
White Paper

mRNA vaccines and therapeutics have become one of 
the most widely known and growing modalities in recent 
years.1,2 While COVID vaccine development occurred 
in record time, new innovations in manufacturing 
technologies are critical for successful development of 
new mRNA applications. Production of these vaccines 
and therapeutics typically begins with manufacturing 
of a large quantity of plasmid DNA (pDNA) followed by 
linearization using restriction enzymes (conventional 
process).3 This process is time-consuming and resource 
intensive as the requirement for a sufficient quantity 
and quality of pDNA can create a bottleneck in the 
manufacturing workflow. Moreover, the extensive 
utilization of genetically modified bacteria and antibiotics 
is an additional challenge under good manufacturing 
practice (GMP). To overcome pDNA-associated challenges 
and bottlenecks, the use of synthetic templates is ideal.4,5 
Several strategies for manufacturing of synthetic DNA 
have been described and each strategy offers intrinsic 
advantages as mRNA template. The fastest strategy is 
based on simple chemical synthesis of oligomeric DNA 
or longer fragments.4 Due to the intrinsic size limitation 
(<3,000 bp), this strategy is only viable for manufacturing 
of small mRNAs.6 As robust standard in molecular biology, 
polymerase chain reaction (PCR)7 represents a fast 
alternative for synthesis of diversly sized DNAs. Using 
PCR to generate the template material for mRNAs is 
commonly used for small-scale manufacturing. Upscaling 
the PCR reaction for manufacturing larger amounts of 
mRNA, e. g., for vaccination, was previously not described. 
To circumvent the technical challenge in PCR upscaling, 
isothermal DNA amplification strategies were elaborated.8 
Most of these strategies were developed as analytical 
alternatives to PCR e. g., if access to thermocyclers was 
limited or to ensure point-of-care (POC) assessments.9 
However, especially the exponential isothermal  
strategies are limited by inherent amplification biases  
like nonspecific amplification or low accuracy.9,10

To combine the high quality advantages of synthetic 
templates with high accuracy and scalability, we 
developed a proprietary PCR solution. Thereby, we can 
assign the high accuracy of PCR to mRNA production. 
This inimitable combination allows mRNA manufacturing 
with a unique set of advantages. 

Benefits of PCR-based mRNA 
Manufacturing Processes
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Advantages of PCR-based 
mRNA Manufacturing
PCR-based generation of synthetic in vitro transcription 
(IVT) templates enables reliable manufacturing of 
high-quality mRNA. With this approach, many of the 
complexities associated with the conventional process 
are eliminated.

High performance 

• through reduced product-related impurities such as
trailing and truncated products.

• Increased mRNA homogeneity, stability and prolonged
expression.

Increased purity with synthetic template 

• ensuring high quality from the start of the process,
via cell-free process, mitigating microbial DNA, protein
and endotoxins.

Robust scalable process

• Highly reproducible process, leading to reliable mRNA
supply. Scaling solution enables mRNA manufacturing
from mg to multi-gram scale.

Debottleneck pDNA sourcing

• 10,000x less pDNA required compared to conventional
process to manufacture the same amount of mRNA.

• pDNA requirements according to GMP principles only.11

Sequence customization

• including flexible poly(A) tailing during PCR step,
circumventing initial pDNA yield issues and truncation
when pre-encoded in conventional process workflows.

Technical Aspects
PCR-based templates offer a maximum of flexibility, 
scalability, and quality in mRNA manufacturing. To 
ensure these benefits, an optimized PCR setup was 
developed for increased yield and specific amplification 
with high fidelity.
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Figure 1. Specific amplification of PCR-based IVT templates from four separate productions, shown in agarose gel electrophoresis (A). 
High uniformity of crude PCR reactions by CE (B). Depicted as normalized (norm.) or mean relative fluorescence units (RFU) with standard 
deviation (SD): n = 20 productions. PCR-based IVT template reference sequences used for analysis by NGS (C). NGS sequence analysis of 
PCR-based IVT templates based on various reference sequences (D). Fidelity assessment of PCR-generated IVT templates. R1 and R2 are 
individual amplification runs (E). Supplementary Table. Contrasts for fidelity assessment of PCR-generated IVT templates by NGS (F).15,16

Biological comparison Error rate

Taq Polymerase ~10-5

E. coli replication ~10-9 to 10-10

Likelihood contrast Probability to win
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(6 out of 49) ~7 × 10-8
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standard 
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6.2 × 10-10 ± 3.2 × 10-10

6,000 nt R2

2,000 nt AmpTecTM 

fine-tuned 
process

R1
3.2 × 10-9 ± 2.7 × 10-9

2,000 nt R2

A. Strong amplification

D. NGS fidelity assessmentC. Evaluated template sizes  

E. Amplification performance F. Fidelity comparison

B. High specificity

PCR-based IVT template Reads Bases

2,000 bp – R1 354,610 58,634,357

2,000 bp – R2 354,610 58,873,595

4,000 bp – R1 382,768 65,988,994

4,000 bp – R2 382,768 66,299,497

6,000 bp – R1 384,502 66,862,742

6,000 bp – R2 384,502 67,227,629
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Robust PCR Synthesis of Homogenous  
IVT Templates

Using electrophoretic techniques, characteristic 
attributes of PCR-based template generation were 
visualized. With agarose electrophoresis, clear product 
bands reported efficient amplification by PCR (Figure 
1A). The complete absence of undesired byproducts 
further demonstrated the highly specific amplification. 
Similarly, distinct product signals were observed in 
capillary electrophoresis (CE); homogeneity of a broad 
set of individual crude PCR reactions further showed 
the high reproducibility (Figure 1B).

IVT Template Fidelity Assessment

To confirm high-yield amplification with high fidelity, 
PCR-based IVT templates were analyzed using next 
generation sequencing (NGS). Various reference 
sequences with different lengths were used (Figure 
1C). High coverage was ensured by sequencing the 
same position several thousand times (Figure 1D). 

The assessment was further restricted to high quality 
sequencing data. A Phred quality score of at least  
30 was used to guarantee a base call accuracy of at 
least 99.9%. 

Based on the data and established procedures, error 
rates in the range of 10-9 to 10-10 were determined.  
These error rates were in the same range as 
Escherichia coli (E. coli) replication, which represents 
the origin of plasmid-based IVT templates. A second 
optimized PCR protocol was developed, and the PCR 
product fidelity was analyzed using NGS with the same 
high-quality standards. While significantly increasing 
the yield, high fidelity was maintained (Figure 1E).

High Purity of PCR-based IVT Templates

Purity of PCR-based IVT templates was assessed with 
a focus on residual E. coli proteins. Here, residual 
E. coli proteins were not detected (Figure 2). In 
contrast, significant levels of residual E. coli protein 
were detected in batches of purified plasmid-based 
templates, which can carry over into the IVT reaction.

Figure 2. PCR-based generation of IVT templates enabled improved 
purity profiles. For plasmid-based IVT templates, as used in conven
tional processes, high levels of proteins were detected by an E. coli host 
cell protein (HCP) specific ELISA (enzyme linked immunosorbent assay). 
Plasmid-based IVT templates were commercially obtained. Mean value, 
error bars indicate standard deviation. *non-diluted samples

High Reproducibility of mRNA Synthesis

The high reproducibility of PCR-based template 
generation further enables mRNA synthesis with 
definite sizes. In CE, the definite signal of crude PCR 
products is reflected in the final mRNA products 
(Figure 3).

Figure 3. Robust and reproducible mRNA synthesis using PCR-based IVT templates. Data shown from 3 individual productions.
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Improved mRNA Integrity 

PCR-based mRNAs were contrasted with competitor 
mRNAs manufactured via conventional processes 
using linearized plasmids. For an appropriate integrity 
comparison in CE, mRNAs purified by a simple silica 
membrane workflow were used. The PCR-based 
upstream process resulted in a clearly defined 
product at the expected product size. In contrast, 
several undefined signals were detected in the mRNA 
generated using linearized plasmids (Figure 4). 

Exact mRNA size conformity was further analyzed 
by CE. With the PCR-based mRNA, nearly 100% of 
the expected sizes were detected. This contrasted 
with mRNAs generated by conventional processes 
based on linearized plasmids. Here, mRNAs exhibited 
a heterogeneous distribution and a size deviation of 
approximately 16% (Figure 4). A heterogenous size 
distribution may affect the performance of mRNA in 
clinical applications.

Our PCR-based reporter mRNA Competitor reporter mRNA 
derived from linearized pDNA

Figure 4. Comparison of mRNA integrity from the PCR-based method comparison to conventional plasmid-based synthesis. *undefined 
signal (A). Robust and reproducible mRNA integrity in CE using PCR-based manufacturing (B). In contrast to conventional processes based 
on linearized plasmids (C). Mean mRNA length deviation (n = 5) with error bars indicating SD (D), vertical dashed line indicates highest signal.
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Finally, mRNAs generated by the PCR-based 
manufacturing process were comprehensively analyzed 
with focus on critical quality attributes (Table 1). The 
assessment conclusively confirmed that the proprietary 
PCR-based workflow produces mRNA with high quality 
and especially with improved purity, and integrity.

Critical quality 
attribute Analytical procedure Observed values

Residual total  
protein

NanoOrangeTM  
Fluorogenic assay <0.71 ng/µg mRNA

mRNA purity A260/A280 2.33
mRNA length 
deviation Capillary electrophoresis 2%

mRNA integrity Capillary electrophoresis 90%
Residual template qPCR 2.33 × 10-2 ppm
dsRNA Dot blot 0.7%
5’ capping LC-MS >99%
Poly(A) length LC-MS 123 A

Table 1. Summary of quality attributes of mRNA produced using 
PCR-based IVT templates. 
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Conclusion 
PCR-based manufacturing of mRNA is a robust 
alternative to linearized plasmid-based synthesis  
with multiple advantages. 

From an operational perspective, PCR-based IVT 
templates overcome bottlenecks in plasmid supply. 
Additionally, the need for enzymatic linearization 
with potential byproducts is eliminated. NGS analysis 
demonstrated that an elaborated PCR setup enabled 
the synthesis of IVT templates with highest fidelities. 
The introduction of the poly(A)-tail, directly during 
PCR, provides high flexibility towards optimized 
translation efficiencies.17,18 The definite size of the 
primer-encoded poly(A)-tails is further transferred 
to the final mRNAs. Hence, undesired recombination 
events as observed in E. coli for plasmid-encoded 
poly(A)-tails are also excluded.12,13,14 

Since the PCR-based production process is cell-free, 
introduction of microbial DNA, microbial proteins, and 
endotoxins is minimized. The improved purity profile is 
directly reflected in the final mRNA products (Table 1). 

In summary, the presented PCR-based process robustly 
generates high quality mRNA with reproducible 
performance. The process design allows manufacturing 
of mRNAs to meet clinical as well as commercial needs. 

Your integrated CTDMO partner

The Millipore® CTDMO Services portfolio offers 
customized services to accelerate projects, 
mitigate risks, and expedite time to market all 
the way from mRNA, through lipids and lipid 
nanoparticles (LNP) to final Fill and Finish. Our 
services pave the way for robust, integrated,  
and consistent processes along all stages from 
pre-clinical to commercialization.
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