pressure within HF
1 - - Pressure Permeate T = = Pressure Permeate
| Filter Length ’ s < - | Filter Length
Low membrane resistance: High membrane resistance (filter fouling):

= Uniform TMP = Non-uniform TMP

= High co-flow for DeltaP control

Copyright Levitronix Levitronix Seminar 6-March-2024



Slope Control

. Concept

PPTEVITRON g

Better Pumps for Better Yield!

@ HPTFF with adaptive speed control
l - low membrane resistance T

P

© — i
Pressu

\

re[mbar]

— Pressure within HF
= = Pressure Permeate

{ Filter Length

Low membrane resistance:

= Uniform TMP

Copyright Levitronix

@ HPTFF with adaptive speed control
- high membrane resistance i

© — il

i —

Pressure[mbar]

— Pressure within HF
= = Pressure Permeate

~a
-~

{ Filter Length

High membrane resistance (filter fouling):
= Uniform TMP

= |nitial co-flow for DeltaP control

Levitronix Seminar
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Slope Control: Setup W

Better Pumps for Better Yield!

Requirements:

= Assumption: constant viscosity in permeate

» Filter characterization (Pressure Drop vs. Filtrate flow (or rpm))
» Pressure sensors to measure Pressure Drop (PTr1and PTR2)

= Adaptive Speed control (Adjustment of rpm of CDF)
Water Characterization

CDF (rpm)

T I T T T T T

Pressure Drop (mbar)

Copyright Levitronix Levitronix Seminar 6-March-2024



Slope Control: Setup

Advantages:

PPTEVITRON g

Better Pumps for Better Yield!

No issues with pressure sensor readings as observed in co-flow loop

Uniform TMP also when fouling starts

Better performance when filter fouling occurs

In the simples form, just set a flow control based on the characterization in both the
retentate loop and a separate flow or speed control in the coflow loop

l

Bioreactor

Flow Control, Controller 2
Pump 1 speed defined by Flow Control
with FM as actual process value and
required crossflow as setpoint

Copyright Levitronix Alternative: Simple speed control

Retentate
PTRZ Pump 3
> T ——
Harvest
. CoFlow Loop
Filter
—&)
T CDF
PTRA ___;:::::::f:
CDr Adaptive Speed Control, Controller 1
Feed CDFr speed defined by measuring pressure drop
— (PTR1 — PTR2) and adjusting the rpm to achieve
L™ ] similar pressure drop on the filtrate side based on

the previously performed pressure characterization.
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Co-current Filtrate Flow

Stepping co-current TFF (SCTFF)

Copyright Levitronix Levitronix Seminar
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Stepping co-current TFF W

Better Pumps for Better Yield!

Standard TFF:
E = No co-current filtrate flow
Length [cm]
(A) 100 : . .
— Pa srer Pp3 : : :
o : i :
— B0 R e P R
5 e
~SN | — preneit au.
R e
a 20'_\m ............. E ........ i E
o ! T

0 250 500 750 1000 1250 1500 1750 2000 e
Filtrate Flow [mL/min]
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Stepping co-current TFF

CelllYV———c ‘. ]
RS RIS RS R 1l
sP3:  :P3;: §P3: :P3;  :P3g
Qa.; ’..‘ ’..’ ’.-‘
T
o
Length [cm]
A) 100 . : .
— Pc1 srer Pp3 : : :
— Pc2 vver Ppg ! ! l
sesa P .} : : :
—_ 80'_‘_.;‘ Fs : : l
E F2 : : i
’ 4 1 Ganzep®
£ 60 T
N . s Lo}
= I o v sl A i ,,,,,,,, i E
R [T T e — L — 7 — -
Q@ | el : : :
< | T e YRR — ' |
a | e ; k. .
20 1 A e A i i S LTy . !
i =1 !
! 1 Meaa,
I 1 1
1 H ;

0 ==

Filtrate Flow [mL/min]

Copyright Levitronix

0 250 500 750 1000 1250 1500 1750 2000

PPTEVITRON g

Better Pumps for Better Yield!

HPTFF:

= Co-current filtrate flow to
match P1 and P3

* No TMP along fibers (almost)

Levitronix Seminar 6-March-2024
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Stepping co-current TFF

PPTEVITRON g

Better Pumps for Better Yield!

QLLf‘J.‘ L h‘-.‘70"._‘ ~‘;.‘
i RN
NOT used for filtration (Backflush)

; Used for filtration SCTFF (Ph ase 1) .
= Coflow < HPTFF Coflow
= Backflush 2nd half of filter

Length [cm]
A) 100 . : .
— Pc1 ve Pp3 1 1 1
i, PG5 =+ Pra i E i
1= Pr «+ Pgs I| : :
= OOl 1R
© 1 1 1
Q i i s
E 60 - | T T
'-Q_)‘ T """"" 1 ll
= T s {ofemeees gy
v 40 1 .M,,, ................ 4: ......... i ......... i.
qh) ................................. 1| ........ 1 :
a | e - e .0 0
20 - o [ L T ! -
e S T+ v :
: i L
0 I 1 1 1 1 lI T ! T ! 1
0 250 500 750 1000 1250 1500 1750 2000 Ref!

Filtrate Flow [mL/min]
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Stepping co-current TFF

PPTEVITRON g

Better Pumps for Better Yield!

t — = =— =
Q,J|L|f‘4,‘ e ik, ek,
P3p iP3p sP3p P3PS
H NOT used for filtration
(Backflush)
Used for filtration
Length [cm]
(A) 100 - - ;
—— Pe1 tter Pe3 : : 1
— S : : E
1= Pr sees Prg 1 H H
T b o
& : : |
1 1 [
E 60 - W\,i,—,_.‘:,-,'——:—_:; .
Q) ........... r-.- H \
S s | e Rie I ST gt T
R FT T o o———  S— — bodes
QO 2 | TR e 1 I I
.......... 1 1 ]
QL_ .............. 1' ......... r :
o4 T b, = :
; |r e | ;
1 1 e U
0 i i i

0 250 500 750 10l00 12150 15'00 17l50 20|00
Filtrate Flow [mL/min]
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scTFF (Phase 2):

= Coflow > HPTFF Coflow
= Backflush 1st half of filter
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Strategies for scTFF _—
Better Pumps for Better Yield!
HPTFF SCTFF (Phase 1) scTFF (Phase 2) HPTFF
Pressure

Pressure

Pressure Pressure
R@!' T /:’/fr Re
£nt. Ret t@nr
Filgrrmts, tay >, Fifrmate
at TS Re ~. trat,
M’*w Flirate E:> “Nlate Ifl> )
DS %

Filter Length

Filter Length

Filter Length Filter Length

Idea 2. HPTFF with alternating Backflush

= Mostly HPTFF operation
» To sweep, change from HPTFF to scTFF P1 and

then P2, before going back to HPTFF

Idea 1: Continuous scTFF
= Switch from scTFF phase 1 directly
to scTFF Phase2
= Similar system to ATF but with

tunable Bachflush = Frequency completely flexible

- The better version of ATF?

Copyright Levitronix Levitronix Seminar 6-March-2024
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Abstract

Hollow fiber-based membrane filtration has emerged as the dominant
technology for cell retention in perfusion processes yet significant challenges
in alleviating filter fouling remain unsolved. In this work, the benefits of
co-current filtrate flow applied to a tangential flow filtration (TFF) module to
reduce or even completely remove Starling recirculation caused by the axial
pressure drop within the module was studied by pressure characterization
experiments and perfusion cell culture runs. Additionally, a novel concept to
achieve alternating Starling flow within unidirectional TFF was investigated.
Pressure profiles demonstrated that precise flow control can be achieved with
both lab-scale and manufacturing-scale filters. TFF systems with co-current
flow showed up to 40% higher product sieving compared to standard TFF. The
decoupling of transmembrane pressure from crossflow wvelocity and filter

characteristics in co-current TFF alleviates common challenges for hollow fiber-
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r'TFF Strategies

System Setup and Control Strategy
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'TFE Setup Possibilities PFTEVITRON g
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Setup: AIZS

» r'TFF can be set up by placing 2 pumps inversely
into the retentate loop.

= Push-push: both pumps push the liquid through
the filter in an alternating manner (both pump
outlets face to filter module)

= Pull-pull: both pumps pull the liquid out of the
filter in an alternating manner (both pump inlets
face to filter module)

= Push-pull: One pump pushes the liquid through
filter and one pump pulls liquid out of filter (pump Push - Push
inlet of first pump facing to filter, pump outlet from
other pump facing to filter) (Also pull —push |

arangement possible.
7

Push - Pull

Copyright Levitronix Levitronix Seminar 6-March-2024
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r'TFF:. Bubble removal (Option 1) W

Better Pumps for Better Yield!

(TFF

Considerations:

= |deal positioning of bubble removal m
(especially at smaller scales) consists in
setups where pump outlets face to each
other. Such, bubbles that are trapped in the
running pumphead will be removed upon
switching to the other pump.

= |deally, the pump inlets are positioned

vertically such that air bubbles can easily
escape the pump head once the other pump Cemm =
IS active

= At larger scale, the positioning is less critical,
depending on the customer setup

Pumps with outlets facing to
each other and pump inlets
positioned vertically for
optimal bubble removal

Copyright Levitronix Levitronix Seminar 6-March-2024



®
r'TFF:. Bubble removal (Option 2) W
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Low-RPM Bubble Centering

Air bubbles
centered near
inlet.

Impellor spins

at 500 rpm Flow In from the QUTLET

= By operating the pump
inversely integrated into the e o o Low Pressure
current flow direction at a low  Low Pressure Gradient] | Crnens |l /\rea centers
rpm, bubbles are centered and  Area in Middle of ' L bl E 23,

- which are then
can easily be removed. Pumphead expelled through

the INLET

= Phase time can be modified,
below times serve just as
example

137INI 8y} wol InQ moj4
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Low-RPM Bubble Centering (Phase A) W
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Any bubbles flushed )

gt:ltnij&ﬂow from 3 ——)
1
| Pump2 [ ¢umm
ump J
Phase A: “Forward” Flow control - ] =l
Total Duration of 20s W. —= | A
ON: 500 rPm \ Permeate Out
= Pump 1 runs in flow control at 600 mlpm | »
= Pump 2 runs in speed mode at 500 rpm 4 B
=
. N
> 4
¢ Sensor
I I

ON: Flow Control at +600mLpm
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Low-RPM Bubble Centering (Phase B) W
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& Any bubbles float
— out of pumphead

B e
| Pump2 |
: ()
Phase B: Pause 1 — Total Duration of (O V| ]
1S ON 500 rpm Permeate Out
= Pump 1 runs in speed mode at 500 rpm »
= Pump 2 runs in speed mode at 500 rpm e -

Any bubbles float k N

out of pumphead

Pump 1 Flow
Sensor

ON: 500 rpm
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Low-RPM Bubble Centering (Phase C) W

Better Pumps for Better Yield!

!
| Pump 2 I:l —)
_ J
Phase C: “Reverse” Flow control — (= ( A
Total Duration of 20s ON: Flow Control N
at -600mLpm srmeste
= Pump 1 runs in speed mode at O rpm l »
= Pump 2 runs in flow control at 600 mipm = -
, Any bubbles flushed k e
out by flow from
Pump 2
—| 7
Sensor
] i
ON: 500 rpm
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Low-RPM Bubble Centering (Phase D) W

Better Pumps for Better Yield!

& Any bubbles float
— out of pumphead

=
| Pump2 [ |
: _ - ] [ J
Phase D: Pause 2 — Total Duration of W. - R
1s
ON: 500 rpm Permeate Out
= Pump 1 runs in speed mode at 500 rpm »
= Pump 2 runs in speed mode at 500 rpm -
=
i of umpresd & .
>
I .
ON: 500 rpm
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®
Backflushing is not for free! W
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The price for backflushing:

= Everything that flows back must be
filtered at the other filter side (Starling
Recirculation)

= Despite gel layer removal, high filtration
flux might cause pore blocking over
time

» Blocked pores might stay blocked

= Controlling Starling Recirculation can
be beneficial also in rTFF (reduced
crossflow (shear), larger lumen ID,
shorter filter modules, etc.)
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Various rTFF Cycle Time Strategies W
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Short-cycle with symmetric periodicity rTFF
T Flow direction

Standard rTFF: Short and equal cycle time (similar to ATF)

= Short cycle times with a cycle time of seconds to minutes. Cycle times can be of |
similar length, or different length. The crossflow might be similar for both phases, or | Time
different. It is possible to run at a certain crossflow for a certain time and integrate
flushing at higher (or lower) crossflow from time to time.

Long-cycle with symmetric periodicity rTFF
T Flow direction

Long-cycle with symmetric/asymmmetric periodicity rTFF: Very long and

equal/unequal cycle times (hours to days)

= Long cycle times with a duration of minutes to hours, or even days. Cycle times can
be of similar length, or different length. The crossflow might be similar for both
phases, or different. It is possible to run at a certain crossflow for a certain time and
imtegrate flushing at higher (or lower) crossflow from time to time.

1Time

Long-cycle with assymmetric periodicity rTFF
T Flow direction

-> No limitation in cycle time in contrast to diaphragm pumps (which are limited by
their hold volume)

Time
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Backup Slides

Copyright Levitronix Levitronix Seminar 6-March-2024



®
Crossflow vs. Co-current Filtrate Flow W
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Lab-scale Large-scale
Shear [1/s] Shear [1/s]
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500
40 1 L 1 1 1 1 1 90 1 1 1 L L
— 3.5 7 — 80 N
£ f=
E 30 n E 70 .
=) 2.5 = 607
> = 50
o 2.0 1
s I 404
o 1.5 4 @ 30-
E 1.0 1 E 20 4
= 054 S06-P20U-10-N, Repligen = X06-P20U-10, Repligen
0'0 65 cm: 0.2 um: 0.15m?2 10 1 70 cm: 0.2 um: 7.15m2
* -l T T T T T T 0 L T T T T T T T T T T
000 025 050 075 1.00 1.25 1.50 0O 5 10 15 20 25 30 35 40 45
Crossflow [L/min] Crossflow [L/min]
= Filtrate flow = 2x Crossflow = Filtrate flow = 2x Crossflow
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Crossflow vs. Co-current Filtrate Flow W

Better Pumps for Better Yield!

- Hollow Fibers were not designed for HPTFF, still most work very well!

Good Filter: Not Ideal Filter:

" High filtrate resistance = Low filtrate resistance

n i .
Densly packed fibers = Loose fibers or large gaps
= Optimization in the coflow inlet and an optimal

liquid distribution shield could be beneficial and betwen fibers and housing

might protect fibers, especially at larger scale
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®
The ultimate TFF System (rscTFF) W

Better Pumps for Better Yield!

Imagine: Alternating crossflow with alternating co-current filtrate flow ...

rscTFF:
= No risk for inlet blocking

» Best possible Sieving performance
» Highest operational flexibility

|0UOD DL)dWINRIS)

- 4 pump system for now (high complexity)

= 2 pumps if pumps could pump both directions
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®
Low rpm TFF System W

Better Pumps for Better Yield!

Reduction or rpm (potentially shear stress) by putting at least two pumps in series (this applies to all the
before mentioned systems (TFF, HPTFF, rTFF, scTFF and rscTFF variants))

Retentate

A 4
Bioreactor Centrifugal pumps can be put in series. By doing

[

Harvest SO:

Filter = Achieving redundancy in case one system fails

—

Pump 1 Pump 2

= Reduction of rpm per pump to reach a setpoint
pressure

Option 1: Pumps running at the same time at same speed

Option 2: 1 pump running on flow control other pumps acting as booster
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®
Low rpm TFF System W

Better Pumps for Better Yield!

Reduction or rpm (potentially shear stress) by putting at least two pumps in series (this applies to all the
before mentioned systems (TFF, HPTFF, rTFF, scTFF and rscTFF variants)) Pumps can also be all in front
of the filter (feed side), after the filter (retentate side) or before and after (feed and retentate side). More
than one pump can also be used in the coflow loop.

Retentate

Bioreactor .
T g
Filter
A g

Feed

Copyright Levitronix Levitronix Seminar 6-March-2024



	About Presentation
	Slide 1

	rTFF_PublicationsAndPresentations
	Slide 2: Glossary
	Slide 3: Content
	Slide 4: Motivation
	Slide 5: Background and Theory

	TFF/ATF a tribute
	Slide 6: Possible Explanation for Bad TFF Performance
	Slide 7: Possible Explanation for Bad TFF Performance
	Slide 8: Possible Explanation for Bad TFF Performance
	Slide 9: Explanation for Better rTFF Performance
	Slide 10: Is the Backflush only for the Good?
	Slide 11: Is the Backflush only for the Good?
	Slide 12: Is the Backflush only for the Good?
	Slide 13: Co-current Filtrate Flow
	Slide 14: Reducing Starling Recirculation
	Slide 15: Reducing Starling Recirculation
	Slide 16: Reducing Starling Recirculation
	Slide 17: Reducing Starling Recirculation
	Slide 18: Reducing Starling Recirculation
	Slide 19: Another Way to Reduce Starling Recirculation
	Slide 20: Another Way to Reduce Starling Recirculation
	Slide 21: Co-current Filtrate Flow: HPTFF
	Slide 22: The Power of Co-current Filtrate Flow
	Slide 23: HPTFF, a Sleeping Beauty
	Slide 24: Co-current Filtrate Flow
	Slide 25: HPTFF: System Setup
	Slide 26: HPTFF: System Setup
	Slide 27: HPTFF: System Setup
	Slide 28: HPTFF: System Setup
	Slide 29: HPTFF: System Setup
	Slide 30: HPTFF Control Strategy
	Slide 31: HPTFF Control Strategy
	Slide 32: HPTFF Control Strategy: Delta Pressure
	Slide 33: HPTFF Control Strategy: Delta Pressure
	Slide 34: What happens if we would control to  zero diff pressure in this specific case?
	Slide 35: HPTFF Control Strategy: Delta Pressure
	Slide 36: HPTFF Control Strategy: Delta Pressure
	Slide 37: TFF Filter Characterization
	Slide 38: TFF Filter Characterization                cont’d
	Slide 39: TFF Filter Characterization                cont’d
	Slide 40: Co-Flow System  Setup
	Slide 41: CoFlow System, Variant 1a
	Slide 42: CoFlow System, Variant 1b
	Slide 43: CoFlow System, Variant 2a
	Slide 44: CoFlow System, Variant 2b
	Slide 45: CoFlow System, Variant 3a
	Slide 46: CoFlow System, Variant 3b
	Slide 47: CoFlow System, Variant 4a
	Slide 48: CoFlow System, Variant 4b
	Slide 49: CoFlow System, Variant 5a
	Slide 50: CoFlow System, Variant 5b
	Slide 51: CoFlow System, Variant 6
	Slide 52: CoFlow System, Variant 7
	Slide 53: CoFlow System, Variant 8a
	Slide 54: CoFlow System, Variant 8b
	Slide 55: CoFlow System, Variant 8c
	Slide 56: CoFlow System, Variant 8d
	Slide 57: CoFlow System, Variant 9
	Slide 59: Crossflow vs. Co-current Filtrate Flow
	Slide 60: Alternative Control Strategy: Slope Control
	Slide 61: Alternative Control Strategy: Slope Control
	Slide 62: DeltaP Control Strategy: Limitations
	Slide 63: Slope Control: Concept
	Slide 64: Slope Control: Setup
	Slide 65: Slope Control: Setup
	Slide 66: Co-current Filtrate Flow
	Slide 67: Stepping co-current TFF
	Slide 68: Stepping co-current TFF
	Slide 69: Stepping co-current TFF
	Slide 70: Stepping co-current TFF
	Slide 71: Strategies for scTFF
	Slide 72: Reference
	Slide 73: rTFF Strategies
	Slide 74: rTFF Setup Possibilities
	Slide 75: rTFF: Bubble removal (Option 1)
	Slide 76: rTFF: Bubble removal (Option 2)
	Slide 77: Low-RPM Bubble Centering (Phase A)
	Slide 78: Low-RPM Bubble Centering (Phase B)
	Slide 79: Low-RPM Bubble Centering (Phase C)
	Slide 80: Low-RPM Bubble Centering (Phase D)
	Slide 81: Backflushing is not for free!
	Slide 82: Various rTFF Cycle Time Strategies
	Slide 83
	Slide 84: Backup Slides
	Slide 85: Crossflow vs. Co-current Filtrate Flow
	Slide 86: Crossflow vs. Co-current Filtrate Flow
	Slide 87: The ultimate TFF System (rscTFF)
	Slide 88: Low rpm TFF System 
	Slide 89: Low rpm TFF System 


