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Abstract

:

The production of messenger ribonucleic acid (mRNA) and other biologics is performed primarily in batch mode. This results in larger equipment, cleaning/sterilization volumes, and dead times compared to any continuous approach. Consequently, production throughput is lower and capital costs are relatively high. Switching to continuous production thus reduces the production footprint and also lowers the cost of goods (COG). During process development, from the provision of clinical trial samples to the production plant, different plant sizes are usually required, operating at different operating parameters. To speed up this step, it would be optimal if only one plant with the same equipment and piping could be used for all sizes. In this study, an efficient solution to this old challenge in biologics manufacturing is demonstrated, namely the qualification and validation of a plant setup for clinical trial doses of about 1000 doses and a production scale-up of about 10 million doses. Using the current example of the Comirnaty BNT162b2 mRNA vaccine, the cost-intensive in vitro transcription was first optimized in batch so that a yield of 12 g/L mRNA was achieved, and then successfully transferred to continuous production in the segmented plug flow reactor with subsequent purification using ultra- and diafiltration, which enables the recycling of costly reactants. To realize automated process control as well as real-time product release, the use of appropriate process analytical technology is essential. This will also be used to efficiently capture the product slug so that no product loss occurs and contamination from the fill-up phase is <1%. Further work will focus on real-time release testing during a continuous operating campaign under autonomous operational control. Such efforts will enable direct industrialization in collaboration with appropriate industry partners, their regulatory affairs, and quality assurance. A production scale-operation could be directly supported and managed by data-driven decisions.
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1. Introduction


mRNA vaccines against SARS-CoV-2 were approved in 2020 through an accelerated process to limit the pandemic, which had restricted large areas of public life. Since then, several billion doses of the vaccine have been produced [1]. Other therapies based on such new molecular groups are diverse in research. Therefore, it is worth perfecting the manufacturing technology for global supply [2,3,4,5,6,7,8,9].



Manufacturing technologies and the cost of goods (COGs) have already been analyzed [2,3,4,5,10,11,12,13,14]. It is not the capital cost that is the bottleneck, but the trained operators and supply of chemicals, which account for about 80% of the COGs. Recent approaches to minimize the defined bottlenecks in personnel and chemicals are continuous biomanufacturing (CBP) and autonomous operation using digital twins and process analytical technology (PAT) in the context of quality by design (QbD) under regulatory aspects [2,3,5,6,15,16,17,18,19,20,21,22,23]. CBP is required by the U.S. Food and Drug Administration (FDA) [24] and QbD, including PAT towards real-time release testing (RTRT), is a regulation-driven initiative. For these reasons, these approaches would open doors for approval.



Digital twin technology is now well established to the point where experience has shown that validated process models should not only be much faster and more efficient, but also allow accuracy and precision that is not feasible without the large simulation capacity to thoroughly define design and control space, with a few hundred to a thousand data points [3,5,25]. Such product quality and robustness is improved and guaranteed by RTRT [26,27,28].



The missing link in such a manufacturing technology is the regular approval effort for a small-scale facility for clinical or even pre-clinical quantities of about 1000 doses, and then the additional approval of a corresponding scale-up and validation of the manufacturing-scale facility, which typically involves about 10 million doses over a few days. If a solution that would allow the approval and validation for clinical and manufacturing scale-up to be performed in one step at one facility was feasible, the effort and timeframe would be dramatically reduced. Such a task is not straightforward, as a 10,000-fold reduction in volume in a production-scale facility would not even fill the dead volume and therefore would not be worth pursuing in detail. Therefore, the production facility must be as small as possible, which is achieved using a continuous biomanufacturing operation instead of a comparable batch plant for the same amount of product per year. In contrast, a small clinical trial facility could only produce production-scale quantities if it were scaled up, but this would multiply the bottleneck of trained personnel, which is also not a viable path.



The invention of a suitable application of a slug flow for clinical trial volumes in the final production-scale facility is the easiest solution to this challenge. It requires, first, the qualification of a facility and, second, the validation of clinical runs and production-scale runs. This will be described in detail below. The Comirnaty BNT162b2 mRNA vaccine is chosen as a current example to reflect reality.



1.1. State-of-the-Art in Slug Flow Manufacturing


The flow created by the generation of droplets in an immiscible or barely miscible liquid–liquid flow has many synonyms. The most common are plug flow [29], slug flow [30], and segment flow [31]. Various flow manufacturing systems for pharmaceuticals have been described in the literature [32,33]. Mascia et al. [34] describe production with a nominal flow rate of 45 g/h aliskirenhemifumarate. This value can be adjusted between 20 g/h and 100 g/h by changing the flow rate. The main synthesis reactor is a stainless steel tube with an inner diameter of 11.7 mm and a nominal residence time of 4 h. After the reaction, LLE is performed with ethyl acetate. Phase separation is performed by membrane separation (Pall Zelfuor 1 μm). The concentration of the organic product phase is monitored by infrared spectroscopy (IR; Mettler Toledo ReactIR 15).



In Adamo et al. [35], a multipurpose production plant is described that can produce hydrochloride, lidocaine hydrochloride, diazepam, and fluoxetine hydrochloride, among others. The size of the platform plant is 1.0 m (width) × 0.7 m (length) × 1.8 m (height). The main synthesis reactor was a continuous flow tubular reactor with defined volumes (5, 10, 30 mL) made with windings of high purity PFA tubing (1/8″ OD, 1/16″ ID). The slugs are generated by the addition of the organic phase and separated from the aqueous phase either by membranes or by gravity.



The organic phases used in each case are toluene, ethyl acetate, and hexane. Detection in this case is performed with a capacity sensor. The product concentration is monitored by IR (FlowIR Mettler-Toledo).



In Gladius et al. [36], a commercial, low-cost water-soluble tungsten catalyst is combined with Aliquat 336 as a phase transfer agent under solvent-free reaction conditions. The enhanced mass transfer and reduced back-mixing of the biphasic liquid–liquid slug allow selectivity control depending on the physical parameters of the slug, i.e., volumetric phase ratio, volumetric flow rate, and slug length. In Bogdan et al. [37], various flow chemistry productions (e.g., from Pfizer) with and without slug-flow segmentation are shown. In Holbach et al. [38], the continuous microfluidic generation of slugs using injection nozzles and phase separation by a prototype combining stainless steel and PEEK for different wetting behavior is described, as well as phase detection using microscopic image segmentation.



In relation to the scenario considered in this study, the reduction in manufacturing volume can be achieved by sending the small volume of 4 mL at 1000 doses, as opposed to 40 L at 10 million doses, through the system in a batch-by-batch mode as a segmented plug flow injection and cutting the product fraction for the next operation using a PAT strategy. The product fraction is separated with a solvent that is immiscible or only slightly miscible. The solvent should also be biodegradable and harmless to humans and nature. Substances such as silicone oil, perfluoropolyether, and oleic acid can be used [38,39,40,41,42,43].



However, the latter is very reactive; an inert solvent is preferable to avoid interactions with the product phase. For this purpose, oleic acid can be replaced by methyl oleate or ethyl oleate [36,44].




1.2. State-of-the-Art in mRNA Manufacturing


The production process of mRNA starts with the production of a DNA template (deoxyribonucleic acid), which contains the genetic code for the respective protein. The plasmid is usually produced by the fermentation of Escherichia coli (E. coli). After disruption of the cells by alkaline lysis, the pDNA is purified. Finally, the DNA is linearized and serves as a template for in vitro transcription (IVT) [45,46,47].



IVT is an enzymatic reaction for which T7, SP6 or T3 polymerases are typically used as reaction catalysts. The nucleotides (NTPs) ATP, CTP, UTP, and GTP serve as substrates. In addition, magnesium chloride or magnesium acetate is required as a co-factor of the polymerase [48,49]. The following equations depict the reaction scheme of IVT, in which the enzyme used is T7 RNA polymerase [48]. The reaction proceeds from initiation (Equations (1)–(5)), through elongation (Equation (6)) to termination (Equation (13)) of IVT [48,50,51].



Ki describes reversible reactions, whereas irreversible reactions include the rate constants kI, kE, and kT. Initiation is described by the random binding of the first nucleotide GTP and the promoter (D). Initiation is completed by the formation of a reversible enzyme–DNA–RNA complex (E∙D∙Mj). The mRNA is elongated by the addition of a nucleotide to the complex. Upon the irreversible binding of the nucleotide to the mRNA, an inorganic pyrophosphate (PPi) is cleaved [48].



The nucleotides can bind to the free enzyme as well as to the promoter–enzyme complex or transcription complex, resulting in competition and thus competitive inhibition (Equations (7)–(12)). In addition, the pyrophosphate may temporarily bind to the nucleotide binding site of the free enzyme or to the enzyme–DNA–RNA complex [48,52,53]. This leads to a decrease in the transcription rate, which is why pyrophosphatase is usually added to the reaction mixture to degrade the pyrophosphate [49,52]. Once the mRNA has reached its final length, the complex breaks down into the mRNA (Mn), the enzyme, and the template DNA [48].


Initiation:










   E    +    GTP       ⇌ ⏞     K G    I       E    ·    GTP   



(1)






   E    +    D       ⇌ ⏞     K D       E    ·    D   



(2)






   E    ·    GTP    +    D       ⇌ ⏞     K D       E    ·    GTP    ·    D   



(3)






   E    ·    D    +    GTP     ⇌ ⏞     K G    I       E    ·    D    ·    GTP   



(4)






   E    ·  D    ·    GTP       → ⏞     k I       E    ·    D    ·      M   1   



(5)






Elongation:










   E    ·    D    ·      M   j  +    NTP       ⇌ ⏞     K  NTP        E    ·    D    ·      M   j    ·    NTP       → ⏞     K E       E    ·    D    ·      M    j + 1   +    PPi   



(6)






Competitive Inhibition:










   E    +    NTP       ⇌ ⏞     K  I , NTP        E    ·    NTP   



(7)






   E    ·    D    +    NTP       ⇌ ⏞     K  I , NTP        E    ·    D    ·    NTP   



(8)






   E    +    PPi       ⇌ ⏞     K  I , PPi        E    ·    PPi   



(9)






   E    ·    D    +    PPi       ⇌ ⏞     K  I , PPi        E    ·    D    · PPi  



(10)






   E    ·    D    ·      M   j  +    NTP       ⇌ ⏞     K  I , NTP        E    ·    D    ·      M   j    ·    NTP   



(11)






   E    ·    D    ·      M   j  +    PPi       ⇌ ⏞     K  I , PPi        E    ·    D    ·      M   j    ·    PPi   



(12)






Termination:










   E    ·    D    ·      M   n       ⇌ ⏞    kT      E    +    D    +      M   n   



(13)







Capping of the mRNA, which prevents it from being degraded in vivo, can occur either co-transcriptionally during IVT or post-transcriptionally through a second enzymatic reaction. The reaction schemes of the two capping mechanisms are shown in Figure 1. For post-transcriptional capping, the vaccinia capping enzyme is usually used [11,54,55].



Post-transcriptional capping is composed of three reaction steps [56,57,58]. In contrast, co-transcriptional capping occurs during IVT, with the polymerase incorporating the added cap analog to the 5′ end of the mRNA [58,59]. One problem that can occur with this capping mechanism is the incorporation of the cap analog in the reverse orientation so that translation is not possible [58,60]. A possible solution is to use the anti-reverse cap analog (ARCA) or m7pppG modified at the 2′ position [58,61,62,63]. Another disadvantage of co-transcriptional capping is the lower capping efficiency of 60–80% as opposed to 100% for post-transcriptional capping due to competition with GTP in the initiation reaction of IVT [45,53,58]. To prevent this, an NTP:cap ratio of 4 is usually used, resulting in a high substrate requirement [49,64,65]. Further modifications to TriLink’s cap analog can increase capping efficiency up to 90%, using an NTP:cap ratio of 5:4 [66].



A variety of different separation technologies and purification strategies have been described in the literature for the capped mRNA present after co-transcriptional IVT. Although the main manufacturing steps of transcription, purification, and final encapsulation into lipid nanoparticles are similar for mRNA vaccines on the market and in development, the overall purification strategy and steps used are not standardized [2,3,4].



Figure 2 summarizes the procedures documented in the literature for the production of mRNA [2,3,4]. The chosen route is shown on the right, as well as the molecules separated from the product at each step to illustrate their properties [2]. Thus, in addition to IVT, including capping, the chosen process first involves mixed-mode chromatography to remove impurities such as the template, nucleotides, cap analog, and enzymes. The remaining product-related impurities such as double stranded mRNA and mRNA that is not of the desired length can be removed by reversed-phase (RP) chromatography.



The detailed process flowsheet is shown in Figure 3 in order to illustrate the complex amount supply in feasibility studies [2,4]. In this study, a pDNA fermentation is operated on a 2 L scale, and all sizes and volumes correspond proportionally to this.



The detailed process flow, as shown in Figure 3, is operated in the multipurpose facility shown in Figure 4 to understand the complex volume range in feasibility studies. The pDNA fermentation is run at 2 L scale in this study, and all sizes and volumes are proportional to this.



Therefore, all equipment and devices of the unit operations are flexible on a scale of 1–100 mL/min, starting with a 2 × 2 L fermentation.



Process models for continuous in vitro transcription with co-transcriptional capping have already been developed for the design of continuous mRNA vaccine production [3]. In the course of further development, it could be shown that the implementation of PID controllers can compensate for the occurrence of disturbance variables, or the drop in pH due to the reaction, in order to ensure consistent product quality. Furthermore, a model describing the formulation of mRNA in lipid nano particles (LNPs) was developed and PID controllers were also used to compensate for interfering variables [5].



This study considers the first experimental results to determine kinetic parameters that can be used to validate models of in vitro transcription (IVT). This is a prerequisite for the models to be used as digital twins for model-based process control.



This work also demonstrates the feasibility of generating and detecting segmented slugs in a one-system setup for a dose range from 1000 clinical doses to 10 million production-scale doses. On this basis, and after the optimization of IVT in batch, the transfer to continuous production of mRNA in segmented PFR and its separation by ultra- and diafiltration is performed. The basis for real-time controls and optimizations is, in addition to the digital twins, the process analysis technology (PAT), which also enables the real-time release of the product (RTRT) [67,68,69,70,71,72,73]. Consequently, spectroscopic methods are investigated for their applicability.





2. Materials and Methods


2.1. Plug Flow Reactor


To demonstrate the feasibility of the slug generation, a plug flow reactor (PFR) with a 1/16″ diameter and a length of approximately 18 m was used. The slug phase was the transcription buffer, and oleic acid was used as the slug generating phase. The experimental setup is shown in the flow diagram in Figure 5.



The system consists of storage tanks which contain the transcription buffer or the oleic acid, from which the respective phase is pumped via a pump into the PFR, first passing a switch valve and a mass flow controller, which are used to monitor the actual volumetric flow rate and the density, and then passing a UV detector and a conductivity detector. After the PFR, the UV signal is captured first, followed by the conductivity signal. Then, the product phase can be fractionated with the downstream valve. The UV detector records at a wavelength of 200 nm, which is the wavelength at which the absorption maximum of oleic acid is located [74]. The experiments were performed by first filling the tubular reactor and tubing with the oleic acid and then applying the slug using the switching valve. The slug is displaced by the oil phase by switching the valve again.



To ensure the required residence time of 3 h for the apparatus dimensions, the volume flow was set to 0.2 mL/min. Furthermore, a volume flow of 1 mL/min was used. This is derived from the Reynolds number obtained for a reactor, in line with the simulation study of Helgers et al. [3], at a volume flow of 9.26 mL/min. This volume flow is required to produce 10 million doses in 3 days. As mentioned above, the volume of product phase for 1000 doses is 4 mL, if 10 million doses correspond to a 40 L fermentation batch [4]. In this study, the reactor diameter used was 1/16″. This results in a slug length of 200 cm.



For continuous IVT, a reaction slug of 300 µL was applied, which makes the exact fractionation even more challenging to prove, in terms of feasibility for larger slugs also. In addition, the following detectors were added to the setup: temperature, DAD, Raman, FTIR, fluorescence, and MALS/DLS (see Figure 6).




2.2. Preparation of the Linearized pDNA Template


In order for the T7 RNA polymerase to transcribe the desired mRNA, a linearized DNA template is required. This is obtained from the fermentation and chemical digestion of E. coli. The isolated pDNA is purified using two ultra- and diafiltration steps and an anion exchanger (Fractogel® EMD DEAE, Merck Millipore, Burlington, MA, USA). Finally, the pDNA is linearized with the restriction enzyme EcoRI (Thermo ScientificTM, Waltham, MA, USA) so that the polymerase can read it [75].




2.3. In Vitro Transcription


In vitro transcription was performed both batch-wise and continuously in a plug-flow reactor. For the optimization of IVT in batch with respect to yield, a statistical experimental design with 35 experiments including 3 center points was performed and evaluated using various statistical analysis tools with JMPTM Pro 16 software.



The factors to be investigated in the experimental plan (design of experiments; DoE) were selected based on the literature. For example, temperature can positively affect the reaction rate between 37–43 °C [49]. The NTP concentration [49], as well as the ratio of NTP:GTP, affects the mRNA yield [64,76]. However, the NTP concentration can lead to inhibition of T7 mRNA polymerase above 10 mM, which can be reduced by the cofactor Mg2+ in magnesium acetate [49]. The concentration of magnesium acetate used varies in the literature in a wide range from 12–50 mM [49,66,76]. The pH is usually pH8 [13,66], but some studies have shown that a lower pH may be beneficial [49,76].



The factors selected for the DoE and their considered ranges are shown in Table 1.



The factors listed in Table 2 are used in in vitro transcription at the concentrations frequently used in the literature. They are not varied because no optimization potential is known for them.



All 25 µL mixtures included in the statistical experimental design were incubated for two hours and subsequently analyzed using the analytical methods listed in Section 2.6. To reproduce the optimal operating point and to determine the capping efficiency, the cap analog Clean Cap AG (TriLink BioTechnologies, San Diego, CA, USA) was added in addition to the components listed in Table 1 and Table 2.



For the continuous production of mRNA in the PFR, the reaction mixture of 300 µL was applied as a feasibility test.




2.4. Determination of the Enzymatic Kinetic Parameters


To determine the characteristic parameters of enzymatic reactions, the Michaelis–Menten constant (KM) and the turnover rate (k), the substrate concentration was varied and samples were taken at different times. The substrate concentrations used were 10, 7.5, 5, 2.5, and 1.25 mM. Samples were taken after 5, 15, 30, 60, and 120 min of reaction time. From the linear range of the time courses, the reaction rates can be determined. From the Lineweaver–Burk plot, the Michaelis–Menten constant and the maximum reaction rate (vmax) can then be obtained [77]. With a known enzyme concentration (cT7 Polymerase) and the following relationship, the turnover rate can be calculated [48].


   v  m a x   =  c  T 7   P o l y m e r a s e   · k  



(14)








2.5. Determination of Capping Efficiency


For the determination of capping efficiency, a two-step enzymatic digestion of uncapped mRNA was performed, analogous to Pregeljc et al. [76]. In the first reaction, phosphates of the 5′ triphophorilated mRNA were degraded to a 5′ monophosphorilated end by 10 U of RNA 5′ polyphosphatase (Lucigen Corporation, Teddington, UK). In the second digestion step, 0.5 U of terminator 5′-phosphate dependent exonuclease (Lucigen Corporation, Teddington, UK) degraded the mRNA with the 5′ monophosphorilated end, leaving only the capped mRNA.




2.6. Analytics of mRNA


There are various critical quality attributes (CQAs; cf. Table 3) for mRNA, which must lie within a defined range for the product to be released. The analysis of these CQAs is very different. According to the literature, BioNtech applies two RP HPLC methods in quality analytics (QA) for homogeneity and cap efficiency, and gel, pH, and osmolality for drug substance. Drug size is determined using DLS, and lipid concentration is determined using the RP method [18,78]. Since transcription errors or premature termination of IVT can result in mRNA species that are too short and usually lack a PolyA-tail, Moderna implements RP or oligo(dT) chromatography into the production process [79,80,81], and QA uses RP chromatography for homogeneity determination and an anion exchanger (AEX) for purity testing. BIA, as a commercial supplier of chromatography columns for mRNA analysis, uses Oligo(dT) affinity and the PrimaS mixed-mode chromatography in its processes. In QA, BIA relies on gel electrophoresis, Oligo(dT) to verify the presence of a PolyA-tail, PrimaS to determine mRNA titer and NTP concentration, and RP to determine ss:ds homogeneity [82,83,84]. Rosa et al. purifies mRNA with MEGAclearTM Transcription Clean-Up Kit (Thermo ScientificTM, Waltham, MA, USA) without chromatographic steps, using the OD260 UV signal in Nanodrop 1 (Thermo ScientificTM, Waltham, MA, USA) for titer determination [49]. Furthermore, they use gel electrophoresis and RP chromatography as analytical methods [49]. The overview shows that different analytical methods are applied for different QA CQAs data and that different approaches are used. Therefore, this study is concentrated on three different analytical methods. Agarose gel electrophoresis was used for the qualitative detection of mRNA, the titer of which is determined using PrimaS chromatography. It was also used to determine the nucleotide consumption rate. As a third method, RP chromatography was used to determine the ratio of single-stranded (ss) to double-stranded (ds) mRNA, i.e., homogeneity.



Agarose Gel Electrophoresis


Agarose gel gives the mRNA titer in total as well as qualitative homogeneity and length. The gel consists of 1.2% agarose, 1 × TAE buffer and ethidium bromide; 1 × TAE buffer is also used as the running buffer. Before loading the gel, the samples were first denatured. For this purpose, formamides (60% v/v final concentration) were added, the loading dye was applied, and the samples were denatured for 5 min at 65 °C [86]. In addition, different dilution levels are necessary to prevent overloading of the gel [64,65]. Consequently, the samples were diluted to 1:10, 1:20, 1:100, and 1:200, respectively. Electrophoresis was performed at 120 V for 60 min.




PrimaS Chromatography


PrimaS chromatography is another method used to quantify mRNA titer in relation to the NTP amount. The CIMac PrimaS Column (BIA Separations, Ajdovščina, Slovenia) with a bed volume of 0.1 mL was used. The loading buffer was 50 mM HEPES at pH 7. A total of 50 mM HEPES with 100 mM Na4P2O7 at pH 8.3 was used for elution. For the cleaning-in-place (CIP) step, 100 mM NaOH with 1 M NaCl was used and for the regeneration step, 500 mM HEPES at pH 7 was used. The method was adapted from BIA Separations [84]. The samples were diluted with mobile phase A prior to injection.




RP Chromatography


The determination of single-stranded and double-stranded mRNA was performed with the aid of RP chromatography. A DNAPacTM RP (Thermo ScientificTM, Waltham, MA, USA) column, including a guard column, was used. The mobile phases were 100 mM TEAA buffer at pH 7 and 100 mM TEAA with 25% acetonitrile at pH 7. The method was adapted from [49,80]. The sample preparation consisted of an eightfold dilution of samples with mobile phase A.





2.7. Ultra- and Diafiltration


The post-IVT solutions that contained NTPs, cap analog, enzymes, and salts of the transcription buffer were used as feed. The exchange buffer (50 mM Tris-HCl, pH 7.2) was added stepwise immediately after sampling. A total of 8 diavolumes were used for buffer exchange, which corresponds to a buffer exchange of more than 99%. The examined hollow-fiber module (Type C02-E300-05-N, Repligen Corporation, Boston, MA, USA) had an effective length of 200 mm and a fiber inner diameter of 0.5 mm. With 6 fibers, this resulted in an effective filter area of 20 cm2. The fiber material was mPES (modified polyethersulfone) and the MWCO (molecular weight cut-off) was 300 kDa.



The mean pressure on the feed side is the average of feed pressure    P F    and retentate pressure    P  R e t    . The difference between the mean pressure on the feed side and the permeate side is the transmembrane pressure   T M P   (Equation (15)). During the process, the   T M P   was readjusted via a control valve (see Figure 7).


  T M P =    P F  +  P  R e t    2  −  P  P e r    



(15)







The permeate flux   L M H   calculated via Equation (16) is the permeate flow     V ˙   P e r     normalized to the membrane area    A  M e m    :


  L M H =     V ˙   P e r      A  M e m      



(16)







The apparent sieving coefficient    S  a p p , i     can be calculated via Equation (17) and represents the relative concentrations of component i in permeate    c  P e r , i     and feed    c  F , i     [87]:


   S  a p p , i   =    c  P e r , i      c  F , i      



(17)







This allows the calculation of the apparent retention of component i    R  a p p , i     in the process via    S  a p p , i    , as shown in Equation (18):


   R  a p p , i   = 1 −  S  a p p , i    



(18)







The concentration increase of mRNA in the retentate is given by the volume concentration factor   V C F  , as shown in Equation (19) [88].


  V C F =    V  F , s t a r t      V  R e t , e n d      



(19)







The focus of the study was to characterize the separation potential of NTPs, cap analog, enzymes, and salts derived from the transcriptional buffer, rather than the concentration increase; therefore, the process was run at a   V C F   of 1. The initial volume    V  F , s t a r t     therefore equals the final volume of retentate    V  R e t , e n d    .





3. Results


The central question in slug-flow operation is whether the introduced slug with 1000 doses of the product could be operated accurately enough, without any contamination or mixing of the separating non-miscible fluid. This is proven in the following for any in vitro transcription in a plug-flow reactor. Finally, mRNA quality of continuous operation with regards to the corresponding batch modus must be proven.



The continuous reactor has the benefit of generating residence time need of about, e.g., 3 h with the aid of a recycling loop, in this recycling loop a membrane with cut-off of, e.g., 300 kDa or 500 kDa is placed to allow any recycling of small molecular entities and draw of mRNA product continuously. A cut-off of 300 kDA has less MWCO losses and proves best [89,90,91]. In addition, such a configuration allows appropriate adjustment with a feeding strategy which is controlled by the measurement of the consumption rate to product mRNA by aid of FTIR and DAD; the necessary optimal feed content amounts are calculated with a digital twin.



3.1. Slug Flow Accuracy and Precision


To ensure the required residence time of 3 h for the apparatus dimensions, the volume flow was set to 0.2 mL/min (Scenario 2). Furthermore, a volume flow of 1 mL/min (Scenario 1) was used. This is derived from the Reynolds number in line with the simulation study of Helgers et al. [3], at a volume flow of 9.26 mL/min. This volume flow is required to produce 10 million doses in 3 days and correspondents to exactly 40 L transcription volume. With a proposed reduction of the production capacity to 1000 doses with the same equipment, the volume is reduced to 4 mL, which is significantly less than the reactor volume of 1667 mL. The idea of the invention solves this problem by displacing the transcription volume using an apolar phase to fill up dead volume. To eliminate yield loss while preventing product contamination, the transition from the product to the displacement phase must be reliably detected in an automatable process, allowing clean fractionation to occur.



3.1.1. Fluid Dynamic Characterization


After evaluating the input and output signals according to the procedure of Wellsandt [92], a Bodenstein number of about   2.6 ×   10  5    for 1 mL/min and   2 ×   10  5    for 0.2 mL/min is obtained. Thus, the values for the axial dispersion coefficients (Dax) are 1.55   ×     10   − 7     and   8.05 ×   10   − 7    , respectively, which are significantly lower than the values calculated by the correlations (Table 4). This can be attributed to the fact that the characteristic parameters determined in this study apply at the phase interface. Consequently, it can be expected that no or hardly any back-mixing takes place here, which is expressed by the small Dax. Between the two Dax there is a factor of about 5, which corresponds to the factor between the two volume flows. Likewise, this factor occurs in the Trivedi–Vasudeva and Saxena–Nigam correlations applicable here.




3.1.2. Slug Flow Accuracy


Figure 8 shows the generation of the slug that displaces the oil phase.



Two different types of PAT detectors were investigated for their applicability to the detection and fractionation of the generated slugs based on their signals. Firstly, UV detectors and secondly, conductivity detectors. These were installed upstream and downstream of the plug flow reactor, respectively, and the input and output signals were monitored. The normalized input signals of the UV detector are shown in Figure 9 for a volume flow of 0.2 mL/min (a) and for a volume flow of 1 mL/min (b). At both operating points investigated, a clear step signal can be seen, indicating that the oil phase does not mix or mixes only slightly with the transcription buffer. The repetitions also show that both the timing of the input signal and its course are reproducible.



The input signals acquired with the conductivity detector are shown in Figure 10. The plot is normalized for both operating points (0.2 mL/min, a; 1 mL/min, b). Once again, the signal increases and decreases instantaneously, so clear phase boundaries can be assumed. However, the signal is unsteady and shows a high measurement fluctuation. A possible reason for this could be that when the valve is switched, small oil droplets disperse in the aqueous phase, which can partially accumulate on the inner wall of the PTFE tube and become detached, leading to a dip in the conductivity signal. The time courses can also be reproduced when measured with the conductivity detector. Slight changes occur only in the qualitative profile.



At the output of the reactor, the UV signal (Figure 11) and the conductivity signal (Figure 12) were also recorded for 0.2 mL/min (a) and for 1 mL/min (b). Analogous to the input signal, the UV detector recorded a distinct step signal. The signal from the conductivity detector at the reactor outlet also enables the start and end of the slug to be detected. However, the signal fluctuations here, especially at a volume flow of 1 mL/min, are greater than those of the input signal. Nevertheless, fractionation can be performed with both output signals. Furthermore, no, or hardly any, temporal shifts (<1%) of the signal occur during the repeat runs.



Based on the detection signal at the outlet of the reactor, the product fraction was then signal controlled for fractionation. The results, particularly with regard to yield and purity, are shown in Table 5 for both volume flows investigated. Furthermore, the percentage compositions of the samples are shown in Figure 13. The purity of the product fraction can also be read from this. A purity of 92% was achieved at a volume flow rate of 1 mL/min and a purity of 98% at a volume flow rate of 0.2 mL/min. Furthermore, the goal was to generate as little product loss as possible during fractionation. A slug of 4 mL, corresponding to a weight of approximately 4.2 g, was targeted in each case. A product phase of 3.7 g (1 mL/min) and 4.6 g (0.2 mL/min) was generated. This can be attributed to fluctuating pump speeds. By implementing a control loop (cf. [5]), it can be ensured that the volume flow is kept constant and therefore the slug contains the desired volume. In this fractionation, a yield of 94% could be achieved for 1 mL/min and a yield of 100% for 0.2 mL/min. A capillary with a diameter of 0.01″ and a length of 4 cm is installed between the detector and the switching valve. The reaction time to achieve a 100% yield, as with a volume flow of 0.2 mL/min, is therefore approx. 0.6 s. Consequently, the lower yield at 1 mL/min can be compensated for by lengthening the connection between the detector and the switching valve, taking into account the reaction time. Thus, the capillary must be extended by a factor of 5 to 20 cm.





3.2. Optimization of In Vitro Transcription in Batch


In vitro transcription conditions were at first optimized and analytics were established based on µL pipetting with the kit application itself [64,65], followed by BNT161b2, which was generated by E. coli fermentation for the test amount supply. The study of Azevedo [49] proves most helpful to starting any DoE.



A custom-made fractional factorial DoE with a resolution of 5 and 35 experimental points including 3 center points was carried out. The materials used, as well as their usage ranges, are listed in Table 1 in Section 2.3.



The yield was determined using PrimaS, and the ratio of single-stranded (ss) to double-stranded (ds) mRNA is shown in RP. In addition, an agarose gel image was obtained. In this, in addition to the RNA ladder (RiboRuler High Range, Thermo ScientificTM, Waltham, MA, USA), the sample was loaded onto the gel at dilution levels of 1:10, 1:20, 1:100, and 1:200.



Statistical evaluation of the DoE with respect to mRNA yield was performed using the common evaluation model OLS (ordinary-least-squares). To improve the prediction of this, an additional reduction of the p-value was performed. The evaluation was also extended by the application of PLS (partial-least-squares) and an ANN (artificial neural network).



The regression quality is sufficiently good with an R2 of 0.99 (OLS), 0.89 (reduced p-value), 0.98 (ANN training), and 0.91 (ANN validation) for all regression models. To be a statistically robust model, the p-value should be less than 0.0001. This is the case for all models. Only the ANN is different, with p-values of 0.67 (training) and 16 (validation).



Significant factors on the yield are, according to statistical evaluation by reduced p-value and PLS, the magnesium acetate concentration and the ratio of NTP:GTP as well as the interactions from NTP concentration and magnesium acetate and the interaction from the ratio of NTP to GTP with magnesium acetate. According to the OLS, only the latter interactions are significant factors. Both the high R2 and the fact that no predictions can be made with the OLS regarding an optimum operating point indicate that the model is overfitted.



The prediction of the optimal operating point gives very similar results to the other three models. Accordingly, this is at an NTP concentration of 10 mM, an NTP:GTP ratio of 1, and a magnesium acetate concentration of 50 mM. Both temperature and pH are not significant factors in all models, but show a tendency that higher yields may be possible at lower values of these.



As evaluation by PLS has the greatest significance with large data sets, such as spectral data, the results of the OLS with a stepwise reduction of the p-value are shown in the Figure 14 below.



In addition to the R2 and the p-value, the adj. R2 was found to be 0.88 for the statistical analysis with OLS and stepwise reduction of the p-value; the residuals of the experiments were used to evaluate the model quality (cf. Figure 15). Figure 15a suggests homoscedasticity due to the random scatter of the residuals in an approximately constant-width band around the identity line. Furthermore, a normal distribution of the error terms can be assumed, since the normal probability diagram of the residuals (Figure 15b) is approximately linear.



In addition, the statistical evaluation of the DoE allows design spaces to be spanned (Figure 16). Analogous to the prediction of the optimal operating point, a high magnesium acetate concentration, a high NTP concentration, and a low NTP:GTP ratio positively influence the mRNA concentration produced.



Subsequently, the predicted optimal operating point was repeated with a 10 mM NTP concentration, an NTP:GTP ratio of 1, and a magnesium acetate concentration of 50 mM. As no significant effect was observed for both pH and temperature, these were set to 8 and 37 °C, respectively. A comparison of the optimal operating point from the DoE (a) and its reproduction with (c) and without (b) cap analog is shown in Table 6. Here, the mRNA concentration without cap analog hardly deviates from the DoE result with <1% and is thus well reproduced. If cap analog is added, the mRNA concentration drops to 10.5 g/L, which can be attributed to the use ratio of cap analog to NTP of four.




3.3. Determination of the Characteristic Enzymatic Kinetic Parameters


To determine the characteristic parameters of enzymatic reactions, the Michaelis–Menten constant and the turnover number, the substrate concentration used was varied and samples were taken at different times. Figure 17a shows the time courses. From these, the reaction rate can be determined from the linear range present at the start of the reaction. This is plotted in the Michaelis–Menten plot (Figure 17b) against the substrate concentration used. Because it is difficult to determine the parameters from this plot, the values are plotted reciprocally in the Lineweaver–Burk plot (Figure 17). The y-axis intercept represents the reciprocal maximum reaction rate, and the x-axis intercept represents the reciprocal Michaelis–Menten constant. The conversion rate can be determined from the maximum reaction rate if the enzyme concentration is known.



The evaluation yields a Michaelis–Menten constant of 164 µM and agrees with values from the literature (160 µM [93]; 190 µM [94]). The conversion rate of 0.01 1/s is also within the range obtained from the BRENDA enzyme database (0.025–0.88 1/s) [95].




3.4. Determination of Capping Efficiency


For the determination of the capping efficiency, a two-step enzymatic digestion of uncapped mRNA was performed. Figure 18 shows the RP chromatogram of the initial solution and the sample after the two-step enzymatic digestion. A capping efficiency of 71% was obtained.



Table 7 shows the comparison of different kit manufacturers with the results obtained in this study. In the kit from Thermofisher (TF), the cap analog m 7 G(5′)ppp(5′)G is present, with which one can achieve a capping efficiency of up to 80% at an NTP:GTP ratio of 1:4 [64]. The same capping efficiency is said to be possible with the cap analog ARCA from Jena Bioscience (JB) [65]. TriLink claims a capping efficiency of up to more than 95% for CleanCap AG at an NTP:GTP ratio of 4:5 [66]. Consequently, for the reaction parameters used in this study, further optimization is necessary to increase the capping efficiency. The other comparative parameters listed in the table, such as yield and NTP turnover rate, agree very well with those of the reference kits.




3.5. Feasibility of Continuous IVT in the PFR


After identifying the optimal operating point in batch, feasibility of continuous production of mRNA in the PFR will be demonstrated. The setup used (Section 2.1), including the PAT pathway, is shown in Figure 6 in Section 2.1.



Ethyl oleate served as the hydrophobic phase, and a volume flow rate of 0.2 mL/min was set to achieve a residence time of 3 h (see Section 3.1.2). Each reaction consisted of a volume of 300 µL.



In addition, during the transfer to continuous production, urea was added to the buffer to improve the ratio of single-stranded to double-stranded mRNA, as described in the literature [96]. Table 8 shows the comparison between IVT in PFR with (Table 8c) and without (Table 8b) the addition of urea as well as the IVT in batch mode (a). The yield in the PFR was 11.2 g/L ± 5%. When urea was added, 42% less mRNA was produced, but the ratio of ss:ds mRNA shifted to 3.5:1, so that, in total, more single-stranded mRNA was produced. This leads to an optimization problem, which could be investigated further.




3.6. mRNA Quality in Batch and Continuous Mode


A DoE was evaluated from 35 reactions of varying temperature (37–43 °C), NTP:GTP ratio (1–5), NTP amount (5–10 mM), and MgAc amount (12–50 mM), as well as pH (7–8).



The best operation point resulted from NTP:GTP 1:1, NTP 10 mM, and 50 mM MgAc. Temperature and pH were not identified as significant factors for the IVT.



Table 9 shows the comparison between the optimal operating point of in vitro transcription from the DoE (a) and IVT in the PFR, with (c) and without (b) the addition of urea. The yield in the PFR was 11.2 g/L, therefore it is comparable to that in the batch. When urea was added, 42% less mRNA was produced, but the ratio of ss:ds mRNA shifted to 3.5:1.



The conversion rate in the slug reactor configuration reached about 86%. This is comparable to the batch consumption, which was near 91%. The addition of urea lowered this to 49%. Root cause analysis showed a shift towards ss mRNA, therefore, in the future, the operation conditions in a continuous operation with urea will be optimized further. However, the intended proof of concept was achieved.



This optimal operation point operated in batch was successfully reproduced in 300 µL slug flows in the PFR. The kinetic evaluation delivered results which were similar to the literature [93,94,95] and used for the improvement of the digital twin [3,5].




3.7. PAT Concept


For automatic process control, it is necessary to have real-time information about the product. Process analysis technology is needed for this. Test samples were therefore analyzed with the PAT station containing all of the devices, such as DAD, Raman, FTIR, MALS/DLS, and fluorescence, described in detail before [7,67,70].



The experimental setup is shown in Figure 6 in Section 2.1.



Both in the fluorescence spectra (not shown here) and in the spectra of the Raman detector used (see Figure 19), no difference in the region of interest could be detected between different mRNA concentrations.



Fluorescence and Raman did not show sufficiently high sensitivity, as expected. However, DAD and FTIR were an option for high and low concentrations.



Thus, the experimental setup was changed, as shown in Figure 20.



In contrast, there was a strong difference in DAD (a) and FTIR (b) spectra between ethyl oleate and the slug (see Figure 21).



In addition to the spectroscopic methods mentioned above, a MALS/DLS detector was tested. As an example, the course of the hydrodynamic radius (blue line), which is obtained from the DLS signal (blue dots), is shown over time in Figure 22. The detector was located behind the RP chromatograph. The slug from the PFR is shown in Figure 8. The radius ranges from about 10 to 25 nm. This is in the order of magnitude published in the literature [97]. Furthermore, the measured size of the second peak is larger than that of the first peak, which is consistent with the functionality of RP, in which larger molecules are more strongly retained.




3.8. Recycling at IVT


After IVT in the PFR, a buffer exchange was performed using ultra- and diafiltration (UF/DF). This was intended on the one hand to prepare for the following chromatographic steps and on the other hand to separate initial impurities and media. Before starting the UF/DF, the feed (800 µL) was diluted to 2 mL. For the UF/DF, a hollow-fiber module with a cut-off of 300 kDa was used. The course of the buffer exchange (Figure 23a) and chromatographic analysis (Figure 23b,c) of the permeate and feed is shown. At the beginning of the UF/DF, a permeate flux (LMH) of 50 L/m2/h is achieved. As the buffer exchange proceeds, this first decreases almost exponentially and finally approaches a constant value of about 15 L/m2/h. The TMP starts at approx. 0.05 bar and increases over the course of the diafiltration to a value of approx. 0.8 bar.



From the chromatograms, it can be seen that the mRNA is completely retained and both the NTPs and the cap analog can be separated. Thus, not only is the mRNA purer in the retentate, but recycling of the costly cap analog is also possible.



The fact that no mRNA is transferred to the permeate can also be seen in the gel images in Figure 24. Here, clear bands can be seen in the retentate (c), whereas nothing can be seen in the permeate (b).



For the scale-up to the production capacity of 10 million doses, a membrane area of 10.7 m2 would be required, which is quite reasonable. As mRNA product removal and separation of all smaller nutrients such as NTP, GTP, polymerase, cap-analog, and salts works with such a high performance, that any following multicolumn countercurrent solvent gradient purification (MCSGP) with mixed mode or ion exchange is not necessary, because the PCC based on the RP separation mechanisms works quite well alone. Recycling at the IVT reaction therefore generates two main benefits.




3.9. LNP


For the formulation of mRNA into lipid nanoparticles (LNP), significant factors influencing the LNP concentration and the encapsulation efficiency in the continuous LNP formation have already been identified within a simulation study by Schmidt et al. [5]. These are shown in the diagrams of effect sizes ((a), (b)) and design spaces ((c), (d)) in Figure 25. According to these, the mRNA concentration, the adjusted volume flow rates, and the composition of the lipid mix have an influence on the encapsulation efficiency. In addition to the volume flows, the final LNP concentration is also influenced by the number of diafiltration volumes and the transmembrane pressure.



In addition, the implementation of PID controllers showed that disturbance variables can be compensated for in the event of their occurrence.



For the actual execution of the experiments, batch tests are to be carried out first, analogous to the IVT. Here, especially influencing variables that are difficult to capture by simulation, such as the oligonucleotide encapsulation, are to be investigated.



The composition of the lipid mix is taken from the literature. Here, the N/P ratio is particularly crucial for feasibility. This describes the ratio of amine groups in the ionizable lipid to the number of phosphates in the backbone of the oligonucleotides. The optimal N/P ratio for the mRNA vaccine developed by BioNTech and Pfizer is 6 [98].



To demonstrate feasibility, LNPs are first generated without oligonucleotides at a smaller scale of 0.5 mL. Subsequently, this will be performed at the same scale with the use of non-linearized pDNA. The two experiments are then repeated in a larger scale of 1.5 mL to demonstrate scale-up and reproducibility. Finally, the transferability to linearized pDNA and mRNA will be investigated in two experiments of 1.5 mL each. The experimental design with the exact compositions is shown in Table 10.



All experiments of the experimental design are carried out in sections by pipetting. Finally, the scale-up to the mixing section takes place. This is shown in Figure 26.



To determine the integrity of lipids, the combination of RP chromatography with an ELSD has been discussed in the literature [99]. The size distribution of the LNPs is performed by size-exclusion chromatography (SEC) and downstream MALS/DLS [100,101].





4. Discussion and Conclusions


This experimental study proves the feasibility of the invented slug-flow concept as a solution to the task of scaling-up 1000 clinical doses to 10 million doses at production scale in only one qualified and validated plant. The system was initially run without the use of the expensive reaction mixture with slug generation to demonstrate the applicability and accuracy of signal-based fractionation. This study has shown that both UV detectors and conductivity detectors are suitable for detecting the generated slug. In addition, it is even possible to isolate the product fraction so that a yield of 100% with a purity of >98% is achieved.



The reproducibility of generating and fractionating such a slug flow for 1000 doses in a 10-millon dose plant is less than or equal to +/−1%, i.e., extremely accurate. This even allows fractionation with a yield close to 100% with standard well-controlled pumps, e.g., via mass flow controllers and classical PID controllers. Nevertheless, different detectors, such as UV or conductivity, as well as DAD or FTIR, can be used, as shown in this study, to detect the phase boundary and give the exact fractionation signal to a valve. Yields close to 100% are possible. Purities, i.e., contamination of the main phase containing mRNA with the immiscible separation phase, are possible on the order of about 98%. To avoid yield losses, a safety margin, i.e., earlier switching of the valve, of 5–10% can be applied. In this case, a maximum of 5 or 10 vol% of foreign phase is produced. From 4 mL of slug, 4 mL of slug + 0.2 or 0.4 mL of displacement phase would then leave the PFR.



This can already be compensated in the first DSP unit, i.e., by mixed-mode chromatography (MMC) or single-pass tangential flow filtration (SPTFF) before RP chromatography. Both units are known to be able to do this using the chosen separation mechanism [34,35]. Alternatively, or additionally, but not necessarily, as evidenced by the above data, the commercially available phase separators (membrane or gravity-based) can be used for phase separation prior to MMC [34,35]. However, this would destroy the beauty of the concept of the closed, integrated plant, and is unnecessary, as described above.



Before applying this concept to continuous IVT, an optimal operating point was determined by conducting a statistical experimental design consisting of 35 experiments. Thus, a high NTP concentration of 10 mM in combination with a high magnesium acetate concentration of 50 mM and an NTP:GTP ratio of 1 should be selected to obtain a maximum yield of mRNA.



It was shown that continuous production of mRNA in the PFR is possible. Thus, by generating slugs, it becomes possible to perform this in one facility, from small dose quantities for clinical scale-up to 10 million doses at production scale. Moreover, by adding the excipient urea, the amount of double-stranded mRNA can be significantly reduced from a ss:ds ratio of 1:2.1 to a ratio of 3.5:1, resulting in a higher purity of the product, single-stranded mRNA. However, the addition of urea resulted in a decrease in the yield of mRNA by 5.6 g/L. Although this concentration is above the yields of up to 5 g/L widely reported in the literature [64,65,66,79], optimization of the urea concentration used, as well as other process parameters such as temperature, is desirable [96].



The subsequent buffer exchange was performed using a hollow-fiber module with a cut-off of 300 kDa. This was able to completely retain the mRNA for further processing DSP, whereas impurities such as unreacted nucleotides were successfully separated. Furthermore, the costly cap analog could be recovered from the permeate. This allows the use of a recycling loop by incorporating a 300 kDa membrane downstream of the PFR and, in particular, the expensive cap analog can be recycled back into the process.



It has already been shown in previous studies that process control is possible with the aid of PID controllers [5]. This is a prerequisite for successful autonomous process control. These are based on existing digital twins as model-based predictive control integration of the available PAT strategies for diverse material systems [7,25,102,103,104]. For the process models developed by Helgers et al. [3], initial model parameters of enzyme kinetics could be determined in this study. Furthermore, the use of DAD and FTIR spectrometers not only enables the detection and fractionation of slugs, but also allows tracking substrate consumption and, in combination with the digital twin, performing an optimal feeding strategy of the IVT via the recycling loop. With reference to the evaluated simulation studies, an improvement potential of additionally about 15–20% productivity increase and personnel as well as chemical reduction of about 30% could be predicted [2,3,4,5]. When discussing effort and benefit, it should be kept in mind that autonomous operation is an essential key technology for all decentralized, local, container-based manufacturing concepts of the future [105,106], as these approaches can not only be realized without skilled workers placed abroad, but with less local personnel and sophisticated remote support by the main manufacturer. An efficient and rapid global supply of mRNA therapeutics at the lowest cost and use of resources is technically feasible and ready for industrialization.



In summary, a scalable mRNA machine based on slug-flow operation for clinical (at 1000 doses) and direct continuous operation (at 10 million doses) proves feasible. With sufficient accuracy of more than 99% in operation, the slug can be cut out to ensure that there is no contamination of the separation phase. In addition, because it operates in bind-and-elute mode, the subsequent mixed-mode chromatography would directly deal with any potential deviation and accurately purify the main product fraction, even in the presence of impurities. The final reversed-phase chromatography used for the sensitive removal of product-related impurities to purify ss-mRNA would also allow the separation of potential residues in flow-through, in the unlikely event.



Further work in the immediate future will focus on the experimental execution of the LNP formulation presented in this work with final lyophilization to increase transport stability, which to date has been a challenge. Furthermore, real-time release testing will be performed during a continuous operating campaign under autonomous operational control as described. Such efforts will enable direct industrialization, in collaboration with appropriate industry partners, their regulatory affairs and quality assurance. Production operations would be directly supported and managed by data-driven decisions. Even benchmark competition with skilled operators and a priori operator training with the aid of the digital twins would be a game changer.
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Figure 1. Comparison of the post-transcriptional capping (left) with a two-step enzymatic reaction and the co-transcriptional capping (right) by adding a cap analog, catalyzed by the enzyme used in the in vitro transcription. 
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Figure 2. Comparison of different purification strategies as well as the route chosen for this study with molecules separated from the product per step [2,5]. 
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Figure 3. Detailed flowsheet for the production of mRNA. Starting with the generation and purification of the template DNA, followed by the in vitro transcription and purification of the mRNA, and ending with the encapsulation in lipid nanoparticles. Adapted from Schmidt et al. [2,4,5]. 
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Figure 4. Biomanufacturing development facility. 
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Figure 5. Setup of the test unit in which the segmented slugs are generated, detected, and fractionated by the resulting detection signal. 
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Figure 6. Setup of the plant, including PAT. 
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Figure 7. Ultra- and diafiltration process flowsheet: T1 (feed reservoir), P1 (feed pump), MF1 (feed mass flow indicator), PI1 (feed pressure indicator), HF (hollow-fiber module), PI2 (retentate pressure indicator), V1 (pressure control valve), PI3 (permeate pressure indicator), MF2 (permeate mass flow indicator), and T2 (permeate tank). 
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Figure 8. Generated slug that displaces the oil phase with marked phase boundary (red arrow). 
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Figure 9. Normalized input signal of the slug. Recorded with a UV detector (200 nm) at a volume flow of (a) 0.2 mL/min and (b) 1 mL/min. 
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Figure 10. Normalized input signal of the slug. Recorded with a conductivity detector at a flow rate of (a) 0.2 mL/min and (b) 1 mL/min. 
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Figure 11. Normalized output signal of the slug. Recorded with a UV detector at a volume flow of (a) 0.2 mL/min and (b) 1 mL/min. 
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Figure 12. Normalized output signal of the slug. Recorded with a conductivity detector at a volume flow rate of (a) 0.2 mL/min and (b) 1 mL/min. 
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Figure 13. Product phase composition in percent for a volume flow of 0.2 mL/min as well as a volume flow of 1 mL/min. 
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Figure 14. Statistical evaluation of DoE using OLS with stepwise reduced p-value. (a) Actual-vs-predicted plot with marked confidence interval (red shadow); (b) Effect summary with the marked threshold for significance (logWorth of 2.0, red line); and (c) Prediction of optimal operating point. 
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Figure 15. Visualization of the residuals (black dots) in an (a) ideal residual plot and a (b) normal probability diagram with marked confidence interval (red dots). 
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Figure 16. Design spaces based on reduced p-value model; (a) magnesium acetate and NTP:GTP and (b) magnesium acetate and NTP concentration. 
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Figure 17. (a) Time course of in vitro transcription at different substrate concentrations; (b) Michaelis–Menten plot, (c) Lineweaver–Burk diagram. 
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Figure 18. Reaction mixture before (red) and after (blue) enzymatic degradation. 
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Figure 19. Raman spectra for mRNA concentrations of 0.1 g/L (red line) and 5.5 g/L (blue line). 
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Figure 20. Setup of the plant with reduced PAT. 
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Figure 21. Spectra of ethyl oleate and slug in (a) DAD and (b) FTIR. 
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Figure 22. Course of the hydrodynamic radius (blue line), which results from the DLS signal (blue dots) of the slug over time. 
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Figure 23. (a) Course of UFDF (LMH and TMP); (b) analysis of permeate and feed by RP; and (c) PrimaS chromatography. 
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Figure 24. Agarose gel images with dilution steps 1:10, 1:20, 1:100 and 1:200 of the (a) feed (pre dilution), (b) permeate, and (c) retentate. 






Figure 24. Agarose gel images with dilution steps 1:10, 1:20, 1:100 and 1:200 of the (a) feed (pre dilution), (b) permeate, and (c) retentate.
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Figure 25. Effect strengths (a log-worth >2 is defined as significant) of factors on (a) encapsulation efficiency and (b) LNP concentration, and contour plots of (c) encapsulation efficiency with factors PEG lipid concentration and cholesterol concentration and (d) final LNP concentration with factors flow rate and transmembrane pressure [5]. 
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Figure 26. Set-up of the mixing section for the LNP formulation. 
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Table 1. Factors varied in the DoE and their studied ranges.
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Temperature

	
NTP:GTP

	
NTP

	
Mg Acetate

	
pH




	
(°C)

	
(mM:mM)

	
(mM)

	
(mM)

	
(–)






	
37

	
1

	
5

	
12

	
7




	
40

	
2.5

	
7.5

	
16.5

	
7.5




	
43

	
5

	
10

	
50

	
8
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Table 2. Constant factors in in vitro transcription.






Table 2. Constant factors in in vitro transcription.





	
Tris

	
DTT

	
Triton

	
Rnase I

	
Pyrophosphatase

	
T7 Polymerase

	
Template




	
(mM)

	
(mM)

	
(%)

	
(U/µL)

	
(U/µL)

	
(U/µL)

	
(µg/µL)






	
40

	
10

	
0.002

	
1

	
0.002

	
8

	
0.05











[image: Table] 





Table 3. Critical quality attributes for mRNA drug substances [18,85].






Table 3. Critical quality attributes for mRNA drug substances [18,85].





	
Quality

	
Attribute






	
Identity

	
Sequence confirmation




	
Content

	
RNA content




	
Integrity

	
Percentage of intact mRNA and fragment mRNA




	
5′ Cap




	
3′ Poly(A)-tail




	
mRNA Integrity




	
Purity

	
Product related impurities—dsRNA




	
Residual DNA template




	
Safety

	
Endotoxin




	
Bioburden




	
Sterility




	
Other

	
Appearance




	
pH
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Table 4. Axial dispersion coefficients for the discussed PFR setups.






Table 4. Axial dispersion coefficients for the discussed PFR setups.





	Coefficients
	Unit
	Scenario 1
	Scenario 2





	Dax (Saxena–Nigam)
	m2/s
	   4.2 ×   10   − 4     
	   8.4 ×   10   − 5     



	Dax (Trivedi–Vasudeva) I
	m2/s
	   2.5 ×   10   − 3     
	   4.9 ×   10   − 4     



	Dax (Trivedi–Vasudeva) II
	m2/s
	   1.6 ×   10   − 3     
	   3.1 ×   10   − 4     
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Table 5. Fraction properties, purity, and yield.






Table 5. Fraction properties, purity, and yield.





	Operation Point
	Total Weight (g)
	Weight Product in (g)
	Weight

Product Out (g)
	Yield

(%)
	Purity

(%)





	1
	3.8 ± 0.4
	3.7 ± 0.3
	3.5 ± 0.4
	94 ± 2
	92 ± 2



	2
	4.7 ± 0.2
	4.6 ± 0.1
	4.7 ± 0.1
	100 ± 1
	98 ± 2
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Table 6. Result of optimal operating point (OOP) predicted from DoE (a). Reproduction of OOP performed with (c) and without (b) cap analog.
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	Gel
	Prima S
	RP





	(a)
	[image: Processes 11 00745 i001]
	[image: Processes 11 00745 i002]
	[image: Processes 11 00745 i003]



	(b)
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	(c)
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Table 7. Comparison of different kit manufacturers with this study [64,65,66].
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	NTP Conc (mM)
	GTP:NTPRatio
	GTP:CapRatio
	Cap Type
	Capping Eff. (%)
	Reaction Vol. (µL)
	mRNA Yield (g/L)
	Theor. Max. mRNA Yield (g/L)
	Consumption Rate (%)





	TF
	7.5
	1:5
	1:4
	m7G(5′)ppp(5′)G
	80
	20
	1–1.5
	1.98
	10–15



	JB
	7.5
	1:5
	1:4
	ARCA
	80
	20
	1.5–2.5
	1.98
	15–20



	TriLink
	5
	1:1
	5:4
	CleanCap AG
	>95
	100
	4–5
	5.28
	61–76



	This Study
	10
	1:1
	5:4
	CleanCap AG
	71
	25–300
	10.5–12.1
	10.56–13.2
	91–99
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Table 8. Comparison between the IVT in batch (a), the IVT in PFR (b), and the IVT in PFR with urea (c) as an additive.
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	Gel
	Prima S
	RP





	(a)
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	(b)
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	(c)
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Table 9. Comparison of mRNA concentration, consumption rate, and ss:ds mRNA ratio of batch (a) reaction and reproduction in PFR with (c) and without (b) urea as additive.






Table 9. Comparison of mRNA concentration, consumption rate, and ss:ds mRNA ratio of batch (a) reaction and reproduction in PFR with (c) and without (b) urea as additive.











	
	mRNA Conc.

(g/L)
	Consumption Rate

(%)
	ss:ds mRNA

(-)





	(a)
	12.0
	91
	1:2.1



	(b)
	11.2
	86
	1.1:1



	(c)
	6.5
	49
	3.5:1
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Table 10. Experimental plan for the LNP formulation.






Table 10. Experimental plan for the LNP formulation.





	Exp. No.
	mRNA/pDNA
	mRNA/pDNA (mg/mL)
	Ion. Lipid (mg/mL)
	PEG-Lipid (mg/mL)
	DSPC (mg/mL)
	Cholesterol (mg/mL)
	Volume (mL)





	0
	–(pos. control)
	0
	11.8
	1.4
	2.5
	5.5
	2



	1
	pDNA
	0.27
	11.8
	1.4
	2.5
	5.5
	2



	2
	lin. pDNA
	0.27
	11.8
	1.4
	2.5
	5.5
	3



	3
	mRNA
	0.27
	11.8
	1.4
	2.5
	5.5
	3
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