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There is a trend across the pharmaceutical sector toward process intensifi-
cation and continuous manufacturing to produce small-molecule drugs or
biotechnology products. For biotechnology products, advancing the
manufacturing technology behind upstream and downstream processes
has the potential to reduce product shortages and variability, allow for
production flexibility, simplify scale-up procedures, improve product quality,
reduce facility footprints, increase productivity, and reduce production costs.
On the upstream side of biotechnology manufacturing, continuous perfusion
cell cultures are fairly well established. However, truly integrated continuous
biomanufacturing requires the uninterrupted connection of continuous unit
operations (upstream and downstream) with no isolated intermediate or hold
steps occurring between them. This work examines the current scientific and
regulatory landscape surrounding the implementation of integrated continu-
ous biomanufacturing.

Advancing Integrated Continuous Biopharmaceutical Manufacturing: The
Biologics Landscape
The application of recombinant DNA technology rapidly and dramatically altered the global
pharmaceutical landscape. The era of commercial pharmaceutical biotechnology began on
October 28, 1982, with the U.S. FDA (see Glossary) approval of Eli Lilly’s recombinant human
insulin [1]. Today, the majority of the top 10 best-selling drugs in the world are derived from
recombinant bioprocesses [2] and monoclonal antibody products are one of the fastest
growing drug product classes on the market [3]. Biotechnology medicines are regulated in
the U.S. under the Food Drug and Cosmetic Act and certain provisions of the Public Health
Service (PHS) Act. As such, their clinical development is regulated under Investigational New
Drug Applications (INDs), while the actual product marketing application is submitted as a
Biologics License Application, including those submitted under section 351(k) of the PHS
Act (i.e., biosimilars). In the U.S., the era of biosimilars has dawned with the approvals of the
first biosimilar products: two filgrastim products, pegfilgrastim, three infliximab products,
etanercept, two adalimumab products, trastuzumab, and bevacizumab [4–8]. Prior to this
era, the major market drivers of pharmaceutical biotechnology have been minimizing develop-
ment time and maximizing cost control. This naturally led to a focus on developing innovative
products rather than processes, especially postmarketing. The advent of biosimilars has the
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potential to change market drivers. Now bioprocesses that deliver quality product more
efficiently can potentially realize cost advantages.

Manufacturing and quality issues have been shown to cause nearly two-thirds of all biologics
drug shortages [9]. The manufacturing and quality issues result in undesirable levels of variability
that may expose patients to unnecessary risk of poor-quality products. To address
manufacturing and quality issues, there is a major trend across the pharmaceutical industry
toward process intensification and continuous manufacturing for both small-molecule drugs
and biotechnology products [10]. For biotechnology products, advancing manufacturing
technology – both upstream and downstream – has the potential to reduce shortages and
variability, allow for production flexibility, simplify scale-up procedures, reduce facility footprints
and capital costs, increase productivity, and reduce production costs [11,12].

On the upstream side, two common modes of cell culture operation are batch and fed-batch.
An alternative approach is continuous processing often accomplished with a perfusion culture
(Figure 1). In a perfusion culture, media and extracellular material containing the desired drug
compound are continuously removed from the bioreactor. Cell bleeds remove cells from the
bioreactor during the process to maintain a specified operational range to avoid critically high
cell densities where process control cannot be maintained. As compared to a fed-batch
process, a perfusion process can potentially achieve higher cell densities, specific productivity,
and volumetric productivity [13]. Following the upstream operation, a fully integrated continu-
ous biomanufacturing process harbors all continuous unit operations (upstream and down-
stream) with no isolated intermediate occurring between them. On the downstream side of
biotechnology, fully continuous processing can decrease chromatography column residence
times and eliminate intermediate hold steps to minimize the impact on sensitive molecules,

Glossary
Alternating tangential flow (ATF):
a system of moving a bioreactor
mixture of media, cells, and cellular
products tangential to a filtration
membrane using an alternating pump
and vacuum across a polymer
diaphragm.
Biologics License Application: a
request by a legal person or entity,
for permission to introduce a biologic
product into interstate commerce (21
CFR 601.2).
Biosimilar: a biological product that
has been found to be structurally
and functionally similar to an FDA-
approved biological product and
shows no clinically meaningful
differences from the reference
product in terms of safety, purity,
and potency (i.e., safety and
effectiveness).
Center for Drug Evaluation and
Research: a center at the FDA that
regulates over-the-counter,
prescription, biological therapeutic,
and generic drugs, thereby ensuring
that only safe and effective drugs are
available to persons in the United
States.
Critical quality attribute (CQA): a
physical, chemical, biological, or
microbiological property that, to
ensure the desired product quality of
a pharmaceutical or
biopharmaceutical product, must fall
within a defined limit, range, or
distribution.
Design of experiments (DOE): a
systematic approach used to explain
the output of a process by
determining the relationship between
the process parameters and the
process output.
Emerging Technology Team
(ETT): a small, cross-functional team
at the FDA that has been created to
keep pace with technical
advancements.
European Medicines Agency: a
decentralized agency in the EU
charged with the scientific evaluation,
supervision, and safety monitoring of
medicines in the EU.
FDA: agency of the US Department
of Health and Human Services that is
responsible for protecting public
health by regulating the
manufacturing, marketing, and
distribution of drugs, biological
products, food, cosmetics, and
radiation-emitting products.
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Figure 1. Perfusion Setup. In perfusion bioreactor processes, a pump adds media containing nutrients into the
bioreactor while another pump flows a mixture of cells and spent media from the bioreactor through a cell retention device.
The retention device separates the cells from spent media. The spent media are harvested while the cells are returned to
the bioreactor.
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High-performance liquid
chromatography (HPLC): a
method used to separate, identify,
and quantify two or more soluble
products in a solution.
High throughput: a method of
testing in which a high number of
samples (dozens to thousands) can
be simultaneously tested under
different conditions.
Investigational New Drug
Application (IND): a method
through which a legal person or
entity seeks exemption from the FDA
to ship an investigational drug across
state lines for the purpose of clinical
investigation before the drug receives
market approval.
IR: electromagnetic radiation with
wavelengths between 700 and
1 000 000 nm.
Near infrared (NIR):
electromagnetic radiations with
wavelengths between 750 and
1400 nm.
PCR: an in vitro method for making
many copies of a DNA region.
Periodic countercurrent
chromatography (PCC): a method
of purifying antibodies where two or
more affinity columns are used. The
first column is loaded to full capacity
and the breakthrough from the first
column is directly loaded onto the
second. This ensures minimal
material lost and higher purification
yield.
Process analytical technology
(PAT): the process of ensuring that
final product quality meets
specifications by designing,
analyzing, and controlling
manufacturing though periodic and/
or continuous measurement of
critical quality and performance
attributes.
Quality by design (QbD): a
systematic approach to development
that applies sound science, process
and product understanding, process
control, and quality risk management
to ensure the predefined product
and process objectives are met.
Raman: a spectroscopic
methodology used to identify
molecules by taking advantage of
their unique molecular fingerprint
formed by specific rotational,
vibrational, and low-frequency
modes.
Simulated moving bed (SMB): a
continuous method for separating a

while also minimizing manual operations and human decision making. A fully integrated
continuous process has potential to improve quality, cost, speed, and flexibility [14].

With the rapidly increasing global sales in biologic drugs and the constant pressure from
biosimilars, there is a significant drive for advanced technologies and improved efficiency to
meet these needs. In addition, four top trends in biopharmaceutical manufacturing showed
increased focus on continuous bioprocessing and manufacturing cost reductions from 2014
to 2017 [15]. Integrated continuous biomanufacturing can help meet these two important
targets. Finally, the FDA’s approval of a change in manufacturing of PREZISTA (darunavir)
from batch to continuous (Box 1) gave a clear signal for manufacturing advancement,
elucidated in its Advancement of Emerging Technologies Applications to Modernize the
Pharmaceutical Manufacturing Base guidance. These factors make the current review very
timely for biopharmaceutical manufacturers seeking to initiate or accelerate efforts in inte-
grated bioprocessing and equally for academia focused on research to support this
endeavor.

A Brief History of Scientific and Regulatory Challenges in Continuous
Bioprocessing
While continuous upstream bioprocessing is reasonably well established, the integration of
continuous downstream processing is still a developing field. In a typical process, an upstream
bioreactor is followed by successive batch unit operations including clarification, hold steps,
capture, and polishing (Figure 2). The use of a cell separation devices such as an alternating
tangential flow (ATF) cell separation device typically addresses the clarification aspect of a
continuous bioprocess. For continuous capture and polishing chromatography, the two main
options are periodic countercurrent chromatography (PCC) and simulated moving bed
(SMB) chromatography. A chromatographic column unit operation typically contains the steps
of load, wash, elution, and regeneration. In both PCC and SMB chromatography, multiple
columns in series run these steps in a cyclic manner (Figure 3). In a truly integrated continuous
operation, the residence time in a column needs to exceed the time needed for successive
column steps (i.e., equilibration, wash, elution, and regeneration), otherwise process synchro-
nization will be difficult to achieve.

Although regulatory challenges are often cited as a concern in adopting continuous biopro-
cessing, the FDA approved the first biopharmaceutical product manufactured via continuous
perfusion in 1993 [16] and today approximately 20 marketed biologic products, from multiple
companies, use perfusion or other elements of continuous bioprocessing [17].

Box 1. What Is a ‘Batch’?

A common misconception is that the concept of continuous biomanufacturing is not compatible with the paradigm of
‘batches’ and ‘lots’ [27]. In fact, regulations describe a ‘batch’ as a specific quantity of drug intended to have uniform
character and quality within specified limits produced according to a single manufacturing order during the same cycle
of manufacture [28]. A ‘lot’ is either synonymous with a ‘batch’ or is a specific identified portion of a batch. In both cases
the definitions are based on a quantity of material and not a method of manufacture. In continuous processes, material
traceability should be closely linked to the definition of a batch. A batch can be based on a set amount of production
time, a specified quantity of product, equipment capacity limits, or the introduction of new materials into a process (i.e.,
different raw materials lots). In each case, the batch definition should be connected to the control strategy for the
process, which ensures product with uniform character and quality backed by a representative sampling strategy. As
continuous processes fit into the current regulatory paradigm, other regulatory expectations surrounding, for example,
established conditions [29], process validation [30], and quality management systems [31–34] are no different for
continuous and batch processes.
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For well over a decade, the FDA has advocated for quality by design (QbD) in pharmaceutical
manufacturing processes, including those in biomanufacturing [18]. The QbD concept requires
understanding drug product performance to identify critical quality attributes (CQAs) of the
product. Equipped with this knowledge, the process and product formulation can be designed
specifically to generate those attributes. This requires understanding the impact of materials
and process parameters and adequately controlling sources of variability. In many ways,
process analytical technology (PAT) is an enabling concept for the QbD initiative in that
‘quality cannot be tested into products; it should be built-in or by design’ [19]. A PAT framework
allows for the design and development of a manufacturing process that delivers a consistent,
defined quality material [20]. In addition to potentially reducing both risks to product quality, PAT
and QbD can also deliver improved process efficiency. The assessment of material attributes
can directly inform feedback or feedforward process decisions. Critical product attributes can
be measured instantaneously (on-line, in-line, at-line) or before a decision point (near at-line).
Importantly, PAT innovation needs to occur in biomanufacturing upstream, downstream, and in
process development/validation to advance the level of process control available for integrated
continuous processes [21–26].

Building on the PAT and QbD initiatives, the FDA recently introduced new initiatives to help
accelerate the adoption and implementation of new pharmaceutical manufacturing technol-
ogies. The Center for Drug Evaluation and Research actively encourages and supports
the development and adoption of emerging technologies via the Emerging Technology
Team (ETT) [35]. The ETT is a small, cross-functional team with representation from relevant
assessment, inspection, and policy programs that is needed to keep pace with technical
advancements in the field. The ETT facilitates the implementation of emerging technologies,
including PAT and continuous manufacturing, by providing early engagement, supporting the
quality assessment team in the review of submissions (including biologic license applications),

mixture of substances in solution that
is very useful when the substances in
the mixture have similar affinity, such
as enantiomers and
diastereoisomers.
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Figure 2. Downstream Processing Steps. Traditional downstream biomanufacturing processes include a combination of filtration, chromatography, and
eventually formulation. The bulk of cells is usually removed by an initial centrifugation. Depending on the product, two or three chromatography processes might
be required before a final viral filtration/sterile filtration step to obtain the product of interest.
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and guiding the resolution of scientific and policy issues. A similar program was initiated in
Europe in 2015: The EU Innovation Network. This network included the European
Medicines Agency Innovation Task Force and innovation offices in each EU member state.
This network has scientific, legal, and regulatory competencies and seeks to encourage early
dialogue on innovative aspects of product development and encompasses applicants,
academics, and researchers. Despite these programs, clearly, there is a need to keep
regulators across the globe abreast of new technology developments to help assess appli-
cations using complex technologies. This is a joint challenge for regulators, academia, and
industry (Boxes 2 and 3 ).

Box 2. Some Considerations for Implementing a Continuous Manufacturing Process in Different
Phases of Development

From a regulatory standpoint, continuous manufacturing (CM) may be implemented prior to an IND, during develop-
ment, and after marketing. These are all acceptable for CM development. The simplest point to implement continuous
processing from a scientific and regulatory standpoint is likely prior to an IND. In this way, a continuous processing
program can start at a small scale and scale up (potentially very rapidly using the same operation used for pilot plant
development or early clinical supply) as development proceeds. The ETT can be engaged during development.

If a technology is introduced during development (i.e., during clinical studies), from a logistical standpoint it may make
sense to transition to a continuous process at the same time that a significant scale up is required of the process. In this
case, comprehensive comparability studies can address possible physicochemical or other changes to the drug
product (e.g., post-translational modifications, degradation, impurities). The issue obviously becomes dramatically
more complicated if significant analytical differences are observed in these studies.

Finally, a change could come after marketing approval. Introduction of a new technology postmarketing may be driven
by process economics or a clear safety/quality imperative. Regardless of the point of implementation in the drug product
life cycle, further developments in science and technology improve and enable the implementation of a continuous
bioprocess.

Load

Elu�onLoad

3-column PCC

4-column SMB

Product

Impuri�es Eluent

Figure 3. PCC and SMB Chromatography. Two important continuous chromatography processes gaining steam are
the three-column PCC and SMB. In PCC, flow-through from a column is reloaded into subsequent columns to improve
process yield. However, each column still undergoes the load–wash–elute–equilibrate cycle. In SMB, the inlet to each
column is periodically ‘moved’, permitting continuous loading, elution, and harvesting, and resulting in lower buffer and
resin use. PCC, periodic countercurrent chromatography; SMB, simulated moving bed.
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Upstream Technical Advancements
Bioreactors
The use of a perfusion system is not limited to the production bioreactor. High-density cell
banks have been proposed as a potential alternative to the classical expansion seed train
[40–42]. One method to generate the necessary densities and volumes for a high-density cell
bank is to use a perfusion bioreactor coupled with a cell retention device. In these cases, cell
densities can reach as high as 1–2 � 108 cell/ml [43,44]. Once cells reach the production
bioreactor, the basic operating principle of continuous cell culture relies on the ability to
simultaneously remove extracellular material (e.g., waste, product), replenish nutrient-rich
media, and retain cells in the culture vessel [45]. In addition, a cell bleed can help remove
debris and maintain a target cell concentration for engineering control of the cell culture. There
are multiple options for cell retention devices common in continuous cell culture [46–49]. Most
methods take advantage of filtration, centrifugation, or gravity. The earliest method reported
used an internal spin filter within the culture vessel [50]. Variations of these spin filter modules
are commercially available today at the laboratory and pilot scale. External centrifuges have
equally been used as cell retention devices [51]. Here a mixture of cells and culture fluids are
transported into an external filter with multiple settling zones and after centrifugation, fresh
media are used to flush cells back into bioreactor. Gravity settlers have equally been developed
[52]. Gravity settlers do not require any agitation, provide low stress on cells, and are not
susceptible to clogging issues. However, as cell densities increase, high sparge might result in
lower productivities. Moreover, an additional separation step is required to harvest material
from gravity settlers. The most widely used method for cell retention recently has been ATF. At
the laboratory and commercial scale, considerations for the cell retention device include ease of
installation, maintenance, and operation; reliability over long-term culture; permeability toward
cell debris, macromolecules, waste, and culture product; and adverse effects on cell growth
and productivity.

Upstream PAT
PAT facilitates the consistent generation of products with predetermined quality attributes via
real-time monitoring and process control. CQAs are properties that ensure the desired product

Box 3. Is There a Business Case for Continuous Bioprocessing?

There is much written about the technical potential for continuous bioprocessing to improve quality, speed, and
flexibility. However, continuous bioprocessing will never be widely adopted if the technology does not deliver clear
economic advantages. Currently, the traditional economic drivers of biomanufacturing are in a state of flux. The new era
of biosimilars introduces the potential for price competition. Whereas innovator drug development prioritizes speed to
market and recovery of R&D cost, biosimilar development emphasizes minimizing the cost of goods per unit of product.
Such process improvement has traditionally been driven by increasing cell culture titers. However, cell culture titers of
some monoclonal antibodies are now approaching the practical limits of solubility and batch-based manufacturability
[36], which limits the potential for significant titer improvement moving forward [37,38]. Further, the age of many existing
biomanufacturing facilities and a drive toward more localized manufacturing incentivizes simplified facility design and
lowered capital investments.

Recent work in the economic modeling of an integrated continuous biomanufacturing platform showed that over a 10-
year period, the continuous platform could reduce average cost by 55% compared with conventional batch processing
[12]. This model considered both capital and operating expenses. Further, the model predicted that savings could
further increase by as much as 25% in situations when product demand exceeded projections. Other recent work
examined the economic feasibility of an integrated continuous bioprocessing approach for monoclonal antibody
manufacture across a product’s life cycle from preclinical to commercial manufacture [39]. This analysis showed
advantages on a direct cost per gram basis for a fully continuous strategy as compared to a batch strategy for steps
earlier in the development process (e.g., preclinical, clinical) prior to commercial manufacturing. Thus, business drivers
and technological capabilities seem to be coming together to make integrated continuous biomanufacturing economic-
ally viable and advantageous.
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quality by meeting defined criteria. Understanding the impact of process variables on CQAs is
required to design a control strategy. Process parameters whose variability has an impact on a
CQA are called critical process parameters and need to be monitored or controlled to ensure
the process produces a product of the desired quality. Counter to the principles of continuous
processing, certain current testing procedures require lengthy offline protocols (e.g., biobur-
den). This increases cycle times, delays timely go/no-go decisions, and impairs any possibility
for real-time release testing. To more closely link measurement and process control, real-time
data can inform correlation models that provide predictive information on CQAs in real time. For
example, in the bioreactor, PAT approaches could be based on the impact of metal ion
concentrations [53–55], media additives [56,57], osmolality [58], and pH [59] on CQAs related
to glycosylation [60]. Implementing PAT in batch and fed-batch processes has been contem-
plated, although product quality attributes are often not directly measured and controlled
[23,61]. Classical process sensors can provide information on process variables such as
temperature, pH, dissolved gases, and foam levels. For the advancement of continuous
cultures, implementation of enabling PAT will require important improvements in sensor
technology, configuration, and robustness [25,26,62,63]. Robust PAT may allow confidence
within a design space, with flexibility to move within that design space during commercial
manufacturing, using a PAT-driven control strategy.

Recently, novel on-line, at-line, and in-line sampling techniques, especially using spectrometric
sensors, have been implemented for process monitoring in biomanufacturing [25,64]. Of
particular interest is the rapidly evolving field of spectroscopic techniques, such as near
infrared (NIR), fluorescence, IR, and Raman. NIR spectroscopy has been most extensively
studied to determine the concentration of individual components in cell culture broth [65–67].
Raman scattering differs from NIR or IR absorption and often can provide complementary
information about chemical composition and molecular structure [68]. Raman spectroscopy in
cell culture processes has been used to analyze broth component profiles [69–72] and complex
cell culture media solutions [73]. A very attractive feature of Raman spectroscopy in the area of
biopharmaceuticals is the ability to monitor structural/chemical changes of proteins [74–76].
Some examples of direct on-line measurement of quality attributes include glycoform patterns
[77] such as sialylation [78]. The challenge moving forward will be to improve sensor design for
easier incorporation in continuous bioprocesses, including implementing fiber optic technology
[79,80], noninvasive process monitoring [81], and incorporating advanced sensors into auto-
mated process control strategies. New sensors may need to be amenable to redundancy and
in-process recalibration [82,83] to address sensor failures and/or signal drift and the need for in-
process replacement.

Downstream Technical Advancements
Continuous Purification
Continuous purification within the biopharmaceutical industry has evolved from SMB with six
columns [84], through sequential multicolumn chromatography with four columns [85], to PCC
with three columns [86], to twin-column chromatography with two columns [87]. Morbidelli and
colleagues evaluated the twin-column setup relative to traditional batch methods [88].
Recently, a proof-of-concept cyclic one-column system was used to process perfusate from
a perfusion bioreactor [14]. These different methods each have various advantages and
drawbacks. Essentially, a balance between yield, capacity utilization, and productivity must
be found, and the optimal process will depend on a range of factors, including operating
conditions, and will likely be product specific.
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As bioreactor titers improve, the eventual end point will be continuous purification schemes. At
low titers, the cyclic batch method of one-column continuous purification [14] tends to have
better productivities. However, as titers increase over 2 mg/ml, multicolumn continuous
chromatography techniques become more advantageous in terms of productivity and buffer
use [89].

Purification and Impurity/Viral Clearance
Compared to upstream processes in biomanufacturing, continuous downstream processing is
not as established in manufacturing of marketed biopharmaceuticals. Typically, purification of
therapeutic proteins after cell culture follows a three-step batch mode chromatography
process: affinity (capture) and two ion-exchange steps. In addition to these three steps,
multiple concentration/buffer-exchange steps and viral filtration can be incorporated. Various
continuous capture techniques using more than one chromatography columns have been
developed to allow continuous loading up to the point of column saturation without product
loss. Examples include the three-column PCC [86] and the twin-column system [87]. In addition
to these classical approaches, other continuous methods such as aqueous two-phase extrac-
tion [90], continuous precipitation [91], continuous countercurrent tangential chromatography
[92], and high-performance tangential flow filtration [93] have been proposed.

These approaches all have the potential for reducing cost, offering flexibility, and reducing
development time, which are important considerations for industry, especially in early devel-
opment. However, while these novel approaches offer advantages and additional options, they
introduce potential challenges in terms of validation and product quality. In multicolumn
systems, elution streams from individual columns are typically pooled. To ensure that poor-
quality eluent material from a faulty column is not pooled with material from a properly
functioning column, real-time monitoring of individual columns with feedback control to divert
material from defective column might be useful. Moreover, having multiple columns multiplies
the odds of failure modes and the probability of process interruption since integration is typically
achieved by very precise synchronization between upstream and downstream processing. For
example, in the PCC method [86] flow through from an initial column is loaded onto a second
column. This may introduce a risk of cross-contamination between columns. A robust moni-
toring and feedback control strategy might detect contamination and divert the effluent away
from the second column. Without redundant systems, there is the risk of a loss of synchroni-
zation and a purification bottleneck.

Downstream PAT
The implementation of downstream PAT in biomanufacturing has been somewhat limited
(reviewed in [94]). The limited use may be due, in part, to a perceived dearth of sensor options in
downstream operations and equipment. For example, systems that only offer pH, conductivity,
absorbance, temperature, and pressure sensors do not actually measure quality attributes of
the biomolecule. With many sensors, information on actual CQAs to inform product pooling/
diversion decisions cannot be directly obtained, including product properties (concentration,
purity, etc.), biological impurities (host cell protein, DNA, endotoxins, etc.), variants (misfolding,
etc.), and process-related impurities (leached protein A from affinity resin) [22]. Thus, PAT
implementation can be a driver for process improvement in downstream operations for
integrated continuous systems.

One such approach involves real-time data from chromatography systems. Multiwave UV
spectra have been shown to be effective in determining the concentration of individual
components in a protein mixture [24]. This approach was used to accurately predict the

260 Trends in Biotechnology, March 2019, Vol. 37, No. 3

Downloaded for Anonymous User (n/a) at JOHNS HOPKINS UNIVERSITY from ClinicalKey.com by Elsevier on December 
10, 2024. For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.



concentration of aggregates relative to the protein-of-interest in an eluent stream. Column
integrity values have also been used to determine the performance of columns under repeated
cycles [95]. Expansion of sensor options by chromatography can be a driver for more effective
process monitoring and control. A second approach is the use of at-line systems in eluent
streams. High-performance liquid chromatography (HPLC), fluorescence, and circular
dichroism have been used to monitor in-process CQAs in chromatography unit operations
[96–98]. By accelerating feedback from the monitoring systems, these established technolo-
gies can provide information well within the decision time [94]. Improved communication
between on-line, at-line and in-line monitoring systems is needed before these types of
automated control strategies can be realized.

Rapid upstream testing of bioreactor samples has potential downstream advantages, espe-
cially concerning bulk harvest disposition. Decisions made prior to transfer to downstream
processing would allow contaminated cultures to be confined to the bioreactor, sparing clean-
up of tanks and chromatography units. Rapid mycoplasma tests based on ribosomal PCR
have been described in the literature [99–101], with a few allowing half-day turnaround times
consistent with harvest dispositioning. Advanced methods such as next-generation sequenc-
ing could conceivably be applied toward virus screening [102], but such technologies would
require more confidence in these methods in terms of qualification and rigorous approaches
toward data analysis. Currently, an industry/regulatory consortium is working toward this goal
[60,103]. Beyond testing, there have been proposals to modify existing viral clearance/inacti-
vation validation approaches to accommodate modified unit operations in continuous bio-
processing [102]. These efforts and conversations are ongoing, but will likely involve updating
assumptions and philosophies about what is critical to assure viral safety for biotech products.

Integration of Upstream and Downstream Technologies
Integrating Cell Culture with Capture
There have been several examples of integrating a continuous upstream process with imme-
diate capture [86,104,105]. The major challenge with integrating these two processes is
synchronizing the upstream perfusion flow rate with the downstream purification flow rate.
If these processes are not synchronized, holding tanks or regular pooling may be required,
rendering the process noncontinuous. This sometimes requires the use of multiple columns
[14,86] or membrane chromatography [104]. Process synchronization can easily result in
disruptions if problems such as clogged filters occur during manufacturing. To mitigate this,
redundancies such as a surge tank and back-up columns can be incorporated in the process.

Upstream processes operate under sterile conditions. However, many types of downstream
equipment do not yet feature sterile lines. For an integrated process, a sterile barrier needs to be
installed between upstream and downstream systems. This can be achieved by installing filters
on the surge tank inlet and outlet. However, since continuous processes may run for weeks to
months, nonsterile operations may justify additional monitoring to ensure the stream is free of
contaminants. In addition, upstream and downstream systems have historically been
developed independently. Thus, synchronized control systems are lacking. This means a
deviation upstream is not typically detected by downstream systems (i.e., feedforward control)
or vice versa (i.e., feedback control). There have been some attempts to implement feedback
control. For example, an at-line HPLC was installed to provide titer data on bioreactor harvest
that was used to modulate downstream operations [105]. Such systems need to be developed
because many upstream parameters (e.g., host cell protein) impact downstream operations
(e.g., purification) [106].
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Full End-to-End Integration
A full end-to-end integrated system might include upstream continuous production and
clarification through a cell retention device, followed by continuous capture and polishing to
produce a drug substance followed by concentration, viral inactivation, viral filtration, sterile
filtration, and formulation to produce the drug product. To our knowledge, complete end-to-
end integration at scale has still not been reported in the peer-reviewed literature. The most
pressing challenge is developing a global monitoring and control strategy for the entire train.
The monitoring and control would entail continuous measurements at all inlet and outlet
streams into unit operations with a realistic feedback and feedforward control strategy to
ensure that final product is within CQA specifications. In addition, this would require that data
generated by one unit be interpretable by other units within the train. With these expectations, it
is understandable that such a system has not been developed without broader standardization.
One system combined a perfusion bioreactor and two PCC units for initial capture and
successive ion-exchange steps [107]. Though not fully end-to-end, this system is clearly
the foundation for a full end-to-end system that demonstrated the obvious advantages of
continuous bioprocessing (e.g., elimination of redundant operations, smaller footprint, imple-
mentation of single-use systems).

End-to-End Closed Systems
End-to-end closed systems require a completely closed system in which the equipment is
operated such that the process fluids are never exposed to the manufacturing environment.
This is distinguished from a functionally closed system that may be opened periodically and
closed with strict sanitization procedures to make process adjustments before returning the
system to a closed state. To achieve end-to-end closed systems, cells must be frozen in cell
bags with weldable tubing through which they are introduced directly into a closed bioreactor
containing closed cap assemblies. From the bioreactor, the process fluid travels through
closed systems right up to packaging of drug product. Implementing a truly closed system
will require the extensive adoption of single-use systems with standardized inlet and outlets to
facilitate sterile connections, probably through sterile welding, of one process unit to another.
Implementing end-to-end closed systems would require the generation of a working cell bank
in closed containers (such as weldable bags) and a single-use flow path incorporating weldable
inlets and outlets for chromatography systems and filtration units. Implementation of such
systems, even though challenging and expensive, will reduce risks of contamination and
reduce cleaning and validation times. Such single-use systems may also introduce new
challenges in terms of robust process monitoring tools and the control of leachables and
extractables [108].

Process Scaling
Scale-Down Models and Process Optimization
Process optimization of cell culture can be expensive and time consuming. High-throughput
process optimization for batch and fed-batch processes has been improved by the application
of automated miniaturized reactor systems [109–111]. However, no complementary system
has been reported to facilitate process optimization for perfusion cell culture. Current perfusion
systems have high minimum volume requirements such that purchasing, installing, and
operating these kinds of units in design of experiments (DOE) studies may be cost
prohibitive and time consuming. Equipment manufacturers therefore have an incentive to
develop comparable high-throughput perfusion microbioreactors for perfusion process
optimization studies. By contrast, end users must be careful not to draw too many conclusions
from a single DOE perfusion run. Results will have to be replicated (possible in shuffled order)
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and validated in a final run. This would be important to ensure that the cellular memory under a
previous condition does not impact the observation in the subsequent condition(s).

In addition, implementing response surface modeling (RSM) and executing Stage 1 process
validation (PV) are of critical importance. Once the RSM model is available and validated,
significant time and resources can be saved for process optimization. Both upstream and
downstream processes need to be well integrated. The corresponding RSM models should be
combined for integrated process validation and assessment. Because some unit operations
are not perfectly continuous, one still has to address whether either batch or continuous model
is used.

On the microscale, a high-throughput system of bioreactors may have a maximum working
volume of �15 ml. In a theoretical perfusion mode operating at one vessel volume per day, this
requires a turnover of �10 mL/min. To develop and implement such a system, microfluidics will
play an important role. There has been some recent progress to this end. For example,
miniature bioreactors have been equipped with peristaltic pumps fabricated by 3D printing
[112]. Further, a perfusion microbioreactor with a 1-ml working volume operating at a high
relative perfusion rate of 1 ml/h was recently developed [113]. The high cell counts observed in
larger bioreactors (up to 100 � 106 viable cells/ml) might be challenging to reach and control in
these microsystems. Therefore, the significance of results obtained in scale-down models to
production systems will have to be investigated.

Downstream process optimization has equally faced many challenges. Historically, down-
stream operations have been the bottleneck in implementing a truly integrated continuous
system [114]. An attempt to remedy this has been attempted by using a twin-column system
to develop a predictive controller based on a multiparametric model followed by a closed-
looped validation step [115]. Attempts like this have the potential to minimize the current
bottleneck in downstream purification and facilitate the implementation of a truly integrated
system.

Manufacturing Facilities
An important operational advantage of integrated continuous biomanufacturing is the ability to
significantly reduce facility sizes while maintaining flexibility. To take full advantage of the
footprint reduction, a continuous bioreactor operation can be coupled with a continuous
media production line and continuous downstream purification. Otherwise, the use of large
vessels for media compounding and/or harvest storage cannot be avoided. In a theoretical
facility containing a 500-l bioreactor operating under perfusion at one vessel volume per day,
continuous media production and downstream purification should operate at the rates of at
least 500 l/day.

The ballroom-like facility is gaining increasing importance because it allows all unit operations to
be flexible and enclosed in one production room. This includes manufacturing components
such as media and buffer preparation, fermentation, and downstream processing [116]. These
ballroom-like facilities coupled with single-use systems and fully closed end-to-end operation
offer flexibility and permit multiproduct manufacturing capabilities while minimizing the risk of
cross-contamination [110,116]. Recently, a dance floor approach to facility design was intro-
duced, wherein the open ballroom is partitioned into smaller compartments by temporary walls
that permit transfer of material [117].
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Concluding Remarks
Continuous approaches for manufacturing both small-molecule drugs and biotechnology prod-
ucts are here to stay. There have been impressive developments in integrating continuous
biomanufacturing both upstream and downstream and in single-use systems. However, to
advance the field, there are still several elements requiring additional development (see Outstand-
ing Questions). One is the integration of hardware and software, such that unit operations with
components from different suppliers work together and communicate in a plug-and-play fashion.
Unfortunately, the off-the-shelf continuous unit operations developed for small-molecule drugs
and the chemical industry are not directly applicable to biotechnology processes [118,119].
Although multicolumn cycling is currently a popular approach in continuous processing, it is
probably most accurately classified as a semicontinuous operation. Truly continuous separation
technologies, with sufficient resolution, will be helpful in advancing the integrated downstream
elements of biomanufacturing (e.g., continuous capture, polishing). Viral inactivation is mainly
semicontinuous, as well, and could benefit from a truly continuous unit operation. A foundational
technology for QbD [23], and especially for continuous processes, is PAT. Much of the PAT
presently available to deploy during the manufacturing process is focused on indirect measure-
ments of product quality or direct measurements performed off-line. This can limit the level of
control of a process and often requires an intricate understanding of the relationship between
critical process parameters and CQAs. Clearly there is an opportunity for advanced PAT to
address issues including the direct and real-time measurement of drug CQAs during the process
and at release, perhaps even to enable real-time release testing. As some of these advancements
are being developed, the scientific approaches for assuring the quality of biotechnology products
are evolving. A fully continuous, commercial, end-to-end bioprocess is not yet feasible due to
some of these needs, though one may be realized in the next 5–10 years based on a review of
potentially enabling technologies in the patent literature. Well-designed and intensified processes
that deliver quality drugs are the future of the industry: a manufacturing paradigm mutually
beneficial to both industry and patients.
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