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Abstract

Over the last few years rapid progress has been made in adopting well-known process modeling techniques from chemicals to
biologics manufacturing. The main challenge has been analytical methods as engineers need quantitative data for their work-
flow. Industrialization 4.0, Internet of Things, artificial intelligence andmachine learning activities up to big data analysis have
taken their share in solving fundamental problems like component- or at least group-specific evaluation of spectroscopic data.
Besides, concerning inline analytics methods included in process analytical technology concepts the key technology has been
the generation of decisive validated digital twins based on process models. This review aims to summarize themethodology to
achieve a holistic understanding of process models, control and optimization by means of digital twins using the example of
recent work published in this field.
© 2021 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).
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INTRODUCTION
Manufacturing of biologicals is widely based on batch processes.
A switch to continuous processing has the potential to improve
manufacturing in terms of agility, flexibility, quality, cost and soci-
etal benefits.1,2 Institutions like the US Food and Drug Administra-
tion and Center for Drug Evaluation and Research encourage the
switch to continuous manufacturing by giving examples of
achievable improvements: the expansion of production volumes
is enabled without the current problems related to batch scale-
up. It becomes possible to quickly increase production in case of
shortages or emergencies. Currently, production supply chains
are spread globally and therefore vulnerable in many ways.
Switching to custom manufacturing also allows for introduction
of highly meaningful statistical process control and a decreased
initial investment. The environmental impact is generally lower;
it triggers the demand for highly trained staff and freed resources
can be invested in new products.1-4 Productivity improvements of
such transitions from batch to continuous processing have been
reported to be up 100-fold.5

Current state of the art of monoclonal antibody manufactur-
ing, for example, is based on a batch platform process.6,7 This
process is divided into upstream and downstream processing.
The production of the recombinant target protein is based on
cell cultivation in bioreactors during the upstream processing.
The objective of the subsequent downstream processing is to
isolate the target protein from side components such as host cell
proteins, host cell DNA, media components, viruses and

endotoxins by using various unit operations such as centrifuga-
tion, filtration and chromatography.7-12

This platform process includes fed-batch suspension cultivation
of mammalian cells up to 20 000 L bioreactor volume, centrifuga-
tion and depth filtration as cell harvest, protein A affinity chroma-
tography as capture, cation exchange chromatography as
intermediate purification and hydrophobic interaction chroma-
tography as polishing step.13-15 In addition, orthogonal virus inac-
tivation steps using low pH hold and virus filtration are
implemented to minimize immunogenicity.6,7 Subsequent to
the protein A affinity chromatography and low pH hold for virus
inactivation, diafiltration needs to be performed to load the sub-
sequent cation exchange chromatography.6

Looking at the established platform process, the chromato-
graphic steps will reach their capacity limit due to increasing
product concentrations achieved by upstream processing optimi-
zation (i.e., cell engineering, media and process parameter optimi-
zation). This limitation is widely known as downstream
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bottleneck.10,16-20 With increasing product concentration, the
specific costs (euros per kilogram) of the upstream and down-
stream processing decline. However, with higher product concen-
trations the platform downstream process will reach its efficiency
optimum. Increasing the product concentration even more leads
to a significant shift of cost of goods (COGs) from upstream to
downstream processing.7,21-23

Continuous bioprocessing circumvents the aforementioned
downstream bottleneck and batch scale-up problems by increas-
ing the productivity and flexibility of each unit operation with a
simultaneous increase in product quality resulting from continu-
ous product processing (i.e., short hold times).4,9,16,23-34 The Food
and Drug Administration, European Medicinal Agency, Interna-
tional Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH) and various industrial work-
ing groups have started to publish guidelines (ICH Q8–Q11) to
increase product quality during manufacturing, thereby promot-
ing continuous bioprocessing.35-40

Key technologies and concepts needed to realize the full poten-
tial of continuous production are process analytical technology
(PAT) and quality-by-design (QbD) guidelines. In contrast to tradi-
tional quality-by-testing or trial-and-error methods, a knowledge-
based link between process and product attributes can be
derived. This allows not only dynamic reaction to process fluctua-
tions, but also flexiblemaintenance of the process optimum in the
case of varying input variables through process adjustments
within the approved design space. These developments in the
transition from batch-wise to continuous manufacturing ulti-
mately culminate in the digital twin, which, through the combina-
tion of QbD-based process development, robust PAT online data
and predictive process models, enables the automation of pro-
cess control and, in the ideal case, real-time release testing.
From this perspective, PAT can be understood as a link that

enables the QbD process design and the control strategies
derived from it through the exchange of critical process data in
real time (see Fig. 1).
There are a number of definitions of this digital twin, which vary

depending on their background. The most common definition is
that the digital twin is a comprehensive digital representation of a
physical object that is capable of bidirectional communication with
that object. In the process automation community, on the other
hand, the definition is that a digital twin as a comprehensive digital
representation of amanufacturing asset responds to the state of the
physical asset and modifies its behaviour.44 In this context,

Udugama et al. proposed a five-step implementation strategy. Start-
ing from simple balance equations to validated processmodels, the
digital twin is ultimately a digital representation of the physical pro-
cess. With the real-time transmission of measurement data enabled
by PAT and model-based advanced process control, the optimiza-
tion of the physical process is possible in real time. These are
arranged according to the complexity of the process model as well
as the available data and control options (see Fig. 2).42

A detailed illustration of the interaction of process control, data
acquisition, data evaluation and modeling is discussed elsewhere.45

MONOCLONAL ANTIBODY
MANUFACTURING
The following section summarizes a series of studies, which
address and highlight the challenges of operational costs and
process development for the continuous bioprocessing of a
monoclonal antibody by alternative unit operations and the
development of a digital twin thereof.46-50

Upstream processing
A macroscopic kinetic model based on Monod kinetics for mam-
malian cell cultivation suitable for digital twin purposes was
developed by Kornecki et al. and verified according to a general
valid model validation workflow.51 The macroscopic model was
verified and validated on the basis of four decision criteria (plausi-
bility, sensitivity, accuracy and precision as well as equality) and
subjected to a case study, comprising a Chinese hamster ovary
fed-batch cultivation for the production of a monoclonal anti-
body. It was found that, based on design of experiments and
Monte Carlo simulation, themaximum growth rate ⊘max exhibited
the greatest influence on model variables such as viable cell con-
centration XV and product concentration. In addition, partial least
squares regressions statistically evaluate the correlations between
a higher ⊘max and a higher cell and product concentration, as well
as a higher substrate consumption. Details of the upstream pro-
cess model can be found elsewhere.51 In the following a short
summary and case study for autonomous operation in a continu-
ous manufacturing scenario are given.
The impact of experimental model parameter determination

error on the process model, based on error propagation of exper-
imental errors, must be assessed to evaluate model precision. This
variance can be included in a Monte Carlo simulation to deter-
mine the effect of model parameter errors on the process model.
In this case, 100 simulations, varying each parameter equally dis-
tributed based on their experimental errors, were conducted.
The model thus validated by Kornecki et al. can be used as the

basis for a digital twin. For continuous antibody production, there
are a number of effects that take on different values with increas-
ing process time and therefore need to be monitored. These
include, for example, the decrease in cell-specific productivity,
which depends, among other things, on the cell line used. Con-
centration fluctuations or a continuous monoclonal antibody
(mAb) concentration decrease due to decreasing cell-specific pro-
ductivity over process time have been described.52 Simulation
studies are used to test whether PAT can enable a process control
strategy that allows for compensation of titer fluctuations in the
subsequent downstream processing (DSP). The scenario for the
following simulations is that the mAb concentration and purity
(i.e., high- and low-molecular-weight concentrations) are continu-
ously measured in the outstream using a detector array as
described by Helgers et al.47 The real-time measurement data

Figure 1. Bioprocess control implementation in the quality-by-design
(QbD) paradigm.41
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are continuously forwarded to the subsequent unit operation.
This information is fed into a process model that calculates the
necessary process adjustment to reach either a constant mAb
concentration or constant volume flow. The proposed process is
a continuous, chromatography-reduced process. Robust process
control is possible using a digital twin.
Simulation of viable cell concentration and product concentra-

tion in perfusion mode is shown in Fig. 3. The viable cell and prod-
uct concentration increases over the first 72 h. Then the perfusion
is started and the product concentration decreases momentarily
since more product is washed out than is produced. Shortly after,
the concentration increases again proportionally to the viable cell
concentration, until the steady state is reached after approximately

350 h. Product concentration in the steady state reaches 1.8 g L-1.
As a basis for the following unit operations, a final steady state con-
centration of 2 g L-1 is assumed.
Figure4 showshowconcentrationfluctuations inupstreamproces-

sing (USP) are processed to a constant concentration in the product-
containing light phase. Polymer and salt solutions are mixed based
on the phase equilibrium within the same tie-line. Based on the
lever-arm rule, either less or more light phase is produced; thereby,
concentration is kept constant. Operating on the same tie-line is nec-
essary to ensure constant yield and product phase properties.
As shown in the simulation studies, aqueous two-phase extrac-

tion (ATPE can sustain a constant mAb concentration, even when
titer in USP fluctuates ±50%. This is achieved by calculating the
necessary polymer and salt concentration based on the phase
equilibrium. Raman is the recommended spectroscopic technique
to analyze mAb concentration in USP and ATPE, and is therefore
the primary detector at the inlet and product phase outlet stream,
as shown in Fig. 5.

Precipitation
Lohmann et al. investigated the feasibility of online measurement
techniques of mAb and side components by Raman spectros-
copy, attenuated total reflection–Fourier-transform infrared spec-
troscopy (ATR-FTIR), diode array detection (DAD) and
fluorescence for precipitation.48

The digital twin is fed with the input data of the ATPE and the
online measured spectral data. The model enables control of
key process parameters to ensure compliance of the critical qual-
ity attributes.
All online measured values are fed back into the digital twin

Figure 6 shows a simplified illustration of the described advanced
process control (APC) concept. The blue dashed lines represent
the signal connection between precipitation unit and digital twin.

Figure 2. The steps and actions that must be taken for the transition of a steady-state mathematical model to a fully-fledged digital twin.42,43

Figure 3. Simulation results of viable cell and product concentration in
perfusion.47
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Hereby, the signal direction is indicated by the arrows. The adja-
cent boxes show the process parameters that are exchanged
between themodel and the precipitation unit. The onlinemeasure-
ment train between ATPE and precipitation unit determines the ini-
tial parameters (immunoglobulin G (IgG) concentration, yield and
purity) for the precipitation unit. Further, the mass flow of the
incoming feed is measured. Based on the mass flow controller
(MFC) information the model calculates the mass flow rate of the
precipitant (PEG 4000) and the speed of the polyethylene glycol
(PEG) pump is adjusted. A conductivity probe in the precipitation
tank is used to monitor the ratio between feed and precipitant. In
the event of a deviation, the speed of the PEG pump is adjusted
to compensate the mass flow variation of the feed. The turbidity
probe monitors the precipitation progress and ensures that the
precipitation is completed, and no antibody remains dissolved in
the supernatant. Once the defined level in the precipitation tank
is reached and the precipitation is finished (monitored trough tur-
bidity), valves are opened, and filtration starts with the first module
(marked as Subunit 1 in Fig. 7). Filtration is performed in dead-end
mode to avoid product loss and to deposit all precipitates on the
membrane surface. Pressure sensors are used tomeasure the trans-
membrane pressure to prevent pressure peaks beyond the opera-
tion range of the filters. At a critical pressure valves are switched,
and the dispersion is directed to the next module.

The first loaded module moves on to the next phase, the disso-
lution of the precipitates. Here, the input variables from ATPE and
the specification of the final concentration are used to determine,
based onmodel prediction, the required buffer volume in dissolu-
tion. Dissolution is performed in the membrane module by tan-
gentially overflowing the surface area at a high flow rate. Dead-
end filtration has compressed the precipitates, which leads to
decelerated dissolution kinetics. The experiments have shown
that a time of about 14 h is required to reach a yield of >90% anti-
body recovery after dissolution. The dissolution circuit also con-
tains the measuring equipment described above, which controls
the speed of the dissolution buffer pump as well as the valves to
the product tank. As soon as the dissolution of the antibody has
reached a stationary value, the dissolution is terminated. The
module moves on to regeneration, to be ready for the next filtra-
tion phase.
The presented simulation study is accomplished with the digital

twin presented for one subunit. This study aims to demonstrate
that the precipitation unit can react to process variations during
manufacturing and is able to provide a constant output
concentration.
In the initial simulation study feed titers ranging from 1 to

3 g L-1 have been simulated. The final mAb concentration of
3 g L-1 is achieved after dissolution. Figure 7(a) shows the

Figure 4. Simulation results for concentration fluctuations (a) and concentration compensation by system adjustment (b,c).47

Figure 5. Proposed control strategy for upstream processing (USP) and aqueous two-phase extraction (ATPE). A Raman probe is used as process analytical
technology (PAT) at the filtrate outlet of USP and forwards monoclonal antibody (mAb) and side component concentrations to the ATPE, which adjusts the
polymer and salt concentrations to produce light phase with a constant mAb concentration, which is then forwarded to the precipitation unit.47

Process analytical technology as key-enabler for digital twins www.soci.org

J Chem Technol Biotechnol 2022; 97: 2336–2346 © 2021 The Authors.
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

wileyonlinelibrary.com/jctb

2339

http://wileyonlinelibrary.com/jctb


concentration decrease in the precipitation step over process
time for varying incoming feed concentrations. Complete pre-
cipitation occurs within a few seconds after PEG addition. To pro-
vide constant output concentration the dissolution ratio is
modified (Fig. 7(b)), and an mAb concentration of 2.7 (±0.05)
g L-1 in the dissolved output can be observed. This was achieved
with the previously mentioned adjustment of the dissolution
ratio. This simulation study demonstrated that precipitation is
able to provide a constant concentration, which is important
for subsequent chromatography.
To investigate the response capabilities of the unit operation to

eventual process deviations, three theoretical process variations
are simulated that are realistic variations for the described pro-
cess. The simulation studies are labeled as scenarios 1–3:

(1) Concentration variations
(2) Mass flow fluctuations
(3) Purity changes

The first study within scenario 1 includes the proposed APC con-
cept to simulate a process fluctuation during continuous opera-
tion. For this purpose, a periodic concentration change is used
as input signal, which fluctuates from 2.5 to 1.5 g L-1. A final con-
centration of 2 g L-1 is to be achieved after dissolution. Figure 8(a)
demonstrates the simulation results with and without APC. With-
out APC there are concentration fluctuations after dissolution
(grey line). When the dissolution ratio is adjusted through APC
the unit can provide a constant mAb concentration of 1.85
(±0.03) g L-1 (red line). Figure 8(b) visualizes which parameters
must be controlled to ensure a consistent concentration. By
adjusting the dissolution ratio (brown columns), either slight con-
centration of the target component or dilution is achieved, to
result in a constant output concentration. Associated with this is
the change in the residual PEG content (orange columns), which
can become limiting due to thermodynamic equilibrium. This is
shown in Fig. 8(c). The grey line depicts the equilibrium concen-
tration of mAb in the presence of an increasing PEG content.

Figure 6. Simplified illustration of proposed advanced process control (APC) for the precipitation unit. Precipitation tanks are merged into one tank and
the subunits are filter modules.48

Figure 7. Simulation results of scenario 1 (concentration fluctuations) are presented for precipitation (a) and for dissolution (b).48
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The red line represents the solubility of IgG in the feed at different
PEG concentrations. The blue shaded area indicates the thermo-
dynamically given operating window, within which the laboratory
process can be carried out. Outside of this operation window lim-
itation by PEG occurs during redissolution, which leads to product
loss. A PEG content above 5 wt% limits the resolution of the anti-
body. In an industrial environment, the remaining PEG in the dis-
solution product stream should not exceed a proportion of
3 wt%.53

In the following section simulation studies regarding scenario
2, which address mass flow fluctuations, are presented. Initial simula-
tions have shown that volume fluctuations mainly affect the precip-
itation step. This occurs because the supernatant is removed by
filtration and is, therefore, not passed on to the subsequent dissolu-
tion. The simulations have also shown that an elevated PEG content
does not lead to yield loss; hence, here only the simulation results in
the case of insufficient PEG content are shown. The potential failure
mode with and without the integration of the proposed APC is
pointed out. Changes in the mass flow impact the present precipita-
tion conditions in the precipitation tank, which are monitored with
the conductivity probe. If this disturbance occurs over a longer

period than a few seconds, a wrong ratio between PEG and light
phasewould be present in the precipitation tank in relation to its res-
idence time. This case is shown in Fig. 9(a). During operation, the
required PEG content of 12 wt% can no longer be maintained
(orange columns), which leads to an increase in the equilibrium con-
centration of IgG (light-blue line). As a result, the target component
no longer precipitates completely, and a residual portion remains dis-
solved. This loss is indicated by the decreased yield in the precipita-
tion step (blue columns).
The second simulation study within scenario 2 addresses also

the continuous operation with integrated APC. In this case, the
PEG mass flow is adjusted as soon as the PEG content is decreas-
ing in the precipitation tank. This results in a brief increase in the
equilibrium concentration in relation to the residence time
(10 min). Afterwards, the operating point with the correct equilib-
rium concentration is reached again, and thus no more product
loss occurs. For this study the difference in yield loss is about 13%.
Concentration and mass flow changes can both be compen-

sated in the precipitation unit within a short time span of a few
seconds. This is reached through the integration of the
proposed APC.

Figure 8. Second simulation study results of scenario 1 (concentration fluctuations). (a) Comparison of incoming concentration and the adjusted immu-
noglobulin G (IgG) concentration after dissolution because of the integrated advanced process control. (b) Parameter that must be controlled to achieve a
constant output concentration of 2 g L-1. (c) Equilibrium concentration of IgG in the presence of polyethylene glycol (PEG). The blue zone in (c) marks the
operating window of residual PEG content.48

Figure 9. Simulation studies regarding volume deviation during the process. (a) Effect of volume deviations and its impact on process yield. (b) The same
scenario but with the integration of the proposed advanced process control.48
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The feasibility of using online measurement technology has
been demonstrated within the framework of the PAT initiative.
Best results were achieved by Raman, which reliably detected
product concentration and purity. Furthermore, the combination
of DAD and Raman has been tested, which is a recommended
extension due to the orthogonal measurement methods, result-
ing in higher process robustness. Finally, in a simulation study,
which has been performed with the aid of a digital twin, the
online measurement data have been successfully used to control
the process. This led to minimized yield losses at potential feed
flow or concentration fluctuations.

Chromatography
Vetter et al. reported on their work on APC for chromatography.49

Their study proposes a reliable inline PAT concept for the simulta-
neous monitoring of different product components after chroma-
tography. The feed for purification consisted of four main
components: IgG monomer, dimer, and two lower molecular
weight components of 4.4 kDa and 1 kDa. The proposedmeasure-
ment setup consists of a UV–visible diode array detector and a
fluorescence detector. Applying this system, an R2 of 0.93 for the
target component, an R2 of 0.67 for the dimer, an R2 of 0.91 for
the first side component and an R2 of 0.93 for the second side
component are achieved. The root mean square error for IgG
monomer was 0.027 g L-1, for dimer 0.0047 g L-1, for side compo-
nent 1 0.016 g L-1 and for side component 2 0.014 g L-1. The pro-
posed measurement concept tracked component concentration
reliably down to 0.05 g L-1. Zero-point fluctuations were kept
within a standard deviation of 0.018 g L-1 for samples with no
IgG concentration but with side components present, allowing a
reliable detection of the target component. The main reason
inline concentration measurements have not been established
yet is the false-positive measurement of target components when
side components are present. This problem was eliminated using
the combination of fluorescence and UV–visible data for the test
system. The use of this measurement system was simulated,
allowing an automatic fraction cut at 0.05 g L-1. In this simulation
a consistent yield of>99%was achieved. Process disturbances for
processed feed volume, feed purity and feed IgG concentration
can be compensated with this setup. Compared to a timed pro-
cess control, yield can be increased by up to 12.5%, if unexpected
process disturbances occur.
This simulation study aimed to demonstrate the efficiency of

using online measurement data in the process control of chro-
matographic processes. Furthermore, it aimed to demonstrate
that the achieved accuracy is high enough to implement a reliable
process control. While process control and process disturbances
can be handled with a simple process control, process online opti-
mization has to be employed using model predictive controllers.
These are one of the most utilized methods of advanced process
control54 and enable automated process optimization utilizing
optimization routines.54-56 The main problem with model predic-
tive controller-based APC is process drift due to aging, fouling or
blocking.56-58 This drift can be implemented in the simulation
using online data, enabling a real-time feedback of the process
and allowing for a continuous parameter fit.57,58

APC using inline measurements and chemometrics is the most
promising way to establish robust continuous downstream
manufacturing in the purification of biopharmaceuticals. One of
the main reasons for inline spectroscopic data not being widely
used for process control is the lack of specificity for a target mol-
ecule if other components are present. This problem can be

eliminated when a combination of different spectroscopic
methods is used. The combination of DAD and fluorescence spec-
tra eliminated the high variation in zero-point fluctuations
observed in DAD while simultaneously enabling the measure-
ment of the main and side components.
Employing a digital twin would allow for fractionation control,

process optimization and the monitoring of aging processes.
The elution times of the main and side components can be calcu-
lated. This can then be used to control the fractionation valves.
The other control strategy is fractionation control using the inline
concentration measurements, which was modeled in this work.
The described control system is able to regulate process distur-
bances of up to 50% variance on the feed concentration and vol-
ume, while maintaining a constant concentration and process
yield. Compared to a timed fraction cut, the yield could be
increased by up to 12.5%. In addition to integrated counter-
current chromatography, this detection method can also be used
for multicolumn counter-current solvent gradient purification or
regular batch chromatography.
In addition to spectroscopic data, other sensor data, such as

conductivity, pH and osmolarity, have shown small improvements
to the regression of the target component59 but did not show any
significant impact on regression quality in this work.47

As a part of a RTRT (real-time-release-testing) as proposed by regu-
latory authorities, inline concentration and purity measurement will
play a large role. Other CQAs (critrical-quality-attributes) as biological
efficacy or glycosylation were reportedly possible to control using
FTIR.60-63 Additionally, by controlling these parameters with spectros-
copy, semi-automation of process analytics is becoming more viable
as an important addition to production of biological efficiency data
from inline data via enzyme-linked immunosorbent assay in an
acceptable timeframe.64

Case study conclusion
In USP and the following direct ATPE, Raman, FTIR, fluorescence
andUV–visible spectroscopy have been successfully applied to titer
as well as purity prediction. Raman was the most versatile and
robust method and is recommended as the primary PAT. In precip-
itation, similar results were obtained for titer determination. Predic-
tion of purity was challenging for FTIR, fluorescence andUV–visible,
but achievable by Raman spectroscopy. In chromatography, the
combination of UV–visible and fluorescence spectroscopy was able
to overcome difficulties in titer and purity prediction induced by
overlapping side component spectra. Raman spectroscopy is espe-
cially useful in the early stages of the process, whereas more tradi-
tional detector technology concepts, such as DAD, can be used in
late process stages. The combination of spectroscopic data
improves predictivity, as shown for chromatography.
Continuous operation generatesmuch smaller hold-up volumes

than batch processing. This causes much shorter start-up und
shut-down times, with smoother systems responses. In addition,
system response is much shorter and smoother – that is, nearly
constant – around the continuous operation point. Hence, detec-
tor signal acquisition times and corresponding sampling scan
rates for continuous processing aremuch lower than for compara-
ble batch operation. Changes due to natural system variances are
less steep – that is, continuously near constant system responses.
In contrast, only typical gradient elution chromatography opera-
tion with fraction cut points at steep chromatogram concentra-
tion slopes challenge the accuracy in time resolution. These
changes in concentration occur within a few seconds, whereas
the feasible number of measuring points is limited by the

www.soci.org A Schmidt et al.

wileyonlinelibrary.com/jctb © 2021 The Authors.
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

J Chem Technol Biotechnol 2022; 97: 2336–2346

2342

http://wileyonlinelibrary.com/jctb


sampling rate, which leads to a resolution of 10–50 points per
peak. This results in an image of the concentration profile that is
not sufficiently accurate for fractionation. Only typical break-
through curves of flow-through operation mode in capture steps
differ, and are also sufficiently describable with higher acquisition
times and averaged scans.
Based on the developed spectroscopic predictions, dynamic

process control of the unit operations was demonstrated for the
total process in sophisticated simulation studies based on vali-
dated digital twins available for all unit operations.
Each digital twin uses predictive process models as a basis.

While it may seem intuitively obvious that these must differ

in detail, process models can be developed according to a
consistent and unambiguous validation scheme that takes
into account their use as digital twins in regulated indus-
tries.65 There is no fundamental distinction between digital
twins for use in USP or DSP, or in batch versus continuous
operations. However, while in USP process data are often suf-
ficient to achieve control and optimization due to the com-
paratively slow changes in the system at a low frequency of
a few minutes, in highly dynamic processes and rapidly
changing concentrations, such as in chromatography, it is
necessary to use a much faster sampling rate, of up to a
few fractions of a second.

Figure 10. Overview of the plasmid production, quality testing and mRNAmanufacturing process. The process consists of three main steps: plasmid pro-
duction, linearization and in vitro transcription. After linearization and mRNA purification, extensive quality testing is required.66

Figure 11. Raman raw (a) and processed spectra (b), and titer prediction versus reference (c) after alkaline lysis and clarification.66
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PERSPECTIVES AND FUTURE TRENDS
The shift from batch-based to continuous production will not only
affect themanufacture of established blockbusters such asmono-
clonal antibodies, but will also have to be reflected as a necessary
further development in the provision of vaccines needed in the
short term during times of pandemics. The digital twin in contin-
uous biologics manufacturing will require key technologies and
concepts such as PAT and QbD (Fig. 10).
In the case of mRNA vaccine production, lengthy quality

controls occur first when controlling the linearized DNA,
which is the starting material in the production of the actual
mRNA drug, and secondly they are necessary before the puri-
fied mRNA drug can be encapsulated. This results in holding
times of up to several weeks.66 PAT is a necessary key-
enabling technology for continuous biomanufacturing. Most
(spectroscopic) sensors are based on chemometric calcula-
tions (e.g., partial least square regression, principal compo-
nent analysis), which are already widely used in the
literature. Additionally, there are model-based sensors, which
can be based on mass and/or energy balances as well as
(extended) Kalman filters, the implementation of which is
more time-consuming. However, the last-mentioned sensors
provide an extended process understanding, as they can be
based on physicochemical effects.
In terms of automation, digital twins in continuous biomanufac-

turing rely on online process data that update the information fed

into the process models in real time.2,47-49,67 Besides simple pro-
cess parameters like pressure, conductivity, pH and temperature,
concentration of the target component and main impurities is
necessary to ensure that the information gathered from the digi-
tal twin is reliable. Spectroscopic technologies like Raman, FTIR,
UV–visible, fluorescence and circular dichroism have been dem-
onstrated to be suitable detection methods for a variety of bio-
logics manufacturing processes.
To assess the potential of APC enabling techniques, plasmid

concentration after alkaline lyses in different concentration and
purity ranges were exploratorily investigated by Raman spectros-
copy (Raman shift 1800–400 cm−1), FTIR spectroscopy (absorp-
tion frequencies from 1800 to 800 cm−1) and DAD (wavelength
200–500 nm) by Schmidt et al.
Challenges have to be overcome, such as the methods of

spectroscopic and other online measurement techniques for
innovative vaccine types such as viruses and virus-like parti-
cles, but also oligonucleotides such as mRNA and plasmid
DNA, which have only been scarcely researched compared
to recombinant proteins. These online measurement tech-
niques are not only necessary to ensure automated process
control and thus counteract a possible shortage of qualified
operators, but also to introduce real-time release testing of
urgently needed drugs in the longer term and thus shorten
the prolonged release times caused by time-consuming qual-
ity controls (Figs 11–13).

Figure 12. Fourier transform infrared raw (a) and processed spectra (b), and titer prediction versus reference (c) after alkaline lysis and clarification.66

Figure 13. Diode array detection raw (a) and processed spectra (b), and titer prediction versus reference (c) after alkaline lysis and clarification.66
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CONCLUSION
Continuous biomanufacturing studies have proven the potential
to harmonize high product quality.32,46,47,68,69 Continuous pro-
duction suggests process automation,70 even if continuous oper-
ation by perfusion may be comparably short, of about 2 weeks to
2 months when compared to bulk and petrochemical operation
times of up to several months. Autonomous operation reduces
product quality variance and keeps the operation state constant
around an optimum by advanced process control strategies.71

Benefits are reduced operation costs, reduction of manufacturing
personnel –which is in any case rare nowadays66 – and significant
quality assurance cost reduction by RTRT.72 The basis of APC are
either artificial neural network, rigorous or hybrid models.72 Digi-
tal twins based on process models which need to be distinctively
validated for regulatory decisions are combined with PAT via PLS-
based data evaluation towards process control strategies.
Digital twins enable a training simulator in combination with

the existing process control system, and are a well-established
and beneficial procedure in petro-, basic- and fine-chemicals
industries. Moreover, operator workload is reduced drastically,
as they are enabled to operate different plants in parallel – a most
wanted capacity increase option at enhanced product robust-
ness.66 Digital-twin-based process automation reduces the num-
ber of operators required by factor of 2 and lowers their stress
level drastically.73 In addition, product quality is subject to less
fluctuation due to the continuous production method and the
steady state thus ensured, which has a lower time-to-market
due to PAT-supported RTRT as well as lower batch failure rates,
which enlarge productivity in the case of mRNA manufacture by
about 20%.73

This demonstrates the specific competitiveness of the whole
continuous biomanufacturing approach on consistent industriali-
zation of digital twins.
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