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ABSTRACT 
Tangential flow filtration (TFF) perfusion using hollow‐fiber modules offers substantial advantages over other mammalian cell 
retention technologies. Recently, increased awareness of Starling flow has helped to enhance filtration performance to similar, 
or even higher levels compared to alternative technologies. Despite these improvements, scaling TFF perfusion remains 
challenging and often requires time‐consuming trial‐and‐error efforts. This manuscript presents a systematic, data‐driven four‐ 
step workflow for designing and scaling TFF perfusion systems, integrating hydraulic considerations, bubble removal studies, 
and pump characterizations. While filter selection in TFF perfusion often receives significant attention, the design of the cell 
retention loop is commonly overlooked. However, this element plays a crucial role in system performance and can cause 
suboptimal pump operation, residence time issues, and bubble accumulation. The developed data‐driven workflow facilitates 
the optimization of designs for generic TFF perfusion systems utilizing hollow‐fiber modules, effectively bridging the gap 
between small‐scale and manufacturing‐scale implementations.   

1 | Introduction 

Perfusion cell cultures play a key role in current process 
intensification strategies, either by enhancing the productivity 
of existing fed‐batch production facilities through N‐1 perfusion 
or by serving as the main production bioreactor in continuous 
processes (Bielser et al. 2018; Wolf et al. 2020). Among the 
various cell retention technologies available, membrane systems 

composed of hollow fibers (HF) have emerged as the preferred 
choice in the industry (Pinto and Brower 2020; Matanguihan and 
Wu 2022; MacDonald 2022; Coffman 2021; Fisher et al. 2019). 
This preference is largely driven by their compatibility with single‐ 
use (SU) technologies, their ability to achieve complete cell 
retention through the size cutoff by the filter membrane, and their 
favorable scalability. 
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In general, two different systems operating in crossflow filtra
tion mode (commonly known as tangential flow filtration, or 
TFF) are used in perfusion processes: One commonly used TFF 
perfusion setup is the single connection configuration, ex
emplified by the alternating tangential flow (ATF) operating 
mode (Figure 1A). This alternating flow pattern has shown 
benefits in lab‐ and pilot‐scale studies, with improved product 
sieving, potentially due to the backflushing effect occurring on 
both sides of the HF module (Karst et al. 2016; Clincke 
et al. 2013; Wang et al. 2017). However, at manufacturing scale, 
air‐operated diaphragm pumps have been associated with 
operational instability, unsteady crossflow behavior that com
plicates scalability, and leads to challenges at high cell densities 
due to elevated culture viscosity (Coffman 2021; Clincke 
et al. 2013; Shevitz 2018; Pavlik 2017a, 2019b; Walther 
et al. 2019; Clincke et al. 2011). While the plug‐and‐play nature 
of ATF systems is considered advantageous for accelerating 
development in early‐phase clinical trials or commercial pro
cesses with low material requirements, their scalability is lim
ited. In particular, the 1‐pump‐1‐filter design and the limited 
volume of the diaphragm pump necessitates placing multiple 

HF modules in close proximity to the bioreactor to achieve the 
required filtration area, which results in substantial floor space 
demands at manufacturing scale, limitations in available bio
reactor ports, and requires additional utilities in the facility 
such as vacuum and compressed air (Coffman 2021; Romann 
et al. 2023). 

Another common configuration is the recirculating loop system, 
which is often simply referred to as tangential flow filtration 
(TFF) perfusion within the industry. These systems typically 
consist of a pump integrated into a tubing circuit that draws cell 
culture fluid from the bioreactor, passes it through a HF module 
at one end, and returns it to the bioreactor from the module exit 
(Figure 1B). This recirculating loop setup enables continuous, 
unidirectional crossflow through the HF module. The main 
pump types successfully applied to high density perfusion TFF 
reported in the literature are rotary lobe pumps (Amer 
et al. 2022; Johnstone et al. 2020), which are positive displace
ment pumps, and low‐shear centrifugal pumps (Coffman 2021; 
Clincke et al. 2013), which belong to the class of dynamic pumps. 
Unlike positive displacement pumps, centrifugal pumps act as 

FIGURE 1 | Overview of various perfusion and filtration system configurations for benchtop bioreactors adapted from the literature (Romann 
et al. 2024). (A) Schematic of an ATF perfusion system with a diaphragm pump and filter, representing a “dead‐end system”, (B) a simple TFF system 
with one pump and unidirectional flow through the filter, (C) an rTFF system with two pumps enabling an alternating flow, and (D) a HPTFF setup 
with two pumps, one on the feed and one on the filtrate recirculation loop, enabling a uniform pressure distribution across the membrane. (E) 
Diagram illustrating Starling flow within a hollow fiber filter, accompanied by strategies to mitigate its effects.  
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pressure sources rather than flow sources, and their operating 
speed is therefore strongly influenced by the hydraulic design of 
the flow path. Nevertheless, suboptimal flow path design and the 
resulting elevated hydraulic load have also been identified as 
critical challenges for rotary lobe pumps. High backflows within 
the pump head can generate excessive shear, making hydraulic 
system design a pump‐independent critical design parameter 
(Amer et al. 2022). Most TFF skids are currently customized and 
thus flow path design may cause challenges at larger scales. For 
N‐1 perfusion in the multi‐thousand liter scale, several uni
directional TFF setups have been successfully implemented 
using several pump technologies (Coffman 2021; Stepper 
et al. 2020). For N‐stage perfusion, several literature reports have 
indicated a faster sieving decay in unidirectional TFF systems 
compared to alternating flow systems when operated at similarly 
high crossflow rates as a result of suboptimal custom design and 
operation (Karst et al. 2016; Pappenreiter et al. 2023; Romann 
et al. 2024). 

Despite some reported limitations in filtration performance, 
there is a clear trend in the industry toward the adoption of 
systems operating in TFF mode largely due to their operational 
advantages, especially when perfusion processes are envisioned 
at high cell densities and scales larger than 500 liters 
(Coffman 2021). This trend has triggered extensive research 
aimed at closing the performance gap between ATF and TFF 
systems with the following main findings:  

i. Reduction of starling flow in unidirectional TFF 
systems: The main benefit of operating in unidirectional 
TFF mode lies in the simplicity and low complexity, both 
in terms of technical and mechanical design, as well as in 
control system implementation. While alternating sys
tems benefit from Starling flow due to the backflushing 
effect at both ends of the filter, that helps remove the 
accumulated material from within the concentration 
boundary layer (Raza et al. 2024; Veje et al. 2024), uni
directional TFF systems do not experience this benefit 
given that the Starling flow remains unidirectional 
(Starling 1896). Therefore, minimizing Starling flow is 
essential to avoid excessive and unnecessary filtration 
flux. This reduction, often resulting in wall shear rates 
below 1000 s‐1, can be achieved by lowering the pressure 
drop within the hollow fiber lumen (Raza et al. 2024; 
Lee 2022; WuDunn et al. 2024; Vu et al. 2024). Additional 
strategies to reduce Starling flow include increasing 
the lumen inner diameter of the HF module, shortening 
the filter length, or increasing membrane resistance 
(Romann et al. 2024; Lee 2022; WuDunn et al. 2024; Vu 
et al. 2024; Radoniqi et al. 2018) (Figure 1E).  

ii. Reversing crossflow in TFF systems: By upgrading 
unidirectional TFF systems with a second, inversely ori
ented pump, alternating flow can be introduced, a con
figuration referred to as reverse TFF (rTFF) (Figure 1C). 
Despite higher complexity given an additional pump and 
control strategy, this setup allows for significant 
improvements in sieving performance while preserving 
most core advantages of unidirectional TFF systems 
(Pappenreiter et al. 2023; Romann et al. 2024; Weinberger 
et al. 2023; Sibilia 2022). Unlike ATF systems where cycle 
times are constrained by diaphragm pump volume and 

typically limited to a few seconds, rTFF systems offer far 
greater flexibility. Cycle times ranging from seconds to 
several hours can be implemented, opening new oppor
tunities for optimizing process performance. This 
approach is particularly beneficial for processes involving 
large cell aggregates, which are prone to blocking hollow 
fiber inlets.  

iii. Elimination of starling flow by co‐current filtrate 
flow: Another alternative filtration method introduces a 
co‐current filtrate flow along the membrane, outside the 
hollow fibers, thereby eliminating Starling flow in uni
directional TFF systems (van Reis et al. 1997). This 
approach, referred to as high‐performance TFF (HPTFF) 
(Figure 1D), has demonstrated significant improvements 
in product sieving (Romann et al. 2024; Lee 2022). 
However, increased system complexity requires a more 
sophisticated control strategy and design changes to ex
isting HF modules would be required to ensure 
scalability. 

While the industry has found effective ways to address 
performance‐related shortcomings, an increasing number of TFF 
perfusion processes are now progressing to commercial scale. 
The current major challenge lies in translating performance 
improvements, mostly developed at small to pilot scale, into 
reliable, scalable solutions for manufacturing. Regardless of 
which TFF perfusion mode is chosen for a given process 
(unidirectional TFF, rTFF, or HPTFF), all configurations share a 
common recirculating cell circuit composed of tubing, connec
tors, pump(s), and one or more HF modules (Figure 1B–D). 

Notably, the filtration performance is often limited by process‐ 
specific fouling—driven by the accumulation of a “gel layer” 
composed of genomic DNA, cell debris, and hydrophobic anti
foam (Madabhushi et al. 2025). As a consequence, the HF filter is 
often viewed as the most critical component of the cell retention 
loop whilst the design of the hydraulic loop has emerged as a 
blind‐spot in the implementation of TFF perfusion systems 
(Johnstone et al. 2020; Schaub 2024). Whereas process‐specific 
fouling is highly dependent on proprietary processes, hydro
dynamic conditions can be compared across processes and scales 
and yet are still too frequently approached through trial and 
error, an approach that is both costly and time‐consuming. 

Therefore, the scope of this work is to summarize the current 
industry understanding of the most critical parameters for 
scaling TFF perfusion systems and to propose a general work
flow that enables the transition from empirical, trial‐and‐error 
scaling to a faster, more reliable, calculation‐based and data‐ 
driven approach. While broadly applicable to various pump 
technologies, this workflow is demonstrated using practical 
guidelines and data from levitated centrifugal pumps due to 
their industry‐wide adoption. 

2 | Materials and Methods 

2.1 | Critical Flow Velocity Characterization 

To determine the critical flow velocity in tubing of various inner 
diameters, two water‐based test setups were used (Supporting 
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Information S1: Figure S1). The method involved injecting air 
bubbles into a flowing liquid stream and identifying the lowest 
flow velocity at which bubbles remained in motion, defined as 
the critical flow velocity. 

For smaller tube sizes, a 2‐liter glass bottle with bottom outlet 
(Schott AG) equipped with a heating mantle served as the water 
reservoir. The temperature was maintained at 37°C using a 
heating and cooling thermostat (LAUDA Alpha RA, Lauda 
Scientific) and monitored with a PT100 probe (PendoTECH 
TT1, Pendotech). A circulation loop was built, incorporating a 
levitated centrifugal pump (PuraLev i30‐SU, Levitronix GmbH), 
a clamp‐on flow sensor (LFSC‐i13X.1, Levitronix GmbH) with a 
LEVIFLOW® single‐use flow pipe (LFP‐13SU, Levitronix 
GmbH), and a Luer‐Lock port with inner diameter of 2.5 mm in 
the vertical section of the tubing for injecting macro air bubbles. 
Silicone tubing with inner diameters of 1/8” (3.175 mm), 1/4” 
(6.35 mm), and 3/8” (9.525 mm) was tested. For larger tube si
zes, a 115‐liter stainless steel tank was used as the reservoir. The 
tank was heated to 37°C via a coil connected to a thermostat 
(LAUDA Alpha RA, Lauda Scientific), with temperature mon
itored using a PT100 probe. The loop included a levitated cen
trifugal pump (PuraLev DCP‐2000.1, Levitronix GmbH), a 
clamp‐on flow sensor (LFSC‐i36X.1, Levitronix GmbH) with a 
LEVIFLOW single‐use flow pipe (LFP‐36SU.1, Levitronix 
GmbH), and a Luer‐Lock port for bubble injection. Tubing with 
inner diameters of 1/2” (12.7 mm), 3/4” (19.05 mm), 1” 
(25.4 mm), 1 3/8” (34.925 mm), and 2” (50.8 mm) was tested. 

After priming the loop, the flow rate was adjusted to a defined 
starting velocity. Air bubbles were introduced into the system 
using a 50 mL syringe (Corning Inc.) through the Luer‐Lock 
port. Tubing was held against a dark background to visualize 
bubble movement. Flow was gradually reduced until a bubble 
remained stationary in the vertical portion of the flow path 
where the buoyant force opposes the direction of flow, indi
cating the critical velocity (Equation (6)). Measurements were 
conducted at fluid viscosities of 0.7 cP (water at 37°C), 2.5 cP, 
and 5 cP, the latter two achieved by mixing water and glycerin 
(99.5%, REF: BE‐13023), adjusted using a viscometer 
(Viscometer Head VMH‐30SU.1, Levitronix GmbH). 

2.2 | Pump Characterization 

A water‐based test setup was used to characterize the levitated 
centrifugal pump family (PuraLev, Levitronix GmbH) under 
minimal hydraulic system load (SI Figure 2). Separate loops 
were designed for small‐scale and large‐scale pumps to generate 
accurate pressure and flow data across scales. For the small‐ 
scale setup, pressure was measured using transmitters PT1 and 
PT2 (PREPS‐N‐038, PendoTECH), while flow was monitored 
using a flow transmitter FT1 (LFSC‐i10X, Levitronix GmbH). 
The temperature inside the tank and loop was controlled at 
37°C using a heating stirring plate (Roth, ROTILABO MH 20) 
and monitored with an integrated temperature transmitter TT1. 
A manual valve (DN10, Flowtech Inc.) was used to control 
system backpressure. The valve was gradually adjusted to reg
ulate flow resistance during the experiment. A similar experi
mental setup for pressure characterization was built for large‐ 
scale experiments to achieve accurate system characterizations. 

The pressures in the setup were measured using pressure 
transmitters PT1 and PT2 (PREPS‐N‐5‐5, PREPS‐N‐1‐1, PREPS‐ 
N‐15‐15, PendoTECH), and the flow was measured using flow 
transmitter FT1 (OPTIFLUX 7300 FL, KROHNE Group). A ball 
valve (DN80, SUNTHAI) was installed to control the back
pressure. The pump head characteristics for both the small‐ 
scale (Supporting Information S1: Table S1) and large‐scale 
loops (Supporting Information S1: Table S2), including the 
tubing and sensor IDs, are detailed in the supporting informa
tion section. Pump impeller tip speed was initially set to 1 m/s 
with the valve fully open. The valve was then gradually closed 
in steps while maintaining a constant rpm. This procedure was 
repeated, increasing the tip speed in 0.5 m/s increments up to a 
maximum of 10 m/s. Differential pressure across the pump was 
calculated using the following equation: 

PT PTP =Pump 2 1 (1)  

The calculated pump differential pressures ( PPump) were sub
sequently plotted against the corresponding flow rates, resulting 
in the pressure‐flow characterization. 

2.3 | Relevant Equations for the TFF Perfusion 
Scaling Workflow 

2.3.1 | VCV Calculation From VCD Cell Count 

The viable cell volume fraction (VCV) was calculated based on 
the assumption of a spherical cell shape using Equation (2) 
(Metze et al. 2020): 

i
k
jjj y

{
zzzD VCDVCV 4

3 2
100= · · · ·cell

3
(2) 

where Dcell is the average cell diameter [µm] and VCD is the 
viable cell density [106 cells/mL]. The resulting VCV is ex
pressed as a percentage of the total culture volume. 

2.3.2 | Fluid Stream Calculation for Perfusion Processes 

For continuous perfusion processes, the volumetric harvest flow 
rate was calculated as the difference between the perfusion and 
bleed flow rates: 

Q Q Q=Harvest Perfusion Bleed (3) 

where QHarvest, QPerfusion, and QBleed are the volumetric harvest, 
perfusion, and bleed flow rates [L/day]. 

The normalized perfusion rate P, expressed in vessel volumes 
per day [vvd], was determined according to: 

P
Q

V
= Perfusion

R
(4) 

where QPerfusionis the volumetric perfusion flow rate [L/day] and 
VR denotes the bioreactor working volume [L]. 

The normalized permeate flux (LMH) was calculated as follows: 

4 Biotechnology and Bioengineering, 2026 
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J Q
A 24

=
·Filtrate

Harvest

Filter
(5) 

where JFiltrate is the flux, expressed in liters per square meter 
per hour [L/m2/h], and commonly referred to as LMH in the 
industry, QHarvest is the harvest flow rate [L/day], and AFilter is 
the membrane surface area [m2]. 

2.3.3 | Flow Velocity, Shear Rate and Shear Stress 
Calculations 

To assess hydrodynamic conditions in tubing systems, the lin
ear flow velocity was determined from the volumetric flow 
rate and tube geometry: 

Q
r 60000

=
· ·2 (6) 

where is the linear flow velocity [m/s], Q is the 
volumetric fluid flow rate [L/min], and r is the tube radius [m]. 

The wall shear rate for laminar flow in a circular tube was 
calculated using Equation (7): 

Q
r
4

60000
= ·

· ·3 (7) 

where is the shear rate [1/s], Q is the volumetric fluid flow 
rate [L/min], and r is the tube radius [m]. 

The shear rate between two moving parallel walls was calcu
lated using Equation (8): 

D
= (8) 

where is the shear rate [1/s], is the linear flow velocity [m/ 
s], and D is the distance between the walls [m]. 

Shear stress was calculated by multiplying the viscosity µ of 
the fluid with the shear rate : 

µ= · (9) 

where is the shear stress [Pa], µ is the fluid viscosity [Pa·s], 
and is the shear rate [1/s]. 

2.3.4 | Hydraulic System Load Calculation 

The pressure drop in a tube (or fiber lumen) was calculated 
using the Darcy‐Weisbach equation: 

P f L Q
D

8 60000= · · · · ( / )
2

2

5 (10) 

where P is the pressure drop [Pa], is the fluid density [kg/m3], 
f is the Darcy friction factor, L is the tube or fiber lumen length 
[m], Q is the volumetric fluid flow rate [L/min], and D is the tube 
or lumen inner diameter [m]. 

For laminar flow, the friction factor f was calculated using 
Equation (11), assuming a Reynolds number below 2200 to 
define laminar flow (Reynolds 1883): 

f
Re
64= (11)  

The Reynolds number Re was calculated as: 

Re D
µ

= · ·
(12) 

where is the fluid density [kg/m3], is the linear flow velocity 
[m/s], D is the inner diameter of the tube or lumen [m], and µ
is the dynamic viscosity of the fluid [Pa·s]. 

To estimate the friction factor in turbulent flow regimes, the 
Haaland equation was used: 

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

i
k
jjj y

{
zzz

É

Ö
ÑÑÑÑÑÑÑÑÑÑf

D
Re

1 1.8
3.7

6.9= · / +
1.11

(13) 

where is the absolute roughness of the tube or lumen [m], D/
is the relative roughness. A conservative absolute roughness for 
the HF lumen of 0.1 mm was assumed and 0.01 mm for silicone 
tubing (Merivirta 2017). 

The overall hydraulic system load of the cell retention system 
can be calculated by summing the individual hydraulic pressure 
drop contributions from each system component, as shown 
below: 

P P P P P= + + +overall HF Tubing Connectors Pump (14)  

Where Poverall is the overall hydraulic system load, PHF the 
hydraulic contribution of the HF module, PTubing the 
hydraulic contribution of the tubing, PConnectors the hydraulic 
contribution of the connectors and PPump the hydraulic con
tribution of the pump. 

2.3.5 | Residence Time Calculation in Loop 

The average residence time of fluid circulating through the cell 
retention loop (including filter, tubing and pump) was calcu
lated using Equation (15): 

t
V V V

Q
60

=
( + + ) ·

Loop
Filter Tube Pump (15) 

where tLoop is the average residence time [s], VFilter , VTube, and 
VPump are the respective component volumes [L], and Q is 
the fluid flow rate [L/min]. VPump values can be found in SI 
Table 3. 

2.3.6 | Pump‐Related Equations 

The tip speed of the pump impeller was calculated using 
Equation (16): 

5 Biotechnology and Bioengineering, 2026 
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v
D n

60
=

· ·
tip

impeller (16) 

where vtip is the tip speed [m/s], Dimpeller is the impeller diameter 
[m], and n is the rotational speed in revolutions per minute 
(rpm). Dimpeller values can be found in SI Table 3. 

To quantify the number of reactor turnovers per day via re
circulating pumps, the turnover rate was calculated as: 

T N Q
V

1440= · ·
d

cluster cluster

R
(17) 

where Td is the turnover rate [1/day], Ncluster is the number of 
clusters present on the bioreactor, Qcluster is the cluster fluid flow 
rate [L/min], and VR is the bioreactor fill volume [L]. A cluster 
refers to the defined assembly of pumps, tubing, and filtration 
modules that constitute the recirculating cell retention loop, 
with multiple clusters often employed at larger scales to en
hance throughput and process robustness. 

The average residence time of fluid in the pump head per 
turnover was calculated using Equation (18): 

t
V

Q
60

=
·

Pump
Pump

cluster
(18) 

where tPump is the residence time in the pump head [s], Qcluster is 
the cluster fluid flow rate [L/min], and VPump is the pump head 
volume [L]. 

3 | Results and Discussion 

Designing an effective TFF cell retention solution can be 
divided into two distinct phases. In the first phase, process‐ 
specific design inputs are defined to ensure proper alignment 
between the equipment and the intended perfusion process. 
These inputs vary significantly across the industry, depending 
on the cell line, product, and operational strategy. In 
the second, process‐independent phase, scale‐relevant design 
inputs are incorporated to ensure that the TFF cell retention 
system is properly dimensioned for reliable operation under the 
defined process‐specific conditions. Given the high variability in 
process‐specific requirements and the wealth of literature 
already available on this topic, this manuscript provides only a 
brief overview of key parameters and typical industry ranges 
that may serve as a starting point for evaluation. The primary 
focus of this work is to present a clear, structured workflow for 
addressing the scaling challenges of TFF cell retention systems, 
one that can be applied regardless of the specific process con
text. An overview of the proposed TFF perfusion scaling 
workflow is provided in Figure 2. 

3.1 | Process‐Specific Design Inputs for TFF 
Systems 

Process‐specific design inputs for TFF cell retention systems can 
be broadly categorized into the following groups: cell culture 
parameters, fluid handling parameters, and filter‐related 
parameters, including both filter characteristics and operating 
conditions. These inputs are essential to ensure compatibility 
between the process and the equipment setup, supporting 

FIGURE 2 | Overview schematic of proposed TFF perfusion scaling workflow. Process‐specific design inputs as well as characterization data 
provided in this manuscript feed into the proposed 4‐step TFF scaling approach. The scaling approach consists of the following 4 steps: 1. Process 
Scaling; 2. Filter Scaling; 3. Hydraulic Loop Design; 4. Pump Selection.  
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robust execution of process control strategies. Typical ranges for 
these parameters observed across the industry are summarized 
below, providing a useful reference point for initial system 
sizing and evaluation. 

3.1.1 | Cell Culture Parameters 

Cell densities of 50 to 100 million cells/mL are common in 
modern perfusion processes, with some reports indicating 
densities as high as 200 million cells/mL (Clincke et al. 2011; 
Zamani 2018). While viable cell density (VCD) is a well‐ 
established metric, viable cell volume fraction (VCV) which is 
representing the biomass more appropriately (Equation (2)), 
may offer a more meaningful basis for comparing perfusion 
processes (Metze et al. 2020). Common VCV values reach up to 
30%, with recent efforts pushing this even higher (Romann 
et al. 2023; Caso et al. 2022). In addition to VCD and VCV, 
viscosity of the cell culture is an important design considera
tion. Viscosity reflects both cell concentration and changes in 
cell viability. For most perfusion processes, viscosity remains in 
the range of 1 to 2 cP but can rise up to 5 cP in high‐ 
viability cultures (Clincke et al. 2013; Tregidgo et al. 2023). 
Lower cell viability at later stages of the cell culture can result 
in an additional sharp increase in viscosity, often exceeding 5 cP 
as per authors' experience. 

3.1.2 | Fluid Management 

The harvest rate of a perfusion process is a key input for 
properly sizing the cell retention system, as it directly affects the 
flux through the filter (Equation (3)). Most steady‐state perfu
sion processes operate at perfusion rates between 1 and 2 vessel 
volumes per day (vvd) (Equation (4)), with bleed rates typically 
ranging from 10 to 20 percent of the perfusion rate. As a result, 
the harvest rate generally accounts for 80 to 90 percent of the 
perfusion rate (Bielser et al. 2018). In dynamic perfusion pro
cesses, the harvest rate is equal to the perfusion rate. 

3.1.3 | HF Module Characteristics 

Hollow fiber membranes used in perfusion cell culture appli
cations are primarily made from polyether sulfone (PES), 
polysulfone (PS), or polyvinylidene fluoride (PVDF) (Raza 
et al. 2024). One of the design parameters is the inner diameter 
of the fiber lumen, which influences both hydraulic perform
ance and filtration behavior. A larger lumen inner diameter 
generally reduces the pressure drop along the fiber, resulting in 
lower Starling flow and lower required pump speeds due to 
decreased hydraulic resistance. However, increasing the lumen 
diameter also reduces the available membrane surface area, as 
fewer fibers can be packed into a given filter housing owing to 
the reduced surface area to volume ratio. Lumen diameters 
between 1.0 and 1.4 mm are most commonly used for perfusion 
applications in the industry. Filter length is another parameter 
that affects hydraulic pressure drop. Longer filters increase the 
pressure drop across the membrane, which in turn leads to 
higher Starling flow (Lee 2022; Vu et al. 2024). A length 
between 60 and 100 cm is commonly selected, even though 
shorter modules between 20 and 40 cm are often utilized in 
bench scale and automated reactor systems. Although larger 
pore sizes have been explored to increase membrane flux and 

reduce product retention, a pore size of 0.2 μM is the standard 
for most perfusion processes (Coffman 2021). This allows the 
harvested material to be sent directly to downstream processing 
without additional filtration steps. In processes where the 
product is retained in the bioreactor, such as monoclonal an
tibody production, smaller pore sizes with a molecular weight 
cutoff less than 50 kDa are typically used. 

3.1.4 | HF Operating Parameters 

Membrane fluxes in TFF perfusion systems are typically ex
pressed in L/m2/h (commonly referred to as LMH), which nor
malizes the flow rate by the membrane surface area (Equation 
(5)). For N‐stage perfusion processes where product sieving is 
critical, lower LMH values between 2 and 6 LMH are commonly 
used (Raza et al. 2024; Recanati 2023). In contrast, higher LMH 
values, up to 20, are often applied in N‐1 perfusion processes 
where product retention is not a concern (Kudugunti 2022). 
Another key parameter is the effective crossflow, which directly 
impacts the sizing of tubing and components in the cell retention 
loop. Crossflow is defined by the target wall shear rate inside the 
hollow fiber lumen (Equation (7)). While earlier studies operated 
systems at shear rates of 1500–2000 s‐1 or higher, current TFF 
perfusion processes typically use lower shear rates in the range of 
400–1000 s‐1 (Raza et al. 2024; Lee 2022; WuDunn et al. 2024; Vu 
et al. 2024). This shift is driven by improved filtration perform
ance at lower shear conditions, as well as the desire to reduce 
shear stress on the cell culture. 

3.2 | Scale‐Relevant Design Inputs for TFF 
Systems 

Once reasonable process‐specific design inputs have been 
defined, either based on prior process knowledge or through 
dedicated development work, the next critical challenge is to 
scale the TFF cell retention system in a way that maintains 
process performance across different scales. To address this, the 
authors developed a systematic workflow grounded in current 
industry practices and supported by novel characterization data. 
This workflow is intended to guide users through the key steps 
required for reliable and predictable scale‐up. It consists of four 
main stages: 1. Process scaling, 2. Filter scaling, 3. Hydraulic 
loop design, 4. Pump selection (Figure 2). 

3.2.1 | Process Scaling 

When scaling up a TFF perfusion process, key process inputs or 
outputs such as cell concentration profiles, expressed as either 
VCD or VCV, and the relative perfusion rate profile in vvd, are 
typically maintained across scales. It is further assumed that the 
cell viability profiles, and therefore culture viscosity profiles 
remain comparable across scales. Assuming a comparable bleed 
fraction profile, if applicable, and a robust process with scale‐ 
independent cell doubling times, the absolute harvest rate 
increases linearly with bioreactor scale. 

3.2.2 | Filter Scaling 

The rationale behind filter selection is to maintain consistent 
filter characteristics to preserve filtration performance across 
scales. This is relatively straightforward for parameters such as 
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membrane chemistry, lumen inner diameter, and pore size, as 
most filter manufacturers offer a range of filter sizes while 
keeping these characteristics constant. 

The main operational filter scaling criterion used in the 
industry is to keep the normalized filtrate flux, measured in 
LMH, constant across scales (Equation (5)). As the required 
absolute harvest rate increases with scale, a larger filtration area 
is needed to achieve the same LMH. Changing the filter length 
during scale‐up to increase filtration area alters the amount of 
Starling flow, which can unpredictably impact filtration per
formance. Therefore, a unified HF module length across all 
scales is strongly preferred for scale‐down models assessing cell 
retention device performance, to ensure consistent and pre
dictable performance (Romann et al. 2024). In addition to filter 
length, this manuscript recommends keeping the wall shear 
rate within the HF lumen constant across scales (Equation (7)). 
Together with consistent filter length, this ensures that the flow 
conditions within each individual fiber remain similar, sup
porting consistent performance across different scales. It is 
important to note that the influence on Starling flow becomes 
less pronounced when using HF modules with a larger lumen 
inner diameter. Filtrate flux can further be fine‐tuned by 
slightly adjusting the bioreactor fill volume or by introducing a 
recycle loop that returns a portion of the permeate back to the 
bioreactor, which artificially increases LMH at benchtop scales. 
In practice, the filter length is typically maintained constant 
during scale‐up whenever possible. At smaller scales, such as 
the AMBR 250 mL perfusion system, maintaining manufactur
ing filter length may be impractical or unfeasible. Conversely, at 
larger scales, limiting the filter length could restrict the avail
able filter area, leading to excessively wide filters. 

3.2.3 | Hydraulic Loop Design 

The hydraulic loop of a TFF perfusion system includes all 
components that come into contact with the cell culture fluid. 
This encompasses the hollow fiber filter, tubing, connectors, 
and pump heads. While significant attention is typically 
directed toward the filter module, the remaining components of 
the hydraulic loop are often neglected. A robust and well‐ 
balanced hydraulic loop design must fulfill the following 
requirements:  

1. Minimize shear stress for the cells: Hydrodynamic 
shear stress is generated throughout the cell retention 
loop, including within tubing and the hollow fiber lumen, 
at transitions between components, such as abrupt chan
ges in inner diameter without smooth tapering, and 
within the pump head. Shear stress generated in the 
centrifugal pump is mainly driven by impeller speed. 
Therefore, reducing the hydraulic system load can help 
lower the required pump speeds and, consequently shear 
exposure. Accurately calculating or experimentally de
termining shear stress (Equation (9)), especially inside the 
pump head, is complex and its biological impact varies by 
cell type and cell line (Neunstoecklin et al. 2015). How
ever, it is widely recognized as good practice to minimize 
shear throughout the loop to ensure scalability.  

2. Minimize the residence time of cells outside the 
bioreactor: Cells circulating through the cell retention 

loop are temporarily removed from the controlled en
vironment of the bioreactor, where critical process 
parameters such as temperature, pH, and dissolved oxy
gen (DO) are tightly regulated. At high cell densities, DO 
can be depleted within seconds, resulting in hypoxic 
conditions that may negatively impact cell health and 
process performance (Lee 2022). Therefore, it is essential 
to minimize the time cells spend outside the bioreactor. In 
addition, the hydraulic loop should be designed to elim
inate dead zones or regions of low flow velocity, as these 
can increase the residence time of cells outside the 
bioreactor.  

3. Minimizing gas bubble intake into the cell retention 
loop and ensuring efficient removal: Due to the high 
level of sparging in most perfusion bioreactors, gas bub
bles can intermittently enter the cell retention loop. It is 
essential to minimize the intake of these bubbles and to 
efficiently remove any that do enter. Accumulated bubbles 
can disrupt flow stability, interfere with flow sensor 
readings and, in particular, may cause de‐priming of the 
centrifugal pump or the entire cell retention loop. 

To fulfill these loop design requirements, appropriate qualita
tive design choices (e.g. material, connector design, positioning 
of components) and quantitative design choices (e.g. tubing ID 
and length, connector ID, pump size) must be considered. 

3.2.3.1 | Qualitative Hydraulic Loop Design Considerations 

Qualitative design choices begin with the selection of compo
nent materials. A smooth surface finish is preferred to minimize 
shear stress (Monroe et al. 1981; Maruyama et al. 2006, 2005). 
Common tubing materials include platinum‐cured silicone or 
weldable thermoplastic elastomers (TPEs) with similar surface 
characteristics. Biocompatible polypropylene (PP), polysulfone 
(PS), and polycarbonate (PC) are typically used for connectors, 
sensors, and pump heads. Stainless steel is an option, particu
larly in large scale manufacturing. Ideally, the hydraulic loop 
should remain free of restrictions and maintain a consistent 
inner diameter throughout the entire cell retention loop, except 
for the HF filter module and the pump head. This means that 
connectors should match the inner diameter of the adjacent 
tubing, including dip tubes used in small‐scale bioreactors. 
Special attention should be paid to avoiding tubing bends, as 
these can reduce the inner diameter and impair flow char
acteristics. When connectors have significantly smaller inner 
diameters, the resulting transitions can cause increased shear 
stress and increase the overall hydraulic system load, which in 
turn forces the pump to operate at higher impeller tip speeds. 
Conversely, sudden expansions in inner diameter can create 
regions prone to bubble accumulation or cell settling due to 
reduced fluid flow velocities. In practice, it is not always feasible 
to maintain identical inner diameters across the entire cell 
retention loop. In such cases, smooth transitions in reducer 
connectors should be used to avoid turbulence and minimize 
shear stress. 

Initial priming of the cell retention loop and maintaining a well‐ 
primed cell retention loop is crucial to ensure robust perfusion 
operation. The centrifugal pump should be positioned below the 
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bioreactor liquid level such that the hydrostatic pressure primes 
the pump initially through the bottom outlet of the bioreactor. 
Mitigating gas bubble intake is another crucial design consid
eration. The placement of the outlet (leading into the cell 
retention device) should ensure that bubbles from the sparger 
are not directly drawn into the cell retention loop. Given the 
stirring direction, it is ideal to place the outlet prior to the 
sparger along the flow path in order to minimize gas bubble 
intake. When working with dip tubes at bench‐top scale, com
mon practice is to extend the dip tube with a silicone tube to a 
position protected from bubble intake, for example, below the 
sparger. 

Even with optimal design choices, bubbles occasionally enter 
the cell retention loop. In some cases, these bubbles can cause 
de‐priming of the pump head or even the entire loop. Pump 
head de‐priming is typically a concern only with the smallest 
centrifugal pump sizes, where the bubble size is significant 
relative to the pump head volume. In these situations, bubbles 
can become trapped at the center of the rotating impeller. 
Although temporarily increasing pump speed to expel trapped 
bubbles is a feasible solution, this approach also increases flow 
rates and alters the wall‐shear rate within the hollow fiber (HF) 
module, with unknown consequences for filtration perform
ance. A more widely adopted industry strategy is to orient the 
pump head outlet at a 45° angle, which ensures that the 
opening leading to the outlet is positioned at the highest point 
of the pump head. During periodic pump stops of a few seconds, 
rising gas bubbles can then exit through this opening, pre
venting bubble entrapment without affecting the wall shear 
rate. At larger scales, pumps are less prone to de‐priming 
because the bubble size becomes negligible compared to the 
pump head volume, allowing bubbles to be flushed out without 
the need for specific removal strategies. Loop de‐priming can be 
mitigated through quantitative design choices such as selecting 
appropriate tubing inner diameters. 

3.2.3.2 | Quantitative Hydraulic Loop Design Considerations 

Scale adaptation is required to adjust for the scale‐specific fluid 
flow rate (crossflow), which is defined by the process‐specific 
design choices that were made based on the wall‐shear rate 
target within the HF filter module. Given the fixed fluid flow 
rate, the main levers to adjust hydraulic system load, residence 
time, and bubble removal are tube inner diameter and tube 
length. While both tube ID and length impact the hydraulic 
system load and increase loop holdup volume, only tube ID 
influences the fluid velocity. For simplicity in the following 
hydraulic perspective, it is assumed that connectors have a 
similar ID to the tubing and tubes and connectors are simply 
referred to as the loop. 

3.2.3.2.1 | Hydraulic System Load Minimization 

Shear rate arising from high fluid velocities in the loop can be 
reduced by enlarging the loop inner diameter and estimated 
using Equation (7). In contrast, shear stress generated within 
the pump head is significantly more complex to calculate and is 
beyond the scope of this manuscript. However, a pragmatic 
approach is to minimize the hydraulic system load, enabling the 
pump to operate at the lowest possible speed while still meeting 

residence time and bubble removal requirements. To assess the 
impact of loop ID or loop length changes on hydraulic system 
load, the Darcy‐Weisbach equation can be applied (Equations 
(10)–(13)). The overall hydraulic system load of a cell retention 
setup consists of contributions from the HF filter, the loop 
(tubing and connectors), and the pump. Each section of the loop 
can be evaluated individually using the Darcy‐Weisbach equa
tion, and the total system load is obtained by summing these 
contributions (Equation (14)). Ideally, the HF module should 
dominate the total hydraulic system load, and the contribution 
from the remaining loop components should be minimized. 
When a sufficiently large pump is selected, such that the inlet 
and outlet fittings do not restrict flow, the pump's contribution 
can generally be neglected. The HF module contribution is 
fixed, as it is defined by the target wall‐shear rate specified in 
the process design and cannot be adjusted at this stage. In 
contrast, loop contributions can be reduced either by increasing 
the loop ID or by shortening the loop length and minimizing 
bends. 

Although minimizing the loop's contribution to the overall 
hydraulic load is generally desirable, large‐scale cell retention 
systems may still impose higher overall hydraulic loads despite 
optimization efforts. Contributing factors for overall hydraulic 
system load include increased HF module length at larger 
scales, raising its share of the total load, longer tubing runs due 
to bioreactor positioning constraints, and limited options 
imposed by fixed bioreactor port dimensions. Maintaining a 
consistent overall hydraulic system load across scales is con
sidered good practice to ensure similar pump operating condi
tions and impeller tip speeds across different scales. 
Accordingly, loop ID and loop length serve as key parameters 
for tuning hydraulic load and can be adjusted in scale‐down 
models to better emulate large‐scale performance. However, 
design changes that alter system load also affect fluid velocity 
and loop holdup volume. Therefore, such adjustments must 
remain within ranges that satisfy residence time requirements 
and ensure effective bubble removal. 

3.2.3.2.2 | Residence Time Constraint 

Increasing loop inner diameter and tubing length both lead to a 
higher holdup volume in the cell retention loop. Given that 
the fluid flow rate is predefined based on the target wall‐shear 
rate in the HF module, any increase in holdup volume will 
inevitably result in a longer residence time for the cells within 
the loop. Accurate estimation of residence time requires con
sideration of the entire holdup volume, including the tubing, 
pump head, and HF filter volumes (Equation (15)). Oxygen is 
the limiting substrate when it comes to determining the resi
dence time in the cell retention loop. An oxygen gradient or 
even depletion cannot be fully prevented due to high metabolic 
activity of high cell density processes. However, it is worth 
noting, that cells experience repeated oxygen gradients (or even 
depletions) in larger scales with mixing times of up to 100 s 
without reported detrimental impact (Villiger et al. 2018). While 
no universally critical residence time of cells in the retention 
loop has been established, residence time should be minimized 
and most TFF perfusion systems usually operate below 30 to 
60 s, below mixing times of many established large scale pro
cesses (Walther et al. 2019). 
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3.2.3.2.3 | Bubble Washout Considerations 

When the holdup volume of the cell retention loop increases 
due to a larger loop inner diameter, and the volumetric flow 
rate remains constant, the resulting linear flow velocity 
decreases (Equation (6)). While lower flow velocity can reduce 
shear stress, excessively low velocities compromise efficient 
washout of gas bubbles from the cell retention loop back to the 
bioreactor. Bubble accumulation occurs when the buoyant rise 
velocity exceeds the downward fluid flow velocity. Under such 
conditions, bubbles are no longer transported effectively, par
ticularly in loop segments with vertical downward flow, where 
buoyancy opposes the flow direction (Figure 3A). Over time, 
inefficient bubble removal can lead to gas accumulation and 
eventual de‐priming of the system. While large gas bubbles 
typically accumulate at the highest point of the loop, often 
above the HF module, accumulation in horizontal segments is 
also observed. To overcome the resistance from trapped gas, the 
centrifugal pump must operate at higher impeller speeds, 
thereby increasing shear stress. Initially, fluid flow may be 
sustained, but persistent accumulation can ultimately result in 
complete de‐priming. In a de‐priming event, the entire cell 
retention loop, including the pump head, fills with gas, result
ing in a loss of flow and failure of the cell retention device, 
ultimately leading to termination of the perfusion process. 
Defining the critical fluid flow velocities below which bubble 
washout cannot be guaranteed is essential for robust design of 
cell retention devices. To address this, screening experiments 
were conducted to estimate critical bubble removal velocities 
(Figure 3B). As buoyant force and thus terminal rise velocity 
increase with bubble size according to Archimedes’ principle, 
screening experiments were performed using macro bubbles 
generated through an injection hole of 2.5 mm to determine the 
critical flow velocities required to ensure washout of the worst‐ 
case bubble sizes. All experiments were performed at 37°C 
using water–glycerin mixtures of varying viscosities to mimic 
the rheological properties of cell culture media. The results 

showed that the critical bubble removal flow velocity depends 
on both loop inner diameter and fluid viscosity. As loop ID 
increased from 1/8 inch to 3/4 inch, the critical flow velocity 
for bubble removal rose sharply from 0.12 to 0.47 m/s. 
Beyond a loop ID of 3/4 inch, a plateau was observed at 
approximately 0.55 m/s at a viscosity of 0.7 cP. This trend was 
corroborated at higher viscosities (2.5 cP and 5.0 cP), repre
sentative of high‐density perfusion cultures, with viscosity 
producing a modest decrease in the critical bubble removal 
velocity across all loop IDs. Terminal bubble rise velocities 
were determined to be between 20 and 30 cm/s for single 
bubble of a size between 1 and 10 mm in the literature (Baz‐ 
Rodriguez et al. 2012). The lower critical flow velocities 
observed in smaller tubing sizes (1/8 inch and 1/4 inch) can 
be attributed to the reduced inner diameters, where the wall 
proximity restricts the relative motion of the liquid around 
the bubble, thereby slowing its rise (Uno and Kintner 1956). 
Furthermore, the higher critical flow velocities observed in 
larger tubing sizes (1/2 inch and above) may be explained by 
the hydrodynamic velocity profile within the tube, where 
liquid velocity is lower near the wall and bubbles migrate 
across regions with different local velocities. From a practical 
standpoint, perfusion cultures typically start at low cell 
densities with fluid viscosities close to that of water at 37°C. 
Thus, designing the cell retention loop to maintain flow ve
locities above the 0.7 cP‐derived critical threshold provides a 
conservative safety margin, ensuring reliable bubble removal 
even as viscosity increases over the perfusion process. Nota
bly, the length of the cell retention loop does not impact 
bubble removal efficiency, as it does not alter the linear fluid 
flow velocity. 

In summary, the key challenge is to minimize shear stress on 
the cells while maintaining sufficient flow velocity to ensure 
acceptable residence time and effective gas bubble removal 
within the cell retention loop. Achieving this balance requires 

FIGURE 3 | (A) Schematic representation highlighting the opposing effects of the downward fluid stream and the upward buoyant force on gas 
bubble motion within vertical tubing, leading to bubble accumulation in case of insufficient fluid flow velocity. (B) Critical bubble removal velocity as 
a function of inner diameter (ID) of silicone tubing, measured at three different fluid viscosities (0.7 cP, 2.5 cP, and 5.0 cP), corresponding perfusion 
process relevant fluid viscosities.  
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integrating qualitative design considerations with quantitative 
criteria to trade off shear reduction against residence time and 
bubble washout constraints. 

3.2.4 | Pump Selection 

In theory, an ideal scale‐up strategy would select and operate a 
pump such that the shear stress exposure generated within the 
pump head remains constant across scales, thereby promoting a 
consistent cellular response and minimizing unexpected out
comes during scale‐up. In practice, however, accurately calcu
lating or modeling the shear stress within a centrifugal pump 
head under specific operating conditions is highly complex and 
requires numerous assumptions. Factors such as the number of 
culture turnovers per day, the residence time of cells within 
critical zones, and changing medium composition as well as 
viscosity during the cell culture process can impact the cellular 
response to shear exposure. These variables are difficult to 
precisely quantify and introduce uncertainty that renders pre
cise shear estimation impractical. Considering these challenges, 
a pragmatic, experimentally driven approach is recommended 
to guide pump selection and operating conditions for robust, 
scalable cell retention processes. Namely, to reduce risks asso
ciated with scale‐up by designing larger‐scale systems that are 
comparable to, or gentler on, cells than their small‐scale 
counterparts. Demonstrating performance under representative 
or worst‐case conditions at small scale provides confidence that 
centrifugal pump‐related parameters are compatible with cell 
viability and establishes a reliable baseline for scale‐up. This 
strategy prioritizes the importance of maintaining or improving 
critical process parameters for the pump during scale‐up. These 
include preserving constant impeller tip speed, ensuring equal 
or reduced culture turnover rates, and maintaining or lowering 
the residence time per turnover within the pump head. These 
considerations are essential during scale‐up for several key 
reasons:  

i. Pump impeller tip speed (Equation (16)) is a critical process 
parameter during scale‐up. Although absolute recommen
dations are not provided here, given the substantial varia
bility in shear susceptibility across cell types and cell lines, 
careful design of the cell retention device to reduce impeller 
tip speed typically leads to operating conditions under 
which no adverse effects on the cell culture are observed. 
On scale‐up, impeller tip speeds should not increase beyond 
those encountered in development experiments. The rota
tional speed (in rpm) needed to generate sufficient pressure 
to overcome the hydraulic system load (Figure 4A) varies 
across pump sizes due to different impeller sizes (SI 
Table 3). With careful centrifugal pump head design, 
pumps of different sizes can achieve comparable pressures 
at similar impeller tip speeds (Figure 4B). Appropriate 
pump sizing can be determined from pump head‐specific 
pressure‐flow characterization curves (Figure 4C–G), which 
include contour lines that represent constant impeller tip 
speeds. At low fluid flow rates, these contour lines are 
typically horizontal, indicating that the pressure required is 
largely independent of flow rate and that the same impeller 
tip speed is sufficient to generate the required pressure, and 
increasing the flow rate does not significantly increase the 
tip speed. However, as the fluid flow rate rises further, the 

contour lines begin to dip or slope downward, reflecting the 
pump's increasing internal hydraulic resistance at higher 
flow rates. This resistance arises from restrictions within the 
pump head and its inlet and outlet. In practical terms, 
further increases in flow rate beyond this point require 
higher impeller tip speeds, which can elevate shear stress. 
When operation departs from the near‐horizontal contour 
region, switching to a larger pump head is advisable. Owing 
to its larger internal flow paths and connections, the higher 
flow will again fall within the more favorable, near‐ 
horizontal region of the pressure‐flow curve for the larger 
pump size, allowing impeller tip speed to remain within 
acceptable limits. A transition to a larger pump head, 
however, increases the residence time of cells in the pump 
head per turnover because of the larger pump head volume 
(Equation (18)). This trade‐off must be carefully balanced 
against the benefit of lower shear associated with reduced 
impeller tip speeds. Therefore, selecting the smallest cen
trifugal pump that operates within the horizontal contour 
region at the intended flow rate is generally recommended. 
In certain flow ranges, two pump head sizes may be suit
able: a smaller pump running at a somewhat higher 
impeller tip speed, or a larger pump operating at a lower tip 
speed but with longer cell residence time per turnover. In 
such cases, a case‐by‐case assessment is recommended. 
Based on these principles, the authors propose suitable flow 
rate‐to‐pump size pairings to support pump selection 
(Figure 4H).  

ii. By design, the gap between the impeller and the pump 
head housing increases with pump size. While estimating 
shear stress using a simplified model, treating the 
impeller as a moving wall and the pump housing as a 
stationary wall, does not capture the full complexity of 
shear generation within a centrifugal pump, it suggests 
that a larger gap reduces shear stress (Equation (8)). 
From this simplified perspective, scale‐up by maintaining 
constant tip speeds inherently reduces shear stress due to 
the increased impeller‐to‐housing gap and can be con
sidered a conservative and robust strategy that mitigates 
the risk of scale‐related shear damage.  

iii. Under the reasonable assumption that fewer culture 
turnovers through the pump head are either beneficial or 
neutral for cell culture performance, the scale‐up objec
tive should be to achieve similar or fewer turnovers than 
at small‐scale (Yeleswarapu et al. 1995). When the 
selected filter permits constant filter length across scales, 
and both lumen wall‐shear rate and the flux are held 
constant, the ratio of fluid flow to vessel volume remains 
unchanged, and thus the number of culture turnovers 
through the centrifugal pump head remains constant 
(17). If longer filters are used during scale‐up while 
maintaining constant LMH and wall‐shear rate within 
the fiber lumen, the fluid flow increases, but the vessel 
volume increases even more. This results in a reduced 
turnover frequency as scale increases. In both scenarios, 
the number of turnovers remains constant or decreases, 
which is in favor of the scaling approach.  

iv. Another factor preferentially maintained or minimized 
during scale‐up is the residence time that cells spend in 
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the pump head per turnover (Leverett et al. 1972; Ding 
et al. 2015). This residence time depends on the fluid flow 
velocity and the pump head volume (18). Maintaining, or 
preferably reducing pump head residence time at larger 
scales helps de‐risk the scale‐up process. Residence time 
is often longest at small scale, where pump heads may be 
oversized relative to the required flow rate, leading to 

prolonged exposure within the pump. At larger scales, a 
broader range of pump head sizes is available, allowing 
more precise pump sizing and thereby reducing residence 
time within the pump head. Although the authors cannot 
define a specific critical residence time, a practical design 
principle is to ensure that the maximum residence time 
occurs at small scale, where targeted screening experiments 

FIGURE 4 | Characterization data of the levitated centrifugal pump line in water at 37°C. Pressure generated by the pump versus rotational 
speed required for all pump models in horizontal contour range can be found in (A), while rotational speed was converted to impeller tip speed in 
(B). Pressure‐flow curves for pumps are grouped according to pump model: DCP‐30.2 (C), DCP‐200.2 (D), DCP‐600.1 (E), DCP‐2000.1 (F), and DCP‐ 
4000.1 (G). Contour lines are colored according to tip speed (TS[m/s]), which is unified across pump scales. Plot (H) shows the recommended flow 
rates for each corresponding pump based on the pump characterization.  
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should be performed to confirm no adverse effect on cell 
culture performance, thereby providing a pragmatic basis 
for robust scale‐up. 

3.3 | Multi‐Filter Systems 

Beyond a certain bioreactor size, a single filter cell retention device 
may no longer suffice. At that point, multi‐filter configurations 
will be required to increase filtration surface area to maintain the 
target LMH. In processes where product sieving is a high priority 
(e.g. steady‐state perfusion), multi‐filter setups often become 
necessary above 500 L perfusion bioreactor volume. By contrast, 
for strategies where sieving is less critical, such as N‐1 perfusion, 
or for modalities where monoclonal antibodies (mAbs) are 
retained within the bioreactor, a single filter can remain adequate 
at volumes of several thousand liters due to the higher LMH 
targets achievable before necessitating multiple filters. Several 
different multi‐filter setup designs are feasible, each with its own 
advantages and drawbacks (Figure 5). 

3.3.1 | Single‐Module Multi‐Loop Setup 

The simplest way to implement a multi‐filter system is to scale 
out (Figure 5A). This means simply duplicating the cell 
retention loop using the largest available filter. The primary 
advantage of scaling out is the ability to replicate the suc
cessful small‐scale loop design without modifications. This 
approach ensures a secure scale‐up process, especially bene
ficial when only a few filter modules (e.g., two or three) are 
needed. By multiplying the entire loop, the system gains 
redundancy, as each filter operates independently with pre
cise flow control for each module. The scaling‐out approach 
reaches its limitations with a larger number of filters, as each 
loop requires two bioreactor ports, one for the feed and one 

for the retentate of the cell retention device which should be 
positioned to prevent short‐circuiting of the culture volume. 
This approach is often used in steady‐state perfusion at 
around 1000 L to 1500 L, as well as in N‐1 perfusion or in 
processes where mAbs are retained in the bioreactor and a 
single filtration module is no longer sufficient. 

3.3.2 | Parallel Multi‐Filter Setup 

Parallelizing hollow fiber (HF) filter modules reduces the 
number of cell retention loops, and thus the number of 
required bioreactor ports, while still increasing the total fil
tration area (Figure 5B). This enables very compact filtration 
skids in which a single pump feeds two or more HF filter 
modules. From a hydraulic perspective, parallelizing the 
hollow fiber (HF) filter modules does not increase the 
hydraulic contribution by the filter, since the crossflow 
velocity and fiber length remain unchanged. The fluid flow 
path is usually split by a Y‐piece upstream of the HF filter 
modules and then merged on the retentate side of the loop. 
As the fluid path is split, per‐branch flow rates drop signifi
cantly, which has major implications for the tubing design. A 
clear distinction must be made between “cluster” tubing, 
which runs from the bioreactor to the Y‐split and from the 
merging Y‐piece back to the bioreactor, and “filter” tubing, 
which connects directly to the HF filter modules and 
carries fluid at a lower velocity. When applying the scaling 
principles described in this manuscript, tubing dimensions 
must be selected independently for cluster and filter tubing to 
meet their specific flow requirements. This ensures compli
ance with all critical design criteria, including minimal 
hydraulic load, sufficiently short residence time in the cell 
retention loop, and effective bubble washout. The main 
limitation of parallelization is the increased fluid flow in the 
cluster tubing, setting higher requirements for the centrifugal 

FIGURE 5 | Schematic representation of multi‐filter configurations for production‐scale bioreactors. The setups include (A) a scale‐out approach 
with two independent systems, each consisting of one filter and one pump, (B) parallel configuration with a single pump distributing cell broth across 
two filters simultaneously, and (C) serial configuration with a single pump sequentially feeding cell broth through two filters.  
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pump. While two‐module parallelization is feasible and 
widely used in industry, extending to higher degrees of par
allelization becomes challenging, particularly in single‐use 
systems, due to constraints on available tubing sizes. A 
practical compromise is to use a multi‐loop parallel setup 
consisting of multiple independent cell retention loops, each 
with two parallel HF filter modules (SI Figure 3). The general 
trend of reducing wall‐shear rate within the fiber lumen 
enables operation at lower crossflows, which in turn reduces 
the cluster flow rate and makes parallelization of more than 
two filters more viable. Nevertheless, additional trade‐offs 
include reduced control over exact flow distribution among 
modules and increased design complexity. Parallel HF filter 
configurations are most commonly employed in perfusion 
processes with low LMH requirements, such as steady‐state 
perfusion at bioreactor volumes above 1000 L. 

3.3.3 | Serial Multi‐Filter Setup 

While serial multi‐filter configurations can also be used to 
increase filtration area without requiring additional bio
reactor ports, they differ fundamentally from the paralleli
zation approach (Figure 5C). First, as HF filter modules are 
arranged in series, their hydraulic contributions are additive, 
directly increasing pump power demand and necessitating 
higher impeller tip speeds to overcome the additional pres
sure drop. Consequently, serial setups can be challenging 
when using small‐lumen‐ID filters, which already impose 
substantial hydraulic load. In contrast, large‐lumen‐ID filters 
with inherently lower hydraulic resistance are more suitable 
for serial arrangements. Second, despite the added filtration 
area, the total loop flow rate remains the same as in a single‐ 
filter setup. This can be advantageous, as it avoids tubing size 
limitations and reduces demand on pump size and power. 
Although serial multi‐filter setups are less common in the 
industry due to the increased hydraulic load and associated 
rise in impeller tip speed, they can be a viable option when 
employing large‐lumen‐ID HF filters operated at reduced 
wall‐shear rates. Overall, parallel, serial, and hybrid multi‐ 
filter configurations (SI Figure 3) enable highly compact fil
tration skids with significant floor space savings. These 
configurations increase filtration area while requiring fewer 
bioreactor ports than single‐module multi‐loop cell retention 
systems. Additionally, they simplify priming and integrity 
testing and provide greater flexibility in positioning the cell 
retention device, making it possible to place the system in a 
more convenient location rather than directly adjacent to the 
bioreactor. 

3.4 | TFF Perfusion Scaling Strategy Examples 

To demonstrate the proposed scaling approach in practice, two 
example strategies are presented using two widely adopted 
types of HF modules in the industry. The first HF module line 
maintains a consistent fiber length across scales, while 
the second features variable fiber lengths and a larger lumen 
inner diameter. Together, these two module types capture the 
diversity of commercially available HF modules and are repre
sentative of the broader market. From a process perspective, a 
steady‐state perfusion process, characterized by typical 

parameters including a cell culture viscosity of 2 cP, perfusion 
rate of 1.5 vvd, bleed rate of 15%, filtrate flux of approximately 
3 L/m2/h, and wall‐shear rate of 800 s−1 in the HF lumen. The 
same scaling approach is applicable to N‐1 perfusion and other 
specialized strategies with minor adjustments to the input 
parameters. A commonly used multi‐filter strategy involving two 
parallel HF modules per cluster was selected, with further scale‐ 
up achieved by multiplying these two‐module clusters to reach 
the required filtration area. While other multi‐filter strategies are 
also feasible, this configuration serves as a robust and practical 
example for demonstrating the scaling approach. 

3.4.1 | Scaling Strategy for Constant Length HF Module 

The scaling strategy for the HF module family with a constant 
65 cm fiber length (Table 1) maintains similar Starling flow 
across scales, supporting process reproducibility. An LMH of 
approximately 3 L/m2/h was achieved by slightly adjusting the 
bioreactor fill volume. Alternatively, recirculation loops at 
bench scale could be introduced or perfusion could be oper
ated at a higher LMH, depending on the process needs. All cell 
retention device designs up to and including 500 L were 
designed as single‐filter setups. For 1000 L and above, multi‐ 
filter configurations became necessary. Fluid flow rates in the 
recirculation loop ranged from 66 mL/min at the smallest scale 
to 31.5 L/min at the 1000 L and 2000 L scales. These flow rates 
are moderate and compatible with commercially available 
tubing IDs. The overall hydraulic system load was tuned to 
approximately 50 to 55 mbar across scales, while maintaining 
residence time below 25 s and ensuring sufficiently high flow 
velocities to prevent gas bubble accumulation. Due to the 
constant filter length, the hydraulic load contribution from the 
HF filter remained consistent at 42 mbar across all scales. 
Consequently, loop contributions were likewise minimized 
and held as constant as practical to sustain a low overall sys
tem load. Pump selection based on pressure‐flow curve char
acterization resulted in very similar impeller tip speeds, 
ranging from 3.1 to 3.9 m/s. The authors consider this range 
sufficiently consistent, especially given that the gap between 
the impeller and pump housing increases with pump size, 
which inherently reduces shear. If desired, further alignment 
of impeller tip speeds could be achieved by adjusting tubing 
lengths, although such changes would also impact other crit
ical parameters, including loop residence time. Culture turn
over through the cell retention device was maintained across 
scales, and pump‐head residence time per turnover was also 
consistent, except for the worst‐case configuration at the 
smallest scale. This overall consistency indicates a reliable and 
predictable scale‐up strategy. 

3.4.2 | Scaling Strategy for Variable Length and 
Larger Lumen Inner Diameter HF Module 

Increasing HF module length with increasing filter size 
(Table 2) elevates Starling flow, which can adversely impact 
filtration performance. However, the larger lumen inner 
diameter (ID) of 1.4 mm, compared with the commonly used 
1.0 mm, helps to reduce the pressure drop across the filter, 
thereby lowering Starling flow. As in the previous example, 
bioreactor fill volumes were adjusted to achieve the target flux 
of approximately 3 LMH, using the available HF modules. 
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Single‐filter cell retention setups were feasible up to the 500 L 
bioreactor scale. Because of the larger lumen ID, higher loop 
flow rates, ranging from 272 mL/min to 55.6 L/min, were 
required to reach the target wall‐shear rate of 800 s−1. This, in 
turn, necessitates larger tubing IDs across all scales relative to 
the constant‐length, 1.0 mm lumen ID example. Despite the 
higher flow rates, residence time per turnover in the loop 
remained below 20 s across all scales. As the HF module 
length increased with scale, its hydraulic load contribution 
rose from 10 mbar at the smallest scale to 43 mbar at the 
largest. This increase was balanced by designing the loop to 
contribute more to the hydraulic load at small scales and 
progressively less at larger scales, resulting in similar overall 
system loads of approximately 50 to 60 mbar. Pump impeller 
tip speeds remained between 3.3 and 3.9 m/s, except at 200 L 
and 500 L scales, where slightly higher tip speeds of 4.4 and 
4.8 m/s were observed. These elevated tip speeds reflect 
operation on the downward‐sloping region of the pressure‐ 
flow curve, suggesting that the next‐larger pump size may be 
preferable. Switching up a size, as shown in brackets in 
Table 2, would reduce tip speed to 3.6 m/s at both scales. 
However, this change would also increase the pump‐head 
residence time per turnover by nearly threefold. Which option 
is superior for culture performance, or whether both perform 
equally well, must be determined case‐by‐case. This example 
further highlights the complexity of balancing interdependent 
process parameters and the importance of understanding the 
impact of design changes. Notably, the number of culture 
turnovers decreases sharply from 340 at the smallest scale to 
80 at the largest. The high turnover rate at small scale is driven 
by the lower HF module length at that scale. Provided that 
small‐scale studies demonstrate no adverse impact on culture 
performance, the declining turnover frequency with scale is a 
favorable indicator of robust scale‐up. 

4 | Conclusion 

This manuscript addresses the challenge of translating suc
cessful small‐scale TFF perfusion processes to manufacturing 
scale by proposing a structured, data‐driven framework. A 
four‐step workflow, comprising process scaling, filter scaling, 
hydraulic loop design and pump selection, was developed. 
This workflow offers a practical and effective strategy for 
designing robust TFF perfusion systems, despite the inherent 
complexity of the process. Grounded in established industry 
practices and augmented by detailed hydraulic and pump 
characterization data, the approach enables users to move 
beyond empirical, trial‐and‐error methods toward more pre
dictable and scalable designs. The workflow can be applied to 
common hollow fiber modules, including multi‐filter setups 
at large scale. Importantly, the methodology is broadly 
applicable across perfusion modes, including steady‐state 
perfusion, dynamic perfusion, N‐1 perfusion, perfused batch, 
and processes in which the product is retained by the HF 
filter, and extends to emerging modalities such as cell and 
gene therapies. By bridging the gap between small‐scale 
success and large‐scale implementation, this framework 
supports the development of reliable, high‐performance per
fusion systems and representative scale‐down models for the 
biopharmaceutical industry. T
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