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O nce an engineering curiosity and small-
scale laboratory technique, continuous 
bioprocessing has evolved in just a few 
short years to a topic of intense and 

increasing interest to most bioprocessors. Critics 
point to a steep learning/adoption curve, but that 
is nothing new in biomanufacturing. 

Andrew Zydney is a distinguished professor of 
chemical engineering at Pennsylvania State 
University. He has noted these challenges facing 
continuous processing: commercially unproven 
unit operations (especially downstream), a lack of 
equipment robustness, sterility concerns, and 
uncertain development timelines (1). 

Zydney acknowledges that bioprocessors faced 
similar issues during the dawn of therapeutic 
biotechnology in the 1980s and then again two 
decades later with the emergence of single-use 
processing. “These issues all relate to change,” he 
says. “The solutions were addressed and answered 
in batch processing to everyone’s relative 
satisfaction. None are insurmountable in 
continuous mode, but companies must put in the 
time and effort to address these concerns to new 
manufacturing platforms.” 

GoinG All-in 
Pall Life Sciences (Port Washington, NY) has 
pushed fully continuous bioprocessing to the 
forefront. Along with significant acquisitions of 
critical technology, its continuous processing 
laboratory in Westborough, MA, demonstrates 
that commitment. To complement its well-known 
depth-filter line, in 2015 the company licensed 
acoustic-wave separation (AWS) from FloDesign 
Sonics (Wilbraham, MA). As detailed below, 
acoustic separation uses sound waves to trap and 
collect cells passing through a f low channel. Pall 
then acquired Tarpon Biosystems’ BioSMB 
(simulated moving bed) multiple-column 
chromatography system. For upstream processing, 
the company purchased the life sciences business 
of ATMI, which included the iCELLis bioreactor 
for adherent-cell culture (2).

When asked what specific areas his company 
was involved with, Michael Egholm (Pall’s 
biopharmaceutical vice president and general 
manager) responded “Everything.” Pall’s recent 
acquisitions and collaborations tell the story. “We 
decided a year and a half ago that after securing 
our single-use strategy, continuous bioprocessing 
would be the next frontier. We’re focusing on a 
complete portfolio and have installed a continuous 

bioprocessing laboratory in our Westborough, MA 
facility.” When analyzing the most serious 
continuous processing bottleneck, Egholm’s group 
identified harvest clarification, which he terms 
“dirty and messy” and incompatible with 
continuous operations. Removing cells and debris 
before the capture column, sometimes referred to 
as “midstream” processing, is sufficiently unlike 
upstream and downstream processing that it 
presents unique problems that sometimes go 
unresolved even in batch processes.

AWS works by acoustically generating a three-
dimensional standing wave within a f low channel. 
Suspended cells passing through that channel are 
trapped in acoustic nodes, where they aggregate 
and fall out of suspension. Complimenting Pall’s 
line of depth filters, this technology is set for 
commercial launch as the Cadence acoustic 
separator in mid-2016. AWS achieves continuous 
primary clarification and may be linked directly to 
a depth filter. 

Pall runs four stages of acoustic separation in in 
series and reports comparable output to today’s 
clarification technology. Eliminating 
centrifugation boosts operational robustness, 
providing a clear, rapid path to clarification that is 
applicable to manufacturing a range of therapeutic 
proteins, particularly monoclonal antibodies 
(MAbs). Whereas centrifugation and depth 
filtration require several washes for full product 
recovery, acoustic separations need no wash steps 
to provide 90% yield and up to 85% clarification. 

AWS and BioSMB technologies have become 
key elements of Pall’s continuous-processing 
research and development. The company began its 
quest for fully continuous processing by building 
out a “balanced” downstream purification train, 
which Egolm refers to as “the biggest technology 
challenge.” Compared with upstream processing, 
however, he says it carries a somewhat lower 
regulatory challenge. Simultaneously, the company 
was assembling single-use and perfusion cell 
culture through various technology deals and its 
acquisition of ATMI’s life-science portfolio. 
Included in that deal was the Integrity iCELLis 
bioreactor, which provides capabilities for adherent 
cell culture. Pall’s own single-use batch bioreactors 
have a current top volume of 1,000 L and will 
soon debut 2,000-L units. 

Additional single-use capabilities include 
tangential-f low filtration (TFF), single-use 
chromatography, and leading positions in sterile 
connectors and mixing technology. Those 
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products are now part of Pall’s single-use 
initiative, but a group led by Mario Philips 
(general manager and president of single-use 
technologies) will manage them through an 
evolutionary path towards continuous processing.

All significant continuous processing 
technologies, Pall’s included, share one 
characteristic: disposability. “I cannot imagine 
continuous processing in the absence of single-use,” 
Philips says. “Part of the elegance of a continuous 
train is that it allows scaling down to the point at 
which you can have an entire process in a laboratory 
and still make amazing quantities of antibodies.”

He estimates productivity at up to 2 g MAb per 
hour, per liter of culture “without trying,” and 
believes that a five- to 10-fold improvement over 
that is not unreasonable to expect. Such a 
production system could generate MAbs in the 
hundreds of grams per day at a cost of about US$1 
million, but a fraction of the cost for a fixed-tank 
process to produce the same amount. “For the vast 
majority of molecules, that will get you through 
the first two clinical phases — and possibly phase 
3.” Whether production at this prodigious level (if 
achievable) will reignite discussion of “capacity 
mismatch” between cell culture and purification 
remains to be seen.

The advantages of upstream and downstream 
continuous processing differ, but at their core they 
both seek to reduce hands-on operations and 
potentially the number of steps in a process. Note 
Genzyme’s adaption of cell-retention devices, 
similar if not identical to those used in perfusion 
cell culture (3), to make high-density cell banks. 
Traditional shake-flask batch mathods take longer 
to bring cells to very high densities, but this 
strategy saves time while reducing intermediate 
cell-expansion steps and associated manual 
interventions. 

Kathleen Mihlbachler is global director of 
process separations for LEWA Process 
Technologies (Devens, MA). From her perspective 
in downstream processing, she believes that the 
greatest benefits of process intensification come 
from connecting upstream and downstream 
operations. “But that requires rethinking the 
conventional bioprocess mindset.” 

Productivity, Economics, Robustness: “The 
biopharmaceutical industry is adopting a more 
strategic view toward manufacturing, seeking 
solutions that offer increased productivity and 
improved economics without sacrificing process 
robustness,” says Michael Phillips, director of 

bioprocess development at 
MilliporeSigma. Drivers include 
the desirability of multiproduct 
facilities requiring flexible 
manufacturing, competition from 
biosimilars, and increasing protein-
expression levels. “Strategically, the 
industry is addressing those challenges 
through process intensification, including unit 
operation optimization, linked processing, and 
continuous processing.” 

From an upstream perspective, process 
intensification focuses mainly on perfusion 
bioreactors (4–9). Historically, perfusion processes 
were the domain of unstable cell culture protein 
products. For stable proteins, it was limited by low 
product concentrations, high media costs, and 
overly complex systems. Those limitations may be 
overcome, according to Phillips, by improvements 
in host cell-line platforms and perfusion media, 
with scalable single-use bioreactors and efficient 
cell retention devices. For example, 
MilliporeSigma has improved its zinc-finger 
nuclease Chinese hamster ovary (CHOZN) host 
cell-line platform to develop high-producing cells 

 In 2014, LEWA Process Technologies licensed the  
Capture SMB technology from ChromaCon AG.  

(WWW.LEWAPROCESSTECHNOLOGIES.COM)
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capable of stable expression for more than 90 
generations, which is necessary for 60- and 90-day 
perfusion applications. The company also is 
actively involved in developing cell culture media 
that will be specifically designed for high–cell-
density perfusion cultures. 

From a downstream perspective, process 
intensification focuses on eliminating bottlenecks 
and significantly improving process economics. 
“For high-titer monoclonal antibody processes, 
protein A capture can be the primary downstream 
purification bottleneck,” says Phillips. Continuous 
multiple-column chromatography may be an 
attractive alternative for some processes, especially 
when it can be used with high-capacity, 
noncompressible protein A resins. MilliporeSigma 
also has demonstrated that concentration through 
single-pass filtration before column loading onto a 
continuous protein A capture process is 
particularly effective in enhancing productivity 
and cost-effectiveness of that capture step. 

For MAb processes, product purity following 
the protein A capture step often is >95%. The 
objective of polishing operations that follow is to 
further remove process- and product-related 
impurities. Current polishing templates typically 
involve a combination of bind–elute and flow-
through polishing chromatography steps to achieve 
high purification targets. “An appropriately 
designed flow-through train provides robust 
polishing that improves process economics of 
existing batch processes, but is also a key enabler of 
connected and continuous processes,” Phillips 
notes. Scientists at his company have identified a 
series of f low-through polishing resins that work 
orthogonally and synergistically to remove product- 
and process-related impurities while minimizing 
the need for significant adjustments to solution 
conditions. The resulting products are still in 
development, but according to Phillips his 
company’s new flow-through template will 
simultaneously reduce total polishing cost of goods 
(CoG) by >20%, reduce buffer and water 
consumption by >50%, decrease processing time by 

~40%, and reduce overall facility footprint by ~30% 
in support of existing batch processes — with even 
greater benefits for continuous operation. 

Upstream Process Development: Parrish 
Galliher is chief technical officer for upstream at 
GE Healthcare’s Life Sciences business 
(Marlborough, MA). He says that about half the 
companies that have tried continuous upstream 
processing love it; the rest have sworn it off except 
when unstable products require it. 

The principal obstacle to adoption of 
continuous cell culture is the time required for 
associated process development. For a 10-day, fed-
batch production process, development engineers 
can gather data points after a few days, which is 
impossible for cultures that are designed to last for 
40–60 days. The nearly universal adoption of 
extreme scale-down methods — e.g., ambr 
minibioreactors from Sartorius Stedim Biotech 
— provide ample testimony that such a stragey 
works for batch processes. 

“That’s what killed our continuous processing 
initiative at Biogen in the 1980s,” Galliher says. 
At that time, the company was investigating a 
continuous process in stainless steel bioreactors. “If 
your experiments are a month or two long, you’re 
slowing your team way down in terms of process 
optimization, the number of drugs you can 
develop at any one time, and overall resources.” 

This is clearly an area where the industry needs 
help. Bob Kozak is senior director of regulatory 
affairs at Bayer Healthcare. In a recent 
presentation, he noted that “long-duration 
continuous perfusion processes may benefit from 
small-scale validated models to shorten time for 
data generation.” 

Yet the problems run deeper than mere 
development time, which may be recouped later on 
through improved efficiencly. “It’s very difficult to 
guess the proper model for upstream 
development,” says Zydney at Penn State. It comes 
down to engineers’ comfort level with 
extrapolating from shorter reactor times. Compare 
that with the many available fed-batch scale-down 
models. “If your goal is integrated continuous 
processing, particularly for the first products with 
strategies that are not well established, process 
development will almost certainly slow down 
commercialization.” 

Zydney notes that early MAb process 
development took far longer 20 years ago than it 
does today. So he believes that continuous 
processing timelines will come down, “but 

From a downstream perspective, 
process intensification focuses on 
eliminating BOTTLENECKS 
and significantly improving 
process ECONOMICS.
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whether to as short a period as with batch is a 
question.” Meanwhile, few companies will be 
willing to finance extended process development 
activities. “I can easily see some organizations just 
saying ‘no’ to longer process development times. If 
development cannot be wrapped up as quickly as 
with established batch processes, it will be tough 
to generate the internal support necessary to bring 
a product to commercialization.” 

William Whitford is bioprocess strategic 
solutions leader at GE Healthcare Life Sciences 
(Logan, UT). He questions whether the benefits 
of partially continuous over fully integrated 
continuous processing are worth the associated 
costs. “Is it worth spending extra money and 
sacrificing f lexibility to say you’re somewhat 
continuous? Or is it good enough have a perfusion 
bioreactor that feeds into a bin, then you run SMB 
into a bin, and you ship to another building for fill 
and finish? Is it worth the extra engineering to 
make a process end-to-end continuous? It’s a lot 
easier to have a series of interrupted continuous 
processes that you connect artificially rather than 
wait for the full solution.” 

SmAll, Flexible FAcilitieS

Single-use technologies have brought about the 
notion of f lexible facilities, but the idea has yet to 
be fully realized. Continuous processing will 
influence the design and physical layout of future 
biomanufacturing plants, mostly by allowing them 
to be constructed smaller with f lexibility as a 
major design criterion. Facility planners will be 
pressed to come up with new ideas, says Maik 
Jornitz, president of G-CON Manufacturing (10). 
G-CON’s prefabricated, on-demand (POD) 
mobile cleanroom units (pictured below) have 
separate heating, ventilation, and air-conditioning 
(HVAC) systems (11).

Although the cleanroom’s HVAC system is 
autonomous, that doesn’t get in the way of 
potential connectivity of units and process 
operations. The value of self containment becomes 
clear in light of recent contamination issues at 
large bioprocessing facilities (12, 13). If the air-
handling capabilities were interconnected and a 
contamination event occurred in one cleanroom, 
then other cleanroom areas would be immediately 
affected. Autonomy allows a company to continue 
working if one POD unit needs to be shut-down, 
Jornitz explains. That unit is cleaned and sanitized 
by vaporized hydrogen peroxide while the other 
units continue to function. He calls them 
“essentially walk-in isolators” (10).

According to Jornitz, multiproduct 
bioprocessing facilities of the future will have less 
multiple-use equipment overall. Building single-
product facilities in relatively small countries, for 
example, makes no sense based on capital 
expenditures and ongoing operational costs. Large 
and small companies alike require f lexibility, if for 
sometimes different reasons (14–18). 

Whitford notes that users can design processes 
and submit them to G-CON or GE (with its 
similar platform known as KUBio, pictured on the 
next page), then have a process space delivered by 
truck that houses everything from media/buffer 
preparation space to final fill–finish operations. 
“All you do is pour a concrete foundation. You 
don’t need clean steam, clean water, or 220-V 
electricity. Roll in your single-use bioreactor, 
connect the lines, and turn the switch. That Holy 
Grail is already on the table.” In September 2015, 
GE’s first KUBio facility was delivered to JHL 
Biotech in Wuhan, China (19).

Large Facilities Aren’t Going Away: Companies 
will continue to build large, dedicated, single-
product facilities around big stainless steel tanks 

POD units from G-CON Manufacturing, Inc. 
(WWW.GCONBIO.COM)
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and hard-piped resources for high-value products. 
Here, according to John Bonham-Carter, sales 
director at Repligen (Waltham, MA), 
manufacturing costs are not a substantial driver. 
“If you have to fit a multibillion-dollar drug into 
that facility, then cost cutting on manufacturing 
will not be critical. Amgen, Genzyme, and other 
companies that are advanced in both upstream and 
downstream continuous processing have many 
legacy products that are still produced in fed-batch 
mode.” Even so, those companies want to build 
greenfield sites that are smaller, more modular, 
easier to locate regionally, and have a commonality 
of layout. Future bioprocessing plants will be built 
much more quickly and incur lower manufacturing 
risk overall than the traditional designs. “It’s a 
delayed decision because it’s a smaller facility with 
much lower capital outlays. These will often be 
multiproduct and largely single-use facilities.” 

Maintaining product quality, a more complex 
driver than economics, is one major stated goal of 
continuous biomanufacturing. Most experts agree 
that consistency will be easier to achieve with 
perfusion cultures than with fed-batch mode, 
which should make operation of continuous 
bioprocessing facilities straightforward. Fed-batch 
cultures are inherently inconsistent from batch to 
batch, but many advantages of perfusion cell 
culture disappear when consistent quality is 
unachievable. 

Bioprocess engineers normally discuss fed-batch 
process titers in terms of grams of protein produced 
per liter of culture, but that represents a final 
concentration at the end of a given batch. During a 
two-week run, some biomolecules swim in a 
culture for one day only — others for two weeks 
— and everything in between. Depending on a 
number of process parameters, certain proteins can 
experience degradation after expression, which 
ultimately affects product quality and introduces 

batch variability. That would favor perfusion 
operations, even if it complicates the matter of 
determining process titers. 

Modern perfusion bioreactors hold 50–100 
million cells per milliliter of culture volume, 
which is about five times higher than units used 
for fed-batch culture. Cell-specific productivity is 
also higher with perfusion. Published data on 
actual productivity at such concentrations in a 
perfusion bioreactor indicate about 3 g/L/day. 
Because expressed protein is removed every day, all 
molecules experience the same exposure to the 
culture environment. 

PAt And ReGulAtoRy iSSueS

Process analytical technologies (PATs) are not 
found much in continuous processing today, but 
they will gain in significance as such processes 
become more automated. Bonham-Carter says that 
continuous processing has been criticized based on 
the cost of maintaining shifts around the clock, 
but he believes that such thinking ignores the 
potential future role of automation. “More 
automation means fewer trained operators. Once 
you can demonstrate that you have control of a 
process, it’s the same every day. It’s simpler, but 
this is when monitoring and sensing with closed-
loop control will be critical.” An example is 
biomass control, which is not normally performed 
during fed-batch processes but is a standard 
requirement for perfusion. 

A key technology for supporting continuous 
upstream operations will be automated process 
monitoring and control. A steady-state perfusion 
culture often may facilitate definition and control 
of product quality attributes (PQAs) for quality by 
design (QbD) while minimizing the burden on 
downstream purification. 

Zydney believes that process analytics need to 
be nimbler for processes operating in continuous 

GE KUBio modular units shipped by truck 
(WWW.GELIFESCIENCES.COM)

Facility construction using GE KUBio modules 
(WWW.GELIFESCIENCES.COM)
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mode. Batch processes originally were built around 
the need for off line measurements. “It doesn’t 
matter much with batch if testing takes hours or 
overnight,” he explains, “because everything was 
on hold anyway. The process was not disrupted.” 
With continuous protein harvest, timing becomes 
more critical. Processors will not be as willing to 
wait for assay results to return because the next 
harvest is never too far away. “If you’re running for 
90 days, you can’t afford to lose everything.” 
Ensuring that losses do not occur involves 
designing PAT around a manufacturer’s definition 
of a product batch. “By the time you notice that 
something has gone wrong early in the run, that 
product can already be sitting in vials. 

Aside from PAT, which even for batch 
processes is still a work in progress, the regulatory 
burden for continuous processing should not be 
too onerous for continuous processes. Bioburden is 
not unique to such operations, but the issue is 
exacerbated by long processing times and reliance 
on concentration (downstream) and cell retention 
(upstream). Manufacturers must maintain product 
at consistently high quality over many weeks. 
Early doubters cited these issues among others as 

reasons that continuous processing would remain a 
background activity, but Michael Egholm 
dismisses the problems as “solvable.”

downStReAm oPeRAtionS

Leading technologies supporting continuous 
purification operations include continuous 
multiple-column chromatography, in-line viral 
inactivation (low pH and/or detergent treatments), 
f low-through polishing trains, and single-pass 
filtration for intermediate concentration and buffer 
conditioning applications as well as final 
formulation (10). Phillips says that those 
approaches will be engineering enhancements of 
existing technologies, so people who work in 
process development and manufacturing are likely 
to be comfortable with their adoption for solving 
facility-fit and process bottleneck issues they face. 
Additionally, adoption of those technologies to 
support batch operations should help drive the 
transition from batch to fully continuous 
operations. System design, sensor technology, and 
process integration and control will need 
improving, however, for bioprocessors to achieve 
true continuous processing.

Other downstream operations that could see 
adaptation for continuous operation include TFF 
for buffer exchange or concentration and final 
virus-reduction by nanofiltration. With virus 
filters placed in-line, process f low is directed 
through a second parallel filter once one has 
become saturated. 

Continuous downstream processes are not very 
different from their batch-mode counterparts, 
Mihlbachler believes. “There are the same steps of 
loading, washing, and elution, but they’re 
scheduled differently.” In chromatographic elution 
from a large batch-loaded column, for example, 
product eluting at the start of the peak is different 
from material at the end of it. With continuous 
chromatography, multiple peaks are spread out 
over a period of weeks. After each run, 
bioprocessors perform quality tests for product 
composition and quality. “You can analyze the 
true quality attributes — the composition that 
defines your product.” What the FDA is dead-set 
against is for companies to collect and/or combine 
all harvests and test them en masse at the end. 
“They want you to understand the process,” she 
asserts. That is the main objective for real-time 
release testing. 

Robustness of downstream operations running 
continuously for two or three months is a genuine 

 In 2014, Refine Technology sold the ATF System product 
line and related technology to Repligen Corporation. 

(WWW.REPLIGEN.COM)
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concern. Resin performance, for example, degrades 
over time even in batch processing. Downstream 
process engineers could diminish the effects of 
resin degradation by overdesigning their 
chromatography systems. For example, if one resin 
has a capacity of 50 g/L, they could limit its use to 
40 g/L. But as Zydney points out, “That would be 
unfortunate because in that case you’re not able to 
take a full advantage of resin capacity. And the 
issue of providing target yields and quality as resin 
capacity drops remains an issue.” The same kinds 
of performance concerns hold for membrane 
adsorbers, whose performance also drops over 
time. 

Beginning Somewhere: Like most top suppliers, 
GE Healthcare prefers a holistic view of 
continuous processing rather than thinking of 
upstream as separate from downstream processing. 
Real-life implementations must begin somewhere, 
however. “People will start with one unit 
operation, then step back to see what worked or 
didn’t work,” says Galliher. “Few companies have 
tackled both upstream and downstream 
simultaneously.” 

About half of the biopharmaceutical companies 
he visited last year asked him about continuous 
processing. Galliher advises them to begin 
downstream, where there’s less debate about 
operations and benefits than for upstream. Why? 
Purification does not involve living cells and is 
better-understood as a scientific and engineering 
exercise. Interactions among proteins, resins, and 
filters is relatively easy to quantify. “Cell culture 
presents a raft of unknowns and variables, and is 
inherently variable and risky,” Galliher continues. 
“If something goes wrong downstream, it’s a lot 
easier to problem-solve.” The process is no longer 
sterile. “You’re basically chasing one buffer after 
the other through a multiple-column system, so 
there’s a lot less risk downstream.” 

With a downstream-first approach in mind, 
Galliher suggests beginning with his company’s 
small-scale ÄKTA pcc benchtop continuous 
chromatography system. In a system of three- or 
four-interconnected columns, the first column is 
saturated with a product solution. Once the second 
begins taking on its eluate, then the first column 
switches to wash and recovery mode. When the  
second column is loaded to over-capacity, 
breakthrough product f lows onto a third column. 
The second column enters wash and recovery 
mode, and the third column goes into load and 
overload. As the third column is saturated, the 

first column will be ready to begin this cycle anew. 
According to Galliher, resin and buffer savings 
can be achieved on the order of 30–50% and 
30–40%, respectively. A pilot-scale version of the 
system is in development. 

deFininG the bAtch 
In fed-batch cultures, a batch is defined as the 
final contents of a bioreactor (expressed in terms 
of volume). But continuous cell culture typically 
runs for 30–45 days, with some production 
processes going as long as 60 days or more. The 
perception of many process engineers is that this 
muddies the very concept of a batch, with 
implications for day-to-day quality as well. 

“The FDA has been crystal clear that 
bioprocessors can define batches however they 
choose, for example based on length of time, 
volume, or quantity of product,” says Bonham-
Carter. “With perfusion cultures you have the 
f lexibility to choose, yet most users select volume 
for practical reasons.” Because product is 
continuously produced, a batch volume also 
corresponds to some number of days, usually 
around two or three. Such batches are subjected to 
quality testing by means similar to the methods 
used for fed-batch processes, including 
demonstration of batch-to-batch similarity, but as 
noted, true PAT will have to provide more 
immediate results to be meaningful. 

Whereas product exposure to bioreactor 
conditions is a source of intrabatch variability for 
fed-batch cultures, cell line stability can be the 
source of variability in perfusion cultures. “A 
stable cell line is a prerequisite,” Bonham-Carter 
declares. “If product quality begins to fall out of 
specification, then you’ve lost control of your 
process. You need a better cell line or perhaps you 
run the bioreactor for fewer days. That is why 
some bioprocessors avoid this issue altogether by 
running for just 30 or 35 days.” 

The batch question has been around for as long 
as continuous processing itself. “People have been 
concerned about batch identity for years,” says 
Mihlbachler. “They were comfortable looking at a 
large fermentor and saying, ‘That’s my batch.’ 
That’s where the molecule was made, and that’s 
how it retained its batch identity. But we have to 
step away from that line of thinking to fully 
exploit continuous processing.” 

Continuous processing mitigates some risks 
but does not eliminate all of them. “If there is 
overlap between products from more than one 
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Looking back at the past 20 years of 
bioprocessing, it is interesting to 
see the recent trend toward 
continuous processing of biologic 
drugs. Perfusion culture has been 
the method of choice for 
manufacturing difficult-to-produce 
proteins such as blood coagulation 
factors or enzymes that are often 
used to treat relatively rare diseases. 
Such proteins are prone to 
degradation and therefore need to 
be removed from their supernatant 
and purified as quickly as possible 
(1). Today, more bioprocessors are 
considering continuous production 
for manufacture of monoclonal 
antibodies (MAbs), which are 
generally considered to be very 
stable, so the drivers are more 
related to economic benefits 
associated with facility design. 

Historically, the typical 
configuration for commercial 
production of antibodies in bulk 
quantities has been six 12-m3 or 
even 20-m3 stainless steel 
bioreactors operated in fed-batch 
mode, with their output purified 
by two or three downstream 
purification trains. The investment 
decision for the necessary large 
facilities often has had to be made 
long before sufficient clinical 
evidence can indicate that a drug 
will make it to market. That could 
leave companies with a major 
financial risk that needs to be 
managed.

Continuous cell culture offers the 
advantage of higher yields from a 
smaller space over a shorter time. 
More total product can be made by 
perfusion than batch culture of the 
same volume assessed on a per-
liter-of-culture-volume-per-day 
basis. Production bioreactor 
volumes can be reduced but still 
produce the same amount of 
product (2, 3). Operating at smaller 
scales with recent advances in 
single-use technology are allowing 
fully disposable continuous 
bioprocesses to be used for 
commercial manufacture of 
biologics, including MAbs. For 
some companies, the previous 
paradigm of 6 × 12-m3 fed-batch 
operations could be replaced with 
6 × 2-m3 continuous processes. 
With modern, high-titer, fed-batch 
processes, other companies might 
run 2-m3 bioreactors and run 
downstream processing in a 
streamlined, partially continuous 
mode (4). That would prevent 
challenges associated with scale-up 
to very large equipment sizes. 
Perhaps more significantly, single-
use continuous processes can 
mitigate financial risks by both 
reducing and delaying the massive 
upfront investments that traditional 
facility designs have required.

However, challenges in continuous 
processing remain, beginning with 
greater operational complexity. 
Companies will need to implement 

elaborate process control strategies 
and demanding validation 
protocols. Careful, case-by-case 
analysis informed by process 
modeling will help bioprocessors 
make the final decision as to which 
operating philosophy is most 
appropriate for them.
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fermentor or bioreactor, it’s possible to 
contaminate one with the other,” Mihlbachler 
says, “whereas keeping them separate reduces 
risk. You have more opportunities to stop a 
process.” The same holds for chromatography, in 
which batch-load mode provides only one 
opportunity to get it right. For smaller loads, 
companies can use smaller columns. “If 
something happens, you can still use material 
from previous loadings. You need to do a risk 
assessment.” 

The FDA has been thinking about batches and 
continuous processing for 15 years in its oversight 
of a continuous process for resolving chiral 
compounds (20). Simulated moving-bed 
separations also have been applied to small-
molecule drugs. But it’s understandable that 
regulators would be wary of applying similar 
methods to biologics. Their impurity profiles 
differ radically, and molecular heterogeneity is 
nonexistent for small molecules. Moreover, the 
very definition of “molecule” differs with 
biopharmaceuticals, for which the old adage, “the 
process is the product” still often applies.

“The FDA wants to move away from that idea,” 
Mihlbachler says, “in favor of real-time release 
testing.” Along with European and Japanese 
regulatory authorities through the International 
Conference on Harmonisation of Technical 
Requirements for the Registration of 
Pharmaceuticals for Human Use (ICH), the 
agency defines that new concept as “the ability to 
evaluate and ensure the quality of in-process and/
or final product based on process data” that 
“include a valid combination of measured material 
attributes and process controls” (21). 

More Batch Considerations: Matt Caple is 
scientific director for cell culture development at 
Patheon (Durham, NC). He has performed 
perfusion runs of up to 120 days but says that “a 
culture’s duration must be considered from the 
perspectives of regulatory adherence and 
practicality. Process validation on 120-day culture 
takes a very long time.” Longer cultures involve 
more risk. Because productivity is so much higher 
with perfusion than fed-batch cultures, risk can be 
mitigated through automation. 

The main issue with defining a batch is 
striking a balance between process productivity 
and harvest-to-harvest similarity. Part of 
validation is guaranteeing that harvests are 
identical — whether every day or every three to 
four days — and therefore may be combined no 

matter when they occur. 
“Processors need to develop an 
approach guaranteeing that they 
can pool harvests regardless of 
when they’re made,” Caple says. 
That emphasizes the significance of 
defining a batch appropriately. 

Pooling permeate from perfusion 
bioreactors becomes an issue of contention because 
most processes that involve continuous operations 
are actually hybrid batch–continuous processes. 
Upstream (production) may be continuous, but 
downstream purification operations are performed 
in batch mode, which requires holding product 
until enough has been expressed to justify a 
column step. 

“During a typical 14-day fed-batch culture, the 
product is changing,” Caple adds, “but with 
perfusion it should come out the same in every 
harvest.” Inhibitory effects are practically 
eliminated as well because products and cells do 
not coexist at high concentrations for very long. 
Perfusion cell culture was originally conceived for 
products with short bioreactor residence half-lives. 
Such unstable proteins were prone to aggregation 
and degradation that are commonly associated 
with reduced quality. 

Regulators have been generally open to 
companies adopting perfusion cell culture, with 
several products already commercialized. Pall’s 
iCELLis bioreactor is one example. Others 
include GE Healthcare’s hollow-fiber 
microfiltration cartridges, a traditional system in 
which cells are retained and permeate passes 
through; Repligen’s ATF (alternating tangential 
f low) system acquired from Refine Technology; 
3D Biotek’s scale-down 3D perfusion bioreactor; 
and a number of other single-use bioreactors that 
can be used in perfusion mode. “But integration of 
harvest and chromatography steps introduces 
complexity and risk,” Caple points out, so 
reviewers might be asking a lot of questions about 
that activity. But companies are already working 
with regulators to resolve those issues. 

AddReSSinG the objectionS 
In a recent position paper, Whitford outlined 10 
reasons sponsors hesitate to implement continuous 
bioprocessing, including a lack of robustness and 
f lexibility (22). He sees “no reason” why a 
recombinant avian cell line should fail in a 
perfusion process designed for Chinese hamster 
ovary (CHO) cells — or why emerging, high 
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dynamic-binding resins could not be optimized for 
simulated moving-bed processes. “The field and 
how people perceive it is changing,” he says. 
“Eight years ago, people were vigorously against 
continuous processing, perhaps through a bad 
experience with perfusion bioreactors. But now it’s 
really picked up. Lots of papers and conferences 
are dedicated to continuous processing.” 

He envisions a time when integrated continuous 
biomanufacturing will be a reality: “That’s where 
all operations are linked together. A truck brings 
250-L carboys of media into one side of a plant, 
and another truck leaves from the shipping dock 
on the other side with prefilled syringes.” 
Achieving that goal requires continuous 
monitoring and end-to-end enterprise process 
control that relies on real-time analytics. 

The very definition of continuous processing 
will affect its implementation and adoption. 
Whitford raises the interesting example of a 
seven-day batch culture initiated on consecutive 
days in seven fed-batch reactors. After that week, 
the first bioreactor undergoes harvest and 
purification and is replaced by a fresh culture. “If 
you set that up correctly, you’d be harvesting every 
day, just with a perfusion system. The effect is the 
same as continuous cell culture, but it’s really 
batch mode.” 

Similarly, in repeated fed-batch cultures, cells 
are grown to maximum density and titer, then 
80% are removed along with product. The 
remaining cells are expanded back up for the next 
batch. “It’s semicontinuous because you’re not 
shutting down the bioreactor,” says Whitford, 
“You get this discrete cut where you harvest, but 
it’s not continuous in the sense of perfusion 
culture.” 

He mentions several interesting techniques for 
overcoming media-preparation bottlenecks both 
upstream and downstream, including inline 
conditioning of concentrates and quick-dissolve 

powdered media. As perfusion systems become 
more efficient, “ordering out” might turn out to be 
more cost-efficient. High titers and cell masses 
could justify a company simply bringing in media 
that are prevalidated and ready to use, with all 
regulatory and validation burdens shifted to the 
media vendors.
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G ünter Jagschies (senior director of 
strategic customer relations for the 
bioprocess division of GE Healthcare 
Life Sciences in Sweden) was a speaker 

at IBC Life Sciences’ recent event BPI West in 
San Francisco on Wednesday morning, 16 March 
2016. In his presentation, “Be In or Be Out: 
Continuous Processing of Biopharmaceutical 
Proteins,” he spoke of advantages and 
disadvantages of this approach:

“Floor-space requirements in classified areas 
can be significantly reduced, the cost load in 
equipment is much lower as many unit operations 
can be down-sized, and the product quality can 
be improved when a process is run in steady state. 
Furthermore, continuous processing can enable 
production of proteins that are unstable, toxic or 
difficult to express. On the downside, the risk 
profile of a long running time with extended 
requirements for cell line and equipment stability, 
potential contamination, or other reasons of 
failure may be higher. Finally, the cost of goods 
for batch processes in today’s biomanufacturing 
environment is decreasing to low double digit 
dollar levels per gram.”

the inteRview

That afternoon, BPI’s editor in chief, Anne 
Montgomery, met with Jagschies for a short 
question-and-answer session. Here is a transcript 
of their conversation, edited for space limitations.

What is your definition of continuous 
processing? Product f lows from beginning to end 
with no interruption, which usually means that it 
is a very efficient process without hold times or 
waiting. Another part of the definition is that all 
installed parts in the process always will be busy 
working on the product at different stages, which 
also should make it very efficient. You don’t have 
any waste in the process. 

What are the advantages of a continuous 
process? That depends a lot on what product you 
are making: Factor VIII, for example, is not very 
stable long-term in a culture environment. Rapid 
removal from cell culture is an advantage for less 

stable products. But monoclonal antibodies 
(MAbs) are really quite stable. 

There are also advantages in scale of 
operations. You can essentially produce the same 
quantity of product in one-fifth the bioreactor 
volume, which reduces your footprint very 
significantly. You then dimension the 
downstream line accordingly. Capital expenditure 
plays a major role. 

Then you have at least a potential quality 
advantage. You have a living organism in steady 
state, a less artificial environment than a fed-
batch operation would be. So there is a chance — 
not proven for all molecules — that product 
quality will benefit from it also. The process will 
be more robust. 

Some niche opportunities come especially on 
the downstream side, when you have to make 
only a limited quantity of material. With batch 
processing, you will typically not use 
chromatography resins through their full lifetime, 
so you are paying more than you really need to. 
With continuous processing, you can minimize 
column size and run more often, a little bit like a 
hamster in a wheel. You run many cycles of small 
product quantities and use your resin lifetime 
better, and that means you can invest less into the 
resins for a given project. But if you continuously 
manufacture the same product, that advantage 
would go away because you ultimately need the 
same amount of material to make the same 
quantity of product. So if you look at continuous 
long-term manufacturing, that niche advantage 
would probably go away.
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Many people also say continuous processing has 
the advantage of higher productivities. That’s true 
if you put every step in continuous mode. If not, 
then it doesn’t really matter whether one step is 
extremely productive if the others are not. You 
won’t see that effect on the overall process. 

What technologies are making companies more 
receptive to this idea? On the downstream side, 
for example, there is no recorded case of a good 
manufacturing practice (GMP) compliant process 
running continuously. People haven’t had the 
technology to do so, but that has changed in the 
past couple years. Now we have commercialized, 
large-scale skids and two or three players offering 
laboratory solutions: automation of processing, 
handling many columns in cycles, and changing 
and controlling operational conditions. But we are 
still lacking sensor technology that can follow 
product quality/quantity online or inline while a 
process runs. 

In a continuous process, you’re running in the 
dark (to a degree). You run a bioreactor for 30–60 
days, and you don’t want to take too many 
samples. Every time you do, that is a risk of 
reactor sterility. On the downstream side, it’s 
basically the same, that risk for contamination. So 
you must ensure a closed process, and we don’t 
have inline detectors for impurities profiles (e.g., 
host-cell proteins). That’s where we need more 
development. If that were available, it would 
change the paradigm. You could do anything in 
processing then because you would always see 
what happens.

Where is CP possible, and where will it prove 
difficult to implement? What further technologies 
are needed? On the upstream side, many people 
say it’s much easier to develop perfusion processes.
The difficulties come when something happens 
that must be scaled down and verified at small 
scale (root-cause analysis) when out-of-
specification results occur. That can be pretty 
tricky with a process that runs over a long period 
uninterrupted. And without the necessary sensor 
technology available, you would have to go in and 
analyze this. So you need that expertise in a 
company to be able to move there. 

Another issue we meet often is a managerial, 
nontechnical concern that the risk profile of a 
continuous process would be worse than for a 
batch process. One reason is contamination risk or 
a lack of control to a degree. This is like two 
religions. You don’t want to discuss your religion 
with someone because it won’t lead anywhere. 
There are really different opinions about these 

views. And some companies have already installed 
facilities and don’t want to change things there. 
These are often managerial hurdles. 

Some people blame the regulators for all of 
those issues because the agencies have been 
conservative about change. But in fact, the US 
Food and Drug Administration (FDA) 
management, for one, has really encouraged 
continuous manufacturing. At worst, you would 
have to take their word for it, right? And they 
have to tell their inspectors also, not just speak at 
management level about this. So, again, it is often 
managerial. 

The technical difficulties can be overcome. We 
are very optimistic there. But I think it’s going to 
take a decade before we see this becoming a 
mainstream approach, even for downstream 
processing. Everyone is testing it now, and most 
people get good results. But implementation is a 
different story. The manufacturing head has to 
like it, as well, and that’s not always as easy.

Are issues of scale as critical as they were made 
out to be a few years ago? Of course we need to 
get more efficient. We need to reduce costs and 
make biological drugs more affordable. Everyone 
is in that game. But in some quarters we have 
unrealistic expectations on how much continuous 
processing can really do there. In particular, when 
it comes to that risk adverseness, you either do it 
or you don’t. As I say in my talk, “Are you in or 
are you out?” 

Making one unit operation continuous often 
yields a very small improvement that doesn’t really 
count in a world of billion-dollar revenues. So on 
the economic side of the benefit list, I would say 
that the small facilities, which are definitely 
cheaper to build and run really should offer an 
economic opportunity. 

But do not overestimate the economic benefits. 
It’s a different way of running things. In a smaller 
environment, you can put several production lines 
into a single facility. So it gives you f lexibility, but 
don’t think you can just save on everything. That’s 
not going to happen, I think.  

moRe online

You can find our full interview with Jagschies in 
both audio and video form alongside this article 
on BPI’s website (www.bioprocessintl.com). •



As the biopharmaceutical industry adopts a more strategic 
view toward manufacturing, there is an increased need for 
process intensification via unit operation optimization as 
well as linked and continuous processing. The Life Science 
business of Merck KGaA, Darmstadt Germany has developed 
new products and services that meet these challenges and 
can be implemented into robust manufacturing processes.

We offer upstream process intensification solutions to 
overcome the limitations historically associated with perfusion 
bioreactors – including low product concentrations, high 
media costs and overly complex systems. For example, 
the CHOZN® host cell line platform is leveraged to develop 
high producing cells capable of stable expression out to 
more than 90 generations, a requirement for 60- and 90-
day perfusion applications1. In addition, cell culture media 
is being specifically designed to support high cell density 
perfusion processes2 and our Mobius® single-use bioreactor 
platform offers the mixing and aeration capabilities to support 
perfusion processes3. Finally, the Prostak™ family of TFF 
microfilters have been shown to be effective cell retention 
devices for such perfusion applications4. We are in the 
final stages of commercializing a unique sterile connector, 
Lynx® CDR, which allows for multiple sterile connections/
disconnections and will facilitate closed processing.

Downstream process intensification solutions focus 
on eliminating current bottlenecks and/or significantly 
improving process economics. For high-titer mAb processes, 
continuous multi-column chromatography is an attractive 
solution for eliminating the protein A bottleneck – especially 
when employing high capacity, incompressible protein A 
resins such as our ProSep® Ultra Plus and Eshmuno® A 
Protein A media5. We have further shown that using single-
pass filtration to pre-concentrate the product prior to loading 
onto a continuous protein A capture process is particularly 
effective in further enhancing the productivity and cost-
effectiveness of this capture operation6. 

Post-protein A polishing templates typically employ a 
combination of bind-elute and flow-through chromatography 
steps to achieve the necessary removal of process- and 

product-related impurities. We have demonstrated that 
an appropriately designed flow-through train is a robust 
polishing solution for improving process economics of 
existing batch processes and a key enabler of connected 
and continuous processes7. These technologies work 
orthogonally and synergistically to remove remaining 
impurities while minimizing the need to make significant 
solution condition adjustments, thereby simplifying the 
manufacturing process. Our studies have further shown that 
this new flow-through template (with prototype products) 
can simultaneously reduce total polishing cost of goods by 
more than 20%, reduce buffer and water consumption by 
more than 50%, decrease processing time by around 40%, 
and decrease overall footprint by about 30% in support of 
existing batch processes – with greater benefits observed 
for continuous operation8.
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As the biopharmaceutical industry adopts a more strategic 
view toward manufacturing, there is an increased need for 
process intensification via unit operation optimization as 
well as linked and continuous processing. The Life Science 
business of Merck KGaA, Darmstadt Germany has developed 
new products and services that meet these challenges and 
can be implemented into robust manufacturing processes.

We offer upstream process intensification solutions to 
overcome the limitations historically associated with perfusion 
bioreactors – including low product concentrations, high 
media costs and overly complex systems. For example, 
the CHOZN® host cell line platform is leveraged to develop 
high producing cells capable of stable expression out to 
more than 90 generations, a requirement for 60- and 90-
day perfusion applications1. In addition, cell culture media 
is being specifically designed to support high cell density 
perfusion processes2 and our Mobius® single-use bioreactor 
platform offers the mixing and aeration capabilities to support 
perfusion processes3. Finally, the Prostak™ family of TFF 
microfilters have been shown to be effective cell retention 
devices for such perfusion applications4. We are in the 
final stages of commercializing a unique sterile connector, 
Lynx® CDR, which allows for multiple sterile connections/
disconnections and will facilitate closed processing.

Downstream process intensification solutions focus 
on eliminating current bottlenecks and/or significantly 
improving process economics. For high-titer mAb processes, 
continuous multi-column chromatography is an attractive 
solution for eliminating the protein A bottleneck – especially 
when employing high capacity, incompressible protein A 
resins such as our ProSep® Ultra Plus and Eshmuno® A 
Protein A media5. We have further shown that using single-
pass filtration to pre-concentrate the product prior to loading 
onto a continuous protein A capture process is particularly 
effective in further enhancing the productivity and cost-
effectiveness of this capture operation6. 

Post-protein A polishing templates typically employ a 
combination of bind-elute and flow-through chromatography 
steps to achieve the necessary removal of process- and 

product-related impurities. We have demonstrated that 
an appropriately designed flow-through train is a robust 
polishing solution for improving process economics of 
existing batch processes and a key enabler of connected 
and continuous processes7. These technologies work 
orthogonally and synergistically to remove remaining 
impurities while minimizing the need to make significant 
solution condition adjustments, thereby simplifying the 
manufacturing process. Our studies have further shown that 
this new flow-through template (with prototype products) 
can simultaneously reduce total polishing cost of goods by 
more than 20%, reduce buffer and water consumption by 
more than 50%, decrease processing time by around 40%, 
and decrease overall footprint by about 30% in support of 
existing batch processes – with greater benefits observed 
for continuous operation8.
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As the biopharmaceutical industry adopts a more strategic 
view toward manufacturing, there is an increased need for 
process intensification via unit operation optimization as  
well as linked and continuous processing. The life science  
business of Merck KGaA, Darmstadt, Germany, which  
operates as MilliporeSigma in the United States and  
Canada has developed new products and services that  
meet these challenges and can be implemented into  
robust manufacturing processes.
We offer upstream process intensification solutions to over-
come the limitations historically associated with perfusion 
bioreactors – including low product concentrations, high  
media costs and overly complex systems. For example,  
the CHOZN® host cell line platform is leveraged to develop 
high producing cells capable of stable expression out to 
more than 90 generations, a requirement for 60- and 90-day 
perfusion applications1. In addition, cell culture media is being 
specifically designed to support high cell density perfusion 
processes2 and our Mobius® single-use bioreactor platform 
offers the  mixing and aeration capabilities to support perfusion  
processes3. Finally, the Prostak™ family of TFF microfilters 
have been shown to be effective cell retention devices for 
such perfusion applications4. We are in the final stages of 
commercializing a unique sterile connector, Lynx® CDR,  
which allows for multiple sterile connections/disconnections 
and will facilitate closed processing.
Downstream process intensification solutions focus on 
eliminating current bottlenecks and/or significantly improving 
process economics. For high-titer mAb processes, continuous 
multi-column chromatography is an attractive solution  
for eliminating the protein A bottleneck – especially when  
employing high capacity, incompressible protein A resins  
such as our ProSep® Ultra Plus and Eshmuno® A Protein A 
media5. We have further shown that using single-pass  
filtration to pre-concentrate the product prior to loading onto   
a continuous protein A capture process is particularly   
effective in further enhancing the productivity and   
cost-effectiveness of this capture operation6.

Post-protein A polishing templates typically employ a  
combination of bind-elute and flow-through chromatography 
steps to achieve the necessary removal of process- and 
product-related impurities. We have demonstrated that an 
appropriately designed flow-through train is a robust polishing 
solution for improving process economics of existing batch 
processes and a key enabler of connected and continuous 
processes7. These technologies work orthogonally and  
synergistically to remove remaining impurities while  
minimizing the need to make significant solution condition 
adjustments, thereby simplifying the manufacturing process. 
Our studies have further shown that this new flow-through 
template (with prototype products) can simultaneously  
reduce total polishing cost of goods by more than 20%,  
reduce buffer and water consumption by more than 50%,  
decrease processing time by around 40%, and decrease 
overall footprint by about 30% in support of existing batch 
processes – with greater benefits observed for continuous 
operation8.
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