
Analytical
Methods

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
lu

gl
io

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
3/

06
/2

02
6 

04
:3

1:
00

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A (RP)UHPLC/UV
aDepartment of Biochemical Engineering, U

London, WC1E 6BT, UK. E-mail: marco.mar
bDepartment of Bioengineering, iBB—Instit
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analytical method to quantify
dsRNA during the mRNA vaccine manufacturing
process†

Sara Sousa Rosa,‡abc Shuran Zhang,‡a Yustika Saria and Marco P. C. Marques *a
dsRNA is a product related impurity produced during the mRNA

manufacturing process. The established immuno-based detection

methods lack the flexibility and speed required to be applied

throughout the manufacturing process. The RP-HPLC method

developed outperforms these in terms of precision, broader detection

range, LOD and LOQ, as well as in output variance. Using this method,

dsRNA can be quantified in under 30 min for a single sample.
Introduction

There has been widespread interest in mRNA vaccines within
both academia and industry since the COVID-19 pandemic.
Today, there are over 60 ongoing clinical trials that use mRNA
vaccines for a variety of treatments that include prophylactic
and cancer treatments, protein replacement and gene editing.1

When compared with traditional vaccine platforms, mRNA
vaccines present a number of advantages, namely the fast
production, the safety prole, and the vaccine effectiveness.
From a clinical andmanufacturing point-of-view, consistency of
high-quality products is required with little batch-to-batch
variability. This can only be achieved with a precise product
characterisation and a tight manufacturing process control.
Therefore, analytical procedures that rigorously characterise the
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mRNA and impurities (process- and product-related impuri-
ties)2 throughout the manufacturing process are required.3

mRNA vaccines are usually produced in a cell-free system
where a linearised DNA strand is in vitro transcribed (IVT) into
a mRNA strand. RNA polymerases (e.g. T7 RNA polymerase)
transcribe the DNA with nucleotides as co-substrates to produce
grams per litre of mRNA.4–7 Other reaction components include
co-factors, enhancers and additional enzymes, with tempera-
ture and pH as critical reaction parameters. The exploration of
different reaction conditions coupled with a tight production
characterisation8 led already to an improvement in reaction
yields, with reported production in the range of 12 g L−1.7,9

However, despite the tight control, there are impurities
produced throughout the IVT process. These can be classied
into process related (enzymes, residual NTPs, or the DNA
template) and product related impurities (malformed
mRNAs).2,7 During the IVT reaction, the T7 RNA polymerase can
release truncated mRNA molecules, or produce complementary
RNA strands that can hybridise and produce double-stranded
mRNA (dsRNA). The presence of this particular impurity in
the nal product must be avoided since it can impact trans-
lation and trigger a strong immune response,10which ultimately
can lead to an uncontrolled immune-inammatory reaction.11

In the absence of dsRNA, protein expression within cells can be
increased by 10–1000 fold.12 Therefore, optimised reaction
conditions or new purication methods are necessary to elim-
inate dsRNA as well as precise analytical procedures to quantify
this impurity. Nevertheless, there is still a lack of dened
concentration limits that are established by the regulatory
agencies for dsRNA.3

From a reaction optimisation perspective, multiple
approaches have been followed to reduce dsRNA such as engi-
neering T7 RNA polymerase,13,14 or blocking the 30 end with
complementary oligonucleotides to avoid overextension.15 New
chromatographic modalities can be applied, exploring physico-
chemical differences between mRNA and dsRNA.16 Nonetheless,
dsRNA needs to be carefully monitored during the
manufacturing process itself and in the nal product.3
This journal is © The Royal Society of Chemistry 2024
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Analytically, dsRNA can be detected and characterised by several
methods, including electrophoresis,17,18 immunoassays that use
anti-double-stranded RNA antibodies such as dot blot, ELISA or
lateral ow strip assay (LFSA),19 and asymmetric ow eld ow
fractionation (A4F),20 or even chromatographic methods.8,21–23

Nevertheless, there is a lack of well-established methods that can
be applied in the manufacturing process which will quantify
dsRNA that meet the regulatory requirements,24 are quick,
specic and minimise impurity interference, and can be easily
adapted to the different process stages, from the production to
the different purication steps, and to the different modalities of
the mRNA process (batch, fed-batch, or continuous).

In this communication, we explore a method to quantify
dsRNA in the different stages of the manufacturing process. A
previously established reverse-phase HPLC method that quan-
ties total mRNA was coupled to an enzymatic digestion step
that digests ssRNA, allowing us to directly measure dsRNA. The
developed RP-HPLC method achieved lower limit of detection
(LOD) and limit of quantication (LOQ), 1.41 × 10−2 ± 1.78 ×

10−3 g L−1, and 4.27 × 10−2 ± 5.4 × 10−3 g L−1, respectively,
compared to the current golden standard, the dot blot.
Furthermore, the decision limit (CCa, 9.95 × 10−2 ± 1.26 ×

10−3 g L−1) and detection capability (CCb, 1.70 × 10−2 ± 2.14 ×

10−3 g L−1) are low, and obtained for a single sample under
30 min when compared with standard methods (e.g. ELISA and
dot blot assay).3 HPLC outperformed these and proved to be
precise, and less prone to operational errors, even in spiking
studies with process-related impurities (NTPs and DNA) where
minimal variance in quantication is observed. The imple-
mented RP-HPLC is robust to use during the mRNA
manufacturing process and that can be adapted for Process
Analytical Technology (PAT) purposes in the future.

Materials and methods

Unless otherwise stated, all chemicals and reagents were
purchased from Thermo Fisher Scientic (UK).

Template plasmid DNA production

Template design and plasmid production was performed as
previously described.7 Briey, GFP gene (GenBank Accession #
AAB02572.1) is anked by 50UTR containing the T7 RNA poly-
merase promoter, eukaryotic translation factor binding site and
a Kozak consensus sequence,25 and by a 30UTR composed of two
b-globin tandem repeats followed by a 120 bp poly-A tail
segmented with a 6 bp.26 A pUC7 containing a kanamycin
resistance is used as a plasmid vector with plasmid propagation
performed in e. coli NEB 10-beta (New England Biolabs, UK).
The pDNA is obtained by performing an overnight culture in LB
media at 37 °C and puried using the GeneJET Plasmid Mini-
prep Kit.

Template production by touchdown polymerase chain
reaction

The forward and reverse primers were previously described.7 A
T7 RNA polymerase promoter sequence was added to the 50 end
This journal is © The Royal Society of Chemistry 2024
of the complementary strand using the reverse primer. The DNA
template for mRNA IVT is produced by touchdown PCR (Applied
Biosystems™ Veriti™ 96-Well Thermal Cycler, Thermo Fisher
Scientic, UK). Briey, the reaction mixture comprises 250 ng
mL−1 of template plasmid, 0.4 mM of forward and reverse
primer, 1× VeriFi™ Buffer, 1× VeriMax Enhancer, and 0.02 U
mL−1 high-delity VeriFi™ DNA polymerase (PCR Biosystems,
UK). The PCR conditions for the denaturation step are 98 °C for
30 s, 20 cycles with a denaturation step at 94 °C for 15 s, an
annealing step at 65–55 °C for 30 s and an extension step at 72 °
C for 45 s. This is followed by 20 cycles of an annealing step at
55 °C for 30 s and an extension step at 72 °C. The nal extension
is performed at 72 °C for 2 min. The obtained PCR product is
puried and concentrated using a GeneJET PCR Purication
Kit. Final concentrations are quantied on a NanoDrop™ One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher
Scientic, UK).

dsRNA in vitro transcription reactions

dsRNA is produced in an IVT reaction using previously
described reaction conditions.7 Briey, 89 nM DNA template is
mixed with 7.7 mM NTPs, 5.3 mM dithiothreitol, 50 mM
magnesium acetate, 40 mM Tris–HCl pH 6.8, 2.3 mM spermi-
dine, 8 U mL−1 inorganic pyrophosphatase and 7750 U mL−1 of
T7 RNA polymerase. To this mix, 1500 U mL−1 RNase inhibitor
is added to avoid degradation. Themixture is incubated at 43 °C
for two hours on an Applied Biosystems™ Veriti™ 96-Well
Thermal Cycler (Thermo Fisher Scientic, UK). Aer incuba-
tion, the produced strands of RNA are annealed to form dsRNA
by diluting the reaction mixture twice with WFI and incubating
in a decreasing temperature gradient (from 85 °C to 30 °C) with
a 2 min step at each temperature.

dsRNA purication

The DNA template and the remaining mRNA are digested using
TURBO™ DNase, and RNase T1, respectively. The enzymes are
added to the IVT samples to a nal concentration of 0.04 U mL−1

(TURBO™ DNase), and 20 U mL−1 (RNase T1). The samples are
incubated at 37 °C for 30 min and puried aerwards using
a MEGAclear™ Transcription Clean-Up kit. Aer purication,
the dsRNA is precipitated overnight at −20 °C by adding
500 mM pH 5 ammonium acetate and 2.5 volumes of ethanol.
The samples are centrifuged at 15 000 × g for 15 min and the
supernatant was discarded. The pellet is air dried and WFI
water is added to resuspend the pellet to the desired nal
concentration. Concentration is determined on a NanoDrop™
One Microvolume UV-Vis Spectrophotometer (Thermo Fisher
Scientic, UK) using a conversion factor of 47 mg mL−1

Abs260
−1.27

Analytical methodologies

Gel electrophoresis. Samples obtained from the IVT were
digested with T1 RNAse as previously described and analysed by
gel electrophoresis.7 Briey, a 2% (w/v) agarose gel was prepared
with 0.5× TBE buffer with 5.5 mM magnesium chloride and
prestained with SYBR® Safe DNA Gel Stain and run at 100 V for
Anal. Methods, 2024, 16, 5146–5153 | 5147
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Table 1 Concentration of dsRNA DNA and NTP concentrations used
for the spiking studies

Species

Concentration

Min. Max.

RNA (g L−1) 0.1 0.4
DNA (nM) 10 90
NTPs (mM) 2 7.5
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one hour. A 1 kb Plus DNA Ladder (New England Biolabs, UK)
was used for analysis.

The samples were blotted onto a 0.45 mm nitrocellulose
membrane using a pipette tip. The membrane was dried and
incubated with 3% (w/v) of BSA (Sigma-Aldrich, USA) in 1× PBS–
Tween buffer, containing 1× PBS (10 mM sodium phosphate,
2.68 mM potassium chloride, and 140 mM calcium chloride)
and 0.05% (v/v) of Tween-20 (Sigma-Aldrich, USA), for an hour at
22 °C. The membrane was subsequently incubated for an hour
with 1 : 1500 dilution of SCICONS™ J2 mouse anti-dsRNA IgG2a
monoclonal antibody (Nordic-MUbio, Netherlands) as primary
antibody using 3% (w/v) BSA in 1× PBS–Tween buffer. The
membrane was washed by incubating for 5 min in the PBS–
Tween buffer and repeated three times. Aerwards, the
membrane was incubated with 1 : 2000 dilution of secondary
antibody, mouse IgG horseradish peroxidase (HRP)-conjugated
antibody (R&D Systems, UK) for an hour, followed by three
washing steps. Prior to the chemiluminescence exposure, the
membrane was treated with the Pierce™ ECL western blotting
substrate and incubated for 3 min. All the incubation steps were
performed at 22 °C. The visualisation was performed through
chemiluminescence exposure using an Amersham™ Imager
600 (GE Healthcare, UK).

Reverse-phase high performance liquid chromatography.
HPLC analysis7,28 was performed on an UltiMate 3000 UHPLC
System (Thermo Fisher Scientic, UK) equipped with a VWD-
3400 RS Rapid Detector. All species were analysed on a RP-
DNApac column (2.1 × 100 nm, Thermo Fisher Scientic, UK)
at 80 °C with detection at 260 nm. The column was pre-
equilibrated with TAE buffer (100 mM Tris acetate, pH 7,
2.5 mM EDTA), with the initial ow rate set to 0.2 mL min−1.
Aer a 1 min washing step, the ow rate was increased to 0.35
mL min−1, at a gradient of 0.25 m min−1 gradient over 30 s. A
rst elution gradient is performed to 6% of the elution buffer
(TAE buffer, 25% acetonitrile) for 30 s at 0.35 mL min−1, fol-
lowed by a gradient of 0.4 mL min−1 over 4 min until 76.5%
elution buffer is reached, nalising with gradient to 100%
elution buffer for 1 min. The column is washed with the elution
buffer for 3 min and re-equilibrated with TAE buffer for 6 min at
0.4 mL min−1.

Enzyme-linked immunosorbent assay. The SCICONS anti-
dsRNA ELISA kit, J2 based (Nordic MUBio, NL) was used to
detect dsRNA. Briey, 96 well plates were treated with anti-
dsRNA coating antibody diluted in PBS and incubated over-
night at 4 °C. The plates were then incubated with 1% BSA in
PBS for 1 h at 37 °C and were washed with PBS–T (1× PBS with
0.5% Tween 20) three times. 100 mL of samples were added to
each well and incubated for 1 hour at 37 °C. Aerwards, the
plates were washed 4 times with PBS–T and incubated with the
anti-dsRNA antibody at 37 °C for 1 hour. Aer another washing
step, HRP-conjugated goat-anti mouse secondary antibody
diluted in PBS with 1% BSA is added and incubated at 37 °C for
1 hour. The plates are washed a nal time, and the TMB
substrate is added. The plates are incubated for 15 to 30 min at
22 °C. The reaction is stopped by adding H2SO4 to a nal
concentration of 1 M. The absorbance is read at 450 nm.
5148 | Anal. Methods, 2024, 16, 5146–5153
Spiking studies. Spiking studies were performed by mixing
dsRNA with DNA or NTPs (Table 1). RNA without any spiking
components, isolated NTPs and DNA and the mixture of both
impurities were used as controls. The dsRNA samples were
quantied using HPLC and dot blot methods.

Data and statistical analysis. All the statistical analyses were
performed in R. At least three independent experiments and
three dependent measures were performed for each experi-
ment, and all the data are presented as mean ± standard
deviation. One-way ANOVA followed by Tukey's test were used
for analysis. A p value < 0.05 was considered to indicate statis-
tical signicance. The normality plot of the residuals can be
found in ESI Fig. S1 and S2,† for the calibration curves and
dsRNA spiking studies, respectively. The Shapiro–Wilk test of
the ANOVA residuals was performed, and no violation of
normality was detected.

Range validation. The limits of detection (LOD) and quan-
tication (LOQ) were calculated based on the standard error of
the intercept (s) and the slope (S) of the calibration curves at
a signal-to-noise ratio of 3.3 (LOD) and 10 (LOQ),29 according to

LOD = 3.3s/S (1)

LOQ = 10s/S (2)

where S and s are the slope and standard deviation of the
response, respectively. The decision limit (CCa) and detection
capability (CCb) were calculated considering a 2.33 factor,
which corresponds to 1% of false positive risk, and a 1.64 factor,
which corresponds to a 5% false negative risk with regard to
CCa,24,30 according to

CCa = 2.33s/S (3)

CCb = CCa + 1.64s/S (4)
Results and discussion

We have explored reverse phase chromatography (RP-HPLC) for
the detection of dsRNA based on the physico-chemical proper-
ties of mRNA, namely the hydrophobicity.31 Preparative chro-
matography, namely ion-pair (IP-RP-HPLC), has already been
used to separate ssRNA from dsRNA.12,32 The ion-pairs added to
the mobile phase will interact with the negatively charged
backbone of oligonucleotides and will allow separation
This journal is © The Royal Society of Chemistry 2024
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according to the number of backbones available.33 In this work,
the mobile phase is composed of Tris buffer and EDTA, instead
of an ion-pair and thus the separation is achieved by the
hydrophobic portions present in the mRNA (e.g. poly(A) tail).28

To facilitate detection, it is necessary to ensure that solely
dsRNA is present in samples. To achieve this, an enzymatic
digestion prior to injection is performed using RNase T1.7,13 The
RNase T1 is an endoribonuclease that cleaves single-stranded
RNA at the guanosine residues. When added to an IVT reac-
tion, RNase T1 will digest all the ssRNA, and the dsRNA can be
directly quantied by RNA quantication methods. The semi-
quantitative assays such as the dot blot or ELISA can be per-
formed without the use of this additional enzymatic digestion
since they use specic antibodies (e.g. dsRNA antibody j2).34

However, with these assays, no direct read out of the samples is
possible and multiple assay preparation steps are oen
required, which can potentially increase the associated operator
error.

The RP-HPLC separates molecules according to its hydro-
phobicity (Fig. 1a). Small size impurities (e.g. reaction compo-
nents) do not usually bind to the stationary phase and are eluted
during the wash phase (rst peak in the chromatograms), while
mRNA is eluted during the gradient phase. This is achieved by
increasing the organic solvent concentration in the mobile
phase. Aer digestion with the RNase T1 enzyme, the digested
ssRNA is eluted during the wash phase while the dsRNA is
bound to the stationary phase and requires organic solvent to be
eluted. Aer digestion, there is a shi in the retention time of
the RNA peak. This can be attributed to the difference in the
molecular weight between dsRNA and ssRNA (Fig. 1b). The
dsRNA produced during IVT will have single stranded regions,
possible interacting with the stationary phase, while aer
digestion, only double stranded regions are present.

We have validated the HPLC method by analysing the
different regulatory requirements (e.g. specicity, range, accu-
racy, precision, and/or robustness24) and compare it to dot blot
and commercially available dsRNA detection ELISA kits (Fig. 2).
To achieve this, 6-point calibration curves were prepared with
dsRNA concentrations ranging from 0.025 to 1 g L−1, 0.05 to 1 g
L−1 and 0.005 to 0.075 mg L−1, for the HPLC, dot blot and
Fig. 1 Analysis of dsRNA by RP-HPLC and corresponding gel elec-
trophoresis of the samples. (a) Chromatographic profile of total mRNA
(yellow) and dsRNA before (blue) and after purification (green) ob-
tained by the developed RP-HPLC method. (b) Agarose gel electro-
phoresis of the total mRNA (initial) and after digestion with RNase T1
(digested).

This journal is © The Royal Society of Chemistry 2024
ELISA, respectively. The standard curves were evaluated using
three independent samples. In the HPLC method, linearity is
observed throughout the range of sample concentrations used
with a high correlation coefficient, R2 > 0.99 (Fig. 2a). In
contrast, the dot blot only presents a linear relationship at
concentrations below 0.8 g L−1 with R2 > 0.98 (Fig. 2b). However,
the residual evaluation data show that there is homoscedasticity
(ESI, Fig. S1.b†), which means that although the R2 is lower, the
variance between samples is similar. The ELISA method is most
specic of the methods evaluated, as it can detect the smallest
concentration of dsRNA. However, this assay has a very narrow
range of detection. Linearity is only achieved at concentration
below 0.07 mg L−1 (Fig. 2c) with a low correlation coefficient, R2

> 0.95. The lower correlation can be attributed to the high
sensitivity of the method which makes the process more prone
Fig. 2 dsRNA calibration curves and corresponding linear regression
obtained for the analytical method used: HPLC (a), dot blot (b) and
ELISA (c). Three independent linear regression analyses were per-
formed, and 3 independent samples were analysed.

Anal. Methods, 2024, 16, 5146–5153 | 5149
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to operator errors. The residual analysis (ESI, Fig. S1†) and the
respective model coefficient (p-value) evaluation show that there
is a strong correlation between the variables for the three
methods, conrming the goodness of t of the resulting
models.

The limit of detection (LOD) and limit of quantication
(LOQ) were calculated for the three methods (Table 2). ELISA
presents the lowest LOD and LOQ, 1.51 × 10−5 ± 3.21 × 10−6

and 4.56 × 10−5 ± 9.73 × 10−6 g L−1, respectively. The dot blot
presents the highest LOD (0.201± 0.06 g L−1) and LOQ (0.609±
0.181 g L−1) whilst the HPLC presents 14 times lower LOD and
LOQ (0.014 ± 0.002, 0.043 ± 0.005 g L−1), when compared with
dot blot assay.

The decision limit (CCa) and detection capability (CCb) were
evaluated for all methods. CCa represents the lowest concen-
tration obtained which is reliable (1% of false positive risk),
while CCb is the lowest concentration possible to measure with
an error probability of 5% (false negative risk).

ELISA assay presents the lowest CCa and CCb values (1.06 ×

10−5 ± 2.27 × 10−6 and 1.81 × 10−5 ± 3.86 × 10−6 g L−1) while
in contrast, dot blot presents the highest values (0.142 ± 0.042
and 0.242 ± 0.07 g L−1). Since ELISA presents the lowest LOD
and LOQ evaluated, it can be an ideal method to use with highly
pure samples with residual amounts of impurities, namely
dsRNA. Currently approved vaccines control the dsRNA levels to
be as low as possible throughout the manufacturing process35,36

with no dened value. Currently, the dot blot assay is the
method recommended to characterise dsRNA throughout the
mRNA manufacturing process3 and evaluation values obtained
support this. Nevertheless, the developed HPLC method shows
a larger detection range and limits, presenting itself as a more
versatile quantication method. Additionally, these ranges can
be extended as the maximum concentration of dsRNA that can
be quantied by HPLC is contingent on the saturation capacity
of the column itself, which can be adapted by selecting columns
of different diameters and lengths.

To evaluate further the accuracy and precision of the HPLC
method implemented, a spiking study was performed. Pure
dsRNA samples were spiked with two process related impurities
that typically can be present in process samples, namely NTPs
and the DNA template (Table 1). The concentrations of the
impurities tested are in the range commonly encountered in the
manufacturing process of mRNA vaccines. Additional controls
Table 2 Range characterisation of the three dsRNA quantification meth
(LOD), limit of quantification (LOQ), decision limit (CCa) and the detecti

Parameter

Analytical method

HPLC Dot blo

�x (g L−1) s (g L−1) �x (g L−1

LOD 1.41 × 10−2 1.78 × 10−3 2.01 × 1
LOQ 4.27 × 10−2 5.40 × 10−3 6.09 × 1
CCa 9.95 × 10−3 1.26 × 10−3 1.42 × 1
CCb 1.70 × 10−2 2.14 × 10−3 2.42 × 1

5150 | Anal. Methods, 2024, 16, 5146–5153
with the spiking reagents (DNA and NTPs) and their mixtures
with different concentrations evaluated were also performed.
The HPLC precision performance was compared with that of
dot blot assay as a similar range can be used in both methods.
HPLC analysis shows that the values measured have a more
uniform distribution when compared with the dot blot assay
(Fig. 2). Statistical analysis performed shows that a signicant
difference is observed in the dot blot performed with a high
concentration of dsRNA (Fig. 3d, 0.4 g L−1), and in the presence
of a high concentration of NTPs (ESI, Tables S1–S4†). This may
be due to the occurrence of unspecic binding of the antibody
used to perform the dot blot assay.

No signicant differences in the dsRNA measured concen-
trations were found when using HPLC, indicating that the
method is more accurate (ESI, Tables S1–S4†). Comparing the
concentrations obtained for high and low range of dsRNA
concentrations, the results show that there are no signicant
differences between both methods. For high concentration of
dsRNA (0.4 g L−1), HPLCmeasured 0.41± 0.05 g L−1, while with
dot blot assay, a concentration of 0.45 ± 0.151 g L−1 was ob-
tained. For low dsRNA concentrations (0.1 g L−1), 0.09 ± 0.016 g
L−1 and 0.13 ± 0.017 g L−1 were obtained for the HPLC and dot
blot assay, respectively.

Overall, the HPLC method presents a better precision and
range, as it presented a better correlation between the concen-
tration range (0.025 to 1 g L−1) evaluated when compared with
dot blot assay, but ELISA presents the lowest detection range
(0.005 to 0.075 mg L−1). Nevertheless, when comparing analyt-
ical methods, it is also required to look into the overall analyt-
ical performance (Table 3). Although ELISA is a method that can
accurately measure the smallest concentration of dsRNA
present in samples, the results are solely obtained aer 12
hours due to the multiple incubation steps involved. Addition-
ally, the multiple steps involved in this assay also increase
operator error occurrence. In terms of time-to-result, the dot
blot is the faster method among the immunoassays (three
hours). Nonetheless, similar to ELISA, it requires multiple
incubation steps and reagent additions. The HPLC is the fastest
for single sample, requiring minimum sample preparation and
operator input to run the method. However, the process time
can increase if an additional digestion step with RNase T1 is
required. Nevertheless, the throughput is limited to HPLC
sampler capacity and the method running time. Higher
ods evaluated (HPLC, dot blot and ELISA) in terms of limit of detection
on capability (CCb)

t ELISA

) s (g L−1) �x (g L−1) s (g L−1)

0−1 5.96 × 10−2 1.51 × 10−5 3.21 × 10−6

0−1 1.81 × 10−1 4.56 × 10−5 9.73 × 10−6

0−1 4.21 × 10−2 1.06 × 10−5 2.27 × 10−6

0−1 7.17 × 10−2 1.81 × 10−5 3.86 × 10−6

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Spiking studies and respective distribution of dsRNA concentration obtained using HPLC and dot blot. HPLC results using 0.1 g L−1 (a) and
0.4 g L−1 of dsRNA (b). Dot blot results using 0.4 g L−1 (c) and 0.2 g L−1 of dsRNA (d). DNA_high and DNA_low correspond to a spiking with 90 and
10 nM of DNA template, respectively. NTP_low and NTP_high correspond to 2 and 7.5 mM, respectively. Blue shades areas correspond to the
samples without spiking. At least 3 independent samples were analysed for each condition.

Table 3 Summary of themethod validation and performance overview of the three analytical methods evaluated for themeasurement of dsRNA
concentration in a single sample

Method validation Performance overview

Sensibility Range Precision Assay time Complexity Operator error Detection

ELISA +++ + n/a >12 h ++ +++ Quantitative
Dot blot ++ ++ ++ >3 h + ++ Semi-quantitative
HPLC ++ +++ +++ <1 h +++ + Quantitative
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throughputs are obtained with the ELISA and dot blot. On the
other hand, the HPLC method is a fully quantitative method
while dot blot relies on a semi quantitative analysis based on
densitometry measurements.

Cost can also be a predominant factor when choosing the
analytical method to be used. By nature of the assay itself, the
immuno-assays are costly. In particular, the dot blot costs are
associated with the primary antibodies used. Comparatively,
these are up to 10× higher than the RNase T1 enzyme required
for HPLC assay, but cost will be reduced with increased
throughput. Evidently, HPLC costs are strongly correlated with
the stationary phase and equipment used. Finally, at the
manufacturing level, HPLC can be used as an at-line method
integrated in the process workow37 allowing data to be ob-
tained faster and consequently enabling a tight process control.
Conclusions

dsRNA is a product related impurity produced during the mRNA
vaccine manufacturing. This impurity has a strong impact on
This journal is © The Royal Society of Chemistry 2024
mRNA performance within the cells as it decreases the trans-
lation rate and increases the inammatory response, and the
presence of this particular impurity in the nal product must be
quantied and avoided.

In this work, the use of HPLC for dsRNA quantication is
explored, and compared with established immunoassays,
namely the dot blot and ELISA. With the developed RP-HPLC
method it was possible to quantify dsRNA in samples in
under 30 min. The sensitivity and precision of this method are
high, with a broader detection range 0.025 to 1 g L−1 and
minimum impurity detection interference. From a regulatory
perspective, it achieved the lowest limit of detection (LOD) and
limit of quantication (LOQ), 1.41 × 10−2 ± 1.78 × 10−3 g L−1,
and 4.27 × 10−2 ± 5.4 × 10−3 g L−1, respectively, compared to
the current golden standard, the dot blot. The occurrence of
false positive or negatives with this method is also low given the
decision limit and detection capability obtained.

Additionally, the implementation of the HPLC method
requires minimum operator input and sample handling with
throughput achieved by tunning the method running time.
Anal. Methods, 2024, 16, 5146–5153 | 5151
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This, combined with the ability to use this method at-line and
prone to automation makes the HPLC an ideal method to be
used to quantify dsRNA throughout the manufacturing process.
Precise and reliable analytical assays are of paramount impor-
tance to have a well-established manufacturing process that
delivers high quality products.

Data availability

The data supporting this article have been included as part of
the ESI.† Raw data are available upon request from the authors.

Author contributions

Conceptualization, M. P. C. M. and S. S. R.; data curation,
formal analysis, investigation and methodology, S. S. R., S. Z.,
and Y. S.; supervision, M. P. C. M; validation, S. S. R. and Y. S.;
visualization, S. S. R.; writing – original dra, S. S. R.; writing –

reviewing and editing, M. P. C. M. and S. S. R.; funding
acquisition, M. P. C. M.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors gratefully acknowledge the support of the Future
Biomanufacturing Research Hub [grant EP/S01778X/1], funded
by the Engineering and Physical Sciences Research Council
(EPSRC) and Biotechnology and Biological Sciences Research
Council (BBSRC) as part of UK Research and Innovation. The
Fundação para a Ciência e a Tecnologia (FCT, Portugal) is
acknowledged for funding Sara Sousa Rosa's [SFRH/BD/148437/
2019] PhD studentship.

Notes and references

1 Y. S. Wang, M. Kumari, G. H. Chen, M. H. Hong, J. P. Y. Yuan,
J. L. Tsai, et al., mRNA-based vaccines and therapeutics: an
in-depth survey of current and upcoming clinical
applications, J. Biomed. Sci., 2023, 30(1), 1–35.

2 J. Grinsted, J. Liddell, E. Bouleghlimat, K. Y. Kwok, G. Taylor,
M. P. C. Marques, et al., Purication of therapeutic &
prophylactic mRNA by affinity chromatography, Cell Gene
Therapy Insights, 2022, 8(2), 335–349.

3 Organization WH and others, Evaluation of the Quality, Safety
and Efficacy of RNA-Based Prophylactic Vaccines for Infectious
Diseases: Regulatory Considerations, retrieved January 2020,
1, 2022.

4 S. Bancel, W. J. Issa, J. G. Aunins and T. Chakraborty,
Manufacturing Methods for Production of RNA
Transcripts, US Pat., 10138507 2018.

5 J. M. Henderson, A. Ujita, E. Hill, S. Yousif-Rosales, C. Smith,
N. Ko, et al., Cap 1 Messenger RNA Synthesis with Co-
transcriptional CleanCap® Analog by In Vitro
Transcription, Curr. Protoc., 2021, 1(2), e39.
5152 | Anal. Methods, 2024, 16, 5146–5153
6 A. Wochner, T. Roos and T. Ketterer, Methods and Means for
Enhancing Rna Production, US Pat., US20170114378A1,
2017.

7 S. S. Rosa, D. Nunes, L. Antunes, D. M. F. Prazeres,
M. P. C. Marques and A. M. Azevedo, Maximizing mRNA
vaccine production with Bayesian optimization, Biotechnol.
Bioeng., 2022, 119(11), 3127–3139.

8 D. Pregeljc, J. Skok, T. Vodopivec, N. Mencin, A. Krušič,
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