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Original Article

Quality by design for mRNA
platform purification based on continuous
oligo-dT chromatography
Jixin Qu,1 Adithya Nair,1GeorgeW. Muir,1 Kate A. Loveday,1 Zidi Yang,1 Ehsan Nourafkan,1 Emma N. Welbourne,1

Mabrouka Maamra,1 Mark J. Dickman,1 and Zoltán Kis1,2

1School of Chemical, Materials and Biological Engineering, University of Sheffield, Sir Robert Hadfield Building, Mappin Street, Sheffield S1 3JD, UK; 2Department of

Chemical Engineering, Imperial College London, Roderic Hill Building, South Kensington Campus, London SW7 2AZ, UK

Oligo-deoxythymidine (oligo-dT) ligand-based affinity chro-

matography is a robust method for purifying mRNA drug sub-

stances within the manufacturing process of mRNA-based

products, including vaccines and therapeutics. However, the

conventional batchmode of operation for oligo-dT chromatog-

raphy has certain drawbacks that reduce the productivity of this

process. Here, we report a new continuous oligo-dT chroma-

tography process for the purification of in vitro transcribed

mRNA, which reduces losses, improves the efficiency of

oligo-dT resin use, and intensifies the chromatography process.

Furthermore, the quality by design (QbD) framework was used

to establish a design space for the newly developedmethod. The

optimization of process parameters (PPs), including salt type,

salt concentration, load flow rate and mRNA load concentra-

tion both in batch and the continuous mode, achieved a greater

than 90% yield (mRNA recovery) along with greater than 95%

mRNA integrity and greater than 99% purity. The productivity

of continuous chromatography was estimated to be 5.75-fold

higher, and the operating cost was estimated 15% lower,

when compared with batch chromatography. Moreover, the

QbD framework was further used to map the relationship be-

tween critical quality attributes and key performance indica-

tors as a function of critical process parameters and critical ma-

terial attributes.

INTRODUCTION
mRNA technology is advancing the development of vaccines and
therapeutics against a wide range of diseases, and the demand for scal-
able manufacturing processes that are efficient and cost effective is
ever growing.1 The cell-free production of mRNA vaccines and ther-
apeutics has the advantages of simplicity, scalability and potential for
affordability compared with conventional techniques.2 Furthermore,
it is considered a platform technology, as different mRNA-based vac-
cines and therapeutics against a wide range of diseases can be pro-
duced using the same production process, raw materials (except tem-
plate DNA), standard operating procedures, and analytical methods.3

This versatility highlights the potential of mRNA technology in re-
sponding rapidly to emerging health crises.4 A faster, more scalable

and economical manufacturing technique is required to address
future pandemics and save lives.5,6One promising solution for boost-
ing manufacturing productivity is to develop a continuous produc-
tion process for mRNA vaccines and therapeutics.7 As illustrated in
Figure 1A, the continuous manufacturing process starts from the
continuous in vitro transcription (IVT) reaction followed by the
continuous downstream purification. Once purified, mRNA is sterile
filtered, encapsulated within lipid nanoparticles (LNPs), purified by
tangential flow filtration, and sterile filtered again before the fill-to-
finish stage.8

Oligo-deoxythymidine (Oligo-dT) affinity chromatography is a
robust process that purifies mRNA from a solution such as the IVT
reaction mixture.9 This technology leverages the selective binding af-
finity of short sequences (oligomers) of dT to the polyadenylated
(poly[A]) tails present on mRNA molecules, facilitating efficient sep-
aration from the other nucleic acids.10 As shown by the chromatog-
raphy process schematic in Figure 1B, the mRNA is bound to the
oligo-dT matrix when the IVTmixture is loaded onto the column un-
der high salt concentration and off-target molecules are washed away
with the flow-through, after which mRNA is eluted under low or no
salt conditions. The oligo-dT affinity chromatography process has
several advantages, including high recovery, compatibility with a
wide range of mRNA sequences, scalability, and simplicity.9 Salts
such as sodium chloride (NaCl) play a crucial role in mRNA binding
to the oligo-dT ligands. The cations from the salt suppress the electro-
static repulsions between the negatively charged phosphate backbone
of mRNA and oligo-dT as it provides shielding between the negative
charges of phosphates and facilitates hydrogen bonding.11 The con-
centration is usually optimized to ensure the binding efficiency be-
tween the mRNA and oligo-dT matrix; a low salt concentration
provides insufficient ionic strength to stabilize the hybridization,
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resulting in poor binding. In contrast, a high salt concentration re-
duces the specificity of mRNA binding, allowing non-specific binding
of other RNAmolecules.12Moreover, high salt concentration can also
precipitate mRNA.9 It is reported in the literature that several poten-
tial chaotropic agents and salts such as guanidine hydrochloride (Gu-
HCl), urea, and Tween 20 significantly promote the binding capacity

of mRNA onto the oligo-dT column.9 The addition of chaotropic
agents disrupts the formation of the secondary structure of mRNA
and facilitates the accessibility of the poly(A) tail to the oligo-dT
ligand. Chaotropic agents affect the hydration shell of the mRNA
molecules, leading to decreased water-mediated interactions between
mRNA and other molecules, enhancing the binding capacity of

Figure 1. Overview of the proposed mRNA-based vaccines and therapeutics manufacturing process and the oligo-dT affinity purification method

(A) Illustration of the continuous mRNA-based vaccines and therapeutics manufacturing platform process with examples of CMAs, CPPs and CQAs for the continuous

chromatography process. (B) Schematic of the oligo-dT affinity chromatography process.
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mRNA to the oligo-dT matrix.9,13 However, the impact of using cha-
otropic agents in the purification processes on the safety and efficacy
of mRNA vaccines and therapeutics (final product) is still under eval-
uation, as very limited literature has given conclusive results.14

Over the last few decades, continuous bioprocessing has shownmany
advantages in reducing the cost of manufacturing, increasing produc-
tivity, and allowing for significantly smaller scale equipment and fa-
cilities.15 The focus of the continuous manufacturing process has pri-
marily been directed at the development of upstream processes.16–19

It is critical to extend the attention to the downstream purification
processes, especially the continuous chromatography techniques,
as they play a crucial role in the continuous manufacturing
process to connect the upstream mRNA synthesis and the final
formulation (e.g., LNP encapsulation). Continuous or semi-contin-
uous chromatography as a downstream purification process has
been developed and reported for several biological products, like,
monoclonal antibodies20–24 and other proteins.16,25,26 Nevertheless,
the literature has never reported any continuous chromatographic
method for the downstream purification of mRNA-based vaccines
and therapeutics.

To optimize and determine the design space of the chromatography
process, the quality by design (QbD) framework has been applied.
QbD is now considered one of the most promising approaches in
pharmaceutical manufacturing development because quality is built
into the product-process design and controlled during process oper-
ation based on robust scientific understanding.27 Additionally, it
maximizes the quality of products for their entire life cycle and al-
lows potential changes in processes for further optimization even af-
ter regulatory approval, provided they are within the approved
design space.28 The potential of mRNA as a platform technology
for therapeutics and vaccines is a recent development; as a result,
major gaps remain in the validation of the multi-product design
space to ensure the mRNA products’ quality, safety, and efficacy.29

Moreover, the combination of the mRNA platform technology
and the QbD framework can lead to accelerated product
development, regulatory approval, and the mass manufacturing of
mRNA-based products in a disease-agnostic manner.30 Importantly,
the list of critical quality attributes (CQAs) for mRNA vaccines is in-
dependent of the disease target, although their acceptance ranges
might change in a disease and product-specific manner. The dis-
ease-agnostic CQA list and associated analytical methods can
further streamline the development of mRNA vaccines and thera-
peutics against a wide range of diseases. The QbD framework has
been applied to IVT31 and the LNP formulation processes.32 Inter-
estingly, the benefits of integrating the QbD framework with
mRNA downstream purification unit operations have not yet been
showcased in the literature.

In this study, a multi-column continuous oligo-dT affinity chroma-
tography process was developed with the help of the QbD framework.
The QbD framework is used to establish a design space for purifying a
variety of mRNA sequences that can translate to different mRNA

products. The QbD framework also guides the integration of the
continuous platform chromatography unit operations into the devel-
opment of a fully continuous manufacturing process (Figure 1A) for a
wide range of mRNA vaccines and therapeutics.

RESULTS
QbD framework for the chromatography process

The application of QbD for a manufacturing process starts with the
identification of product CQAs derived from the quality target prod-
uct profile based on the patient’s needs. CQAs are determined based
on prior knowledge, preclinical and clinical data using a risk assess-
ment scoring. After CQA identification, the next step is to link
CQAs with critical process parameters (CPPs) of the manufacturing
process to define the design space. This is supported by a combination
of prior knowledge, product-process understanding, experimental
product and process development data, expert knowledge and
computational models. The list of CQAs was adapted from Daniel
et al.30 (2022), as shown in Tables S2–S4. In addition to CQAs, key
performance indicators (KPIs) (e.g., manufacturing costs and pro-
ductivity) are also quantified as a function of critical material attri-
butes (CMAs) and CPPs. With this approach, a design space of
CPPs and CMAs can be established in which we can obtain the
optimal CQA and key performance indicator (KPI) values. The
assessment criteria for the uncertainty and impact of CPPs and
CMAs on CQAs and KPIs is shown in Table S5, where the impact
score ranges from no impact (indicated by 0) to high impact (indi-
cated by 3) and the uncertainty rating ranges from ^1 (indicated
very low) and ^4 (indicated high). If a PP has an impact of no larger
than 0 or 1 on any of the CQAs or KPIs, that PP is considered non-
critical. However, if the PP has an impact of 2 or 3 on any of the CQAs
or KPIs, that PP is considered critical, therefore a CPP,. The shape of
the trend when plotting CQAs and KPIs as a function of PPs and
CMAs is captured by + for a linear positive slope, by � for a linear
negative slope, by ± for a non-linear peak-type behavior with an
initial increase, reaching a maximum, followed by a decrease, and
by H for a non-linear valley-type behavior (inverse of the peak-
type behavior) with an initial decrease, reaching a minimum followed
by an increase.

The assessment of the impact of PPs and CMAs on CQAs and KPIs is
shown in Tables 1 and 2 for the batch and continuous oligo-dT chro-
matography unit operations, respectively. This provides a compre-
hensive overview of how product CQAs, as well as manufacturing
KPIs, can be controlled by adjusting PPs and selecting materials
with adequate CMAs (when options exist). Further, it also facilitates
the development and operation of manufacturing processes for the
production of a wide range of mRNA vaccines and therapeutics at
the required high quality and with the optimal manufacturing KPIs
(e.g., high productivity and low cost). Despite the limited knowledge
of the large-scale continuous manufacturing process, a number of in-
process critical parameters can still be recognized due to the enhanced
mechanistic understanding of the continuous chromatography tech-
niques developed for other applications and the relevant digital
twins.5,23–26
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Table 1. Assessment of the criticality and impact of CPPs in combination with CMAs on the CQAs and KPIs of the batch oligo-dT chromatography unit operation for purifying a wide range of

mRNA sequences

CQA or KPI

PP or CMA

CPP CMA

CPP

CPP CPP CPP CPP CPP CPP CMA

References
Loading salt
concentration

Loading
salt typea

pH of load
buffer

Load flow
rate

Wash buffer
volume

Elution
volume

Elution
flow rate Temperature

mRNA
length

KPI mRNA yield [mg] ±3^1 ±3^1 ±2^1 ±2^3 �3^1 ±1^2 +1^4 �1^4 ±1^4 �2^2
Mencin et al., 20239;
Cui et al., 202333

KPI
Eluted mRNA
amount [mg]

±3^1 ±3^1 ±2^1 ±2^3 �2^1 �1^2 +1^4 �1^4 ±1^4 �2^2
Mencin et al., 20239;
Cui et al., 202333

CQA
mRNA sequence
integrity

�1^3 ±1^3 0^3 ±2^4 �1^3 +1^4 +1^4 �1^4 ±2^4 �1^3
Grinsted et al., 202234;
Gomis-Fons et al., 202035;
Kuribayashi et al., 199836

CQA
mRNA structure
integrity

±1^3 ±1^3 0^3 ±1^4 �1^3 +1^4 +1^4 �1^4 ±2^4 �1^3
Grinsted et al., 202234;
Gomis-Fons et al., 202035;
Kuribayashi et al., 199836

CQA mRNA purity ±1^3 ±1^1 �1^3 ±2^4 �2^2 3^3 0^4 0^4 ±1^4 0^3
Grinsted et al., 202234;
Gomis-Fons et al., 202035;
Kuribayashi et al., 199836

CQA
50 Capped mRNA
percentage

�1^4 ±1^3 0^4 ±2^4 �1^4 2^4 0^4 �1^4 ±1^4 �1^4 Mencin et al., 20239; Koren�c et al., 202112

CQA
30 Poly-A tail
length and level

�1^4 ±1^3 ±1^4 ±1^4 �1^4 2^4 0^4 �1^4 ±1^4 �1^4 Mencin et al., 20239; Koren�c et al., 202112

CQA IVT residuals H2^4 H2^3 2^3 H2^4 1^2 �2^4 0^4 0^4 ±1^4 0^2
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

CQA
dsRNA
concentration

�1^4 ±1^3 +1^3 ±1^4 �1^2 �2^4 �1^4 �1^4 ±2^4 ±1^2 Baiersdörfer et al., 201939; Eskelin et al., 202240

CQA
Shorter RNA
species

±1^4 ±1^3 2^3 ±2^4 �2^1 �2^4 0^4 0^4 ±1^4 �1^3
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

CQA RNA precipitation 3^1 ±3^2 3^3 �3^1 0^4 �1^2 0^4 0^4 �1^4 0^2 Eon-Duval et al., 200341

CQA Immunogenicity ±3^3 ±2^4 �2^4 ±2^4 +1^3 2^4 +1^4 �1^4 ±1^4 �1^4
Feng et al., 202238; Eon-Duval et al., 200341;
Cheng et al., 202142

CQA Potency ±2^3 ±2^3 �1^1 ±2^4 +1^1 2^4 +1^4 �1^4 ±1^4 �1^4
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

CQA Appearance ±1^1 ±2^3 �2^1 0^4 0^1 +1^4 +1^4 �1^4 �2^4 0^2
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

KPI
Process time
[min]

0^1 0^3 �2^1 0^1 �3^1 3^1 3^2 �3^2 0^2 0^2
Mahajan et al., 201224; Grinsted et al., 202234;
Girard et al., 201543; Yao et al., 200644

The definition of KPIs is included in Table S6.
aThis is a categorical variable for which a peak trend was assumed when comparing the various salt types and chaotropic agents.
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Table 2. Assessment of the criticality and impact of CPPs in combination with CMAs on the CQAs and KPIs of the continuous oligo-dT chromatography unit operation for purifying a wide

range of mRNA sequences

CQA or KPI

PP or CMA

CPP CMA CPP CPP CPP CPP CPP CPP CPP CMA

References
Loading salt
concentration

Loading
salt typea

mRNA load
concentration

pH of
load buffer

Load flow
rate

Wash buffer
volume

Elution
volume

Elution
flow rate Temperature

mRNA
length

KPI mRNA yield [mg] ±3^1 ±3^1 ±2^1 ±2^3 �3^1 ±1^2 +1^4 �1^4 ±1^4 �2^2 Mencin et al., 20239; Cui et al., 202333

KPI
Eluted mRNA
amount [mg]

±3^1 ±3^1 ±2^1 ±2^3 �2^1 �1^2 +1^4 �1^4 ±1^4 �2^2 Mencin et al., 20239; Cui et al., 202333

CQA
mRNA sequence
integrity

�1^3 ±1^3 0^3 ±2^4 �1^3 +1^4 +1^4 �1^4 ±2^4 �1^3
Grinsted et al., 202234; Gomis-Fons
et al., 202035; Kuribayashi et al., 199836

CQA
mRNA structure
integrity

±1^3 ±1^3 0^3 ±1^4 �1^3 +1^4 +1^4 �1^4 ±2^4 �1^3
Grinsted et al., 202234; Gomis-Fons
et al., 202035; Kuribayashi et al., 199836

CQA mRNA purity ±1^3 ±1^1 �1^3 ±2^4 �2^2 3^3 0^4 0^4 ±1^4 0^3
Grinsted et al., 202234; Gomis-Fons
et al., 202035; Kuribayashi et al., 199836

CQA
50 Capped mRNA
percentage

�1^4 ±1^3 0^4 ±2^4 �1^4 2^4 0^4 �1^4 ±1^4 �1^4 Mencin et al., 20239; Koren�c et al., 202112

CQA
30 Poly-A tail length
and level

�1^4 ±1^3 ±1^4 ±1^4 �1^4 2^4 0^4 �1^4 ±1^4 �1^4 Mencin et al., 20239; Koren�c et al., 202112

CQA IVT residuals H2^4 H2^3 2^3 H2^4 1^2 �2^4 0^4 0^4 ±1^4 0^2
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

CQA dsRNA concentration �1^4 ±1^3 +1^3 ±1^4 �1^2 �2^4 �1^4 �1^4 ±2^4 ±1^2 Baiersdörfer et al., 201939; Eskelin et al., 202240

CQA Shorter RNA species ±1^4 ±1^3 2^3 ±2^4 �2^1 �2^4 0^4 0^4 ±1^4 �1^3
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

CQA RNA precipitation 3^1 ±3^2 3^3 �3^1 0^4 �1^2 0^4 0^4 �1^4 0^2 Eon-Duval et al., 200341

CQA Immunogenicity ±3^3 ±2^4 �2^4 ±2^4 +1^3 2^4 +1^4 �1^4 ±1^4 �1^4
Feng et al., 202238; Eon-Duval
et al., 200341; Cheng et al., 202142

CQA Potency ±2^3 ±2^3 �1^1 ±2^4 +1^1 2^4 +1^4 �1^4 ±1^4 �1^4
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

CQA Appearance ±1^1 ±2^3 �2^1 0^4 0^1 +1^4 +1^4 �1^4 �2^4 0^2
Tiwari et al., 20238; Nag et al., 202220;
Feng et al., 202237; Lukas Vetter et al., 202238

KPI Process time [min] 0^1 0^3 �2^1 0^1 �3^1 3^1 3^2 �3^2 0^4 0^2
Mahajan et al., 201224; Grinsted
et al., 202234; Girard et al., 201543;
Yao et al., 200624,34,43,44

KPI
Column switch
interval [min]

2^2 ±2^3 �2^3 0^3 +3^1 +1^2 2^2 �2^2 0^4 0^2
Tiwari et al., 202320; Mendes
et al., 202226; Steinebach et al., 201620,26,45

KPI
Phase time for
continuity [min]

2^2 ±2^3 �2^3 0^3 �3^1 +1^2 2^2 �2^2 0^4 0^2
Tiwari et al., 202320; Mendes
et al., 202226; Steinebach et al., 201645

KPI
Productivity
[mg/min/mL]

±1^2 ±2^3 ±3^3 0^3 ±2^1 �2^2 ±1^2 ±1^2 0^4 �1^2
Mencin et al., 20239; Ng et al., 201446;
Tugcu et al., 200847

The definition of KPIs is included in Table S6.
aThis is a categorical variable for which a peak trend was assumed when comparing the various salt types and chaotropic agents.
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One-factor-at-a-time experimental screening of mRNA yield,

integrity, and purity as a function of mRNA load concentration,

load flow rate, loading salt type, and loading salt concentration

in batch mode

We investigated a subset of changes in CQAs and KPIs as a function
of CPPs and CMAs. The CPPs, such as mRNA load concentration,
load flow rate, loading salt concentration, and the CMA loading
salt type, were tested against yield KPI and the CQAs mRNA integrity
and mRNA purity. Previous studies have demonstrated these CPPs
and CMAs as the most significant and influential factors for the qual-
ity of purification by chromatography.9,34,48

Experiments were performed in triplicate for each condition to deter-
mine the relationship of CQAs-CPPs. As shown in Figure 2A, the
eGFP mRNA load concentration was varied from 0.1 to 0.6 mg/mL,
based on 1–6 mg of mRNA in a 10-mL total load volume, at a load
flow rate of 2 mL/min and 600 mM NaCl load concentration. Under
these conditions, the yield (%) increased when themRNA load concen-
tration ranged from 0.1 to 0.4 mg/mL and decreased when it was more

than 0.4 mg/mL. The highest yield at 0.4 mg/mL load concentration,
corresponding with 4 mg of mRNA loaded per milliliter of column
resin was expected because of the maximum binding capacity for the
specific oligo-dT column (4 mg) for the specified PPs (based on infor-
mation from the column manufacturer). At higher mRNA loading
amounts (e.g., 5 or 6 mg), the excess mRNA above the column binding
capacity is unable to bind to the oligo-dT stationary phase. On the
other hand, mRNA integrity showed minimal variation in the 90%–
92% range, with greater than 99% purity for all analytes, as no NTPs
were detected by anion exchange high-performance liquid chromatog-
raphy (AEX HPLC). Moreover, the impact of the load flow rate was
investigated by varying it from 1 to 6 mL/min with 600 mM NaCl as
the loading salt. As results show in Figure 2B, the yield was consistent
when the flow rate ranged from 1 to 3 mL/min, but at flow rates of
greater than 3 mL/min, a negative slope was observed, possibly due
to the reduced residence time for the binding to happen between the
oligo-dT matrix and poly-A tailed mRNA at these higher flow rates.34

Similar to the previous runs, the integrity of all analytes was approxi-
mately 90%–91%, with a purity of greater than 99%.

Figure 2. Oligo-dT chromatography results from one-factor-at-a-time ÄKTA PCC batch runs for assessing the impact of loading salt type CPP, loading salt

concentration CPP, eGFP mRNA load concentration CPP and the flow rate CPP on the mRNA yield KPI (measured by AEX HPLC), mRNA integrity CQA

(measured by CGE) and mRNA purity CQA (measured by AEX HPLC)

ThemeanCQA and KPI values are shown by dots, and error bars represent standard deviation for three replicates (n = 3). (A) VariedmRNA load concentration (mg/mL), under

constant load flow rate of 1 mL/min, constant 0.6 M NaCl concentration in loading buffer, and a constant total loading volume of 10 mL. (B) Varied flow rate (mL/min), under

constant mRNA load concentration of 0.4 mg/mL, constant 0.6 M NaCl concentration in loading buffer, and a constant total loading volume of 10 mL. (C) Varied NaCl salt

concentration (M), under constant mRNA load concentration of 0.6 mg/mL in constant 10 mL load volume and constant flow rate of 1 mL/min. (D) Varied Gu-HCL salt

concentration, under constant mRNA load concentration of 0.6 mg/mL in constant 10 mL load volume and constant flow rate of 1 mL/min.
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The literature indicated that loading salt concentration and loading
salt type can have significant impacts on the yield, and by using a cha-
otropic agent such as Gu-HCl as the replacement for NaCl, the bind-
ing capacity and, as a result, the final yield can be significantly
improved.9,13,25 Thus, two types of salts in the load buffer, NaCl
and Gu-HCl concentrations, varied from 0.2 to 1.2 M, while other
components were kept constant in the load buffer. As known from
the previous tests, the maximum binding capacity of the 1-mL mono-
lith oligo-dT column is approximately 4 mg. All runs were performed
by overloading the column with 6 mg crude mRNA at the concentra-
tion of 0.6 mg/mL to determine the maximum yield with varied salt
concentration and different salt types. As shown in Figures 2C and
2D, the yield increased until 0.6 M for Gu-HCl and 1 M for NaCl.
IVT crude products loaded with Gu-HCl have generally given higher
yields compared with NaCl-based buffers. The enhanced mRNA
binding observed for Gu-HCl-based buffers is likely due to the chaot-
ropic agent disrupting the hydration shell around charges and polar
groups, reducing the hydrophobic interactions, thus exposing
poly(A) tail on the mRNA to the oligo-dT matrix.49 Furthermore,
with Gu-HCl, the binding capacity of the monolith column can be
pushed to above 4 mg/mL. Presumably, a higher yield should be
achievable in continuous chromatography, where the first column
in the loading zone can be loaded with greater amounts than in batch
mode without losing mRNA, as the breakthrough can be captured by
the second column in the loading zone. This enables the reduction of
losses while also utilizing more of the column binding capacity. The
600 mM Gu-HCl has shown the highest yield with a mean of
4.17 mg and a SD of 0.09 mg; thus, this concentration was used as
the loading condition for the continuous chromatography runs. All
eluted samples have given an mRNA integrity of more than 90%
and a purity of greater than 99%, without detectable impurities using
the AEX HPLC method. As 20 min were costed, 1 mL chromato-
graphic resin was applied, and 4.17 mg of mRNA was purified; the
productivity was calculated as 0.21 mg/min/mL.

In summary, the mRNA load concentration CPP has a relatively high
impact on the yield KPI, but a limited impact on the mRNA integrity
and themRNA purity CQAs. In contrast, increasing the flow rate CPP
will negatively affect the yield KPI as it decreases the binding interac-
tion time between the oligo-dT matrix and the mRNA. However, this
CPP has minimal effects on the mRNA integrity and purity CQAs.
Furthermore, salt concentration CPP and salt type CMA have signif-
icant impacts on the yield KPI but minimal effects onmRNA integrity
and purity CQAs.

Multi-factorial optimization of mRNA yield, integrity, and purity

as a function of the combination of load salt concentration,

mRNA load concentration, and load flow rate in batch mode

As shown in Figure 2, using Gu-HCl as the loading salt showed a
generally greater binding capacity and resulted in a higher yield
with preferable mRNA integrity and purity. Thus, it is worth
investigating the impacts of the combination of the following three
CPPs, load salt concentration of Gu-HCl, mRNA load concentra-
tion, and load flow rate on the yield KPI and mRNA integrity and
purity CQAs. A Design of Experiments (DoE) was performed to
vary three factors at three levels, which included Gu-HCl concen-
trations of 0.3, 0.6, and 0.9 M, eGFP mRNA load concentrations of
0.3, 0.5, and 0.7 mg/mL in a 10-mL load, and load flow rates of 1,
3, and 5 mL/min. In total, 16 runs were performed in triplicates
using the batch chromatography method, and 20 mL elution was
collected for each test. Elution fractions were analyzed by AEX
HPLC for mRNA quantification and purity, and capillary gel elec-
trophoresis (CGE) for mRNA integrity.

The AEX HPLC and CGE results show that all of the eluted mRNA
analytes give greater than 99% mRNA purity and greater than 90%
mRNA integrity. The three-dimensional surface plot in Figure 3 illus-
trates the result for yield. As expected, the increasing load flow rate
leads to a lower yield under all investigated Gu-HCl concentrations

Figure 3. Results from multi-factorial optimisation of mRNA yield

(A) Three-dimensional surface plot for the Oligo-dT chromatography multi-factorial results from ÄKTA PCC batch runs for assessing the impact of Gu-HCl load salt con-

centration CPP, mRNA load concentration CPP, and load flow rate CPP on mRNA yield KPI (measured by AEX HPLC). (B) Two-dimensional projection plots of (A) onto the

side, rear, and bottom planes. Red lines, Gu-HCl concentration at 0.3 M; blue lines, Gu-HCl concentration at 0.6 M; black lines, Gu-HCl concentration at 0.9 M.
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and mRNA load concentrations due to the reduced contact time be-
tween mRNA and the oligo-dT matrix. While load volume remained
unchanged, increasing the mRNA load concentration with other two
input factors constant generally lead to higher yield.48Moreover, with
the load Gu-HCl concentration at the low level (0.3 M), the yield can
reach more than 80% of the maximum value when the load flow rate
is at a low or medium level (1 or 3 mL/min) and a low level of mRNA
load concentration. However, the yield decreases slightly when the
mRNA load concentration increases, because a higher flow rate and
a higher mRNA load concentration decrease the contact time between
mRNA and the oligo-dT matrix. With the conditions of medium or
high level of Gu-HCl (0.6 or 0.9 M), the yield started comparably
low when the corresponding mRNA load concentration was at a
low level (0.3 mg/mL) and it improved significantly with the increase
in mRNA load concentration (0.5 and 0.7 mg/mL) at a low or me-
dium load flow rate (1 or 3 mL/min). A high salt concentration leads
to a decrease in electrostatic repulsion between the mRNA and
oligo-dT matrix, allowing more mRNA to be loaded to the oligo-dT
column.12 Interestingly, for medium level of Gu-HCl concentration
(0.6 M) with mRNA load concentration above medium level
(0.5 mg/mL) along with all-load flow rate conditions, the yield sur-
passes that of other runs with medium or high levels of Gu-HCl con-
centrations (0.6 and 0.9M). The results indicate that themedium level
of salt concentration is optimal, as a too-low salt concentration does
not provide sufficient charge suppression between the negatively
charged phosphate backbones of mRNA and oligo-dT matrix, and
excessive salt can reduce the affinity of the oligo-dT to the mRNA
due to the competition between the salt ions and the oligo-dT for in-
teractions with poly(A) tails of mRNA.13 At high salt concentrations,
mRNA precipitation can also occur, reducing the amount of mRNA
available to bind to the oligo-dT ligands. ANOVA was performed to
determine the most significant input factor among three inputs. As
shown in Equation S1 and Tables S7 and S8, the most significant
input factor is mRNA load concentration, which has the highest
F value and lowest p value.

These results indicate that mRNA load concentration CPP has a sig-
nificant impact on the yield KPI for all tested salt types. The salt con-
centration CPP also has a significant impact on the yield KPI.
Furthermore, load flow rate CPP has a medium-level impact on yield

Figure 4. Chromatogram of the continuous oligo-dT

results performed at load salt concentration of 600 mM

Gu-HCl, mRNA load concentration of 0.23 mg/mL and

load flow rate of 4 mL/min

In total, 3 cycles of 12 load-elutes were performed using 1 mL

monolith oligo-dT columns, with a total run time of 70 min

excluding the start-up equilibration and shut-down phases. In

this run, 41.44 mg of mRNA was purified.

KPI, and its combinations with other CPPs, such as
mRNA load concentration, lead to varied impacts
on the yield KPI. Nevertheless, it is important to
note that load salt concentration CPP, load flow

rate CPP, and mRNA load concentration CPP only have minimal im-
pacts on the mRNA purity and integrity CQAs.

Four-column continuous oligo-dT chromatography

Based on the batch optimization performed, the continuous oligo-dT
affinity chromatography method was designed by adopting the
optimal loading buffer of 600 mM Gu-HCl to demonstrate the possi-
bility of using periodic counter-current chromatography (PCC) for
continuous downstream purification of in vitro transcribed mRNA.
eGFP mRNA (11 mg/mL) after an IVT reaction was diluted to
0.23 mg/mL with the optimized binding buffer and used in contin-
uous chromatography; 20 mL was set to be loaded for each column
with the flow rate of 4 mL/min. The flow rate was set at a higher value
to reduce the running time for the initial tests, and this was to be opti-
mized in the subsequent experiments. In total, 12 load-elute loops
were performed, which utilized approximately 190 mL of the diluted
load sample, as the Breakthrough UV absorbance at 280 nm guided
the column switch.

As shown in the chromatogram in Figure 4, each cycle is composed of
a four-column load-elute operation. The UV sample curve in blue
shows a continued, non-stop loading for the entire process, benefiting
the column switch mechanism described in the section above. The
column switch interval is regulated by the UV breakthrough curve
indicated in green, and the positions of the column switches move
the load to the following columns when the curve reaches the break-
through point. The chromatogram also showed a periodic and consis-
tent elution, which was highlighted in red, where eluted eGFP mRNA
was collected. The slight deviation of the peaks of UV elution in
different loops was caused by the slight differences in the quality of
the four columns, although the comparison should be made based
on peak area rather than peak height. The loss of mRNA during
the continuous chromatography run has been minimized to 6.5%
(2.83 mg loss compared with the total load of 44.27 mg). This is
due to (1) having two columns in the loading zone that allows
capturing the breakthrough from the first column onto the second
column, (2) the post-load wash that contains mRNA product flows
to the third column, which at that stage has no mRNA bound and
is ready to bind mRNA in the wash, and (3) the UV breakthrough
signal after the first column in the loading zone is used to guide the
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column switch, ensuring optimal column loading amounts. Eluted
samples of three cycles have been collected, corresponding to 12
load-elute loops. The results have shown a considerably high yield
(93.62%) of 41.44 mg purified out of 44.27 mg load measured by
AEX HPLC, greater than 95% mRNA integrity measured by CGE,
and greater than 99% purity for all elution fractions (without detect-
ing any NTP impurities), as measured by AEX HPLC. The flow-
through was also collected, and it did not show the presence of
mRNA. As the entire continuous chromatography process took
70 min, excluding the initial equilibration and shut-down phases,
with only 1 mL of the chromatographic resin applied at a time,
41.44 mg of mRNA was purified, the productivity was calculated as
0.92 mg/min/mL, which is significantly higher than that the produc-
tivity (0.30 mg/min/mL) of the batch chromatography. Continuous
chromatography runs were also performed to purify severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) Spike protein
mRNA from unpurified crude IVT, see Figure S4, with similar
CPPs, CQAs, and KPIs to eGFP mRNA continuous chromatography
purification from unpurified crude IVT.

Four-column continuous oligo-dT chromatography for

determining themulti-factorial relationship of load flow rate and

mRNA load concentration with the process time, mRNA yield,

mRNA integrity, mRNA purity, and productivity

Another DoE varying the eGFP mRNA load concentration at 0.1,
0.25, and 0.4 mg/mL in 80 mL load volume (20 mL for each column
load) corresponding with load flow rates of 2, 4, and 6 mL/min in
continuous chromatography was performed for testing the effects
of flow rate and mRNA load concentration CPPs on process time,
mRNA yield and productivity KPIs, along with mRNA integrity
and purity CQAs. In total nine continuous chromatography runs
have been completed in triplicates (each run comprised of four loops)
with 600 mMGu-HCl as the loading salt. As shown in the chromato-
gram of Figure 5A, for the first three tests with the load concentration
of 0.1 mg/mL, only four elution peaks were observed. However, for
tests three through nine, five elution peaks were observed even though
only four loops had been programmed. This was due to higher
loading concentrations that causedmRNA breakthrough into the sec-
ond column in the loading zone, and the extra peak was the elution
from the column, which captured the breakthrough.

As shown in Figure 5B, all eluted analytes have shownmore than 95%
mRNA integrity and greater than 99% purity as no NTPs have been
detected, which indicates that load flow rate and mRNA load concen-
tration CPPs have very little impact on mRNA integrity CQA and
mRNA purity CQA. Nevertheless, as shown in the results of tests
seven to nine, the mRNA yield decreased significantly when the

load flow rate increased from 2 to 6 mL/min at high mRNA load con-
centrations of 0.4 mg/mL. This can be explained by (1) a reduced con-
tact time between the mRNA and oligo-dT ligands at high flow rates
and (2) column overloading with 8mgmRNApermilliliter of column
volume at high mRNA concentrations. The percentage yield, process
time, and productivity are shown in Figure 5C; it is worth noting that
the first six tests have shown yields of approximately 95%, with 0.1
and 0.25 mg/mL mRNA load concentrations; however, the percent-
age yield was greatly decreased when the mRNA load concentration
was increased to 0.4 mg/mL. The process time of the continuous chro-
matography was only affected by the load flow rate, and it excluded
the start-up equilibration and shut-down phases. The productivity
was impacted by the process time and the amount of resin applied,
only 1 mL of the chromatography resin was fully utilized during
the continuous chromatography process. Notably, higher mRNA
load concentration and higher flow rate led to generally higher
productivity; however, the percentage yield was decreased signifi-
cantly when the mRNA load concentration was at the high level
(0.4 mg/mL) due to column overloading. ANOVA was performed
as shown in Equation S1 and Tables S9 and S10, mRNA load concen-
tration has a greater impact on yield compared with load flow rate.
The productivity KPI, along with the other CQAs and KPIs, will guide
further development and scale-up.

DISCUSSION
A multi-column continuous oligo-dT chromatography process is
crucial for mitigating the shortcomings related to productivity
observed in a single-column oligo-dT chromatography process oper-
ated in batch mode. Moreover, it will serve as the vital link between
the continuous synthesis and formulation processes in an inte-
grated/end-to-end closed manufacturing system. A continuous
mRNA manufacturing system complements the inherent platform’s
ability to produce mRNA-based products. Such amanufacturing plat-
form with a fully defined design space based on the QbD framework
can also accelerate the regulatory approval process. In this study, a
continuous oligo-dT chromatography system was developed for the
downstream purification of in vitro-transcribed mRNA and showed
more than 90% yield, 95%mRNA integrity, and greater than 99% pu-
rity, which matched the same CQAs of mRNA purified using oligo-
dT chromatography.9,50 The improvements seen in the cost and pro-
ductivity KPIs are because for each bind-elute cycle, a maximum of
approximately 5 mg of mRNA can be purified per milliliter of
oligo-dT resin using continuous chromatography. In comparison,
only approximately 4 mg of mRNA per mL of oligo-dT resin can
be purified in batch. Moreover, the productivity has also improved
by a factor of 3 when transitioning from batch to continuous chroma-
tography. The highest productivity obtained in batch mode after

Figure 5. Oligo-dT chromatography chromatogram from ÄKTA PCC continuous runs for assessing the impact of mRNA load concentration CPP and the

load flow rate CPP on the mRNA yield KPI (measured by AEX HPLC), mRNA integrity CQA (measured by CGE) and mRNA purity CQA (measured by AEX

HPLC)

The load volume was 80 mL (20 mL for each column load-elute) per test. The mean CQA and KPI values are shown by dots, and error bars represent standard deviation for

three replicates (n = 3) of tests 1–9. (A) Chromatograms of the 9 oligo-dT continuous chromatography tests. LC, load concentration (mg/mL); LFR, load flow rate (mL/min). (B)

Yield (mg), mRNA integrity (%), and mRNA purity (%) of the nine tests. (C) Yield (%), process time (min), and productivity (mg/min/mL) of the purification runs.
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optimization was 0.30mg/min/mL, while the highest productivity ob-
tained in continuous mode after optimization was 0.92 mg/min/mL
with a more than 90% yield. The increase in productivity of the
continuous chromatography is significantly higher than that of the
batch run if the purification is performed continuously for a longer
time. If we compare the productivity for a 24-h period, the continuous
chromatography productivity at 0.92 mg/min/mL is 5.75-fold higher
than the batch at 0.16 mg/min/mL (see supplemental material section
1.1 for details). This is due to the start-up equilibration and shut-
down CIP requirement for each run in batch mode and the prepara-
tion time of 5 min between batch runs. By assessing the operating
costs of the chromatography unit operation, it is estimated that a
15% operating cost reduction is achievable when transitioning from
batch to continuous chromatography (see supplemental material sec-
tion 1.2 for details). Additional savings of fixed costs can be realized in
continuous chromatography mode due to (1) increased productivity
therefore reduced facility footprint and reduced facility cost require-
ments, as well as (2) reduced labor requirements due to automation
available in continuous mode. The cell transfection work was per-
formed to demonstrate the functionality of the purified mRNA, the
details are given in section 1.3 of the Supplemental Material and Fig-
ure S1. The results have shown that the mRNA purified by the batch
and continuous chromatography expressed proteins in cultured cells.

Moreover, a QbD framework was established to assess the oligo-dT
chromatography unit operation both in batch and in continuous
modes for investigating the impact of CPPs and CMAs on CQAs
and KPIs. The productivity KPI is affected by the process time, yield
and the resin applied, higher load flow rate and mRNA load concen-
tration generally lead to higher productivity, however, increasing flow
rate and mRNA load concentration may lead to a reduced percentage
yield. Thus, it is imperative that the productivity KPI and the yield
KPI are considered concurrently to ensure a comprehensive assess-
ment. The further characterization of CMAs, CPPs, CQAs, and
KPIs will follow an iterative cycle based on the QbD framework.

The oligo-dT chromatography method is versatile and it was utilized
to purify multiple mRNA sequences in batch mode.9,11,51,52 In our
work, oligo-dT chromatography translated well from batch to
continuous and was used to purify both eGFP mRNA (c.f. Figures 2,
3, 4, and 5) and SARS-CoV-2 Spike protein mRNA (c.f. Figure S3 in
the Supplemental Material). Similar continuous chromatography
processes were adapted from batch from batch to continuous for
the purification of proteins and other biopharmaceuticals.43,53–57

Therefore, we consider that continuous multi-column oligo-dT is
suitable for purification of a wide range of mRNA molecules that
contain a polyA tail directly from unpurified crude IVT. As a conse-
quence, continuous oligo-dT chromatography can be considered as
a platform process for the multi-sequence, multi-product mRNA
vaccine and therapeutics manufacturing downstream purification.
Moreover, variation of the IVT composition around the yield-
optimal conditions did not impact the performance of the optimized
batch or continuous oligo-dT chromatography. The true benefits of
the continuous chromatography process will be realized when the

entire manufacturing process is operated continuously, rather than
only a single continuous unit operation in isolation. This is because
in a continuous manufacturing process, all unit operations are used
simultaneously in sync with each other, contrary to conventional
batch manufacturing when most unit operations are idle or underu-
tilized, further compounded by the holdups of batch-release testing.
The advantages of the continuous manufacturing process also
include the flexibility in production throughput with less scaling
up/down requirements, greater productivity, steady state optimal
operation, lower footprint for equipment and facility, and suitability
for closed system integration.58

However, there are challenges of continuous multi-column chroma-
tography relative to batch chromatography, including (1) more com-
plex equipment with intricate flow paths, (2) higher equipment pur-
chase costs, and (3) the need for highly trained operators to run the
process. Nevertheless, fewer operators are required per unit amount
of purified mRNA for continuous chromatography compared with
batch chromatography due to the greater productivity and increased
automation of continuous chromatography.

In future work, additional quantification of process-related and prod-
uct-related impurities will be beneficial. The purity of mRNA in this
study was assessed using a new and rapid HPLC method developed
in-house59 based on quantifying the percentage of mRNA relative
to NTPs and template DNA using UV detection. Process-related im-
purities worth assessing and quantifying in future work include (1)
residual enzymes and proteins (e.g., T7 RNA polymerase, inorganic
pyrophosphatase, RNAse inhibitors, E. coli host cell proteins intro-
duced with protein and template DNA material produced in
E. coli), (2) endotoxins originating from protein and template DNA
material produced in E. coli, and (3) low levels of residual template
DNA and host cell DNA carried over from E. coli.60 The use of enzy-
matically synthesized template DNA might reduce the amount of
process-related impurities or change the impurity profile. A more
challenging purification problem is the removal of product-related
impurities, which include immunogenic double-stranded RNA, abor-
tive transcripts, truncated RNA, and RNA-DNA hybrids.60 The
removal of dsRNA impurities is especially important for mRNA ther-
apeutic applications.39,61,62 For this, more sensitive analytical
methods are needed with lower limits of detection and lower limits
of quantification. In-line or on-line real-time process analytical tech-
nology for CQA and KPI monitoring and control would further
improve the continuous chromatography purification of mRNA.

Further development will involve scaling up the chromatography pro-
cess and testing the robustness of the newly developed process, which
will be aided by the QbD framework and the set of CQAs and KPIs
presented here. It is also worth mentioning that this study has not
fully validated all CQAs or KPIs and CPPs or CMAs listed in the
QbD framework and their relationships due to limitations of re-
sources. However, this research has tested the most significant and
direct factors that affect the quality of mRNA-based products. More
tests, including lab and in-silico experiments can be performed to
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further validate the QbD framework presented here. It is important to
note that no mRNA vaccines have been developed until now under a
fully validated QbD framework, but the increased technological and
computational capabilities are now paving the way toward a cost-
effective, transferable, fully continuous platform production process
for mRNA vaccines and therapeutics.

MATERIALS AND METHODS
mRNA transcripts

The IVT reaction was performed using previously described compo-
nents.63,64 The eGFP mRNA transcript consisting of 995 nucleotides
(nt) and SARS-CoV-2 Spike protein mRNA transcript consisting of
4284 nt were prepared using IVT with the linearized eGFP and
SARS-CoV-2 Spike protein plasmid template DNA provided by Gen-
script Biotech Corporation. In addition to template DNA, IVT reac-
tions utilized, T7 bacteriophage DNA-dependent RNA polymerase
(Takara Bio Europe; Roche; New England Biolabs) and ribonucleo-
tide triphosphates ATP, CTP, GTP, and UTP (Roche; New England
Biolabs) (%40 mM total). The reaction was further supplemented
with magnesium acetate (Sigma-Aldrich), HEPES buffer (pH 7)
(Roche), dithiothreitol (Roche), NaCl (Sigma-Aldrich), and spermi-
dine (Roche). Inorganic pyrophosphatase (Roche; New England Bio-
labs) was also added to the reaction to prevent magnesium pyrophos-
phate precipitation. RNase inhibitor (Roche; New England Biolabs)
was added to maintain an RNase-free environment. The IVT reaction
was incubated at 37�C for 2 h, after which it was quenched by adding
200 mM EDTA. After IVT, the mRNA was purified for an initial
check by solid phase extraction using Monarch RNA Cleanup kit
(New England Biolabs), followed by the measurement of mRNA con-
centration using the NanoDrop OneC spectrophotometer (Thermo
Fisher Scientific) by measuring absorbance at 260 nm with auto-
ranging pathlength in the 0.030–1.0 mm range.65

Chromatography buffer preparation

All oligo-dT affinity chromatography buffers were freshly prepared
with European Pharmacopoeia grade nuclease-free water, and molec-
ular biology grade reagents. Materials used to prepare buffers include
sodium phosphate monobasic solution (Sigma-Aldrich), sodium
phosphate dibasic (Sigma-Aldrich), NaCl solution (Sigma-Aldrich),
and EDTA solution (Thermo Fisher Scientific) and Gu-HCl solution
(Thermo Fisher Scientific). Sodium phosphate solution, pH 7.0, was
prepared by mixing sodium phosphate monobasic solution and so-
dium phosphate dibasic solution with a ratio of 39:61. Buffers used
for oligo-dT chromatography include (1) equilibration and binding
buffer, 50 mM sodium phosphate buffer, 0.2–1.2 M NaCl or Gu-
HCl used as salt, 5 mM EDTA and nuclease-free water, pH 7.0; (2)
elution buffer, nuclease-free water, pH 7.0; and (3) CIP buffer,
0.5 M NaOH.

Batch chromatography method for frontal optimization

The optimization of loading parameters was first performed in batch.
As illustrated in Figure S2A, A one-column load-elute method was
designed and used on the ÄKTA PCC system (Cytiva) to perform
the frontal experiments in batch with the CIMmultus Oligo dT18

1 mL monolithic column (Sartorius) at room temperature. This
method started from an equilibration phase, washing the column
with equilibration buffer at the flow rate of 5 mL/min for 20 mL.
The IVT mixture was diluted with the binding buffer to 0.7 mg/mL
and 15 mL of the diluted load sample, including 5 mL for pump
wash, was loaded into the column for each load-elute run at the
flow rate of 2 mL/min. The column was overloaded with approxi-
mately 6 mg of mRNA per milliliter of the column resin to determine
the maximum binding capacity. The load phase was followed by a
wash phase pumping equilibration buffer into the column at
5 mL/min for 20 mL, then the column was eluted with 10 mL elution
buffer at 2 mL/min flow rate. Finally, the column was washed with
20 mL of CIP buffer at 5 mL/min flow rate.

Continuous chromatography method

An ÄKTA PCC system composed of three sets of binary pumps with
multiple inlets and outlets, a UV sample detector (280 nm), a break-
through UV detector (280 nm), a flow-through UV-vis detector
(280 nm), a multi-wavelength elution UV detector (set at 280 nm),
a conductometer and a pH monitor were utilized for continuous
chromatography. UNICORN Version 7.8 (Cytiva) software was
used for method editing, system control and data acquisition. Four
1-mL CIMmultus Oligo dT18 1 mL monolithic columns were used
to perform the continuous chromatography experiments.

In the multi-column continuous chromatography system, multiple
operation phases take place on different columns simultaneously
to ensure the continuity of the chromatography process. The contin-
uous chromatography method starts from an equilibration and
start-up phase when all four columns are washed simultaneously
with 20 mL of equilibration buffer per column at the flow rate of
5 mL/min. The loop then starts as the schematic in Figure S2B
shows, while column one is loaded at 4 mL/min for 20 mL, column
two is connected in series to column one to catch the breakthrough
from column one. Simultaneously, column three is undertaking
regeneration with CIP buffer and equilibration at 10 mL/min for
25 mL and 20 mL, respectively, and column four is performing
wash and elution at 10 mL/min for 30 mL and 10 mL, respectively.
When the loading to column one is completed, columns switch to
wash the weakly bonded mRNA from column one to column three
at 10 mL/min for 10 mL. Meanwhile, column two is loading inde-
pendently, and column four performed regeneration. The columns
then switch again to load column two to column three and other col-
umns are performing different phases in sequence continuously as
programmed. The close-down phase is conducted when the desired
number of loops are completed, washing all columns with CIP buffer
at 5 mL/min for 10 min and then equilibration buffer at 5 mL/min
for 10 min.

Analytical methods

The yield KPI was measured using AEX HPLC.59Using Figure S3B as
an example, the mRNA and NTPs quantification analysis was per-
formed by separating the mRNA sample from the individual NTPs,
this can be seen in the chromatogram of the load. Chromeleon
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software Version 7.2.10 (Thermo Fisher Scientific) was used to calcu-
late the peak areas and compare them with calibration curves for each
of the NTPs and the mRNA, to quantify their concentrations in
the sample. AEX HPLC was performed using an UltiMate 3000
HPLC system (Thermo Fisher Scientific) with a DNAPac PA200
(50 mm � 2.1 mm I.D., Thermo Fisher Scientific) column at a tem-
perature of 25�C. The sample was diluted 1 in 10 times in nuclease-
free water to a final concentration of 50–100 ng/mL. The AEX column
was injected with 5 mL of the sample. After an initial 3 min equilibra-
tion step at 100% mobile phase A (10 mM NaOH), a series of linear
gradients were performed as follows: 0%–15% B (10 mMNaOH, 2 M
NaCl) in 2min, 15%–55% B in 1min, 55%–65% B in 1min, and 65%–
100% B in 1 min all at a flow rate of 0.5 mL/min. Following this, a
wash step of 100% B was performed before a linear gradient of
100% to 0% B in 0.1 min and a re-equilibration step of 100% A in
0.4 min, again, all at a flow rate of 0.5 mL/min. Detection of nucleic
acids and NTPs was carried out using UV absorbance at the wave-
length of 260 nm. Moreover, the yield was also measured by the
UV absorbance at 260 nm using the NanoDrop One C Microvolume
UV-Vis Spectrophotometer (Thermo Fisher Scientific) after silica
spin column purification using the Monarch RNA Cleanup Kit
500 mg (New England Biolabs), for initial yield measurement af-
ter IVT.

The mRNA purity CQA was also measured simultaneously with yield
by AEX-HPLC, as details given above. The Chromeleon software
Version 7.2.10 (Thermo Fisher Scientific) was used to calculate the
level of NTPs remaining in the analytes and compared themwith cali-
bration curves, examples are shown in Figure S3B.

The mRNA integrity CQA was measured by CGE, separating and de-
tecting fragments of mRNA based on their sizes was performed on a
5200 Fragment Analyzer System (Agilent).66 This method uses the
DNF-471 RNA Kit (15 nt) (Agilent), which is composed of RNA sep-
aration gel, dsDNA inlet buffer, TE rinse buffer, intercalating dye,
RNA diluent marker (15 nt), RNA ladder (from 200 to 6,000 nt),
capillary conditioning solution. The capillary cassette used was FA
12-Capillary Array Short, 33 cm (Agilent). For this method, the puri-
fiedmRNA sample was diluted 1 in 10 in nuclease-free water to a con-
centration of around 50 ng/mL, then 1 in 12 in RNA diluent marker to
a final concentration of around 4 ng/mL. Before each separation, a
pre-run voltage was applied (8 kV for 30 s), the capillaries were condi-
tioned with the conditioning solution and the capillaries were dipped
twice in the rinse buffer. After this, the capillaries were filled with
RNA separation gel (by pressure) and then the sample was introduced
using a voltage injection (5 kV for 4 s). The separation was then con-
ducted by applying a voltage of 8 kV for 45min. Detection was carried
out using laser-induced fluorescence, by fluorescent dye tagging of the
RNA (intercalating dye in the separation gel). Examples of CGE anal-
ysis are shown in Figure S3A. The analytical measurement errors for
AEX-HPLC, UV-spectroscopy and CGE are provided in Table S1.
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