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B iopharmaceutical production once was a well-understood and 
straightforward process: beginning with cultures in flasks 
and roller bottles to grow enough cells to inoculate laboratory-
scale (often glass) bioreactors, and then again to pilot- and 

commercial-scale stainless-steel stirred-tank bioreactors. In the 
modern era, however, increasing options and alternatives complicate 
the decision tree. Single-use technologies come in a wide range of 
options — wave-mixed, stirred-tank, and otherwise. Are the cells 
suspension-adapted, or must they adhere to a surface to grow — and 
for the latter, will you go with microcarriers, hollow-fiber bioreactors, 
or otherwise? Culture modes range from batch to fed-batch to 
continuous/perfusion, and cell densities may be low or high. Are the 
cells functioning as “factories” or as products themselves? Are you 
scaling up or out? And how do you determine what scale you will 
need, ultimately?

This is not biotechnology so much as engineering — and not 
bioengineering, but rather chemical and mechanical engineering. 
Cell- and microbiologists thus need specialist help, and nowadays 
that’s often where equipment suppliers can be invaluable partners. 

Engineering firms, too, can help. For example, St. Louis-based 
process engineering company and skid manufacturer Epic Systems 
identifies on its website eight key challenges in manufacturing pilot-
plant scale-up (1): Linearity, reaction kinetics, chemical equilibrium, 
material properties, fluid dynamics, thermodynamics, equipment 
selection, and agitation issues. Those translate to important 
parameters in bioprocessing with living cells. 

(Non)linearity: Scale-up is never a matter of just putting more stuff 
in a bigger tank. According to Epic Systems, “When a system is 
increased in size, surface area to mass changes in proportion. Many 
other properties related to system size also change, such as laminar 
and turbulent flow regimes based on changes caused by the surface 
area to mass proportion. These physical changes cause reaction 
kinetics, fluid mechanics, and thermodynamics to change in a 
nonlinear fashion.” Surface-to-mass ratios (how much of a vessel’s 
inner walls actually contact the fluid inside it) will go down as size 
goes up. And the bigger you go, the more those parameters will 
become altered. This reality informs everything that follows in 
scale-up engineering. 

(Bio)chemistry: Most chemical reactions require mixing ingredients 
well and will release heat as those components interact. Changes in 
the ratio of surface area to mass affect how reactions proceed inside 
a larger tank. And as every biologist knows, biochemistry is far more 
complicated than even organic chemistry can be. When it comes to 
parameters such as temperature, acidity/alkalinity, osmolarity, and 
salt concentration, cells “prefer” certain conditions, sometimes 
within narrowly defined ranges, and will not perform well without 
them. They might even die off. Therefore, large-scale processes must 
be optimized to provide the best possible environments for cell 
growth and production — and the hardware that houses those 
processes must enable optimization rather than complicate matters.

Back to Contents

Defining Terms
Commercial technologies go through a 
number of steps between the initial 
concept and completion of a final 
production plant: development of the 
commercial process, optimization of 
that process, and scale-up from a 
laboratory bench process to a pilot 
plant, then from the pilot plant to a full-
scale process. The ideal path might be 
to go directly from process 
optimization to a full-scale plant, but in 
biotechnology, a pilot plant is almost 
always necessary. It helps process 
engineers understand bioprocesses 
and cell/protein interactions, determine 
potential waste streams, consider 
process variations, develop process 
controls and standard operating 
procedures, and so on. Information 
from the pilot-plant scale improves 
understanding of an overall 
biomanufacturing process, including 
side processes that support it such as 
quality control (QC) testing. Thus, this 
step helps to build an information base 
so that a technology can be 
implemented safely. 

Reference
Wood-Black F. Chapter 3: Considerations 
for Scale-Up — Moving from the Bench to 
the Pilot Plant to Full Production. Academia 
and Industrial Pilot Plant Operations and 
Safety. Moore MK, Ledesma EB, Eds. 
American Chemical Society: Washington, 
DC, 2014; doi:10.1021/bk-2014-1163.ch003.



MYCAP CCX - Expand Outside the Hood

Aseptic Cell Expansion

www.sartorius.com/mycap-ccx

Ready to use closed system that ensures media feed, inoculation, sampling, and transfers are done aseptically, outside a 
biosafety cabinet.
Innovative features include:

• Gas exchange cartridge supports vigorous cell growth in an incubator 
• QUICKSEAL® for trouble-free aseptic disconnection 
• Perform passages using up to 3 L Erlenmeyer flasks 
• Gamma-irradiated and single-use



6       BioProcess International       17(9)e2       September 2019       E-Book

Mixing/Agitation and Fluid Dynamics: As the engineers at Epic 
Systems explain, “Fluid dynamics change at a nonlinear rate as 
systems increase in size, and keeping flow at the correct Reynolds 
number (Re) is important for thermal transfer and mixing efficiency. 
Changes between laminar and turbulent flow are hard to predict 
because of the nonlinear nature of fluid dynamics.” Re is a 
dimensionless quantity that engineers use to help predict flow 
patterns in different fluid-flow situations. Low Reynolds-number 
processes are dominated by unidirectional laminar flow; high 
Reynolds numbers bring turbulence resulting from differences in 
fluid speed and direction, with eddies that can intersect or move 
counter to the overall flow direction. Churning eddy currents waste 
energy and increase the chances of bubble formation — and they can 
damage cells. Thus, the Reynolds number is important for making 
predictions and decisions in scale-up.

In bioprocesses, shear stress is an important parameter. Animal 
cells are fragile, so their outer membranes can be disrupted by 
friction when the fluid around them is moving too fast or the gases 
in it form bubbles. Air sparging, angled impellers, and wave action 
are some of the means by which oxygen and other important 
elements are mixed into cultures and waste gases are removed. The 
type of mixing chosen for a given bioprocess depends on the types 
of cells involved — e.g., whether they are attachment-dependent or 
adapted to grow in fluid suspension — and sometimes changes from 
laboratory to clinical to commercial scale. When that happens, it 
will complicate scale-up even further. 

Thermodynamics: Heat is a primary consideration in microbial 
cell culture. Friction creates heat, as does cell metabolism (especially 
that of microbes). Chemical reactions in culture media also will give 
off heat. And living cells and organisms can be particular about the 
temperatures at which they will grow, express proteins, or die. So 
thermodynamic analyses are vital to successful scale-up.

Material Properties and Equipment Selection: The physical and 
chemical properties of materials that come into contact with cells 
and media can influence a culture’s progress. Polymer-based vessels 
and tubing can leach chemicals into a culture over time — less a 
concern for batch and fed-batch modes but potentially trouble for 
long-term perfusion cultures. Multiuse glass and stainless steel 
tanks, however, must be cleaned — and the methods for doing so 
must be validated, not only to work as needed, but also to do so 
without leaving residues that could affect bioprocess results later on. 
The functional life span of reusable systems must be factored in to 
decision making, as well.

Also, physical limitations of disposable plastic bags and other 
equipment must be taken into account. Incorrectly sized bioreactors 
can be difficult to maintain in a state of control, which will 
compromise thermo- and fluid dynamics among other aspects of 
bioprocessing. And disposal of single-use equipment cannot be an 
afterthought. Although environmental-impact assessments are 
showing that with all things considered (and surprisingly), 
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disposables could represent a more sustainable option than multiuse 
equipment (2), that’s only the case when their end-of-life is 
approached the right way.

Science and Technology
When we talk about scale-up in the biopharmaceutical industry, 
typically we define small “laboratory-scale” processes to be those 
producing milligram-quantities of a protein for use in preclinical 
testing. Pilot-scale processes yield protein in gram quantities for 
clinical trials, and full-scale processes make kilogram quantities of 
protein for late-stage clinical studies and commercial sale. If you 
consider “n” to be the variable describing your ultimate scale goal, 
then all the steps leading up to it would be “n – 1,” “n – 2,” and so 
on down to the smallest-scale beginning process, as Figure 1 
illustrates (3). Whereas in 20th-century bioprocesses, n often was 
measured in tens of thousands of liters (in massive stainless-steel 
“tank farms”), modern full-scale biomanufacturing seldom goes 
larger than 2,000 L (using 
single-use, multiuse, or hybrid 
equipment). That process 
intensification primarily can be 
attributed to improvements in 
bioengineering and media 
optimization that have given the 
industry cell lines capable of 
growing at higher densities and 
offering greater productivity per 
cell than their predecessors 
could.

During a presentation at 
BioProcess International Europe 
this past April in Vienna, 
Austria, Sebastian Schwamb of Sanofi described lessons learned by 
his group in transitioning from early to late-stage process 
development over the years. He drew the line between early stage 
(small- to pilot-scale) processes and late-stage (pilot to commercial 
scale) between phase 2a and 2b clinical trials. This is roughly the 
same point at which a company needs to ensure compliance with 
good manufacturing practices (GMPs). By the time a sponsor 
submits its biologics license application (BLA) to regulatory 
authorities following successful phase 3 studies, that company 
should have a full-scale bioprocess in place, validated, and 
documented for the chemistry, manufacturing, and controls (CMC) 
section of that filing. 

Schwamb emphasized the importance of demonstrating process 
robustness at this stage. Here is where a project often gets handed 
over from process development laboratories to a production facility 
— whether that is “in house” and owned by the sponsor itself or 
outsourced to a contract manufacturing organization (CMO). Risk 
assessment — by means of failure modes and effects analyses 

Back to Contents

Figure 1: Seed train of a 1,000-L fed-batch cell culture run starts with one cryogenic 
vial before six consecutive cell-expansion steps using single-use shake-flasks and 
bioreactors (3).
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(FMEA) or other strategies — is a vital aspect of technology transfer. 
It helps a company establish product specifications and a process 
design space for meeting them — and ensure process controls to 
keep things running within that space for quality by design (QbD). 
Schwamb said that business factors, project hand-over, and 
deliverables management all can present challenges for scaling up. 
“Deliverables” in late-stage processes are not only materials and 
data, but also documentation for facility/project management.

“Expect the unexpected,” he said, offering a case study that 
showed galactosylation differences between the same product made 
at small and larger scales. When something goes wrong, failure 
investigations can derail timelines — but pushing ahead without 
figuring out and solving problems can lead to disaster.

Focus on the Bioreactor: Just as everywhere else in the 
biopharmaceutical industry, advancing analytical, sensor, and 
information technologies have changed for the better how bioreactor 
scale-up is done. For example, computational fluid dynamics (CFD) 
studies have become a useful mathematical tool for modeling how 
mixing works in a given vessel. Other decision-support programs 
include the ExtendSim industrial modeling suite from Imagine That 
and the ubiquitous Microsoft Excel (4). New types of sensors measure 
critical parameters in a process and help inform software for 
automated control — or operators for making decisions and 
adjustments manually. 

In “Using Computational Fluid Dynamics (CFD) for Efficient Scale-
Up and Tech Transfer of Bioprocesses,” presented at this year’s BPI 
East conference in Boston, Becca Dunne of APC explained that 
upstream process development traditionally developed out of general 
correlations of factors such as agitation and sparging rates. CFD 
studies can map the entire geometry of a bioreactor process. Thus, 
engineers can anticipate challenges inherent to and extrinsic from 
the mixing environment — what Dunne calls “firefighting before 
firefighting is necessary.”

Aspects of an upstream bioprocess can be categorized as either 
dependent or independent of scale (5). Scale-dependent variables 
must be adjusted to accommodate differences such as vessel 
geometry. Scale-independent variables such as temperature and pH 
usually stay the same regardless of the size, shape, or technology of 
the culture vessel — they are the cells’ preferred conditions and thus 
often determine requirements for adjustments made to the variables 
that do depend on scale. Different types of cells and expression 
systems have different needs. For example, plant cells take in 
carbon dioxide and give off oxygen as a waste gas, whereas animal 
cells do the opposite. The baculovirus expression vector system 
works through viral infection of insect cells in culture. Therefore, 
culture conditions must be amenable to both the viruses and the 
insect cells — and they will change as a culture progresses from a 
growth phase through to infection and protein production phases. 

Bioreactor parameters that must be determined during process 
scale-up include height-to-diameter ratio, equipment geometry (e.g., 
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impellers and their dimensions, the ratio of their diameters to that 
of a vessel), sparger design and exhaust management, agitation 
speeds, and heat-transfer properties. Agitation and gas-transfer 
rates are important to providing comparable mixing and mass 
transfer between two scales:

Typical approaches to scaling down agitation rate are based on 
power:volume-input (P/V) or [impeller] tip-speed matches with those at 
large scale. CFD also can be applied toward understanding the mixing 
characteristics of different agitation rates. Studies that evaluate and 
measure the oxygen mass-transfer coefficient (kLa) are important to 
understanding the gas-transfer characteristics of a scale-down model 
system in comparison with the full scale version. The oxygen-sparger 
configuration in relation to sparging of other gases such as nitrogen for 
CO2 removal, sparger element type, and pore size also should be explored 
to determine an optimal design that yields efficient mass transfer of 
oxygen and CO2 removal, which can result in comparable performance to 
that of the large scale. (5)

Although P/V remains the preferred metric for scaling analyses, kLa 
has become critical to modern upstream process development. Ben 
Madsen and Mark Smith of Thermo Fisher Scientific delivered 
presentations at the 2019 BioProcess International Conference and 
Exhibition in Boston, MA, that highlighted this shift in analytical 
orientation: “Robust kLa Correlations from 50-L to 5k-L Single-Use 
Bioreactors” and “The Next Generation of Single-Use Bioreactors: Up 
to 5k L of Unprecedented Performance, Turn Down, and Flexibility,” 
respectively. After his presentation, Smith pointed out that P/V is 
popular “because many vessels are still based [on] traditional 
stainless-steel [models] — with similar geometries, impellers, and 
impeller-to-sparger interactions.” But as the industry explores cultures 
with higher cell densities, CO2 removal becomes more challenging, 
and preemptively changing a bioreactor’s pH can jeopardize cell 
growth. “All of that,” Smith suggests, “is leading towards a desire — 
which maybe has been the desire all along — to scale off of something 
more meaningful than power, to scale off of mass transfer.”

Precise in silico modeling of kLa, Madsen and Smith added, could 
facilitate technology transfer and scale-up operations. Combined 
with better understanding of factors such as frit and bubble 
saturation, full characterization of oxygen mass transfer could help 
engineers develop gassing and mixing strategies across all bioreactor 
technologies. To that end, Madsen and Smith introduced Thermo 
Fisher’s forthcoming HyPerforma DynaDrive single-use bioreactors. 
The DynaDrive line features bioreactors with cuboid, off-center 
mixing approaches; multiple impellers with changeable positions 
for greater distribution of power throughout the mixing environment; 
and laser-drilled microspargers for improved control of bubble size. 
Because of those fundamental design changes, DynaDrive technology 
is impressively scalable — with both 3,000-L and 5,000-L models 
scheduled to launch in 2021.

Scale Down to Scale Up: It may seem counterintuitive, but scaled-
down modeling of full-scale processes becomes important once a 
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Scale-Down Validation
“Validation of cell culture process changes has been performed traditionally at 
scale, in a manufacturing setting, through the whole length of a campaign. 
However, it is infeasible for many companies to devote a full-scale production unit 
to a validation study because of potential impacts on production capacity output 
and/or supply risk, cost burden, manufacturing resource availability, and logistics 
complications (e.g., the need to segregate validation from commercial materials). 
Moreover, when a production unit is devoted to a validation study for a proposed 
process change, the resulting drug product manufactured often must not be 
released, but rather kept on hold until stability and all predetermined acceptance 
criteria have been met and verified. 

“Putting product release at risk has multiple implications, including patient supply, 
operational, logistical, and financial consequences. All those can prohibit 
validation and lead to lost opportunities for potentially important production 
process improvements. Such problems affect many companies in the 
biopharmaceutical industry regardless of the scale of their production bioreactors 
(ranging from ~20 L to ~20,000 L), modes of production (lasting from days, as in 
fed-batch mode, to months in the case of perfusion bioreactors), and the number 
of units available for manufacturing.

“Given those constraints, establishing qualified scale-down platforms that need 
not comply with good manufacturing practices (GMPs) would facilitate continuous 
lifecycle process improvements. Validation of process changes thus could be 
performed without taking a production unit off line. That would allow for direct 
implementation of changes in commercial manufacturing without performing 
validation at scale. Such a scale-down system also would have utility in various 
characterization and process-development projects as well as in manufacturing-
support investigations.” (7)

product is reaching the 
commercial phase of 
development. Understanding 
reached during scale-up can be 
used to create mathematical and 
practical models for use in 
“investigating manufacturing 
deviations, enhancing process 
understanding, and improving 
process robustness” (6): “Process 
characterization studies are 
performed also with qualified 
scale-down models to improve 
process consistency. Often it is 
impractical to conduct 
investigational studies at large 
scale; therefore, results gathered 
from a qualified scale-down 
model are valuable as predictors 
of at-scale performance.” 

The “Scale-Down Validation” 
box goes into more detail. As the 
authors of the two-part article 
quoted there conclude, scaling 
down to scale up is a crucial 
planning step for all bioprocesses: 

Qualifying a scale-down system located outside the GMP production 
facility for the purpose of validation toward direct implementation at 
scale . . . has been endorsed by regulatory bodies and used extensively, 
for example, to qualify downstream (protein purification) systems for 
applications such as validating viral clearance and to justify using good 
laboratory practice (GLP) compliant pilot plants for validation of changes 
to a recovery process. Using qualified scale-down systems provides the 
flexibility of performing as many validation runs as it scientifically 
makes sense to perform (rather than just three by rote) in line with 
current regulatory expectations. Therefore, validation using qualified 
scale-down systems could in fact reduce risks associated with change 
implementation. The qualified scale-down bioreactor (and associated 
process systems) would enable validation of process changes that might 
not be feasible to validate otherwise (at scale in production). Although we 
focus here on validating changes to a licensed product/process, a 
qualified scale-down bioreactor may also be used in performing 
design-of-experiment (DoE) runs in support of quality by design (QbD) and 
design space work, the results of which could be included in regulatory 
submissions to health authorities. Ultimately it could facilitate 
implementation of important process changes for the benefit of patients 
and the biopharmaceutical industry alike. (7)

Single-Use Systems
Arguably the most outstanding development in bioreactor technology 
of the 21st century so far has been the advent and acceptance of 

Back to Contents
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disposables based on polymer materials. Much has been said in BPI 
and elsewhere on testing for leachables and extractables from 
single-use components, and as mentioned in the “Continuous 
Production Processes” section below, that may become more of an 
issue for perfusion systems. But when it comes to scaling up, the 
main issues that differ between disposable and traditional multiuse 
bioreactors are related to mixing technologies, and handling/setup 
issues. A company might use a small rocking bioreactor for n – 6 
through n – 3, then switch to a stirred tank for n – 2 and on to full 
scale — or even switch from single-use to stainless steel midstream 
in a hybrid approach. Clearly, this complicates the mathematics and 
modeling in production scale-up.

Vessel geometry likewise hampers process scalability with single-
use bioreactors. We consulted Melisa Carpio of Sartorius Stedim 
Biotech about these challenges. She notes that stainless steel stirred-
tank bioreactors can scale easily because their geometry is highly 
characterized. “The challenge with some single-use technologies is 
that they deviate from this traditional geometry found in multiuse 
benchtop and production bioreactors.” Companies such as Sartorius 
have tried to account for that problem by designing single-use 
bioreactors (including the 100-mL ambr system and the 2,000-L 
BIOSTAT STR line) that “are geometrically similar across the entire 
volume range.” 

Carpio suggests, however, that the problem of geometry can be 
overcome. “Parameters like tip speed, kLa, power density, and 
gassing strategy are essential regardless of the production mode. In 
cases like intensified fed-batch or high-density continuous cultures, 
higher kLa, and gassing rates are likely [to be] needed” to compensate 
for a single-use bioreactor’s geometry and scalability. “But scaling 
up from the process development to manufacturing scale will still 
use the same principles. The key to scale-up is having a small-scale 
model that is representative of the production scale.” Equipped with 
such models and better characterization of single-use bioreactor 
geometry, single-use vendors now seem on the verge of matching the 
scalability and other established benefits of stainless steel. 

At BPI West this past March in Santa Clara, CA, Eisai’s Jesse 
Knaub presented on evaluation, implementation, and process scale-
up to a 2,000-L single-use bioreactor system. This was part of a 
facility transition from classical stainless steel equipment toward 
disposables. He touted some of the familiar pros and cons of single-
use technology: 

• Benefits — less qualification effort, reduced turnaround 
times, fewer operations needed, no steam utilities required 
en suite, no purified water needed for cleaning

• Drawbacks — greater cost of consumables, more plastics to 
dispose of. (Editor’s Note: Bag storage and handling can 
present difficulties as well.)

Knaub also elaborated on some utility savings and additional 
considerations. New technologies not only eliminate or lessen the 
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need for clean-in-place (CiP) and steam-in-place (SiP) cleaning, they 
also lower the requirements for autoclaving. This allows for a smaller 
facility (with less clean-steam capacity and relatd utility monitoring) 
and reduces electricity draw. He pointed out that using disposables 
saves thousands of liters of expensive water for injection (WFI). 
Preventative maintenance, too, becomes less of an issue without as 
much wear and tear on equipment as before. There are no steam 
traps to replace or elastomers to change to maintain sterile boundaries. 

Eisai considered four large-scale stirred-tank bioreactor models 
from GE Healthcare (Xcellerex XDR), Pall Biotech (Allegro STR), 
Sartorius Stedim Biotech (STR), and Thermo Scientific (S.U.B.). One 
way they differ is in their mixing technologies. All use a single 
impeller except for the Sartorius system (which has two impellers), 
but the designs of those components vary. The Xcellerex system uses 
four pitched impeller blades; the Allegro system uses three elephant-
ear blades; the STR system uses three segmented blades on each 
impeller; and the S.U.B. system uses three pitched blades on its 
single impeller. This illustrates how CFD analyses can help upstream 
process engineers determine which hardware works best with their 
particular cell lines, media, and proteins of interest. 

System qualification is very different between stainless steel and 
polymer-based systems, with the former being far more involved. 
Knaub showed two telling photos of stacked documentation resulting 
from qualification efforts, and the single-use pile was less than a 
quarter the size of that for multiuse equipment. He concluded that 
lower capital investment and fewer resources are are needed for 
installation and qualification of large-scale single-use bioreactor 
systems. Their greater cost of consumables is offset by lower utility 
requirements and shorter cycle times. In a less-complex system 
requiring less equipment maintenance and fewer spare parts, 
process performance is comparable with that of stainless steel and 
benchtop glass bioreactors. 

For about a decade now, the upper limit on bioreactor scale has 
been regarded widely to be that 2,000-L working volume. Users and 
system designers both have pointed to the limitations of polymer 
films for containing the sheer weight of more fluid than that — not 
to mention the ungainliness of large bags. Heat and gas transfer 
both become difficult to control at larger scales, as well, especially 
for microbial fermentors. One company, however, has broken the 
mold. In recent years, ABEC’s “Custom Single Run” (CSR) product 
line has included disposable bioreactor volumes up to 4,000 L, 
fermentor volumes up to 1,000 L, and liquid mixing systems up to 
5,000 L. WuXi Biologics, for example, installed 4,000-L ABEC 
bioreactors at its new commercial manufacturing facility (opened in 
2018) in Jiangsu, China. 

Then just this fall, ABEC announced the availability of a 6,000-L 
CSR — 3× the size of any other company’s largest offerings. Reducing 
the risks of container failure and minimizing system turnaround 
times are both critical for large-scale single-use bioprocessing. So 
ABEC uses specially designed packaging to prevent mishandling that 
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could affect film integrity adversely. And once a disposable container 
reaches the floor of a biomanufacturing plant, technicians use simple 
tools to assist with its installation into large metal housings. In its 
press release, ABEC states that “even the largest disposable container 
can be installed by one operator in less than an hour.”

Continuous Production Processes
Once the purview only of large companies such as Genzyme 
working with proteins that were particularly vulnerable to host-cell 
enzymes and other culture components, continuous processing is 
increasingly of interest in the biopharmaceutical industry at large. 
It’s now seen less as a means of protecting valuable products from 
in-culture degradation than as a way to intensify processes and 
improve productivity. Many perfusion bioreactors use some kind of 
separation technology to harvest expressed proteins continually 
throughout the duration of a culture — once cells have progressed 
from growth to production, that is. Most systems continually 
remove cytotoxic metabolites over time, some harvesting product 
at a set time point or concentration level (sometimes referred to as 
“concentrated fed-batch mode”). All perfusion processes add 
nutrients along the way as culture media are consumed by hard-
working production cells.

Essentially, continuous operations bring some considerations of 
downstream scale-up into the upstream realm:

Perfusion involves retention of the cells inside the bioreactor while 
simultaneously removing spent medium and adding fresh medium 
continuously. The flow rate[s] of addition of fresh and removal of spent 
medium are generally kept the same (perfusion rate) to maintain the 
culture volume inside the bioreactor. Cell retention is possible with many 
devices but the reliability and consistency in performance of these 
devices remains a major challenge for design, operation, and scale-up of 
perfusion processes. For a filtration-based retention device, successful 
scale-up depends on cell retention efficiency, prevention of filter fouling, 
and the similarity of perfusion equipment [at] small and large scales. (8)

The rate at which nutrients are added regularly to a continuous 
culture and metabolites or protein products are removed is referred 
to as the exchange rate or perfusion rate. This changes throughout the 
course of a culture, but it is scale-independent. “As cell density grows 
and nutrient consumption and metabolite formation increase, the 
exchange rate increases to provide a certain amount of fresh medium 
per cell per day — or alternatively, to follow a predefined profile of 
medium exchange per day” (9). Typically expressed in terms of 
bioreactor volumes per day, controlling this rate is important in scale-
up. Cells can’t be starved nor flooded with too much of a good thing 
(nutrients), and high concentrations of waste metabolites can harm a 
culture at high concentrations. In fact, those limitations were the 
reasoning behind decades of batch and fed-batch production modes. 
But modern sensor, control, filtration, and bioreactor technologies 
are making continuous culture — at both small and large scales — a 
more viable operation to more upstream groups than ever before.

Back to Contents

Perfusion Challenges
“I have been told it is hard to get [CDMO] 
clients to commit to this technology at 
early stages. The biggest challenge is 
scale-up. After you complete phase 1 
and 2 clinical supply production, you 
need to consider pivotal clinical study 
supply and commercial launch at larger 
scales. But when using perfusion 
technology, you may not have a real 
choice with CDMOs at larger scales. In 
the later stages, you might need to scale 
up to 10,000 L or 20,000 L for cost of 
goods (CoG). 

“At later stages, you will need to change 
to multiplex disposable or stainless 
bioreactors because finding a CDMO 
with such a large-scale perfusion facility 
can be difficult. That is a huge change 
and likely can lead to product profile 
differences, which you don’t want to see 
for late-stage CMC development. 
Changing from perfusion to one of the 
other two choices also can make 
comparability a big challenge, so some 
people push away from using perfusion. 
In fact, I don’t see it as a realistic choice 
for any program for which there is hope 
of ultimate commercialization, especially 
given the usual timeline constraints, 
although perfusion is appreciated for 
small-volume needs and will continue to 
evolve. Recently, I had a conversation 
with a CEO of a contract manufacturer 
specializing in perfusion technology. He 
said that his company tried it for a few 
years but it was difficult to convince 
clients to start with perfusion 
technologies because everyone saw 
scale-up as a big challenge.”

—Qinghai Zhao, FortySeven, Inc. VP of 
technical development and manufacturing 

(in BPI’s October featured report)
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Challenges remain, however. Few upstream bioprocess engineers 
have experience scaling up perfusion processes. Although scale-up 
may at first seem to be a matter of just “running the culture longer,” 
that idea can go only so far. You need larger filters to handle a 
1,000-L culture than a 200-L culture if you want to keep the 
perfusion rate steady — and scaling up filtration has its own issues, 
the details of which fall outside the scope of this discussion. Also, 
polymer-film leachables can create problems. The longer a culture 
continues in the same vessel, the more time the fluids have to pull 
chemicals out of its materials of construction. Typically those will 
be small molecules that might or might not filter out along with 
metabolites. Users in a regulated industry can’t simply make 
assumptions when product quality is at stake — so scale-up of 
continuous processes is likely to require some level of extractables/
leachables testing as well.

Cells As Products
When cells aren’t serving as miniature protein factories, but rather 
as products themselves, scale-up becomes even more challenging. 
Therapeutic cells cannot be adapted to grow in suspension because 
they won’t have that option in a patient’s body (only blood cells do 
that in vivo). So they need to be cultured on some kind of support 
such as microcarriers or beads inside a bioreactor. Note that some 
production cell lines also require adherence to a surface to grow, but 
they are a shrinking minority outside research laboratories.

One solution for attachment-dependent cells is hollow-fiber 
bioreactor technology. The fibers are small, semipermeable 
capillary membranes arranged in parallel array. Typically they can 
allow molecules of 5–30 kDa to pass through. These fibers usually 
get bundled and housed within tubular polycarbonate shells to 
create hollow-fiber bioreactor cartridges. The fibers’ interior is 
referred to as the intracapillary (IC) space, and an extracapillary 
(EC) space surrounds them. Cells are seeded into the EC space and 
attached to the outside of the membranes; culture medium is 
pumped through the IC space, which delivers oxygen and nutrients 
to those cells through membrane perfusion. Cellular waste products 
and CO2 perfuse across as well to be carried away by the pumping 
action. When properly configured, this can serve as a type of 
continuous culture. 

With thousands of fibers packed into a single vessel, they can 
provide a lot of attachment area in a relatively small volume. 
Hollow-fiber bioreactors use less medium than traditional tank 
bioreactors, and the cartridges are disposable. FiberCell Systems is 
one company focused on this technology, which it points out can 
be used both for suspension-adapted and anchorage-dependent 
cells. “A single 20-mL cartridge can continuously maintain >1 × 109 
cells,” says its website, “and up to 1× 1011 cells can be cultured 
using 2 × 70-mL cartridges on a single pump. This enables a time-
scalable production process that’s ideal for generating very 
concentrated monoclonal antibodies, fully glycosylated recombinant 

Back to Contents
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proteins, or extracellular vesicles (EVs) that can run for weeks or 
even months, as required, with little hands on time.” 

One commercial application of hollow-fiber bioreactors has been 
for production of influenza virus vaccine (10). The technology was 
found to be comparable in production capacity with both other 
stirred-tank and wave-mixed bioreactors using alternating tangential-
flow (ATF) perfusion systems. As you can imagine, however, scale-
up of hollow-fiber bioreactors is very different from that of stirred 
tanks or wave-action bags. Often it’s just a matter of adding more of 
the small-footprint equipment inside incubators and running 
cultures longer. Such a “scale-out” approach is typical for attachment-
dependent cultures such as those used in cell therapy production. 
Scaling out eliminates the complications of scale-up simply by 
reproducing the same process conditions in multiple units.

Another approach, however, has been developed in Spain — 
although it is not yet commercially available (11–15). The Bolt-on 
Bioreactor system is an efficient and automated perfusion technology 
for culturing adherent cells. It uses rolled sheets of membrane rather 
than membrane fibers and operates similarly to roller bottles — but 
is much more scalable than they are. Figure 2 compares its 
configuration with other adherent-cell options (11). Although scale-
out is possible with such a system, the rolled-membrane design 
offers a clear means of scale-up as well. BPI looks forward to 
watching the progress of this technology as it makes its way into the 
cell therapy industry and beyond.

Taking It to the Limit
We asked BPI editorial advisor and GE Healthcare Life Sciences 
senior technical market manager Bill Whitford what process 
engineers should be talking more about when scaling up bioreactors 
and bioprocesses in the modern era. “The ultimate goals include 
incorporating the industrial internet of things (IoT),” he told us. He 
pointed to newer computer data access techniques such as “smart” 
cloud-based information technologies and automated 
biomanufacturing process control as increasingly applicable and 
important. “Advanced monitoring techniques, machine learning, 
and artificial intelligence will mimic cognitive functions — be able 
to ‘learn’ incrementally from data of many sources (e.g., historical 
and remote) and types (e.g., unstructured and multidimensional) as 
well as accommodate new information (including empirical data) as 
it becomes available.” That will provide for real-time prediction, 
classification, problem solving, decision making/recommendations, 
and control. “Observability analyzers will review systems and 
determine what data are valuable and what are redundant, irrelevant, 
or corrupt.” 

Eventually, he says, these technologies will support control of the 
entire biomanufacturing process from supply-chain management to 
the bioprocessing train to documentation of final-product attributes. 
These advancements should provide for full “autonomation” of 
model-based experimental design in product and process 

Figure 2: Five available strategies for 
increasing volumetric productivity in 
adherent cell culture — (a) roller bottles, 
(b) plate stacks, (c) particulated 
supports (microcarriers), (d) hollow-fiber 
bioreactors, and (e) rolled membranes — 
showing flow direction (10)

(A)

(B)

(C)

(D)

(E)
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development as well as learning, adaptive modeling, and closed-
loop control systems in biomanufacturing operations. (Otherwise 
described as “intelligent automation” or “automation with a human 
touch,” autonomation is a feature of machine design for lean 
manufacturing.)

As the BPI Boston presentations of Dunne, Madsen, and Smith 
attest, in silico modeling of bioreactor behavior already has assumed 
a tremendous role in upstream process development. CFD study and 
kLa computations are helping engineers to preempt problems with 
technology transfer and pilot-to-production scale-up. And echoing 
Whitford, Carpio suggests that process analytical tools (PATs) are 
hastening fully automated upstream processing. 

“Gone are the days of having to manually take offline samples 
and run them to multiple analyzers. With advances in sensor 
technology and automation, most key culture parameters now can 
be read online or atline in a continuous or semicontinuous mode.” 
Such analytical capabilities combined with recent upgrades to 
multivariate data analysis software tools, such as the SIMCA system 
from Sartorius Stedim Biotech, ultimately make it possible to record, 
synthesize, and interpret more bioreactor data than ever before. 

In modern biopharmaceutical production, data overload perhaps 
raises more concerns than information scarcity. For instance, 
process engineers and data scientists must learn how to extract 
meaningful patterns from the deluge of data points collected during 
a single bioreactor run. At the same time, comprehensive data stores 
and in silico techniques now offer better understanding and 
increased control of cell culture environments — often at early 
bioprocess stages and with promising implications for reaching 
scales beyond current production capacities. Such innovations 
suggest not only that perennial scale-up concerns will become more 
tractable, but also that fully automated and IoT/IIoT-integrated 
upstream processing is just around the corner. 
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