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Abstract: SARS-COVID-19 vaccine supply for the total worldwide population has a bottleneck
in manufacturing capacity. Assessment of existing messenger ribonucleic acid (mRNA) vaccine
processing shows a need for digital twins enabled by process analytical technology approaches
in order to improve process transfer for manufacturing capacity multiplication, a reduction in
out-of-specification batch failures, qualified personal training for faster validation and efficient
operation, optimal utilization of scarce buffers and chemicals and speed-up of product release by
continuous manufacturing. In this work, three manufacturing concepts for mRNA-based vaccines
are evaluated: Batch, full-continuous and semi-continuous. Technical transfer from batch single-use
to semi-continuous stainless-steel, i.e., plasmid deoxyribonucleic acid (pDNA) in batch and mRNA
in continuous operation mode, is recommended, in order to gain: faster plant commissioning and
start-up times of about 8–12 months and a rise in dose number by a factor of about 30 per year, with
almost identical efforts in capital expenditures (CAPEX) and personnel resources, which are the
dominant bottlenecks at the moment, at about 25% lower operating expenses (OPEX). Consumables
are also reduceable by a factor of 6 as outcome of this study. Further optimization potential is seen at
consequent digital twin and PAT (Process Analytical Technology) concept integration as key-enabling
technologies towards autonomous operation including real-time release-testing.

Keywords: mRNA; pDNA; SARS-COVID-19; vaccines; digital twin; process analytical technology;
manufacturing

1. Introduction

With the onset of the COVID-19 pandemic in December 2019, the need for rapid and
scalable delivery of vaccines have become urgent. Instead of the typical time-to-market of
5–10 years, vaccines are now being accelerated to approval in less than nine months [1–3].
This shifts the bottleneck in sufficient supply back to production processes, which therefore
also need to be developed and built in less than nine months, starting with laboratory
studies, and ending with technically ready production equipment. As the example of
mRNA has shown, early investment in promising technologies has been a key element in
the rapid fight against the pandemic [4–6].

Nevertheless, time-to-market and capacity have shown that the current state of the art
and methods of process development and production have not been fast enough to make
vaccines available to the entire population in a timely fashion [7,8].

In addition to the bottlenecks in material supply and the technical limitations of current
manufacturing technology [9–11], the shortage of skilled personnel has become apparent [12].

The heavy reliance on single use technology has meant that within a short period
of time, enhanced demand has led to shortages, creating unnecessary further delays in
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product manufacturing. Various manufacturers have therefore already publicly discussed
the advantages and disadvantages of single use (SU) technology compared to stainless
steel (SS) equipment against this background [13,14].

Further developments in the automation of Cleaning in Place/Sterilization in Place
(CIP/SIP) procedures have, on the one hand, reduced the consumption of water for injection
(WFI) caused by SS cleaning procedures and, on the other hand, reduced the personnel
and time required [15,16].

Further challenges are logistics and the provision of critical raw materials [17].
If the concepts that have been demanded for decades, such as Quality by Design

(QbD)-based process development and Good Manufacturing Practice (GMP)-compliant
continuous manufacturing, had already been state of the art when the pandemic began, it
would have been possible to scale up and make vaccine production available more quickly.
Accordingly, the implementation of real-time release testing must continue to be pursued,
especially to overcome the lengthy Quality assurance/Quality control (QA/QC) in the
production of mRNA vaccines [18,19].

QbD-based process development typically starts with the definition of quality at-
tributes and Quality Target Product Profiles (QTPPs) [20]. To ensure these, a design space is
needed. This is usually defined by the process parameters determined in a risk assessment.
The criticality of these parameters is traditionally determined in experiments, e.g., statistical
experimental designs or through validated process models. The design space is the basis
for developing a control strategy that aims to ensure that the quality attributes defined at
the outset are maintained at all times [21].

A lot of work has shown that the digital twin and Process Analytical Technology
(PAT) are the key technologies needed to make the control strategy feasible (Figure 1).
Recently, Helgers [22] and Udugama et al. [23] have described the steps towards the digital
twin as follows. Starting from simple balance equations to validated process models, the
digital twin is ultimately a digital representation of the physical process. With the real-time
transmission of measurement data enabled by PAT and model-based advanced process
control, the optimization of the physical process is possible in real time.

Figure 1. Levels of a Digital Twin, Starting from a Steady-State-Model, over a Dynamic Model, a Validated Model and a
Digital Shadow to a Model-Based Control [22,23].
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The objective of the present study is to evaluate the gains in speed, capacity, CAPEX/
OPEX/TOTEX, personnel and consumables efforts as well as cost of a switch from the
current batch-wise production to a continuous production and an associated switch from
SU to SS equipment.

2. Materials and Methods
2.1. Model Overview

The models and methods used in this work have already been published for all
separation and reaction steps by Schmidt et al. [24]. A more detailed description of the
in vitro transcription including capping (IVT + C) can be found in the recently published
work on model development and validation by Helgers et al. [22]. Due to the sophisticated
chromatography schedule investigated here, the associated methods are described in more
detail hereinafter.

2.1.1. Adsorptive Purification Processes

For purification, monolithic adsorption as described before, as well as chromatog-
raphy, was modelled. The monolith was modelled using the basic mass transfer model,
Equation (1), which is explained in detail in an earlier paper [24].

δc
δt

= −
.

V
A(z)

δc
δz

+ D· δ2c
δz2 − (1 − ε)

ε
· δq
δt

(1)

In this model, c is the concentration in the fluid bulk phase,
.

V is the volume flow, A(z)
the flown through area, D is the dispersive mass transfer, ε the voidage of the monolith
and q the solid phase concentration.

Chromatography was modelled using a lumped pore diffusion model [25], the fluid
mass balance is given in Equation (2). The mass balance of the stationary phase is given in
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)
∗ δq
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εS
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)
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=
6

dP
·ke f f ·

(
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)
(3)

Here, εP is the overall porosity, cP is the concentration in the pores, t as time, q is the
load, dP is the mean diameter of the resin particle, εS is the voidage and ke f f is the effective
mass transport coefficient.

Adsorption was modelled using a Langmuir kinetics (Equation (4)), while previously
determined [24]. For the chromatographic modelling an assumption was made, that
the same binding capacity and similar separation efficiencies can be reached. Examples
for chromatographic separation of mRNA using hydrophobic-anion chromatography
for a mixed-mode separation and C18 reversed phase separation can be found in the
literature [26–31].

q =
qmax·Keq·c
1 + Keq·c

(4)

In this equation, qmax is the maximum loading capacity and Keq is the Langmuir
coefficient. Keq and qmax are related to the Henry coefficient H (Equation (5)) [25]. Eluent
influence is described by Equations (6) and (7) defining a1, a2, b1 and b2 as correlation
coefficients [32,33].

qmax·Keq = H (5)

qmax = b1·cp + b2 (6)

H = a1·cp
a2 (7)
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The mass transfer coefficient ke f f is given by Equation (8). Where k f is the film mass
transfer coefficient, rp the particle radius and Dp the pore diffusion coefficient.

ke f f =
1

1/k f + rp/Dp
(8)

Dp is calculated according to the correlation of Carta [34] and k f according to Wilson
and Wilson/Geankoplis [35]. The molecular radii are calculated from the molecular weight
of the molecule, also described by Carta [34].

For the chromatographic resins, Nuvia aPrime 4a and SiliaSphere C18 were chosen.
The resins were chosen based on their separation mechanism, which is hydrophobic anion
exchange for aPrime 4a and C18 reversed-phase (RP) for SiliaSphere. Both resins also have
large pores of around 1000 Å [36,37], allowing pore diffusion to take place. As monoliths,
BIA CIMmultusTM PrimaS and Oligo dT18 were modelled.

2.1.2. Continuous Adsorptive Processes

There are many different concepts to realize continuous chromatography shown in
previous work [38–42]. The selection of the concept in process development highly depends
on the circumstances of the separation task. As shown in the previous work [24], in the
mixed-mode chromatography (MMC) purification step after transcription, the product is
obtained in a center-cut during the gradient. In the reversed phase, the product is eluted in
a step-gradient, after the impurities are thoroughly washed out.

The center-cut of the target component leads to a reduced yield, as product is lost in
the cut-out fractions. In our calculations this reduced the step yield to 90%. A possible
solution to this yield loss is to use multicolumn countercurrent solvent gradient purification
(MCSGP) [43]. This allows the lost product to be recycled in the cut-out parts of the
chromatogram. In the RP purification, binding capacity is limiting for process efficiency, as
the product is selectively captured from the process stream. To increase the resin capacity
usage, different multicolumn chromatography concepts can be employed. We decided
to use a 3-column periodic countercurrent chromatography (PCC) [39] and compare it to
a switched 2-column concept, the simplest way to realize a continuous chromatography
process [42].

All discussed continuous chromatography concepts do not employ changing flow
direction, as found in simulated moving bed chromatography. As such, these concepts can
be applied to monolithic separations as well.

2.2. Cost Estimation

As in other studies [44,45], the cost references used in this work were taken from the
literature, and where possible from vendors accessible on the internet [46,47]. The process
parameters and synthesis are described in the paper by Schmidt et al. [24] and are based
on scientific literature [44,45] and patents [48]. The drug concentration corresponds to that
of the Cominarty™ mRNA vaccine available on the market [49]. The baseline scenario
corresponds to the process published by Schmidt et al. [24] with approximately 10 million
doses per batch. The associated flow diagram is shown in Figure 2. The cost estimation
method used can be found in detail in the literature [50,51]. It is the “Lang factors-method
for approximation of capital investment”.
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Figure 2. Flowsheet of base-scenario adapted from Schmidt et al. [24].

3. Results
3.1. General Process Design and Schedule Scenarios

The base scenario for batch plasmid deoxyribonucleic acid (pDNA) manufacturing is
shown in Figure 3. The most time-consuming steps are the three-day fed-batch fermentation
and the quality controls. In (a), the next process step starts as soon as the previous
one is completely finished. From the start of fermentation, at least six working days of
process time are required before quality tests can start. Thus, a released batch would be
available after nine working days at the earliest, and the last process step, without weekend
shifts, would fall into the second week. The lowest possible process time with sequential
arrangement of the process steps is shown in (b). Here, it is assumed that the subsequent
process step immediately follows the previous one. This assumes close timing of process
preparation (gray). This reduces the time required to linearized pDNA to four working
days, which is a reduction in time of almost more than factor 2. Thus, in any case, the actual
process is completed in one week. If weekend shifts are used, quality control can also be
completed by the second week. This process scenario represents the best-case scenario for
batch production of linearized pDNA, including QC/QA.

The base scenario for batch pDNA manufacturing is shown in Figure 4. The most time-
consuming steps are lyophilization and quality control. Analogous to the considerations
in pDNA production, in (a) the next process step starts as soon as the previous one is
completely finished. From the start of IVT + C, at least 4 working days of process time
are required before quality tests can start. Thus, a released batch would be available
after 7 working days at the earliest before the LNP (lipid nanoparticle) formulation can
start. The lowest possible process time with sequential arrangement of the process steps is
shown in (b). Here, it is assumed that the subsequent process step immediately follows
the previous one. This assumes close timing of process preparation (gray). This reduces
the time required to purify mRNA to about 2.5 working days. Thus, the actual process
is completed in one working week including quality control, so that in any case the LNP
formulation can start in the second week. This process scenario represents the best case for
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batch production of purified mRNA including QC/QA and is related to a time reduction
by at least factor 2, which is equivalent to doubling yearly capacity.

Figure 3. Batch pDNA production schedule. Scheduled with downtime between unit-operations due to preparation and
CIP/SIP procedures (a) and with no processing downtime (b). Preparation (gray); Processing (green); CIP/SIP (dark red);
Quality control (blue). Numbers on the x-axis represent hours.

Figure 4. Batch mRNA production schedule. Scheduled with downtime between unit-operations due to preparation and CIP/SIP
procedures (a) and with no processing downtime (b). Preparation (gray); Processing (green); CIP/SIP (dark red); Quality control (blue).

The basic scenario for the continuous production of mRNA is shown in Figure 5.
In the first two weeks of the scenario, a 200 L fed-batch is run for pDNA production,
followed by linearization and quality control. The amount of pDNA produced there is
sufficient for the equivalent of 30 batches of IVT. In the scenario discussed, one continuous
IVT corresponds to four batches of IVT, accordingly the amount of pDNA is sufficient
for approximately seven continuous IVT campaigns. Each of these campaigns takes four
weeks, with transcription taking three weeks and quality control and CIP/SIP taking a
total of one week. Analogous to the productions presented so far, the next IVT starts as
soon as the previous campaign is fully completed.

In order to provide sufficient pDNA, another fed-batch fermentation will be per-
formed in parallel to the seventh IVT. Thus, a total of 11 continuous IVT campaigns can
be performed per year, taking into account one failed process here, so that a total of
10 successful campaigns can be performed per year in the discussed scenario.

The lowest possible process time when the process steps are arranged sequentially is
shown in (Figure 4b). It is assumed that the next continuous IVT immediately follows the
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previous one and that the result of the QC/QA, which takes 72 h, is not waited for. This
can save a total of 10 weeks, allowing two more continuous campaigns to be completed.
This process scenario represents the best case for continuous production of purified mRNA
including QC/QA, where the capacity increases by a factor 1.25 thanks to the additional
10 weeks of processing, when compared to batch production. Summing up, there is a
reduction in time by a factor of 2, which corresponds to the increase in capacity.

Figure 5. Continuous mRNA production schedule.

CAPEX/OPEX

The cost study shows that the manufacturing costs are at their highest in the case of
batch production (EUR 0.38 per dose). The main cost factor is raw materials, with a share
of 74%. The second highest costs are caused by the personnel necessary for operation,
monitoring and quality control with a share of 15%.

The advantage of the established batch-wise production is offset by a more cost-
intensive production. Furthermore, even with the tightest scheduling, a maximum of four
campaigns per month is possible per production line. An increase in production capacity is
currently not considered technically feasible in the related literature [45]. The cost of pDNA
production is EUR 0.03 per dose. Relative to the retail price of EUR 15–20 per dose [52], the
cost of pDNA production is not significant.

Considering semi-continuous manufacturing, where pDNA continues to be produced
on a batch-by-batch basis, a significant cost reduction is achievable due to continuous in vitro
transcription and purification (cf. Table 1). As a result, the production costs decrease to EUR
0.295 per dose. Proportionally, the costs for the raw materials increase and account for 96% of
the production costs in this scenario, whereas the personnel costs decrease to 1%, since more
doses can be produced with fewer personnel by factor of about 30.

Table 1. Total annual operating costs (OPEX) and capital investment costs (CAPEX) necessary for the
production of 400 million doses per year.

Scenario Batch Mixed Continuous

OPEX (M EUR/year) 454.3 352.5 385.4

CAPEX (M EUR) 46.5 43.7 34.8

Production Costs per dose (EUR) 0.380 0.295 0.295

In the case of fully continuous manufacturing, where the pDNA is also manufac-
tured continuously, the relatively low cost of pDNA manufacturing results in similar cost
structures as in semi-continuous manufacturing.

However, in the case of continuous in vitro transcription, recycling of the most costly raw
materials, namely T7 RNA polymerase and cap analog, lends itself to this approach. The former
is not consumed in the reaction as it is a catalyst, whereas the Cap Analog is reacted but by
default is present in excess of up to 99% [22,44] and therefore recycling would be economically
preferable. The concept of recycling has already been discussed in the literature [53].

In this study, a process model recently developed by Helgers et al. was used to
design and optimize the IVT [22]. The design space determined with this model is shown
as a contour plot in Figure 6. The batch reactor achieves the highest space–time yields
with high input quantities of nucleotides and T7 RNA polymerase. With these and other
optimizations, the optimal operating point has been found (Figure 7). In the context of this
study, a plug-flow reactor (PFR) was designed for the semi-continuous and continuous
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production of mRNA, which was also investigated with the process model. The associated
design space reveals an optimal space–time yield with a combination of low reactor volume
and high throughput. Further results of the study can be found in Helgers et al. [22]. Based
on this PFR design, four different scenarios were developed. The first was a three- or
five-day campaign corresponding to the production capacity of a 40 or 1200 L (factor of
30) batch to circumvent the technical limitation of 40 L in batch production. The other
scenarios are a 12-day campaign corresponding to the production capacity of two 40 or 1200
L batches and a 26-day campaign corresponding to the capacity of four batches. These four
scenarios are the initial parameters for the development and optimization of continuous
purification by chromatography as discussed in Section 3.2.

Figure 6. Contour plots as results of the multi-parameter-at-a-time (DoE) sensitivity study with STY (space time yield) as
target value when reaching 90% of the maximum mRNA concentration (a) Batch reactor, ATP concentration over T7 RNA
polymerase concentration; (b) Tubular reactor, reactor volume over flow rate from [22].

Figure 7. Concentration profiles obtained by Monte-Carlo simulations. (a) Batch reactor; (b) Tubular reactor [22].
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3.2. Purification of mRNA with Mixed-Mode Chromatography

After transcription, the mRNA fragments have to be separated from the transcription
proteins, as well as double-stranded mRNA (ds-mRNA) and RNA aggregates [54].

To realize an efficient batch separation, which we used as a benchmark, the upper
end of the recommended flow rate for the monolith was chosen [55]. The resulting chro-
matogram can be found in Figure 8a. At a flow rate of 435 L/h four batches are needed
in one hour to process the 16.667 L/h process stream. This is due to the limiting loading
capacity of the monolith allowing an injection of 4.2 L feed. Higher injection volumes lead
to a product loss as the target component peak elutes earlier and more product is lost in the
first fraction. As one separation takes 1765 s, two 8 L columns are needed. The presented
separation leads to a yield of 86% and a productivity of 165.8 g/(L·d). In one run, 27.2 g
mRNA is purified, which is in the same range as the yields given by the supplier [56].

Figure 8. (a) Chromatogram of the batch separation on BIA CIMmultus PrimaS. (b) Chromatogramm of the batch separation
on BIA CIMmultus Oligo dT18. Fraction cut points as dashed lines.

3.3. Purification of Poly-mRNA with Reversed-Phase Chromatography

In the reversed-phase purification process, the polymerized mRNA (Poly(A)-mRNA)
is separated from the Polymerase and adenosine, which are both non-binding impurities
in the higher eluent concentration of 12.5% [24]. The resulting separation process can be
found in Figure 8b. The same flow rate was utilized to process the mixture. In one run,
19.33 L feed can be injected, without major product breakthrough. One run, including
monolith regeneration, takes 1025 s. With one column, the whole stream can be purified
in two runs. The presented separation leads to a yield of 98.5% as some product is lost
during the column wash. The resulting productivity is 809.6 g/(L·d). In one run, 76.769 g
is purified.

3.3.1. Continuous Processing Using Monoliths

To scale continuous monolith processes, the flow rate of the process needs to be
adapted, since the monolith itself is not continuously scalable. Monoliths are available
in 8 L and 0.8 L scales. A scale-up factor which can be used for monolith scaling is the
acquired product per run. Using this factor, the different scenarios can be calculated to
show which scale is appropriate for the process volume. The scaling was limited to the
recommended flow rates for the monoliths, which are 120–480 L/h for the 8 L monolith
and 12–90 L/h for the 0.8 L monolith, respectively.
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In Table 2, the resulting process flow rates for the continuous processes are given.
The resulting flow rates are calculated for one monolith. The only scenario which is easily
scalable to a continuous process is the 16.67 L/h scenario. When two monoliths are used,
the resulting flow rate for the MMC-MCSGP is 491.2 L/h, for the reversed phase process
the resulting flow rate is 157.45 L/h for a two-column process. These flow rates can
be increased by introducing idle times into the continuous process or with the usage of
smaller monoliths. The usage of smaller monoliths, however, would call for slightly smaller
monoliths of 6–7 L resin volume, as the usage of 0.8 L monoliths increases the flow rate by
factor 10. This would be theoretically possible to realize, but would call for multiple process
setups. Hence, we decided to not consider these possibilities, as the multiplying overhead
costs such as pumps, piping and personnel was deemed economically unfeasible [40,57,58].

Table 2. Resulting flow rates for MMC and RP for an 8 L monolith. Green: within working velocity, yellow: at limit of
working velocity, red: outside of recommended working range.

Scenario Processed
mRNA

Input
Downstream Runs MMC CV/h MMC Flow Rate

MMC Input RP Runs MMC CV/h RP Flow Rate
RP

1 126.50 g/h 16.67 L/h 4.6 1/h 122.8 1/h 982.4 L/h 39.27 L/h 1.6 1/h 39.4 1/h 314.9 L/h

2 75.90 g/h 10.00 L/h 2.8 1/h 73.7 1/h 589.5 L/h 23.56 L/h 1.0 1/h 23.6 1/h 188.9 L/h

3 63.25 g/h 8.33 L/h 2.3 1/h 61.4 1/h 491.2 L/h 19.64 L/h 0.8 1/h 19.7 1/h 157.4 L/h

4 58.38 g/h 7.69 L/h 2.1 1/h 56.7 1/h 453.4 L/h 18.13 L/h 0.8 1/h 18.2 1/h 145.3 L/h

The application of a MCSGP-like process to the mixed-mode process leads to a signifi-
cant process yield increase, and since the flow rate is still at the upper end of the recom-
mended range, the productivity increases significantly. In the resulting chromatograms
shown in Figure 9, the effects of the peak recycling can be observed. The target component
peak broadens and elutes earlier during the gradient at pH = 9.68 instead of 9.72.

Figure 9. MCSGP chromatograms of the monolithic MMC separation; (a) is the chromatogram of cycle 1 and (b) is the
chromatogram of cycle 5.

In Figure 10, an overview on the loaded and eluted mRNA is given for the first five
cycles of MCSGP. The loaded mass is the mRNA found in the newly injected volume,
excluding the recycled fractions. From this course, the yield for the MCSGP process
reaches 99.09% for the fifth cycle, resulting in an overall productivity of 188.8 g/(L·d),
corresponding to a 13.8% increase when compared to the batch process.
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Figure 10. Overview on the fed and eluted mass in the product fraction of monolithic MCSGP.

In the case of reversed-phase chromatography, a smaller monolith would be needed to
realize a process with good productivity or avoiding idle times, as it was already discussed
above. If the flow rate is lowered to the above-mentioned 157.45 L/h, this would result in a
productivity of 184.04 g/(L·d), and would therefore be no feasible option when compared
to a batch process. Alternatively, employing a PCC, or capture-SMB process to increase
resin usage, the capacity gain of 5.55% for our parameters would result in a productivity of
211.04 g/(L·d).

Based on these results, the preferred process is a capture-SMB process with idle times,
but most preferable would be the use of a monolith with a volume of 2.7 L, which is not
commercially available. Therefore, suitable alternatives are discussed hereafter.

3.3.2. Bead-Based Solutions

The effects of employing an MCSGP system to a classical chromatographic column
are comparable to the effects observed in the monolithic separation. For scaling, the flow
velocity was set to 300 cm/h. The resulting chromatograms are given in Figure 11a for cycle
one and in Figure 11b for cycle five. In these chromatograms, the same peak broadening can
be observed as with the monolithic separation, which is typical for the MCSGP process [43].
The productivity for the chromatographic batch separation is 264.34 g/(L·d) with a yield of
86.9%. Employing the MCSGP process, the yield is increased to 98.65% and productivity
to 292.72 g/(L·d) resulting in a 10.7% increase. The slight increase in productivity mainly
results from the freely adjustable column size, as the thermodynamic parameters were kept
from the monolith.

This effect, of a freely scalable column increasing the productivity while flow rate
is kept at the optimum condition, becomes clearly visible in the reversed phase purifi-
cation step. In the RP purification, the velocity was increased to 1000 cm/h, since RP-
chromatography is normally operated at higher flow rates. For the batch separation, an
18.09 L column was used. This leads to a higher productivity of 1212.9 g/(L·d). The
main advantage of scalable column can be observed when scaling down the columns
for continuous use. For a two-column switching process, this results in a 2.47 L column,
while the productivity can be maintained at 1221.2 g/(L·d). The resulting chromatogram
and the time schedule are given in Figure 11c,d. If a higher column load is used, when
employing systems such as PCC or capture-SMB, the productivity can be further increased
to 1269.6 g/(L·d). Using a constant velocity and method, the productivity is same for every
column diameter and therefore the different process scales can be easily calculated.
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Figure 11. (a) Chromatogramm of the first cycle of bead-based MCSGP. (b) Chromatogramm of the fifth cycle of bead-
based MCSGP. (c) Chromatogramm of the bead-based reversed-phase chromatography. (d) Scheduling of the two-column
switching continuous process; numbers on the x-axis represent hours.

In summary, by employing a bead-based continuous chromatography process instead
of the monolith batch process for MMC, productivity increases by a factor of 2, while
buffer usage is decreased from 3.17 L/gProduct to 2.18 L/gProduct. Most significantly, as
operator shortage is one of the main limiting factors in upscaling mRNA production, the
bead-based process can be scaled up by increasing the column diameter, which does not
increase operator demand. A doubled capacity in batch monolithic separation, however,
would also double the number of operators needed in the purification step, as a second
operation has to be built.

In the reversed phase process the productivity is increased 1.6-fold and buffer usage is
decreased from 1.98 L/gProduct to 1.72 L/gProduct. Regarding the operators, the same scale
applies as in the MMC step.

Comparing the process alternatives, in the standard process, where 40 L of feed are
processed each week, 232.3 g mRNA is purified in the MMC step. The production capacity
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employing the 5.7 L bead-based column in continuous operation is increased 50-fold. The
same factor applies for the RP-step, while in this step the column size decreases to 2.5 L.

In addition to making scaling more efficient for operator requirement in continuous
processing, the operator requirement also decreases overall as other critical steps, such as
single-use equipment replacement, do not occur.

So, even if the same number of operators in continuous chromatography operation
would be needed as in batch, the increased efficiency by continuous processing over
4 weeks, leads to a decrease in personnel requirements by a factor of 4 for non-necessary
monolith change, connectors and CIP/SIP for non-disposable equipment parts.

4. Discussion

The outcome of this study is that it shows the clear advantages in throughput and
cost-of-goods of switching from batch-wise to continuous manufacturing of mRNA which
leads to a potential reduction in manufacturing costs by a factor of 4.5 (i.e., from EUR
0.380 per dose to EUR 0.085 per dose).

In the following, the results of the study presented here regarding critical raw materi-
als, equipment technology, manufacturing mode and process control and their impact on
risks and bottlenecks related to supply, personnel, quality, speed and costs are discussed.

4.1. Critical Raw Materials

Linearised pDNA is currently the template of the in vitro transcription processes for
the synthesis of mRNA vaccines [59]. pDNA as raw material costs less than EUR 0.03 per
dose as the outcome of our study and can be found in literature as low as EUR 0.005 per
dose [7,44] and therefore insignificant to the total manufacturing costs.

However, the decision to purchase pDNA or to manufacture it inhouse should depend
on if and to which extend process know-how, facilities and qualified staff are available or if
any of these needs to be build-up.

Additionally, direct control over supply regarding one of the key-starting materials for
IVT is one of the strongest arguments for in-house production, however cGMP compliant
production [60] and quality guidelines [20,61–67] need to be met.

Companies who invested early in QbD-based process development are therefore in an
advantageous position. Authorities such as EMA explicitly state that advanced therapy
medicinal products (ATMP) manufacturers should apply risk-based approaches for their
starting material production. In addition to the fact that the ATMP manufacturer will have
to compete with other competitors for materials, contract suppliers must on a regular basis
be controlled, which can lead to delays in production, if any irregularities are encountered.
Though highly cost-intensive and also critical for production, to our knowledge, there is no
mRNA vaccine manufacturer who does produce Cap-Analog and T7-Polymerase enzyme
in-house.

The most critical raw materials are T7 RNA polymerase and cap analog, which consump-
tion is reduced by factor of about four, due to the recycling employed in this study.

4.2. Manufacturing Mode

Given the fact that fundamental separation principles and reaction methods remain
the same in batch and continuous manufacturing—other than the improvements discussed
for chromatography, such as increased capacity by factor of about 50—there is no significant
advantage in critical raw material utilization by one production mode over the other.

However, as this study shows, and as other research groups pointed out as well [53],
there is the unique opportunity to recycle the starting material in continuous IVT. While in
batch and continuous IVT, especially cap analog and T7-Polymerase need to be present
in excess for high yields of correctly capped mRNA [22], only in in continuous reaction
pathways recycle-loops can be implemented in the process. Discard of up to 99% of both
components are reported in batch-wise production [44]. Hence, the longer the continuous
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production campaign and therefore recycling is maintained, the larger the benefit of
continuous over batch manufacturing becomes.

Since costs-of-goods in mRNA manufacturing is calculated here to consist of 74–96%
of the raw materials, a reduction is found of cost-of-goods due to recycling by up to a factor
of 4.5.

Moreover, time efficiency in batch manufacturing can only be optimized by tight
scheduling of preparation, processing as well as CIP/SIP steps, each of which directly
delay the manufacturing process. This results in a capacity improvement of a factor of 50
for the chromatography.

The manufacturing mode affects how quality must be controlled. In batch production,
the quality of the linearized pDNA template as well as the purified active mRNA substance
prior to LNP encapsulation, can only be secured via offline-controls. This increases the
time to release the final drug product and therefore decelerates the vaccine availability.
This is critical in a pandemic scenario.

One of the major advantages associated with continuous manufacturing is the possi-
bility to perform RTRT.

This however, requires automation of the process and a highly holistic PAT implemen-
tation combined with preferably a digital twin to enable real-time prediction of critical
quality attributes. A discussed below, we found a relief of personnel requirements, mainly
for operators but also laboratory staff for QC/QA, due to continuous manufacturing by a
factor of more than 30.

Considering the necessary amount of pDNA as starting material for IVT, a single
200 L fed-batch fermentation is sufficient to cover approximately 30–40 batch IVT (each
40 L working volume). Due to the low quantity of pDNA required per quantity of mRNA,
continuous production does not offer a significant cost advantage in this quantity scenario.
The well-known fed-batch technique in pDNA production is preferable here due to its
higher technical maturity.

4.3. Equipment Technology

The availability of single-use equipment can lead to bottlenecks in the manufacturing
of biologics, including mRNA, as it is highly dependent on consumables and requires
a more robust supply chain. Major impact in the supply chain is in high demand for
consumables. The longest raw material, devices and equipment lead times are reported
to be up to 12–18 months [14]. Single-use (SU) technology is also inherently linked to
personnel trained in quick switch and reconnect procedures, which increases the stress load
on the staff. However, despite these disadvantages, the complete evasion of SU technology
is not feasible, since it is by now present in every manufacturing step to some degree, when
not inherently necessary, e.g., in case of filtration steps. The trend to go completely SU,
including skids, sensors, piping, etc. is risky, as it increases not only the stress load on
staff during the switch and reconnect times, as mentioned, but also unnecessarily deepens
the dependency on constant resupply. This, in face of a pandemic scenario, in highly
unfavorable as in combination with the already tight batch schedules, the availability of
sufficient quantities of vaccine can thus be unnecessarily delayed [13].

Therefore, stainless steel equipment is leading the charge for large-scale manufacturing [13].
Some found that WFI usage is reduced, when compared to stainless steel, since no

direct CIP/SIP water is necessary [68].
However, in view of the priority of securing large quantities of vaccine in a short

period of time, such technological decisions would be contrary to the societal objectives.
Additionally, CIP/SIP technology is subject of constant efficiency increases by automa-
tion, improved sensor and equipment design, therefore decreasing the amount of WFI
necessary [69].

In combination with the switch from batch to continuous manufacturing, encouraged
not only by the scientific community [70–73] but also by authorities [74], the WFI-usage
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becomes an insignificant factor for the technology decision. Moreover, SU technology for
continuous manufacturing is not as readily available, when compared to batch.

4.4. Process Control

The unit operations for a fully continuous process have been proposed and their
feasibility is well documented [70,75]. Recent improvements focus on digital twins [63] and
advanced process control [62,66]. Implementation of an advanced control strategy requires
sensors, in-line or at-line analytics, which have to be chosen in early process development,
e.g., for the chromatography units, which are the key technology for product purity [62,66].

First in-line studies started naturally with the first unit operation, cultivation, ei-
ther operated as a fed-batch or perfusion, with a broad application portfolio [58,76–79].
Nevertheless, the whole downstream still has to follow.

Due to its equipment complexity, continuous chromatography has a long tradition
in advanced process control concepts [80–82] for autonomous operation. Break-through
operations in capturing, such as periodic counter-current chromatography (PCC) and multi-
column solvent gradient purification (MSCGP) processing [38,39] could easily be controlled
by inline UV detection [40,83] since the switch criteria are defined by target component
breakthrough. Any more complex off-line analytics and model-based calculations are
therefore not necessary, but possible of course [75]. In addition to UV sum signal detection,
diode-array detector (DAD) concepts of peak deconvolution have successfully been applied
to the separation of mAbs [62,84]. This approach could specify side components at least in
main groups to fine-tune the switch criteria if intended.

In general, the PAT is not limited to in-line analytics but is a consistent technology
approach which is integrated into the QbD philosophy demanded by regulatory authorities.
It includes process control in order to gain real time release testing (RTRT) as a benefit in
quality assurance (QA) efforts reduction as improved product quality. RTRT has to correlate
to critical product quality attributes such as bio-efficacy by titer, purity and bioactivity.
State of the art QA are off-line analytical methods such as Protein A and size exclusion chro-
matography (SEC), enzyme-linked immunosorbent assay (ELISA), infrared spectroscopy
as well as glycosylation analytics via HPLC or HPLC-mass spectrometry [85–87]. The
feasibility of RTRT by online PAT tools is still yet to be proven.

For process development, a sophisticated PAT concept has to be developed paral-
lel to upstream processing (USP) and downstream processing (DSP) modeling, later on
supporting model validation [20,63–65,88,89], piloting and production. Parallel to model
validation, piloting and production the developed PAT method and the partial least squares
regression (PLSR) system have to be further refined. In addition to appropriate PAT, digital
twins for the whole process are a central key technology for achieving RTRT. It has been
proven that for all unit operations, such distinct validated process models are available as
digital twins [20,58,62,65,70,89–92].

In summary, digital-twin based process automation reduces the number of operators
required by factor of 2 and lowers their stress level drastically. 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 enlarges productivity by about 20% alone

5. Conclusions

The present study investigates the impact of switching from batch-wise mRNA pro-
duction to continuous. It was shown that manufacturing costs could be reduced by about
25% (factor of four) by continuous in vitro transcription.

The largest savings can be achieved by reducing personnel and consumables per
campaign; in the semi-continuous case, a reduction in consumable costs by a factor of six
and a reduction in personnel efforts (proportional to costs) by a factor of 20 is possible.

In the fully continuous case, savings of a factor of 7.5 (consumables) and a factor
of 30 (personnel) can be achieved. Due to the significant share of raw materials in the
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manufacturing costs (74–97%), these factors are not reflected proportionally in the man-
ufacturing costs. If a recycling strategy for the most cost-intensive starting materials (T7
RNA polymerase and cap analog), which has already been discussed in the literature, is
implemented, the raw material costs can be reduced by a factor of about four.

Combining the above cost reduction approaches leads to a potential reduction in manufac-
turing costs by a factor of about five (i.e., from EUR 0.380 per dose to EUR 0.085 per dose).

Certain key-enabling technologies are needed to implement continuous manufactur-
ing; firstly, a digital representation of the physical process is needed to enable process
control. Initial work on the Digital Twin for continuous in vitro transcription has recently
appeared and, for example, also enables optimization of continuous mRNA production to
maximize space–time yield [22].

On the other hand, process analysis technologies are needed to enable the necessary
real-time monitoring of all process steps. The feasibility and development strategies for
this have already been demonstrated for other biotechnological products [93].

The existing tools are now available for next research steps which will demonstrate
the technical feasibility on laboratory scale and scale-up with aid of the existing validated
process models. PAT methods available could directly by industrialized as well as advanced
process control strategies.
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