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mRNA vaccines (i.e., COVID-19 vaccine) offer various advantages over traditional vaccines in preventing
and reducing disease and shortening the time between pathogen discovery and vaccine creation.
Production of mRNA vaccines results in several nucleic acid and enzymatic by-products, most of which
can be detected and removed; however, double-stranded RNA (dsRNA) contaminants pose a particular
challenge. Current purification and detection platforms for dsRNA vary in effectiveness, with problems in
scalability for mass mRNA vaccine production. Effectively detecting dsRNA is crucial in ensuring the safety
and efficacy of the vaccines, as these strands can cause autoimmune reactions with length-symptom
dependency and enhance mRNA degradation. We present a new microfluidics method to rapidly identify
and quantify dsRNA fragments in mRNA samples. Our innovation exploits the differences in the dynamic
staining behavior between mRNA and dsRNA molecules to detect dsRNA contaminants in a high through-
put approach. The limit of detection of the system for dsRNA was estimated to be between 17.7-76.6 pg
pL‘1 with a maximum loading capacity of mRNA of 12.99 ng pL_l. Based on these estimated values, our
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method allows for the detection of dsRNA contaminants present in percentages as low as 0.14-0.59%
compared to the total mMRNA concentration. Here, we discuss the molecular mechanism of the dynamic
staining behavior of dsRNA and mRNA for two different stains. We believe our method will accelerate the
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Introduction

Vaccines have been a crucial public health measure in prevent-
ing and reducing diseases, morbidity, and mortality by
millions each year.! Vaccine importance has been highlighted
by the COVID-19 pandemic and the widespread use of newly
developed mRNA vaccines. Despite early bottlenecks, much
research has gone into nucleic acid-based vaccines due to their
ability to provide precise targeting of the immune response
and offer advantages in safety, efficiency, and specificity when
compared to other vaccine platforms.”® mRNA vaccines,
specifically, offer benefits including extranuclear activity,
which confers a minimal risk for subsequent random genome
integration and insertional mutagenesis, more controlled
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mRNA vaccine development from initial development to quality control workflows.

expression of coded antigen, no inclusion of foreign genes,
and the ability to be produced in a cell-free environment by
in vitro transcription.>® If this technology is harnessed for
widespread and large-scale use, mRNA vaccine application
could extend to cancer therapies, therapeutic protein replace-
ment therapies, treatment of genetic diseases, and a wide
variety of infectious diseases.>* Recent advances in lipid nano-
particles (LNP) and mRNA technology over the years have
increased the stability and efficacy of mRNA-LNP vaccines.*™®
However, contaminants such as leftover enzymes, free
nucleotides, residual DNA, truncated RNA, and dsRNA are also
possible during the synthesis of the mRNA.? These exogenous
contaminants, specifically dsRNA, identified as a major con-
taminant, are potent pathogen-associated molecular patterns
(PAMPs). The creation of dsRNA in the in vitro transcription
(IVT) production of mRNA is believed to stem from the activity
of T7 RNA polymerase.” When recognized, PAMPs can lead to
the inhibition of translation and the enhancement of mRNA
degradation. dsRNA contaminants can also activate pro-
inflammatory cytokines associated with potential autoimmune
reactions, including effects on the central nervous system.>*°

This journal is © The Royal Society of Chemistry 2023
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Additionally, there appears to be a positive correlation between
dsRNA fragment length and the associated adverse effects,"
suggesting that careful monitoring of both the presence and
length of dsRNA fragments is required to ensure the safety of
the vaccine.

Despite current purification platforms, there remains a lack
of well-established manufacturing platforms for mRNA, thus
numerous mRNA synthesis and purification techniques are
generally combined.” The pharmaceutical industry often uti-
lizes different forms of chromatography coupled with tangen-
tial flow filtration for purification due to its versatility, cost-
effectiveness, selectivity, and, importantly, its ability to be
upscaled for mass production of mRNA vaccines.® However,
different forms of this technique come with their limitations.
For example, ion pair reverse phase chromatography is an
excellent purification method that removes dsRNA while main-
taining a high yield, but it is very costly to scale and uses toxic
reagents such as acetonitrile.'?> Conversely, anion exchange
chromatography can be used to purify mRNA at a large scale
cost-effectively, but it often requires denaturing conditions,
tight control of temperature, and the use of potential chaotro-
pic agents.” Lastly, high-performance liquid chromatography
has been shown to remove dsRNA and other contaminants,
resulting in a 10- to 1000-fold increase in protein production
levels upon vaccination." Still, there are issues with the purifi-
cation scale-up process and mRNA stability."

However, despite the presence of various purification plat-
forms, some having evidence of dsRNA removal of over 90%,"*
the variability in quality and effectiveness of current methods
call for quality assessment and quality control systems for
detecting residual and harmful dsRNA fragments in mRNA
vaccines. Currently preferred quality control detection assays
for characterizing RNA transcripts include UV spectroscopy,
fluorescence-based assays, immunoassays, and chromato-
graphy. However, these are severely limited by resolution,
precise handling, hazardous reagents, intense labor, need for
antibodies, long run time, or inability to be scaled,'>'>'®
leaving a critical need for fast, high throughput, low-cost
quality control systems.

The versatility of microfluidics allows for the fast develop-
ment of novel analytical methodologies to monitor the effec-
tiveness of the purification methods and ensure the safety of
the mRNA vaccines. Furthermore, as a result of the miniaturi-
zation of traditional biomolecular analysis tools, the decrease
in overall scales offers precise control of fluids, high-through-
put capabilities, and rapid sample processing, making it
capable of outperforming traditional technologies, often
leading to lower-cost alternatives.'®*® To obtain such fine
control over the dynamics within the system, microfluidics is
usually coupled with a driving force. Here, we use electroki-
netics as the driving force as it exploits unique behaviors that
would not be easily achievable at a larger scale. Here, we
present a high-throughput microfluidic electrophoresis meth-
odology that exploits the differences in fluorescent staining
kinetics between dsRNA and mRNA to detect and characterize
dsRNA contaminants in mRNA vaccines.

This journal is © The Royal Society of Chemistry 2023
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Materials and methods

Sample and sample preparation

The ssRNA (catalog #N0364S) and dsRNA ladders (catalog
#N0363S) used in this study were purchased from New England
Biolabs (New England Biolabs, Ipswich, MA). The mRNA and
dsRNA samples were custom ordered from Genewiz (Genewiz
Genomics Headquarters, South Plainfield, NJ) and have 4001 nt
and 4001 bp lengths, respectively. The sequence of the custom
samples can be found in the ESI (ESI, sequencet).

Microfluidic system and chip reagents

A custom glass nucleic acid (NA) microfluidics chip (Rewvity,
Waltham, MA) with a metal sipper was interfaced with the
high throughput LabChip GX Touch II platform (Revvity) for
robotics motion, electrical, and flow controls. Two different
far-red fluorescent stains (SYTO 61 as a DNA stain and
RiboRed as an RNA stain; ThermoFisher Scientific Inc.,
Waltham, MA) were obtained from Rewvity and utilized at
varying concentrations (Fig. S1-S31). These stains were
selected because dsRNA will have the uracil (or chemically
modified uracil) bases that are characteristic of RNA but a
structure more similar to DNA, both of which could influence
the labeling behavior of dsRNA. Therefore, both stains were
evaluated to investigate which nucleic acid type dsRNA simu-
lated more closely in terms of fluorescent staining. Different
concentrations of poly(N,N-dimethylacrylamide) (Revvity) were
used, as specified throughout the study, to load the microflui-
dic channels after mixing with the fluorescent stain of interest.
A custom lower maker (Revvity) was loaded onto one of the
chip wells and injected using a combination of pressure and
electrokinetics for electropherogram alignment.

Methods

Depending on the requirements of the experiments, the NA
samples were diluted in nuclease-free water to achieve the
desired concentration and maintain the total salt concentration
<150 mM and were transferred onto a 96- or 384-well plate. The
NA microfluidic chip was loaded with the gel-dye mixture of
interest and the lower marker. The well plate and the chip were
then transferred onto the LabChip platform for analysis. Once
the optimal assay conditions were established, the sample plate
was analyzed in a chip loaded with a SYTO 61 gel matrix, and
upon completion, the same sample plate was analyzed using
the same chip loaded with a RiboRed gel matrix, or vice versa;
stain analysis order does not affect the results (Fig. 1). The stat-
istical analyses included in this study were conducted on
GraphPad Prism 9.4.1 with a confidence interval of 95% where
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results and discussion
Understanding the differences between dsRNA and ssRNA

Fundamental experiments in this study were conducted with a
dsRNA ladder to simulate dsRNA contaminants and an sSRNA
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Fig. 1 Sample preparation and analysis workflow for the detection of
created using BioRender.com.

ladder to simulate mRNA. The findings from these experi-
ments were then used as a reference or starting point for the
analysis of the custom-ordered long (4001 bp or nt) dsRNA
and mRNA samples. Long dsRNA and mRNA molecules are
not readily available, particularly highly purified, and limited
information regarding the electrokinetic response of those
samples is available in the literature.

The first step was to characterize the mobilities and fluo-
rescent staining response of ssSRNA and dsRNA with respect to
heating (Fig. S1t) and fluorescent stain type (SYTO 61 and
RiboRed; Fig. S2t). Generally, ssSRNA molecules are heated
before analysis to prevent the presence of multimeric forms
and tertiary structures from interfering with their mobility.>!
However, upon analyzing both ssRNA and dsRNA, it was
observed that while heat resulted in better-defined peaks for
the ssRNA sample, it also denatured smaller strands of dsRNA,
causing the fabrication of dsRNA peaks. Acknowledging that
numerous techniques exist for the analysis of mRNA molecules
and that the focus of this study is to characterize dsRNA con-
taminants, heating was excluded to optimize the conditions
for dsRNA identification. Next, Fig. S21 shows the fluorescent
response of a single dsRNA and ssRNA fragment at various
SYTO 61 and RiboRed concentrations. Based on the dsRNA
signal output, the optimal concentrations were 2.92% for
SYTO 61 and 15.00% for RiboRed. Lastly, Fig. S31 shows a
snapshot of migration times as a function of gel concentration.
The optimal gel concentration, 3%, was picked based on frag-
ment migration time and peak width to ensure assay resolu-
tion. When the gel was lowered to 3%, the new stain optimal
concentrations were determined to be 1.17% and 15% for
SYTO 61 and RiboRed, respectively, to achieve better repeat-
ability dynamic staining under the new gel concentration.

Then, the dsRNA and ssRNA ladders were analyzed using
the microfluidic electrophoresis chip platform, and the follow-
ing electropherograms were yielded (Fig. 2A). No significant
difference in mobility was observed between the two RNA
types (Fig. 2B and Table S1}) within this size range (50-500 bp
or nt) at our gel concentration of 3% poly(N,N-dimethyl acryl-
amide). However, during preliminary experiments with a 6%
gel, ssRNA had slower mobility than dsRNA on average
(Fig. S17). To better understand these findings, we investigated
further the main sample factors that affect their mobility (u)
within our microchannel loaded with a semidilute polymer
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solution. For simplification purposes, this relation has been
represented in terms of net drag (D) and net charge (g) as:

net charge
netdrag

ssRNA is generally more prone to forming tertiary struc-
tures than dsRNA (Fig. 2C); however, during electrophoresis,
the electric field can stretch and reorient nucleic acid mole-
cules in the direction of the field, especially in the case of
shorter chains (Fig. 2D).>* As a result, it is likely that the mobi-
lity of ssSRNA will be less affected by its tertiary structure in the
case of shorter chains, while longer ones may see an impact.
In contrast, due to the presence of a second strand in dsRNA,
under conditions where ssRNA is straightened, dsRNA may
have a bulkier conformation and experience more drag than
sSRNA. Persistence length (I,), which represents the stiffness
of a molecule, also plays a key role in sample fragment mobi-
lity. It has been reported that dsRNA [, ranges from
62-72 nm,”** while that of ssRNA ranges from
0.5-1.27 nm.*>?*® Generally, a lower persistence length will
enable the molecule to migrate more easily through the
matrix, giving the advantage to ssRNA.”” However, when the
focus is shifted to the contribution of the charge on the mobi-
lity instead since the charge density of dsRNA is greater than
that of ssSRNA, dsRNA is expected to migrate faster through the
system.>®

Given that at lower gel concentrations within the 50-500
base range, there is no observable difference between the two
molecule types, but that at higher gel concentrations there is,
the data suggests that at low gel concentrations, shorter sSRNA
fragments can be straightened and orient to themselves to the
electric field and through the contribution of its persistent
length can migrate at the same velocity as dsRNA, despite the
latter being favored by having a charge that is approximately
twice in magnitude. However, the data also suggests that at
higher gel concentrations, despite its higher flexibility,
through a combination of its tertiary structure and having less
charge than a dsRNA molecule of the same length, ssRNA
migrates slower, expanding the current knowledge of how
these molecules migrate in comparison to each other in micro-
fluidic electrokinetic systems.>**°

This journal is © The Royal Society of Chemistry 2023
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(A) Electropherogram (the leftmost peak of each ladder represents the system lower marker; some additional minor peaks surrounding the

lower MW species were determined to be low MW impurities in the ladder, but since only the main peaks are being utilized, it is not expected to
affect the analysis) and (B) the average mobility of dsRNA (pink) and ssRNA (teal) ladders using SYTO 61. (C) Schematic representation of an ssRNA or
mRNA (teal) and a dsRNA (pink) molecule in the absence of external factors, and (D) in the presence of an electric field (grey arrows), which causes
them to stretch and reorient, ions (green plus signs and red minus signs) and fluorophores (yellow stars) to highlight the complex interactions
experiences by the analytes. (E) Differentiation potential of the method between dsRNA (pink) and ssRNA (teal) contaminants from a 500 nt long
vaccine based on the experimentally obtained mobility at different fragment sizes normalized to the 500 nt ssRNA fragment mobility.

However, despite the ability to induce a mobility difference
via gel concentration, it was determined that mobility alone
could not be used to identify dsRNA contaminants. During the
synthesis of IVI-mRNA, both truncated ssRNA fragments
(<mRNA length) and, over time, degraded mRNA fragments
(<mRNA length) can be present in the sample, which, despite
a mobility difference can overlap with the dsRNA contami-
nants (SmRNA length; Fig. 2E). This led us to explore alterna-
tive methods of differentiation and identification.

The main difference that stood out upon closer examin-
ation of the data was that despite both ladders being expected
to have similar total RNA concentrations, most fragments in
the ssRNA ladder fluoresced brighter than those in the dsRNA

This journal is © The Royal Society of Chemistry 2023

ladder, like in earlier findings (Fig. S2t). Due to the overlaps in
structure between dsRNA and dsDNA and in biochemistry
between dsRNA and ssRNA, we explored both SYTO 61 (DNA
stain) and RiboRed (RNA stain) for the fluorescent visualiza-
tion of our molecules. Experiments were conducted using the
previously determined concentrations where a dsRNA and an
ssRNA ladder were analyzed separately after exposure to each
stain. Again, we noticed that the overall fluorescence of the
ssRNA peaks was higher than those of the dsRNA peaks, but
more interesting than that, we noticed that the way the ladders
responded to the fluorescent stains was opposite to each
other. While dsRNA ladder fragments generally produced
lower degrees of fluorescence than ssRNA ladder fragments

Analyst, 2023, 148, 3758-3767 | 3761
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Fig. 3 Fluorescent staining differences between a dsRNA and an ssRNA ladder using SYTO 61 (blue) and RiboRed (purple). (A) Electropherograms
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escent units and (D) the average area produced by the ssRNA ladder with each stain. In the bar graphs, “*" indicates the significance level in the
difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), while “ns” indicates no statistical difference.

when labeled with both stains, we noticed the following trend:
when dsRNA was exposed to SYTO 61, the dynamic staining
was more effective than that offered by RiboRed while the
ssRNA stained better with RiboRed (Fig. 3 and Tables S2, S37).

In fact, when comparing the areas yielded by each stain, on
average, the dsRNA ladder yielded an area 56% greater with
SYTO61 than with RiboRed, while the ssRNA ladder yielded an
area 118% greater with the RiboRed dye. Interestingly, while
the same trend was observed in the peak area and peak height
for each fragment size, 10/10 peak areas showed a statistical
difference, whereas only 7/10 peak heights (Fig. S4}) did. This
suggests that peak area may be a better indicator when asses-
sing the effect of different fluorescent stains. This is the first
evidence we obtained that suggested differential dynamic
staining kinetics across the two types of ribonucleic acid mole-
cules could be used to identify dsSRNA in mRNA vaccines.

Assessing translation of findings to long dsRNA and mRNA
fragments

To assess whether the findings made using the shorter dsRNA
and ssRNA fragments were also applicable to long fragments
(4001 bp or nt), we analyzed a long dsRNA and a long mRNA
molecule with the same sequence (ESI, sequencet) using our
system. Interestingly, unlike with shorter fragments, Fig. 4
suggests that there is a significant difference in mobility
between long dsRNA and mRNA molecules. This is supported
by our hypothesis that shorter ssRNA fragments are more
easily straightened than longer fragments. As a result, longer
sSRNA or mRNA fragments will have a slower mobility since
they experience a higher conformation-induced drag with no

3762 | Analyst, 2023, 148, 3758-3767

charge density increase relative to a dsRNA of equivalent
length.

Moreover, while the dsRNA sample had a concentration of
2.60 ng pL™" and the mRNA 5.90 ng pL ™", instead of showing
an increase in area equivalent to the change in concentration
(2.3 times) between the two, on average, the area of the mRNA
sample was 9.6 times greater than that of the dsRNA sample.
This observation prompted us to evaluate how each molecule
type responded to distinct types of stains to understand the
mechanism behind this disproportionate change better.

When the custom, long samples were analyzed using both
stain types (Fig. 5 and Fig. S5, Tables S4, S5t), we again
observed that dsRNA fluoresces more with SYTO 61 while
mRNA with RiboRed. Furthermore, for both the long dsRNA
and mRNA fragments, the area (Fig. 5B and D) showed more
statistical difference and higher predictor potential than the
height (Fig. S51). In addition, Fig. 5 also highlights an area
variability across different experimental repeats, which were
run on different days and/or with chip washes in between
experimental repeats. These changes in area stem from
changes introduced by the use of different chips and subtle
changes to the glass-liquid interface within the microfluidic
channels across time. To minimize the effect of these external
factors on the peak areas, it is important to run the samples
subsequently on the same chip with the different dyes.

Then, to simulate a realistic scenario, we mixed the dsRNA
and mRNA samples (Fig. 6) at a 1:2 ratio and assessed their
response in the presence of each fluorophore (Fig. 6 and
Fig. S6, Tables S6, S7f), where the same behavior was
observed.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3an00281k

Published on 07 July 2023. Downloaded on 3/15/2026 8:19:36 PM.

Analyst

View Article Online

Paper

A AN

800

-]

o

t=)
1

Fluorescence (F.U.)

— dsRNA

Kkk

e dsRNA
LS e o mRNA
—

»‘7; L]
g 60
£
[
2
=1
S 50 .
R —
= °

40 T T

dsRNA mRNA

— mRNA
400
200 Jk //\ Mﬁ\
o e

Time (s)

! \
SR
80

C.

o ok o dsRNA
= e mRNA
£ °
S 0.8 :
2
g 0.7
2
= 0.6 %
2 —t—
=

0.5 T T

dsRNA mRNA

Fig. 4 (A) Electropherogram, (B) migration, and (C) mobility of a 4001 bp dsRNA (pink) and 4001 nt mRNA (teal) fragment using SYTO 61. The
migration times include data from three independent runs, each with two to three repeats. In the comparisons, “*" indicates the significance level in

the difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

>

dsRNA
1500
SYTO 61
S — RiboRed
.
o 1000
o |
c
3
o
n
2 500 |
]
3 {
w A\
JLQ\
01 T J T T
30 40 50 60
Time (s)
B . dsRNA Area
*kkk *k kK
800
76004
x = SYTO 61
E 400 T = RiboRed
g L T
< 200 —
—

Fluorescence (F.U.)

Area (F.U. x s)

mRNA

SYTO 61
— RiboRed

500

40 60 80
Time (s)
mRNA Area
% % % Xk ns *
15000
10000 }
= SYTO 61
-+ =3 RiboRed
5000~ e -
-
v T T T
1 2 3

Fig. 5 Custom dsRNA fragment (A) electropherogram and (B) area, and custom mRNA fragment (C) electropherogram and (D) area using SYTO 61
(blue) and RiboRed (purple). In panels (B) and (D), the numbers on the x-axis represent the number of the experimental repeat, each with two to
three instrumental repeats. A slight shift (~5%) is observed in the electropherograms when overlaying both stains, potentially due to differences in
stain charge and gel-dye mixture conductivity. However, since the same shift is observed in both molecule types and affects all peaks equally, it is
not believed to affect the study. In the comparisons, “*" indicates the significance level in the difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001), while "ns" indicates no statistical difference.

This journal is © The Royal Society of Chemistry 2023

Analyst, 2023,148, 3758-3767 | 3763


https://doi.org/10.1039/d3an00281k

Published on 07 July 2023. Downloaded on 3/15/2026 8:19:36 PM.

Paper

Mix

Fluorescence (F.U.)

View Article Online

Analyst

— - T
30 40 50 60

Time (s)
B. dsRNA Area
% %k Xk %k %%k %k % % % %k
500
=+
& 400 o
; 300 =1 SYTO 61
w =3 RiboRed
= 200
T
<
100
o -
0 T T T
1 2 3

SYTO 61
— RiboRed
T T A]
70 80
C. mRNA Area
*okokok *okokok *okokok
10000
L=
= 8000 + f
x
- 6000 = SYTO 61
w _— = Ri
© 4000 == - RiboRed
H
2000
0 T T T
1 2 3
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triplicate nanodrop readings.

Differentiation method for identification and relative
quantification of dSRNA contaminants in mRNA samples

Considering that, at times, there was no statistical difference
between the peak heights and even peak areas, we developed a
classifier to determine the type of molecule yielding a peak.
Based on the behavior observed when mRNA, ssRNA and
dsRNA were exposed to different fluorescent molecules, we
hypothesized that the type of molecule could be determined
based on the following relationship:
If:

Peak areagna dye

<1,
Peak areapna dye

then the peak-producing molecule is dsRNA.
Or if:
Peak areagrna dye

>1,
Peak areapna dye

then the peak-producing molecule is mRNA (or sSRNA).

As hypothesized, the dsRNA peak area stain ratio was <1
while the mRNA area stain ratio was >1 (Table 1). In this case,
both RNA types met the differentiation criteria on each run.
Interestingly, while the area stain ratios yielded by the mRNA
peak in both its pure and mixed form were close in value (1.68
for the pure sample and 1.77 for the mixed sample), the area
stain ratios yielded by the dsRNA were much more different
(0.40 in its pure form and 0.15 when mixed). An added benefit
of using ratios to determine the origin of the peak is that it

3764 | Analyst, 2023, 148, 3758-3767

Table 1 Peak area stain ratios (RiboRed/SYTO 61) of each peak run in
three independent experiments with two or three repeats. Here, the
dsRNA concentration was 2.60 ng uL=*, while the mRNA concentration
was 5.90 ng pL~* based on triplicate nanodrop readings

Mixed peak area stain

Pure peak area stain ratio ratio
Run # dsRNA mRNA dsRNA mRNA
1 0.34 £ 0.03 2.39+£0.34 0.19 £ 0.05 1.98 £0.18
2 0.51 +0.11 1.17 £ 0.15 0.14 + 0.06 1.64 +0.11
3 0.34 £ 0.09 1.49 + 0.06 0.13 £ 0.04 1.66 £ 0.03
Average 0.40 £ 0.11 1.68 + 0.58 0.15 + 0.05 1.77 £ 0.21

converts the changes in area to relative terms, enabling the
comparison of results across different chips and days, which
was not possible when comparing the absolute areas.

One of the potential causes of this difference is that rather
than comparing independent electropherograms to each
other, here we are comparing the peak areas obtained from
the same electropherograms, potentially decreasing the error
of combining the two. Additionally, it must also be noted that,
as can be observed in Fig. 64, there is a baseline increase to
the left of the mRNA peak, which is not present when dsRNA
alone is analyzed, and is likely due to sample degradation, as
reported in the literature, which overlaps with the dsRNA.
While it would be preferable if the regions did not overlap, the
fact that the peak is still differentiable is encouraging.
Moreover, even when averaging the three independent runs,

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Assessment of peak area stain ratios at varying concentrations of dsRNA (5.0%, 7.5%, and 10.0% of the total mMRNA concentration, 12.99 ng
uL™Y). (A) Comparison between the dsRNA (pink) and mRNA (teal) area stain ratios, and (B) comparison among the dsRNA and mRNA area stain
ratios, separately, as the relative percentage of dsRNA varied (5.0% pink, 7.5% purple, 10.0% blue). In the comparisons, “*" indicates the significance
level in the difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), while "ns" indicates no statistical difference.

there is still a statistical difference between the value yielded
between the dsRNA and mRNA samples (Fig. S71). While the
mechanisms for dynamic staining of SYTO 61 and RiboRed
are not precisely known, our data suggests that they exhibit
quantifiable selectivity when staining nucleic acids (Fig. S8t).
Some possible explanations for this selectivity include the
increased distances in the spaces and grooves of ssRNA and
mRNA due to secondary and tertiary structures that cause hair-
pins, internal loops, and bulges.

RiboRed may have a larger size, making it unable to fit
effectively into the grooves or spaces in-between dsRNA. A pre-
vious study had reported using a “door-bolt mechanism” that
allows near-infrared fluorescent probes to have specificity for
RNA.*" In contrast, SYTO 61 may be too small to fit and label
the ssRNA and mRNA molecules effectively. dsRNA has been
known to have an A-form helix, having a length increase per
base pair of approximately 2.8 A and a radius of approximately
1.2 nm, causing it to be around 20% shorter and wider than
dsDNA, which has a B-form helix in nature.*? The shorter and
wider spacing within dsRNA base pairs and grooves may
explain why most fragments in the ssRNA ladder fluoresced
brighter than the dsRNA fragments with SYTO 61. If SYTO 61
was created to bind to dsDNA through groove binding or inter-
calation, it might be too large to bind dsRNA effectively and
instead fit the greater spaces in sSRNA better.

Application

The next step in this study was to assess the applicability of
the method. First, the linearity of the area to sample concen-
tration was evaluated for both types of molecules using the
SYTO 61 and RiboRed stains (Fig. S9). Using the areas yielded
by each sample from Fig. S9f and from Fig. 7, the limit of
detection (L.O.D.) for this assay was calculated by determining
the minimum concentration that could be observed. This was
done by dividing the concentration used by the area yielded,
which provides the concentration that would yield an area >1.
In the case of both types of RNA, the areas produced by the
least efficient stain (RiboRed for dsRNA and SYTO61 for
mRNA) were used since the method relies on the ability to

This journal is © The Royal Society of Chemistry 2023

detect the fragments using both stains. By dividing the con-
centration of each sample by the peak area it produced, the L.
O.D. of the system for dsRNA was estimated to be between
17.7-76.6 pg pL~' while that of mRNA was estimated to be
1.79-2.83 pg pL~". The difference in L.O.D. is not surprising
given that throughout the experiments, regardless of the stain,
both the ssSRNA molecules and the mRNA yielded higher areas.
In addition, it is important to note that while the areas tend to
get greater as the concentrations increase, it was determined
that the maximum concentration of mRNA that could be used
without clogging or affecting the chip was 12.99 ng pL™".
Assuming we can indeed detect concentrations of dsRNA as
low as 17.7-76.6 pg pL™" if we load 12.99 ng uL™" of mRNA,
contaminants in percentages as low as 0.14-0.59% relative to
the total mRNA concentration should be detectable. Since the
actual percentage of dsRNA present in vaccines can vary
depending on the construct and production conditions, it is of
great importance to have a system with a robust L.O.D. capable
of detecting low levels of contaminants.

The percentage of dsRNA contaminants present in a
sample can vary regardless of the mRNA concentration.
Therefore, we evaluated whether the validity of the method
was dependent on the relative concentration of the contami-
nant. Irrespective of the dsRNA concentration, there was a
difference of equal statistical significance between the dsRNA
and the mRNA stain area stain ratios (Fig. 7A and Table S87).
Similarly, there was no statistical difference between the
dsRNA area stain ratios at different concentrations and the
mRNA area stain ratio at equal concentrations with varying
dsRNA concentrations (Fig. 7B and Table S8t). These results
suggest that although the area yielded by each peak will vary
based on differences in labeling efficiencies, the method is
robust and should yield the expected results regardless of the
concentration of dsRNA relative to that of the mRNA. Once the
peak has been identified, a standard of known concentration
that matches the identified nucleic acid type can be used to
estimate the concentration of the sample. We have previously
demonstrated the accuracy of using nucleic acid standards
(samples of known concentration that undergo the same
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sample treatment as the other samples) in the context of
adeno-associated virus delivery vehicles*® and are currently
developing a similar method for LNP-extracted nucleic acid.

Conclusions

In this paper, we present a novel method for the identification
and relative quantification of dsRNA contaminants in mRNA
vaccines. Initially, to assess whether dsRNA and mRNA would
exhibit any differences when analyzed in our microfluidic plat-
form, we used a dsRNA ladder to simulate dsRNA contami-
nants and an ssRNA ladder to simulate mRNA vaccines. After
optimizing the sample preparation, gel matrix concentration,
and dynamic fluorescent stain concentration, we noted that at
the respective optimal dynamic stain concentrations for each
fluorophore type, the dsRNA fragments appeared to label more
efficiently, 56%, with SYTO 61. In contrast, the ssRNA frag-
ments appeared to label more efficiently, 118%, with RiboRed.
Here, we established that the difference in dynamic staining
between dsRNA and ssRNA fragments offers a method to
identify and quantify the dsRNA percent impurity. This was
later validated with long dsRNA and mRNA (4001 bp and nt,
respectively) molecules.

As a result, the difference in response between the dsRNA
and mRNA molecules to these fluorophores was selected as
the basis of our dsRNA contaminant identification and quanti-
tation method. In addition, using the automated LabChip plat-
form, which is compatible with 96- and 364-well plates, makes
the platform high-throughput. This characteristic is highly
beneficial to assessing dsSRNA contaminants within and across
mRNA vaccine batches. Although two different gel matrix prep-
arations are required because the samples do not require
preparation, the same sample plate is analyzed with both gel
matrices limiting the hands-on time to <30 min.

Moreover, the results obtained in this study suggest that
concentrations of dsRNA as low as 17.7-76.6 pg pL~' and
1.79-2.83 pg pL™' of mRNA should be detectable using this
method. Therefore, when the maximum loading capacity of
mRNA (12.99 ng pL™") is analyzed, dsRNA contaminants
present as low as 0.14-0.59% of the total mRNA concentration
should be detectable. In addition, since this method allows for
the fragment-based detection and characterization of different
types of nucleic acid molecules, its analytical potential spans
beyond the detection of dsRNA contaminants, as it can also be
used to detect partially double-stranded, folded single-
stranded, and truncated mRNA fragments. Lastly, other groups
have analyzed mRNA samples extracted from LNPs in similar
microfluidic chips,** which would enable the mRNA compo-
sition assessment before and after encapsulation.
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