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High purity is essential in mRNA-based therapeutic applica-
tions. A major contaminant of in vitro-transcribed (IVT)
mRNA manufacturing is double-stranded RNA (dsRNA),
which can induce severe anti-viral immune responses. Detec-
tion methods, such as agarose gel electrophoresis, ELISA, and
dot-blot assay, are used to detect the existence of dsRNA in
IVT mRNA products. However, these methods are either not
sensitive enough or time-consuming. To overcome these chal-
lenges, we develop a rapid, sensitive, and easy-to-implement
colloidal gold nanoparticle-based lateral flow strip assay
(LFSA) with sandwich format for the detection of dsRNA
from IVT process. dsRNA contaminant can be determined
visually on the test strip or quantitatively with a portable opti-
cal detector. This method allows for a 15 min detection of
N1-methyl-pseudouridine (m1J)-containing dsRNA with a
detection limit of 69.32 ng/mL. Furthermore, we establish the
correlation between the LFSA test results and the immune
response caused by dsRNA in mice. The LFSA platform allows
the rapid, sensitive, and quantitative monitoring of purity in
massive IVT mRNA products and aids for the prevention of
immunogenicity by dsRNA impurities.
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INTRODUCTION
merRNA has gained significant worldwide attention as a novel active
ingredient in vaccines and gene therapies.1,2 The increasing demand
for mRNAmolecules has compelled mRNAmanufacturers to quickly
scale up production capacity while maintaining high mRNA qual-
ity.3,4 In vitro transcription by T7 polymerase is the standard proced-
ure to synthesize mRNA.5 However, this procedure may introduce
double-stranded RNA (dsRNA) contaminants from random priming
of abortive transcripts,5 turn-around transcription,6 and antisense
Molecular T
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transcription.7 dsRNA can be recognized by endosomal membrane-
bound Toll-like receptor-3 (TLR-3) and cytosolic RNA sensors
such as melanoma differentiation-associated protein 5 (MDA5) and
retinoic acid-inducible gene I (RIG-I).8,9 dsRNA immune activation
results in the up-regulation of various pro-inflammatory cytokines,10

and cell death,11 which can lead to patient morbidity. Therefore, to
improve the quality of mRNA translation,12 and minimize adverse
effects, it is critical to carefully monitor in vitro-transcribed (IVT)
mRNA products and confirm the removal of dsRNA after
purification.

Agarose gel electrophoresis, ELISA, and dot-blot assay are well-estab-
lished methods for detecting dsRNA contaminants in IVT. Agarose
gel electrophoresis can be used for dsRNA detection, but it has low
sensitive.13 ELISA using antibodies has been applied for determina-
tion of dsRNA concentration in total RNA because of their high sensi-
tivity and reliability.14 However, conventional ELISA is a multi-step
process and requires hours of operation. Dot-blot assay is the other
approach frequently used to detect dsRNA contaminant in mRNA.
This method is also based on specific monoclonal antibody (mAb)
recognition of dsRNA.15 Similar to ELISA, this approach is
herapy: Nucleic Acids Vol. 32 June 2023 ª 2023 The Author(s). 445
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Figure 1. The LFSA device for dsRNA detection

(A) The principle of lateral flow strip assay. (B) The testing process of the LFSA for

dsRNA detection.
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complicated and requires over 4 h to complete. Additionally, it may
cause false-positive result because of nonspecific adsorption of other
substances by the membrane.16,17 Given the technical challenges of
detecting dsRNA, there is a pressing need to develop a rapid, sim-
ple-to-use, quantitative, and sensitive assay for detecting dsRNA.

Lateral flow strip assay (LFSA) is a well-established method for rapid
detection, and is commonly used in disease diagnosis,18,19 food
safety,20 and environmental monitoring.21 As opposed to other detec-
tion methods, LFSA has various practical advantages,22,23 including
rapid on-site detection, simple operation, straightforward result inter-
pretation, low cost, effortless sample pre-processing, and indepen-
dence from large-scale instruments. Recent studies have demon-
strated LFSA can be applied to detect viral RNA. For example,
Wang et al. demonstrate a lateral flow strip for the detection of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA, using
S9.6-monoclonal antibody-labeled fluorescent nanoparticles to cap-
ture the RNA-DNA hybrids.24 Inspired by previous research studies,
we expand gold nanoparticles (AuNP)-based LFSA application with
the development of a rapid, sensitive, and easy-to-use assay for qual-
itative and quantitative detection of dsRNA byproducts in IVT
mRNA. In comparison with other methods, our platform assay
achieves a rapid on-site screening of dsRNA contaminants in
mRNA within 15 min. The readout can either be inspected by direct
visualization or by using an optical detector. The limit of detection
(LOD) for our device is 2.03 ng/mL with the linear detection range
from 3 to 672 ng/mL for dsRNA contaminants in uridine (U)-con-
taining IVT mRNA product while the LOD for dsRNA contaminants
in N1-methyl-pseudouridine (m1J)-containing IVT mRNA is
69.32 ng/mL with the linear detection range from 215 to 13,758 ng/
446 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
mL. Furthermore, we correlate our LFSA detection results with a se-
ries of immune response analyses in animal studies to confirm the
efficacy of our device in detecting immunogenic contaminants. The
results demonstrate minimal immune response in mice to the
mRNA samples that tested negative on LFSA, while the increased
level of interferon (IFN)-b and interleukin (IL)-6 secretion induced
by dsRNA contaminants is correlated with positive LFSA readout.
Altogether, our LFSA platform allows rapid, sensitive, and quantita-
tive monitoring of dsRNA contaminants in IVT mRNA products
and can thus prevent potential immunogenicity.

RESULTS
Design and operation of the LFSA

The dsRNA detection mechanism in LFSA platform was based on a
sandwich immunoassay. The assembled dsRNA detection test strip
consisted of sample, conjugate, and absorbent pads, and a nitrocellu-
lose (NC) membrane. The four components were partially overlaid to
allow the liquid sample to pass through (Figures 1A and S1). We
screened six antibody pairs by detecting both dsRNA (poly[I:C] low
molecular weight [LMW]) and dsRNA (m1J) and found that J5
and K1 were most suitable for dsRNA capture, immobilization, and
colorimetric report (Figure S2). AuNP-labeled J5 antibodies were
sprayed onto the conjugation pad for the initial dsRNA capture.
Anti-dsRNA K1 antibodies were immobilized onto the test line
(T-line) of the NCmembrane for the J5 detected dsRNA immobiliza-
tion and colorimetric report. The control line (C-line) was coated
with goat anti-rabbit IgG antibodies to capture the AuNP-labeled rab-
bit IgG antibodies from the conjugation pad (Figure 1A).

To run the assay, mRNA samples needed to be first diluted to 50 mL
with dilution buffer (10 mM PBS [pH 7.2–7.4] containing 8 mM
Na2HPO4, 2 mM KH2PO4, 136 mM NaCl and 2.6 mM KCl, 1%
BSA) and loaded on the sample pad (Figure 1B). The dsRNA contam-
inants were captured by the AuNP-labeled J5 antibodies on the conju-
gate pad. As the dsRNA-J5 antibody complex flowed through the
testing strip toward the absorbent pad by capillary driving force, it
was immobilized by the K1 antibodies on the T-line gradually
rendering a red positive band on the test strip. The AuNP-labeled rab-
bit IgG antibodies were captured by the anti-rabbit IgG on the C-line.
After 15min, LFSA result could be determined by naked eyes or an op-
tical detector. A positive result exhibited two red bands on the reaction
area. A negative result presented a red band on the C-line. If there was
no signal on the reaction area or only one red band presented on the
T-line, the test was invalid. To quantify detected dsRNA, the optical
density values of the T-line and C-line could be determined by an op-
tical detector. The ratio of T-line value to the C-line value (T/C value)
could be calculated to determine the actual quantity of dsRNA.

LFSA validation with agarose gel electrophoresis and dot-blot

assay

We validated the feasibility of the LFSA for dsRNA detection by
comparing with agarose gel electrophoresis and dot-blot assay. In
this study, EGFP-encoded mRNA was the molecule of interest. To
obtain single-stranded RNA (ssRNA) and dsRNA, we applied the



Figure 2. LFSA validation with agarose gel electrophoresis and dot-blot

assay

EGFP-encoded mRNA products synthesized by IVT, purified mRNA, and dsRNA

contaminants separated by cellulose-filled microcentrifuge spin columns were

analyzed using (A) 1% native agarose gel electrophoresis, (B) dot-blot assay with J2

mAb, and (C) LFSA device.
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cellulose purification technique to separate dsRNA from ssRNA in
IVT mRNA products (Materials and methods). Briefly, EGFP-en-
coded mRNA contained with U or m1J modification were synthe-
sized by the IVT process (Materials and methods). The ssRNA and
dsRNA in the IVT mRNA (U or m1J) products were separated by
microcentrifuge spin columns filled with microcrystal cellulose in
an ethanol-containing buffer. The dsRNA bound to microcrystal cel-
lulose in the presence of ethanol, while ssRNA eluted through the spin
columns. The dsRNAwas then eluted with nuclease-free water. These
samples were used for LFSA validation.

We first analyzed the mRNA samples with agarose gel electrophoresis
(Materials and methods; Figure 2A). As agarose gel electrophoresis
had low detection sensitivity for dsRNA contaminant in IVT prod-
ucts, we used a large amount of RNA sample (300 ng) for agarose
gel electrophoresis analysis. IVT products with both U and m1J
showed three bands that corresponded to dsRNA (top), 30 extension
RNA (middle),25 and ssRNA (bottom) (Figure 2A). However, the
signal of the top bands for both U- and m1J-containing IVT prod-
ucts was weak, suggesting agarose gel electrophoresis could barely
detect dsRNA contaminant from 300 ng of IVT products. Notably,
the top band was significantly reduced in purified U- and m1J-con-
taining ssRNA samples, indicating efficient dsRNA removal by cellu-
lose purification (Figure 2A). Whereas the signal of the top bands for
both purified U- and m1J-containing dsRNAwas more intense than
it is for IVT products, suggesting a high level of dsRNA in the purified
dsRNA sample. The middle and bottom bands could still be observed
in purified U- and m1J-containing dsRNA, which might be caused
by the nonspecific binding of ssRNA and 30 extension RNA on the cel-
lulose during the cellulose purification process.

We then performed dot-blot assay with the dsRNA specific J2 anti-
body to analyze the difference between RNA samples (materials
and methods). We applied 100 ng of samples for dot-blot assay. Fig-
ure 2B showed a positive signal for U- and m1J-containing IVT
products and purified U- andm1J-containing dsRNA. Aweak signal
was detected for purified U- and m1J-containing ssRNA. dsRNA in
m1J-containing IVT product showed a lower signal than in
U-containing IVT product. Because the affinity of J2 antibody to
both U- and m1J-containing dsRNA was comparable,13 the detec-
tion difference should be caused by the production of fewer dsRNA
contaminants during the in vitro transcription process of m1J-con-
taining mRNA compared with U-containing mRNAs.26 As expected,
weak signal was detected in the purified ssRNA, which further
confirmed the efficient removal of dsRNA contaminants by the cellu-
lose purification method.

We finally evaluated the detection performance of the LFSA device by
using the test strip to detect 100 ng of mRNA samples (materials and
methods; Figure 2C). When testing the IVT products, the test strip
displayed two red bands, indicating that the IVT products contained
dsRNA contaminants. The test strip showed a single C-line for the
purified ssRNA sample while showing two lines for the purified
dsRNA sample in accordance with the results from agarose gel elec-
trophoresis and dot-blot assay. Notably, the T-line signal was more
pronounced for U-containing mRNA samples than for m1J-con-
taining mRNA samples, which was similar to the results of dot-blot
assay.

Specificity assay and interference assay of the LFSA device for

dsRNA detection

High specificity was essential for dsRNA detection, as any error could
result in low-quality mRNA for research and pharmaceutical applica-
tions. Thus, we examined whether the mAbs were specific to dsRNA
by adding various forms and concentrations of nucleic acids that had
similar or same chemical compositions to dsRNA (detailed sequences
are shown in Table S1).

We first tested whether the mAbs were able to distinguish dsRNA
from other forms of nucleic acids. Ten micrograms per milliliter of
different forms of nucleic acids including ssDNA primer, dsDNA
PCR product, DNA plasmid, U- and m1J-containing ssRNA, and
1 mg/mL of U- and m1J-containing dsRNA, were serially tested us-
ing the LFSA (Figure 3A). Poly(I:C) LMW (0.2–1 kb) was used as a
positive control. The results showed a minimal optical reading signal
for all tested samples except for purified U- and m1J-containing
dsRNA and poly(I:C) LMW. In addition, there was no cross-reactivity
with other forms of nucleic acids. LFSA detection signal for
m1J-containing dsRNA showed relatively lower than for an equal
concentration of U-containing dsRNA.

As the chemical composition of the ssRNA was similar to dsRNA,
ssRNA might interfere with the binding of dsRNA to the antibody.
Therefore, we studied if the presence of ssRNA affected dsRNA detec-
tion in the LFSA. We applied LFSA to detect 34 ng/mL U- and
m1J-containing dsRNA with ssRNA in increasing ratios. The
dsRNA/ssRNA concentration ratios of 1:100, 1:200, 1:500, and
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 447
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Figure 3. Specificity assay and interference assay of the LFSA device for

dsRNA detection

(A) Histograms of the detected T/C value of different nucleic acids and analogs

(1 mg/mL for positive control [poly(I:C) LMW], U- and m1J-containing dsRNA;

10 mg/mL for all other nucleic acids), as well as photos of lateral flow strips. (B) The

interference assay of the LFSA for 34 ng/mL of U-containing dsRNA detection at

different dsRNA/ssRNA concentration ratios (1:100, 1:200, 1:500, 1:1,000). (C) The

interference assay of the LFSA for 34 ng/mL of m1J-containing dsRNA detection at

different dsRNA/ssRNA concentration ratios (1:100, 1:200, 1:500, and 1:1,000).

The error bars represent the SD of experimental triplicates. Data are represented as

mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001, according to the paired two-

tailed t-test comparison of every group and control group.
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1:1,000 were analyzed. The results showed no statistically significant
difference, indicating that ssRNA had limited interference to LFSA
(Figures 3B and 3C). In addition, we evaluated the highest loading
amount of IVT mRNA on the test strip. The results showed that
the test strip can load up to 2 mg of sample (Figure S3).

Quantitative detection of the LFSA device

Standard curves were generated for dsRNA detection to achieve
quantitative analysis. We first evaluated the quantitative detection
performance of our LFSA platform using complete complimentary
dsRNA with the same mRNA molecular length of EGFP, luciferase,
and Cas9 (materials and methods; Figures S4 and S5). As reported
previously, dsRNA length influenced the binding affinity of mAb
which could directly affect our LFSA for dsRNA detection.15,27 To
obtain a general picture of the linear detection range for long dsRNA
and short dsRNA, we also generated the standard curves for both
poly(I:C) LMW (0.2–1 kb) and poly(I:C) HMW (high molecular
weight; 1.5–8 kb). A series of dilutions of different dsRNA standards
were loaded onto the sample pad of test strips for analysis. The LFSA
test results were quantified by measuring the optical density values of
the T-line and C-line with a colloidal gold optical detector (Figure S1).
The calculated average T/C values for the dilution series of dsRNA
standards were presented in both scatter graphs (Figure 4) and heat-
maps (Figure S6). The LOD value and linear detection range for
U-containing dsRNA, m1J-containing dsRNA, poly(I:C) LMW,
448 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
and poly(I:C) HMW were listed in Table 1. Notably, the hook effect
started to show when the titers of samples of corresponding dsRNA
standards exceeded 2,687, 13,758, 537, and 2,150 ng/mL.28 The
non-linear regions appearing on the curve was the postzone phenom-
enon in the hook effect, which is caused by excess antigens occupying
the binding sites of detection antibody and capture antibody, result-
ing in the reduction of immune complexes. This hook effect could be
observed in the heatmaps as well (Figure S6).

Correlation between the LFSA test results and the immune

response caused by dsRNA in mice

We correlated the LFSA test results of different dosages of m1J-con-
taining dsRNA standard and IVTmRNA before and after purification
with their animal immune response analysis to confirm that LFSA
testing could estimate the immune response (Figure 5).

We measured the levels of IFN-b and IL-6, as the common factors of
immediate immune response, 6 h post-injection of mRNA sam-
ples.29,30 m1J-containing dsRNA standards of 0.017, 0.17, and
1.7 mg were used for quantitative LFSA and animal immune response
analysis (Figures 5A–5C). LFSA quantitative analysis confirmed the
amounts of dsRNA as those intended to be used in the experimental
design. The levels of IFN-b and IL-6 in mice increased proportionally
with m1J-containing dsRNA, affirming a direct correlation between
the amount of dsRNA and the two immune response factors.

Furthermore, we applied LFSA to detect the amount of dsRNA in IVT
mRNA samples and confirmed that the immune response from these
contaminated IVT mRNA samples was reduced after cellulose purifi-
cation. The LFSA test suggested there is about 58.02 ± 11.41 ng of
dsRNA in 10 mg IVT mRNA (Figure 5D). As expected, the purified
IVT mRNA was negative on LFSA. The levels of IFN-b and IL-6
increased after injection of unpurified IVT mRNA, indicating an
acute immune response (Figures 5E and 5F). Both IFN-b and IL-6
dropped for purified IVT mRNA, suggesting the removal of dsRNA
reduces the immune response (Figures 5E and 5F). Notably, even
with the purification, the level of IL-6 slightly increased (Figure 5F),
which could be due to the cellulose purification technique not having
fully removed the dsRNA contaminants, and the remaining dsRNA
contaminants were likely to induce a minor secretion of IL-6 (Fig-
ure 5F). We found that 0.17 mg pure dsRNA induced about 10 pg/
mL IL-6 (Figure 5C) and 10 mg of unpurified IVT mRNA that con-
tained about 58.02 ng dsRNA (Figure 5D) led to a 6-fold stronger
IL-6 response (Figure 5F). This contradicting result might be caused
by the structural difference between dsRNA contaminants from IVT
products and pure dsRNA standards. The dsRNA standards we pre-
pared were the complete complementary dsRNA (sense-antisense),
while the dsRNA produced by IVT contains multiple structures,
such as abortive transcripts,5 dsRNA (30-extended) product,6 and
dsRNA (sense-antisense).7

DISCUSSION
Fast and precise on-site detection technology provides convenient
method for quality control of biological products. We expand the



Figure 4. Sensitivity assay of the LFSA device for the quantification of dsRNA standards

Scatterplot of the T/C value as a function of the concentration of (A) U-containing dsRNA (880 bp), (B) m1J-containing dsRNA (880 bp), (C) poly(I:C) LMW, and (D) poly(I:C)

HMW. The linear relationship between the T/C value and the concentration of (E) U-containing dsRNA, (F) m1J-containing dsRNA, (G) poly(I:C) LMW, and (H) poly(I:C) HMW.

The linear relationship between the T/C value and the concentration of m1J-containing dsRNA at dsRNA/ssRNA concentration ratio of (I) 1:5 and (J) 1:10. (K) The linear

relationship between the T/C value and the concentration of m1J-containing dsRNA at the absence and presence of ssRNA. The error bars represent the SD of experimental

triplicates.
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application of LFSA for the detection of dsRNA, which is the primary
IVT contaminant and the key activator of triggering innate immune
responses.

In this study, we applied three methods, including agarose gel electro-
phoresis, dot-blot assay, and LFSA, to detect dsRNA contaminants in
IVT mRNA products (Figure 2), and compared the detection capa-
bility of these methods (Table 2). For the detection time, agarose
gel electrophoresis needs at least 1 h, including the gel preparation,
sample loading, running the gel, and visualization; dot-blot assay
needs 4–5 h, including sample loading, membrane blocking, primary
and secondary antibody incubation, membrane washing, and visual-
ization. In contrast, our LFSA can complete the procedures of sample
dilution, loading, and observation within 15 min, which is 4 times
faster than agarose gel electrophoresis and 16 times faster than dot-
blot assay (Table 2). From the aspect of sensitivity, agarose gel electro-
phoresis employs fluorescence visualization, but it has low sensitivity
and resolution for trace amounts of dsRNA. Dot-blot assay is sensi-
tive for trace amounts of dsRNA in IVT samples on the basis of
chemiluminescent method, which is comparable with our LFSA
that can detect ng quantities of dsRNA by the colorimetric method.
From the aspect of specificity, in comparison with dot-blot assay,
our LFSAmaintains high specificity which is based on the recognition
of antibodies to dsRNA (Figure 3A). Moreover, for qualitative anal-
ysis, LFSA does not require any imaging instruments to observe the
results. Notably, high-performance liquid chromatography (HPLC)
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 449
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Table 1. Limit of detection and linear detection range for different dsRNA

standards detection by LFSA

Detection substance
Limit of
detection, ng/mL

Linear detection
range, ng/mL

U-containing dsRNA 2.03 3–672

m1J-containing dsRNA 69.32 215–13,758

Poly(I:C) LMW 2.28 4–537

Poly(I:C) HMW 7.53 8–2,150
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is a common sensitive analytical tool. Ion pair reverse-phase HPLC
(IP-RP-HPLC) has been previously shown to separate ssRNA from
corresponding dsRNA.31 Previous report also applied HPLC to re-
move dsRNA from mRNA.32 However, no literature reports that
HPLC can accurately quantify dsRNA from IVT. Thus, in terms of
detection duration, sensitivity, and specificity, our LFSA is a great
alternative to existing technology and greatly meets the requirements
for dsRNA detection.

The quantitative detection of dsRNA can be achieved by using a
colloidal gold optical detector (Figures 4 and S8). If the optical detec-
tor is not available, quantitative analysis can be conducted through
imaging analysis software under proper experimental conditions.33–35

Different dsRNA standards were used for establishing standard
curves (Figures 4E–4H). Determined from the standard curves,
LFSA can detect as low as 2.03 ng/mL of U-containing dsRNA and
69.32 ng/mL of m1J-containing dsRNA. LFSA has higher sensitivity
to U-containing dsRNA, as the capture antibody (K1) shows stronger
binding to U-containing dsRNA (Figure S9).15

To examine whether the standard curve established by pure dsRNA
standard is consistent with the standard curve established in the pres-
ence of ssRNA, we have set up the m1J-containing dsRNA standard
curves in the presence of ssRNA with the dsRNA/ssRNA concentra-
tion ratio of 1:5 and 1:10 (Figures 4I and 4J). The standard curves with
the two dsRNA/ssRNA concentration ratios have no significant dif-
ference from the pure dsRNA standard curve, indicating that the
standard curve established by pure dsRNA standard is suitable for
the quantification of dsRNA in actual samples (Figure 4K). Together,
our results suggest LFSA can quantitatively detect dsRNA in in vitro-
transcribed mRNA samples.
Conclusion

We have developed a colloidal gold nanoparticle-based lateral flow
strip device for the detection of dsRNA contaminants in IVT
mRNA products. Compared with the traditional detection methods,
such as agarose gel electrophoresis and dot-blot assay, LFSA offers
a rapid, sensitive, and simple-to-use solution. LFSA provides not
only qualitative dsRNA detection but also quantitative dsRNA anal-
ysis when coupled with an optical detector. The animal immune
response analysis also confirms that LFSA constitutes an early warn-
ing method for the immune response due to dsRNA contamination.
Given the increasing interest in mRNA-related research, vaccines,
450 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
and the pharmaceutical industry, high-purity mRNA products are
in great demand. Various detection means are essential for mRNA
quality control. We believe the LFSA that allows rapid, sensitive,
and simple-to-use detection has the potential to replace dot-blot assay
and will tremendously facilitate mRNA research progress and
manufacture.

MATERIALS AND METHODS
Preparation of AuNP-labeled anti-dsRNA J5 antibody

Colloidal gold nanoparticles (AuNPs) (diameter 30 nm) were synthe-
sized by the trisodium citrate reductionmethod.36 Themorphology of
colloidal gold nanoparticles was characterized by the JEM-2100F
transmission electron microscope (JEOL). The ultraviolet-visible
(UV-Vis) absorption spectra of colloidal gold nanoparticles were re-
corded by the NanoDrop One spectrophotometer (Thermo Fisher
Scientific). The dynamic light scattering (DLS) analyses and zeta po-
tentials of colloidal gold nanoparticles were collected by the Zetasizer
Ultra (Malvern Panalytical, Shanghai, China). AuNPs were coated
with anti-dsRNA J5 antibody (Nordic-MUbio, Susteren, the
Netherlands) by adjusting pH to about 8.0. Briefly, 16 mL 0.2 M po-
tassium carbonate (Sinopharm, Beijing, China) was added to 2 mL
AuNPs solution. Twenty microliters of J5 mAb solution (1.0 mg/
mL) was added to AuNPs solution with standing for 5 min. Then
20 mL 20% BSA (10 mM Tris-HCl [pH 8.0]) (Proliant) solution was
added to block nonspecific sites and stabilize the AuNP-mAb conju-
gate. The solution was centrifuged at 20,000 rpm for 5min at 4�C. The
supernatant was discarded, and the precipitate was resuspended by
120 mL resuspension buffer (10 mM Tris-HCl [pH 8.0], 0.05% Tween
20, 1% BSA, and 5% sucrose), then ultrasonic dispersion. Finally, 3 mL
AuNP-labeled rabbit IgG mAb (Genstars, Nanjing, China) solution
was vortex with 120 mL AuNP-labeled anti-dsRNA J5 mAb solution
before use. Characterizations of AuNPs and AuNP-mAb are shown
in Figure S10.

Purification of IVT mRNA

mRNAs were transcribed from linearized plasmids encoding EGFP,
luciferase, and Cas9 by T7 High Yield RNA Transcription Kit
(Vazyme). The plasmids encoding EGFP, luciferase, and Cas9 had
been subjected to Sanger sequencing. The detailed sequences of the
plasmids encoding EGFP, luciferase, and Cas9 were provided in
Table S2. The transcription reaction generated two types of nucleo-
side-containing mRNAs. All components were incubated at 37�C for
2 h before DNase I (Vazyme) digestion. Then the synthesized
mRNA was purified by the magnetic beads (Vazyme). Separation of
dsRNAbyproducts from single-strandedmRNAwas performed by cel-
lulose-based purification process, as previously described.13 In brief,
100 mg IVT mRNA in 500 mL loading buffer (10 mM HEPES [pH
7.2], 0.1 mM EDTA, 125 mMNaCl, and 16% [v/v] ethanol) was added
to the spin column filled with the prewashed cellulose. IVTmRNA and
cellulose mixture were shaken vigorously at room temperature for
30min to promote the binding of dsRNA to cellulose. By centrifugation
at 14,000 g for 60 s, the unbound single-stranded mRNA flowed out
with the effluent and separated from dsRNA. To substantially remove
dsRNA, the above flowthrough needed to go through the column again.



Figure 5. Relationship between LFSA result and the

immune response of dsRNA

(A) Histograms of the converted amount of m1J-con-

taining dsRNA. (B) IFN-b secretion was measured at 6 h

after injection intravenously with 0.017, 0.17, and 1.7 mg of

m1J-containing dsRNA. (C) IL-6 secretion was

measured at 6 h after intravenous injection with 0.017,

0.17, and 1.7 mg of m1J-containing dsRNA. (D)

Histograms of the converted amount of m1J-containing

dsRNA in IVT mRNA before and after purification

(10 mg). (E) IFN-b secretion was measured at 6 h after

intravenous injection with 10 mg of m1J-containing

unpurified and purified mRNA. (F) IL-6 secretion was

measured at 6 h after intravenous injection with 10 mg of

m1J-containing unpurified and purified mRNA. The

error bars represent the SD of experimental triplicates.
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The concentration of IVT mRNA was determined by the NanoDrop
One spectrophotometer (Thermo Fisher Scientific) using commonly
the value of 40 mg/mL/A260.

37,38 The integrity of transcripts was
analyzed by 1% native agarose gel electrophoresis.

Preparation of dsRNA standards

Plasmids encoding EGFP, luciferase, and Cas9 were used as PCR tem-
plates. Templates with the forward or reverse T7 promoter for in vitro
transcription were prepared by PCRs. Complementary U- or
m1J-containing RNAs were in vitro transcribed. Annealing of the
complementary strands was performed by heating to 95�C for
1 min in buffer (10 mMTris-HCl [pH 7.0], 50 mMNaCl) and cooling
to room temperature for 2 h. The sequences of designed primers for
the preparation of dsRNA standards are listed in Table S2. We used a
value of 46.52 mg/mL/A260 for the quantification of the standard con-
trol dsRNA samples referring to recent publications.38,39

Preparation of test strips

Treatment of test strips

The sample pad (Jinbiao, Shanghai, China) and conjugation pad (Jin-
biao) were immersed with the treatment buffer for 5 min, dried at
25�C for 2 h, and finally stored in a cool and dry place. AuNP-labeled
mAb mixture solution containing AuNP-labeled J5 mAb and AuNP-
labeled rabbit IgG mAb (OD520 = 0.36, after 20-fold dilution) was
sprayed to the conjugation pad with the rate of 4.1 mL/cm using an
XYZ 3D film spraying instrument-HM3035 (Jinbiao), dried at 25�C
Molecular T
for 4–5 h. Anti-dsRNA K1 antibody (1.0 mg/
mL) (Nordic-MUbio) and goat anti-rabbit IgG
antibody (1.5 mg/mL) (Genstars) were sprayed
to the test line and control line on the NCmem-
brane (Millipore), at a rate of 1 mL/cm, dried at
25�C for 2 h, and finally stored in a cool and dry
place.

Assembly of test strips

The absorption pad (Jinbiao), NC membrane,
conjugation pad, and sample pad were assem-
bled on the polyvinyl chloride (PVC) adhesive pad (Jinbiao), arranged
in sequence and each part overlaps by 2 mm, with the NC membrane
at the bottom. The assembled strips were cut to 3 mm width by Strip
cutter-CTS300 (Jinbiao) before use.

Lateral flow strip assay

The optical density values of the T-line and C-line were determined
with a colloidal gold reader (Anbio, Xiamen, China). The sensitivity
of the strips for detecting dsRNA was determined by adding 50 mL
of serially diluted standard samples. The LOD was calculated from
the fitting equation, in which the T/C values were used as the vertical
axis and the logarithm concentration of dsRNA as the horizontal axis.
Specifically, the mean value of negative controls (0 ng/mL of dsRNA
standard) plus three times the standard deviation substitutes into the
fitting equation (Y = aX + b, [X = lgC]) and obtain the value of LOD.40

The specificity of the strips was identified by 10 mg/mL of other nu-
cleic acids (U- or m1J-containing ssRNA, ssDNA, dsDNA) and
1 mg/mL synthetic dsRNA (poly[I:C] LMW) (Invitrogen, Shanghai,
China).

Dot-blot assay

Ten microliters of dsRNA standards containing 0.1, 1, 10, 100, and
1,000 ng/mL were added to the polyvinylidene difluoride (PVDF)
membrane (Amersham, Shanghai, China), which was activated by
100% methanol. After loading, the PVDF membrane was blocked
in TBS-T buffer containing 5% (w/v) non-fat dried milk
herapy: Nucleic Acids Vol. 32 June 2023 451
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Table 2. Summary of the analytical performance for dsRNA detection with different methods

HPLC Agarose gel electrophoresis ELISA Dot blot LFSA

Assay time 2–4 h 1 h 7–8 h 4–5 h 15 min

Sensitivity low low high high high

Specificity low low high high high

Experimental environment laboratory laboratory laboratory laboratory on-site

Operation complex easy complex complex easy

Readout N/A qualitative
qualitative
quantitative

qualitative
semi-quantitative

qualitative
quantitative

Equipment precision instrument electrophoresis device precision instrument precision instrument portable device

Molecular Therapy: Nucleic Acids
(BD-Difco). The membrane was incubated with anti-dsRNA J2 mAb
(1:7,000 diluted by TBS-T buffer containing 1% [w/v] non-fat milk
powder) for 1 h, then washed with 10 mL TBS-T buffer for 10 min.
After washing four times, the membrane was incubated with HRP-
conjugated goat anti-mouse IgG (Easybio, Beijing, China) (1:7,000
diluted by TBS-T buffer containing 1% (w/v) non-fat dried milk)
for 1 h. After washing four times, the signal was detected by
adding chemiluminescent reagents (Bridgen) and imaged on the
ChemiDoc MP Imaging System (Bio-Rad).

Ion pair reverse-phase high-performance liquid

chromatography assay

RNA samples were analyzed by HPLC (Agilent 1260) using a
DNAPac RP, analytical column (4 mm, 2.1� 100 mm; Thermo Fisher
Scientific) at 260 nm. The chromatographic analysis was performed
using the following conditions: buffer A: 0.1 M triethylamine acetate
(TEAA) (pH 7.0); buffer B: 0.1 M TEAA (pH 7.0), containing 75%
acetonitrile and 25%H2O. The gradient started at 7% buffer B and re-
mained for 10 min, followed by a linear extension to 40% buffer B
over 30 min, then to 45% buffer B over 5 min. The system flow rate
was set as 0.2 mL/min and the column temperature was 50�C.

Animal experiments

All animal studies were approved by the Laboratory Animal Manage-
ment Committee of Chinese Academy of Sciences (approval number
APIMCAS2021011). Female BALB/c mice were used from the Insti-
tute of Microbiology Chinese Academy of Sciences. To determine the
immunogenicity of dsRNA standards and IVT mRNA before and af-
ter cellulose purification, different RNA samples were diluted with
10 mM PBS (pH 7.2–7.4) containing 8 mM Na2HPO4, 2 mM
KH2PO4, 136 mM NaCl, and 2.6 mM KCl (Solarbio, Beijing, China)
and injected intravenously as naked RNA into mice (3 mice/group).
Blood was harvested after 6 h and to obtain serum by centrifugation
at 1,000 � g for 10 min. The levels of IFN-b and IL-6 were measured
using ELISA kit (BioLegend, Beijing, China) and CLARIOstar Plus
plate reader (BMG LABTECH).

Statistical analysis

Data were statistically analyzed using OriginPro software (OriginLab,
Northampton, MA) and Prism 8.0 software (GraphPad, San Diego,
CA). All data are presented as mean ± SD of at least three indepen-
452 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
dent experiments. One-way ANOVA and paired t tests were per-
formed for comparisons between groups. A p value <0.05 was consid-
ered to indicate statistical significance. Figures 1 and S1 were created
using BioRender.com.
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