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The versatility, rapid development, and ease of production scalability of mRNA therapeutics have placed

them at the forefront of biopharmaceutical research. However, despite their vast potential to treat dis-

eases, their novelty comes with unsolved analytical challenges. A key challenge in ensuring sample purity

has been monitoring residual, immunostimulatory dsRNA impurities generated during the in vitro tran-

scription of mRNA. Here, we present a method that combines an enzyme, S1 nuclease, to identify and

isolate dsRNA from an mRNA sample with a microfluidic electrophoresis analytical platform to character-

ize the impurity. After the method was developed and optimized, it was tested with clinically relevant,

pseudouridine-modified 700 and 1800 bp dsRNA and 818–4451 nt mRNA samples. While the treatment

impacted the magnitude of the fluorescent signal used to analyze the samples due to the interference of

the buffer with the labeling of the sample, this signal loss was mitigated by 8.8× via treatment optimiz-

ation. In addition, despite the mRNA concentration being up to 400× greater than that of the dsRNA,

under every condition, there was a complete disappearance of the main mRNA peak. While the mRNA

peak was digested, the dsRNA fragments remained physically unaffected by the treatment, with no

change to their migration time. Using these samples, we detected 0.25% dsRNA impurities in mRNA

samples using 15 µL with an analytical runtime of 1 min per sample after digestion and were able to

predict their size within 8% of the expected length. The short runtime, sample consumption, and high

throughput compatibility make it suitable to support the purity assessment of mRNA during purification

and downstream.

Introduction

During the COVID-19 pandemic, the importance of mRNA vac-
cines was highlighted due to their low production cost, fast
manufacturing, and effectiveness, among other advantages.1–6

As the first vaccine of its kind to be approved by the FDA, it
has accelerated the research interest in mRNA-based vaccines
and therapies, showing potential in treating genetic, infec-
tious, cancer, and other diseases and preventing them.1,6–8

Despite the immense potential of this technology to combat

diseases, manufacturing challenges remain that allow for
residual impurities in the final product.9–11 Numerous fil-
tration and chromatographic purification steps are integrated
into the manufacturing of mRNA to remove the numerous
nucleic acid by-products and impurities generated during the
process. However, double-stranded RNA (dsRNA), which can
be a by-product of the in vitro transcription (IVT) of mRNA, is a
notable challenge for manufacturers, as it behaves similarly to
mRNA in current quality control assays and is notoriously
difficult remove during purification.12–14 To address this,
improvements have been made in terms of enzyme technology
and purification methods,15 however, residual dsRNA at trace
concentrations can remain in the final product.16 dsRNA is a
molecule of interest due to its ability to significantly increase
the immune response to mRNA vaccines,17 leading to both
local and systemic inflammation in treated individuals.18,19

Further, due to the strong immune response to dsRNA,20 it
has also been found to decrease the effectiveness of the treat-
ment due to the inhibition of translation.16 The current
analytical standard for dsRNA monitoring is dot blot, which is
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capable of detecting low concentrations of dsRNA contami-
nants in mRNA samples. Despite its widespread use, dot blot
only provides information regarding the concentration and not
the length of the dsRNA impurities. Given the potential impli-
cations for the efficacy of the therapeutics and the length-
dependent adverse effects dsRNA can cause,20 it is essential to
monitor both the concentration and the length of these
impurities.

Microfluidic electrophoresis has been used to analyze
mRNA molecules21–25 and can detect dsRNA molecules.26 Its
rapid turnaround time, high throughput compatibility, and
low sample consumption27,28 make it particularly suited to
support the development of biopharmaceutical products.
However, in addition to the main mRNA peak and the residual
dsRNA of interest, other by-products, such as truncated or
degraded mRNA fragments, may still be present,12 making it
so that mobility differences alone between mRNA and dsRNA
cannot be used for their characterization.26 Therefore, it is
crucial to integrate a method to identify the peak-producing
molecules before assessing their size and concentration.

We previously presented an identification method that
differentiated dsRNA from mRNA via their dynamic staining
response.26 While it presented an interesting identification
method, in practice, the significantly larger mRNA peak
tended to mask the significantly smaller dsRNA peak, and the
need to use two different gel dyes caused minor shifts in the
electropherogram that made it difficult to match the peaks.
Instead, this study introduces an analytical approach that uti-
lizes an enzyme, S1 nuclease, to digest all single-stranded frag-
ments in the sample, enabling the characterization of the
remaining dsRNA products (Fig. 1). Post digestion, the
samples are analyzed using a custom microfluidic method we
developed that enables the detection of low concentrations of
dsRNA and mRNA but using a single gel dye mixture.26 By inte-
grating the isolating effect of S1 nuclease digestion into a

microfluidic detection regiment, this method provides a rapid,
reproducible, and efficient means for analyzing dsRNA impuri-
ties in mRNA formulations.

This study aims to assess the efficacy and specificity of the
S1 nuclease-assisted microfluidic approach for detecting
dsRNA impurities in mRNA formulations. While the manufac-
turer-recommended S1 nuclease treatment showed great initial
promise, it was initially developed for single-stranded DNA
digestion (i.e., overhangs) and had to be optimized to be more
fit for purpose. The primary considerations during its optimiz-
ation were maximizing its compatibility with the microfluidic
analytical platform by mitigating its impact on the dsRNA
signal and adjusting the reaction buffer to enzyme ratios to
ensure the method was robust and would perform well against
different lengths and concentrations of mRNA. The optimiz-
ation of the nuclease treatment enabled an 8.8-fold increase in
the dsRNA limit of detection post-digestion from 2.83 ng µL−1

using the standard protocol to 0.32 ng µL−1 after optimization.
Capable of digesting mRNA concentrations of at least 200 ng
µL−1, this suggests the method has a theoretical dsRNA con-
taminant sensitivity of 0.16% of the total mRNA, and the
lowest percentage tested was 0.25%, which yielded reproduci-
ble results. However, the actual percentage is likely even lower,
as the maximum loading of the system was not tested beyond
200 ng µL−1, based partly on sample availability.

Materials and methods
Materials

The mRNA and dsRNA samples used in this study were pseu-
douridine chemically modified since this chemical modifi-
cation has been shown to increase the stability of the molecule
and is of great clinical relevance.29–31 The pseudouridine
chemically modified mRNA (818, 1198, 1913, 3406, and 4451

Fig. 1 Enzymatic identification and microfluidic electrophoresis characterization workflow of dsRNA contaminants and impurities in mRNA
samples. Figure created using BioRender.com and Adobe Illustrator.
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nt) and dsRNA (700 and 1800 bp) fragments were purchased
from CATUG Biotechnology (CatPure™; Cambridge, MA) at
respective concentrations of 2000 ng µL−1 and 200 ng µL−1.
The chemically modified samples used in this study are clini-
cally relevant as they were synthesized following the same
method (in vitro transcription) and chemical modification
(pseudouridine) as the Moderna Therapeutics and Pfizer-
BioNTech COVID-19 vaccines.30 The dsRNA ladder used to
assess the length of the impurities was composed of a dsRNA
ladder 21–500 bp (New England Biolabs, Ipswich, MA) and a
4001 bp custom synthesized dsRNA construct (Azenta,
Burlington, MA). Before use, the samples were diluted to the
specified concentrations in 1× TE buffer, pH 8.0. The S1 nucle-
ase (100 U µL−1) and its 5× reaction buffer were purchased
from ThermoFisher Scientific (Franklin, MA) for the enzymatic
treatment. They were diluted in nuclease-free water to the
specified concentration. S1 nuclease was selected for this
study because it is expected to degrade single-stranded nucleic
acids (ThermoFisher Scientific), potentially enabling the differ-

entiation between mRNA and dsRNA. For the microfluidic ana-
lysis, a custom glass nucleic acid microfluidic chip with a
metal sipper and custom chip reagents compatible with the
LabChip GXII Touch platform were obtained from Revvity
(Waltham, MA).

Enzymatic treatment

Per the manufacturer, ThermoFisher Scientific, the standard
operating procedure (SOP) treatment protocol for the use of S1
Nuclease recommends the use of 10 U (0.1 µL) of enzyme for
every 1 µg of nucleic acid and 6 µL of 5× reaction buffer per 10
U of enzyme, in a total volume of 30 µL. Once mixed, it is incu-
bated for 30 minutes at 25 °C, then 2 µL of 0.5 M EDTA are
added, and the mixture is heated at 70 °C for 10 minutes for
enzyme inactivation. Due to the lower concentration at which
mRNA samples tend to be available, we adjusted the initial
protocol to a total volume of 15 µL and 0.20 µg of nucleic acid
(0.150 µg of mRNA and 0.075 µg of dsRNA). As such, the SOP
became 2.25 U of the enzyme (2.25 µL of a 1 : 100 dilution) and

Fig. 2 Assessment of the impact of the (a) S1 nuclease treatment on mRNA and dsRNA. Electropherograms of 5 ng µL−1 of a 700 bp dsRNA frag-
ment and 10 ng µL−1 of a 1198 nt mRNA fragment (b) untreated, (c) treated following the SOP, which contains EDTA, and (d) treated following the
SOP without EDTA. When present, the dsRNA peak has an average migration time of 31.4 s while the mRNA peak has an average migration time of
37.7 s; between 20 and 25 s, a small peak can usually be observed representing the lower marker. Summarized (e) mRNA peak area, (f ) dsRNA peak
area, and (g) dsRNA peak migration time under the three conditions. “*” 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 figure was created using BioRender.com and GraphPad Prism.
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1.35 µL of 5× reaction buffer for 10 ng µL−1 of mRNA and 5 ng
µL−1 of dsRNA, mixed with nuclease-free water to a final
volume of 15 µL, and then incubated at 25 °C for 30 min.
When specified, 1 µL of 0.5 M EDTA was added before the heat
inactivation of the sample at 70 °C for 10 min.

During the study, adjustments to the treatment com-
ponents will be reported as changes relative to the latter proto-
col described above. For instance, if 5 U of the enzyme is used
instead of the standard 2.25 U, it will be reported as 2×
enzyme. Regardless of the adjustments made to the com-
ponents, the treatment volume was kept constant across the
study. In the case of changes to the nucleic acid concentration,
it will refer solely to changes in the mRNA concentration. In
contrast, the dsRNA concentration will be kept constant across
the individual experiments unless specified for the limit of
detection (LOD) assessment.

Microfluidic measurements and analysis

Once the samples were loaded onto a 96- or 384-well plate,
which could be done before or after digestion, the plate and
the microfluidic chip were transferred onto a LabChip GXII
Touch platform (Revvity). The pressure, electric fields, and
robotic motion to load and analyze the sample onto the chip
were controlled using the LabChip platform. We describe this
system, the setup, and the electrokinetic script used here in a
previous study.26

The electropherograms yielded by the LabChip GXII Touch
platform were analyzed using the LabChip GX Reviewer soft-
ware, version 5.11 (Revvity). The data extracted from the
LabChip GX Reviewer software was then input into GraphPad
Prism 10.1 for statistical analysis and visualization. The stat-
istical significances reported through the study were obtained
from a Tukey post hoc test with a confidence interval of 95%,
where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. In
addition, JMP Pro 17 was used for the factorial design and ana-
lysis described in the study, which helped determine the main
effects and all two-factor interactions of the enzyme, buffer,
and mRNA concentrations using three values for each.

To determine the sensitivity of the method, the limit of
detection, LOD, of the platform was calculated using the peak
area as follows:

LOD area ¼ concentration
peak area

ð1Þ

and via the peak height using the following relation:

LODheight ¼ concentration
peakheight
3� noise

� � ð2Þ

where 3 was used as the desired signal-to-noise ratio, and the
noise magnitude of the individual electropherograms was
input as the noise.

Fig. 3 Assessment of the optimal buffer to enzyme and mRNA concentrations (Table S1†). Summarized (a) dsRNA peak area and (b) undesired peak
area of the top performing conditions. Electropherograms of conditions (c) 13 and (d) 14, which were selected for further analysis. “*” 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 figure was
created using GraphPad Prism.
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Results and discussion
S1 nuclease treatment baseline

mRNA and dsRNA, particularly longer fragments, have signifi-
cantly different electrophoretic mobilities.26 Therefore, to
characterize contaminant or residual dsRNA in mRNA
samples, it is essential to first identify the peak-producing
molecule before using a ladder to determine its length. S1
nuclease is an enzyme that degrades single-stranded nucleic
acids (Fig. 2a) and presents a promising method for identify-
ing dsRNA fragments in mRNA samples prior to microfluidic
characterization. To assess the potential of the method, we
compared an untreated sample to a sample treated following
the standard operating procedure (SOP), which contains EDTA
(Fig. 2b and c). While EDTA is commonly used due to its
ability to chelate magnesium ions required by nuclease
enzymes, protecting nucleic acids from further degradation, in
excess, it can affect the performance of microfluidic analyses.
Therefore, we also investigated the need for EDTA in the treat-
ment (Fig. 2d). When the untreated sample was compared to

the treated samples, a complete disappearance, or digestion,
of the mRNA peak (∼37.7 s), but retention, albeit at a signifi-
cantly lower magnitude, of the dsRNA peak (∼31.4 s), as high-
lighted in Fig. 2. Interestingly, EDTA did not have a measur-
able impact on the dsRNA peak area or migration time, and
neither did the treatment, regardless of the use of EDTA, com-
pared to the untreated sample. Since the goal is to develop a
streamlined and robust protocol for detecting residual dsRNA
in mRNA samples, and EDTA did not appear to impact the
digestion performance, it was removed from the workflow.

Ensuring that dsRNA remains intact, confirmed by the lack
of change in migration time (Fig. 2g), is crucial for the robust-
ness of the method as it will allow correct length determi-
nation downstream. However, while the S1 nuclease treatment
continues to show great promise, there was a significant
decrease of over two orders of magnitude in the dsRNA peak
area, going from 249.8 to an average of 2.0 F.U. × s from
untreated to treated. This suggests that the limit of detection
(LOD) of the method, at this stage, was 2.83 ng µL−1, calcu-
lated using the average yielded by eqn (1) and (2). Considering

Fig. 4 Comparison of conditions 13 and 14 at 1 M (10 ng µL−1), 10 M (100 ng µL−1), and 20 M (200 ng µL−1) of the 1198 nt sample with the 700 bp
dsRNA concentration kept constant at 5 ng µL−1. Summarized areas of the undesired and dsRNA peaks using (a) condition 13 and (b) condition 14.
Electropherograms of (c) condition 13 and (d) condition 14 at 20M. Summarized areas of the (e) undesired peak and the (f ) dsRNA peak for con-
ditions 13 and 14. “*” indicates the significance level in the difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), while “ns” indicates no stat-
istical difference. This figure was created using GraphPad Prism.
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the target is to be able to detect ∼1% dsRNA by concentration
in mRNA samples, and these samples can be present as
smears, this would require the loading of over 300 ng µL−1 of
the mRNA sample. Therefore, the next goal of the study is to
mitigate the signal decrease of dsRNA caused by the treatment
to increase the sensitivity of the method.

Optimization of the buffer to enzyme ratio of the digestion

The relationship between buffer, enzyme, and mRNA concen-
trations was evaluated to increase the sensitivity of the
method. First, some initial experiments not included in this
study were conducted to narrow down the optimal concen-
trations of each parameter. During these experiments, it was
observed that these parameters can interact with each other,

so we designed a factorial experiment to test three levels of
each of these parameters. We tested buffer concentrations of
1/16, 1/8, and 1/4× SOP concentration, enzyme concentrations
of 2, 10, and 50× SOP concentration, and mRNA concen-
trations of 1/2, 1, and 2 the initial concentration of 10 ng µL−1

(Table S1†). As can be observed in Fig. 2, and as we confirmed
during initial tests, under different conditions, a smear can
appear next to the lower marker. While no experiments were
conducted to characterize the nature of the smear further, it is
believed it is primarily composed of fragments of mRNA that
were not fully digested.

Therefore, to determine the performance of each condition,
the dsRNA peak area and height and the undesired peak area
were analyzed and compared (Fig. S1†), and the most promis-

Fig. 5 Assessing the robustness of the method against different mRNA lengths at a concentration of 200 ng µL−1 spiked with a 700 bp dsRNA or a
700 bp and a 1800 bp dsRNA each at a concentration of 1 ng µL−1. Since all the mRNA peaks were fully digested by the enzyme, the dsRNA frag-
ments were analyzed to determine whether the treatment affects the migration and integrity of the fragments that are not targeted by the enzyme.
Migration time of (a) the 700 bp and (b) the 1800 bp dsRNA for the samples containing each fragment. Peak area for (c) the 700 bp and (d) the 1800
bp dsRNA for the samples containing each fragment. Representative electropherograms of (e) the untreated 1913 nt mRNA, (f ) the treated 1913 nt
mRNA and 700 bp dsRNA, and (g) the treated 1913 nt mRNA, 700 bp dsRNA, and 1800 bp dsRNA. Panels f and g highlight the complete dis-
appearance through digestion of the 1913 nt mRNA peak. “*” 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 figure was created using GraphPad Prism.

Paper Analyst

1514 | Analyst, 2024, 149, 1509–1517 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 3
/8

/2
02

6 
6:

56
:1

4 
A

M
. 

 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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an02157b


ing (high dsRNA peak area and height and low undesired peak
area) were chosen for further investigation, as highlighted in
Fig. 3a and b. A factorial analysis (Fig. S2†) was used to deter-
mine the optimal formulation to maximize the dsRNA peak
and minimize the undesired peak. Based on these parameters,
the optimal condition was determined to be condition 13,
with a buffer concentration of 1/16× SOP, an enzyme concen-
tration of 10× SOP, and 1× the mRNA concentration (Fig. 3c).
Overall, it was observed that inadequate buffer to enzyme con-
centrations for a given mRNA concentration can lead to insuffi-
cient digestion of the mRNA. Considering that using this con-
dition, the LOD is ∼0.26 ng µL−1, which would require a con-
centration of over 30 ng µL−1 of mRNA to detect the impurities
effectively, it was decided, based on a similar performance, to
test further condition 14 (Fig. 3d), which only differed in
buffer concentration (1/8 instead of 1/16×) from condition 13,
against different mRNA concentrations to ensure the robust-
ness of the method.

Since condition 13 (1/16× buffer, 10× enzyme) was the pre-
ferred condition based on the factorial analysis and condition
14 (1/8× buffer, 10× enzyme) was semi-qualitatively our pre-
ferred condition based on overall peak magnitudes and
shapes, we conducted an experiment where mRNA concen-
trations of 10, 100, and 200 ng µL−1 were used to test the
robustness of each method. We found that the undesired peak
area is positively correlated with mRNA concentration for both

conditions, and the dsRNA peak area is independent of
changes in mRNA concentration (Fig. 4a and b). Furthermore,
the distance between the undesirable and dsRNA peaks in
both conditions was sufficient to avoid peak overlap, highlight-
ing the robustness of the method. As predicted, condition
13 had significantly higher undesirable peak areas than con-
dition 14 at higher concentrations (Fig. 4c–f ). Despite this, the
dsRNA peak area was similar for the two conditions, which
means that condition 14 has a higher dsRNA peak area to
undesirable peak area ratio. As a result, Condition 14 was
chosen as the optimal treatment formulation.

Validation of the method

Once the treatment conditions were optimized (1/8× buffer,
10× enzyme), its performance was validated in terms of sensi-
tivity (Fig. S3†) and length dependency (Fig. 5). To assess the
LOD, a 700 bp dsRNA sample was analyzed at 1.0, 2.5, and 5.0
ng µL−1, and the peak area and height of each sample were
used to determine the LOD using eqn (1) and (2) (Fig. S3†). A
strong correlation can be observed between peak area and con-
centration (Fig. S3a†). No observable difference was observed
between the area- and height-based estimations of the LOD,
suggesting strong confidence in the LOD of the method esti-
mated to be 0.32 ± 0.07 ng µL−1 of treated dsRNA. Next, to
assess the length-dependency of the assay, it was tested with
different dsRNA and mRNA lengths, specifically dsRNA of

Fig. 6 Assessment of the ability to estimate the dsRNA impurity fragment length from a sample containing a 700 bp and a 1800 bp dsRNA fragment
at a concentration of 0.5 ng μL−1 each and a 1913 nt mRNA fragment at a concentration of 10 ng μL−1 (untreated) and 200 ng μL−1 (treated). The
untreated electropherogram is for illustrative purposes with the same dsRNA concentration as the treated but an mRNA concentration 20× lower
due to the undigested mRNA concentration maximum loading capacity of the chip, which prevents us from loading more than 13 ng µL−1 (ref. 26) of
untreated mRNA. Electropherograms of the (a) untreated and (b) treated samples. (c) Plot highlighting the logarithmic fit for the migration of the
ladder peaks (80, 150, 300, 500, 4001 bp), y = 9.82 log(x) + 7.04 with an R2 = 0.99. (d) Comparison of the expected (black) and estimated fragment
length of the two dsRNA peaks using the dsRNA ladder fit, showing no statistical difference between the expected and estimated values for both
peaks. Figure created using GraphPad Prism.
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lengths 700 bp and 1800 bp and mRNA of lengths 818 nt, 1198
nt, 1913 nt, 3406 nt, and 4451 nt (Fig. 5). More specifically,
Sample 1 contained 700 bp dsRNA and 818 nt mRNA, Sample
2 contained 700 bp dsRNA and 1198 nt mRNA, Sample 3 con-
tained 700 bp dsRNA and 1913 nt mRNA, Sample 4 contained
700 bp and 1800 bp dsRNA and 1913 nt mRNA, Sample 5 con-
tained 700 bp and 1800 bp dsRNA and 3406 nt mRNA, and
Sample 6 contained 700 bp and 1800 bp dsRNA and 4451 nt
mRNA. The concentration of dsRNA and mRNA in all samples
was 1 ng µL−1 and 200 ng µL−1, respectively. For all samples
tested, there was a complete digestion of the mRNA peak, and,
as can be highlighted in Fig. 5, the dsRNA migration time was
preserved for both the 700 and 1800 bp fragments. Notably,
this method can identify different dsRNA impurities in the
same sample without interference.

Once it was confirmed that the integrity of the dsRNA frag-
ments was not affected, we tested the ability of the method to
estimate the length of dsRNA impurities. To this end, once
again a 1913 nt fragment was spiked with two dsRNA frag-
ments to simulate contaminants, however, this time the
dsRNA fragments were added at a concentration of 0.25% rela-
tive to the mRNA concentration (Fig. 6). Once the dsRNA frag-
ments were identified, a ladder combined in-house was used
to determine the length of the dsRNA impurities with an
average error of 8%, ranging from 4–11%, with no statistical
difference from the expected value. It must be noted that while
the error is within our desired threshold, the ladder used to
generate the curve that was used to estimate the lengths was
composed of non-chemically modified dsRNA, while the
samples were spiked with pseudouridine chemically modified
dsRNA. This suggests that while their mobilities may differ
slightly, a non-modified ladder can be used to estimate the
length of pseudouridine modified dsRNA, and potentially
other chemical modifications.

Conclusion

This study presents a novel method for characterizing dsRNA
impurities in mRNA formulations. Microfluidic electrophor-
esis offers a rapid, high-throughput analytical tool for the frag-
ment-based analysis of both dsRNA and mRNA fragments,
enabling the determination of their lengths through ladders.
However, as discussed in our previous study,26 long dsRNA
and mRNA molecules can differ significantly in electrophoretic
mobility, requiring nucleic acid-specific ladders for size deter-
mination. Therefore, since, in addition to the residual dsRNA,
truncated or degraded mRNA fragments may also be present
in the sample,11 it is crucial to determine the identity of the
dsRNA peaks before assessing their size.

To this end, we developed an enzymatic identification
method compatible with our microfluidic system that uses S1
nuclease to digest all single-stranded fragments in the sample,
only leaving behind the dsRNA fragments. While the standard
protocol for the enzyme treatment yielded acceptable results,
we optimized the concentrations of buffer and enzyme used in

the protocol to increase the sensitivity and robustness of
accepting a wide range of mRNA concentrations. Upon opti-
mizing these conditions, the LOD of the method for dsRNA
post-treatment was calculated to be 0.32 ± 0.07 ng µL−1, 8.8-
fold greater than using the SOP, and the maximum loading
concentration of mRNA tested in this study was 200 ng µL−1.
Therefore, the lowest percentage of dsRNA contaminant experi-
mentally tested in an mRNA sample here was 0.25%; however,
based on the LOD, we expect the system to be capable of
detecting percentages as low as 0.16% when 200 ng µL−1 of
mRNA are loaded. It should be noted that it is also possible
that higher concentrations of mRNA may be analyzed using
the proposed method, further lowering the percentage of
impurities that can be detected, but it was not directly
assessed during this study.

The focus of this paper was primarily the development of an
enzymatic identification method for residual dsRNA in mRNA
samples. Once the peak was identified, we were able to use the
line of best fit yielded by a ladder we combined in-house to esti-
mate the length of the impurities within 8% of the expected
length. While in this study, a ladder had to be run on the same
plate as the sample and the migration over length of the ladder
peaks had to be fit to generate the curve used to estimate the
sizes, we are currently working on developing a more streamlined
sizing method. Using experimental data, we are developing a
physics-informed neural network model capable of predicting
dsRNA and mRNA electrophoretic mobility under different gel
concentrations using our microfluidic platform.

Requiring only 10–15 µL of sample, the proposed method has
an analytical run time of 1 min per sample post enzyme treat-
ment. Since the analytical platform is compatible with 96- and
384-well plates, and the enzyme treatment can be conducted
directly on the well plate, this method is considered high
throughput, requiring human intervention during the microflui-
dic analysis. The low sample requirements and high throughput
nature of the method make it highly suitable for the batch-to-
batch monitoring of residual dsRNA and for the mRNA process
development optimization in the biopharmaceutical industry.
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