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Abstract
Messenger ribonucleic acids (mRNAs) have been used in vaccines for various diseases and are attracting attention as a new 
pharmaceutical paradigm. The purification of mRNAs is necessary because various impurities, such as template DNAs and 
transcription enzymes, remain in the crude product after mRNA synthesis. Among the various purification methods, reversed-
phase high-performance liquid chromatography (RP-HPLC) is currently attracting attention. Herein, we optimized the pore 
size of the packing materials, the mobile phase composition, and the temperature of the process; we also evaluated changes in 
the separation patterns of RNA strands of various lengths via RP-HPLC. Additionally, single-stranded (50–1000 nucleotides 
in length) and double-stranded (80–500 base pairs in length) RNAs were separated while their non-denatured states were 
maintained by performing the analysis at 60 °C using triethylammonium acetate as the mobile phase and octadecyl-based 
RNA-RP1 with super-wide pores (> 30 nm) as the column. Furthermore, impurities in a long-stranded RNA of several thou-
sand nucleotides synthesized by in vitro transcription were successfully separated using an RNA-RP1 column. The columns 
used in this study are expected to separate various RNA strands and the impurities contained in them.

Keywords Ribonucleic acid (RNA) · High-performance liquid chromatography (HPLC) · Octadecyl-based column · Super-
wide pore · Separation and purification

Introduction

Messenger ribonucleic acids (mRNAs) have been used 
as vaccines for infectious diseases, such as coronavirus 
disease 2019 (COVID-19) and influenza, and various can-
cers; and they are attracting attention as novel pharmaceu-
ticals [1–6]. mRNA used in COVID-19 vaccines is long-
stranded, approximately 4000 nucleotide (4 knt) in length, 
and it is synthesized via in vitro transcription. By this 
approach, mRNAs are synthesized using a template DNA 
during transcription [4–6]. However, impurities, such as 
the template DNA itself and transcription enzymes, are 
left in the crude product after the transcription process [7]. 

Therefore, implementing a purification process is neces-
sary for the medical use of mRNAs.

Various impurities are present in nucleic acid medi-
cines, and the methods utilized to remove them include 
(1) cross-flow filtration (tangential flow filtration) for the 
removal of small molecules [8, 9], (2) cellulose copre-
cipitation with ethanol-containing solvents for double-
stranded RNA (dsRNA) removal [10, 11], (3) preparative 
purification via polyacrylamide gel electrophoresis [12], 
and (4) lithium chloride precipitation for RNA purification 
[13]. However, conventional methods for the purification 
of nucleic acids suffer from some shortcomings, including 
(1) the fact that impurities, which because of their size, 
cannot pass through a cross-flow filter, cannot be removed; 
(2) the fact that impurities other than dsRNA cannot be 
removed; and (3) the fact that scaling up the purification 
process is difficult. In order to address these shortcomings, 
we focused on reversed-phase (RP) chromatography using 
ion pair reagents. In addition to RP chromatography, other 
methods for the separation and purification of RNA by 
high-performance liquid chromatography (HPLC) include 
ion-exchange chromatography [14] and size-exclusion 
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chromatography [15]. Both of these techniques are char-
acterized by few process parameters that can be changed. 
As ion-exchange chromatography uses the charge number 
of the molecules, and size-exclusion chromatography rec-
ognizes the apparent size of the molecules for separation, 
nucleotides having similar sizes but different sequences are 
difficult to separate using these two techniques. Prepara-
tion of similar sequences and chain lengths of nucleotides 
is difficult, because of the precise adjustment to sample 
elution that is required. By contrast, RP chromatography 
has many parameters related to analytical conditions, such 
as temperature, concentration and pH of the mobile phase, 
gradient, stationary phases, ion pair reagent, and organic 
solvent type, which can be changed to adjust the separa-
tion behavior.

For the reasons discussed above, we aimed to separate 
nucleic acids similar in structure via RP-HPLC. RP-HPLC 
making use of ion-pair reagents is a classic method for the 
HPLC-based separation of nucleic acid strands of several 
tens to hundreds of nucleotides (nt) in length; indeed, the 
inclusion of ion pair reagents in the mobile phase affords 
an increase in the retention time of nucleic acids compared 
to the separation process carried out in absence of such 
reagents. However, only a few studies have been published 
in which optimal separation conditions for the purifica-
tion of long-stranded RNA (several thousand nt) have been 
determined. In this context, we believe that, by optimizing 
parameters like the mobile phase and purification tem-
perature, various impurities present in long-length RNA 
reaction mixtures can be separated simultaneously, and the 
target nucleic acids can be purified.

Herein, we attempted to separate mixtures of RNA 
strands of different sizes via RP-HPLC. Additionally, the 
effects of the pore size of the packing material, the analysis 
temperature, and the mobile phase were investigated in detail 
by performing the separation of long RNA strands of various 
lengths. Furthermore, we analyzed the separation of in vitro-
transcribed single-stranded RNA (ssRNA) of approximately 
3.0 knt and 4.8 knt in length, which is longer than the RNA 
strand used in the COVID-19 vaccine.

Experimental

Chemicals

Triethylamine (TEA, guaranteed reagent grade), 
1,1,1,3,3,3-hexaf luoro-2-propanol (HFIP, HPLC 
grade), acetic acid (guaranteed reagent grade), sodium 

dihydrogenphosphate (guaranteed reagent grade), disodium 
hydrogen phosphate (guaranteed reagent grade), metha-
nol (HPLC grade), acetonitrile (HPLC grade), agarose for 
50–800 base pair (bp) fragments (electrophoresis grade), 
loading dye brilliant color (6x) (electrophoresis grade), 
10 x tris–acetate ethylenediaminetetraacetic acid (TAE) 
buffer (0.4 M tris(hydroxymethyl)aminomethane (Tris), 
0.2 M acetic acid, and 10 mM ethylenediaminetetraacetic 
acid (EDTA), electrophoresis grade), and 0.44 mg/ml ethid-
ium bromide solution (electrophoresis grade) were obtained 
from Nacalai Tesque, Inc. (Kyoto, Japan). Low-range ssRNA 
ladder, low-range dsRNA ladder, and wide-range ssRNA 
ladder were purchased from New England Biolabs, Inc. 
(Ipswich, MA, USA). The pBR322/MspI digest was pur-
chased from NIPPON GENE CO., LTD. (Tokyo, Japan). 
The ΦX174/HaeIII digest and 50 bp DNA ladder (Dye Plus) 
were purchased from Takara Bio Inc. (Shiga, Japan).

Preparation of the mobile phase

The 400 mM HFIP-TEA buffer (pH 7.0) was prepared by 
titrating an HFIP solution prepared as described below with 
TEA [16, 17]. Specifically, a total of 67.23 g of HFIP was 
dissolved in 800 mL of ultrapure water. As the obtained 
mixture was stirred at room temperature, 360 µL of TEA was 
added to it slowly. After adjusting the obtained solution’s 
volume to 1 L using ultrapure water, the final concentration 
of HFIP was 400 mM.

Subsequently, 200  mM and 100  mM triethylammo-
nium acetate (TEAA) buffer solutions (pH 7.0) were pre-
pared by mixing appropriate volumes of TEA and acetic 
acid in ultrapure water [18, 19]. To obtain TEAA 200 mM, 
11.44 mL of acetic acid was dissolved in 800 mL of ultrapure 
water; in the case of the TEAA 100 mM solution, 5.72 mL 
of acetic acid was dissolved in 800 mL of ultrapure water. 
While the acetic acid solutions were stirred at room tempera-
ture, 27.72 (200 mM) or 13.86 mL (100 mM) of TEA were 
added slowly to them. After adjusting the volumes of the two 
solutions to 1 L with ultrapure water, the final concentrations 
of TEA and acetic acid were 200 and 100 mM, respectively. 
A measuring pipette was used for volumes larger than 1 mL, 
and a micropipette was used for volumes smaller than 1 mL 
to add each reagent.

Phosphate buffer (PB; pH 6.8) at 100 mM concentration 
was prepared by mixing sodium dihydrogen phosphate and 
disodium hydrogen phosphate in ultrapure water. Specifi-
cally, a total of 47.5 mmol of sodium dihydrogenphosphate 
was dissolved in 800 mL of ultrapure water. Additionally, 
52.5 mmol of disodium hydrogen phosphate was dissolved 
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slowly into the mixture thus obtained. Subsequently, 
ultrapure water was added to a total volume of 1 L.

The 100  mM TEAA-20  mM  PB (pH 7.0) solution 
(TEAA-PB) was prepared by mixing 500 mL of 200 mM 
TEAA (pH 7.0), 200 mL of 100 mM PB (pH 6.8), and 
300 mL of ultrapure water.

HPLC measurements

HPLC experiments were performed using a Prominence 
HPLC system (Shimadzu  Corporation, Kyoto, Japan) 
equipped with an LC-20 AD intelligent pump. Separations 
were conducted on a COSMOSIL RNA-RP1 (2.0 mm I. 
D. x 100 mm, particle size; 5 µm, Nacalai Tesque) column 
whose temperature was kept in the 40 °C–70 °C range by 
using a CTO-20AC column oven (Shimadzu Corporation). 
The pore sizes of the RNA-RP1-based columns used for pore 
size optimization are approximately 12 nm for normal pore 
and > 30 nm for super-wide pore. The flow rate was 0.2 mL/
min. Ultraviolet (UV) detection was carried out at 260 nm. 
HFIP-TEA, TEAA, and TEAA-PB were used as solvent A. 
Methanol, acetonitrile, and methanol-acetonitrile mixture 
(50/50, vol/vol) were used as solvent B. All samples were 
separated using the gradient elution mode.

Agarose gel electrophoresis

Agarose gel electrophoresis experiments were conducted 
using 3% agarose gel. Notably, the 3% agarose gels were 
prepared by suspending 3 g of agarose powder in 100 mL of 
1 x TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM 
EDTA), dissolving the obtained suspension in a microwave 
oven while heating, cooling it to approximately 60 °C and 
pouring the melted mixture into a gel plate. Subsequently, 2 
µL of the analyte sample, 1 µL of loading dye brilliant color 
(6x), and 3 µL of ultrapure water were mixed together. A 
6 µL aliquot of each sample was loaded onto the gel, and 
an electrophoresis experiment was carried out at 100 V for 
30–35 min at room temperature. The gels were stained with 
ethidium bromide for 40 min and imaged using a Chemi-
Doc Touch MP Imaging system (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA).

In vitro transcription of RNA

RNA strands that were 3.0 knt and 4.8 knt in length were 
generated from the relevant DNA templates via in vitro tran-
scriptions conducted utilizing T7 RNA polymerase (TOY-
OBO Co., LTD., Osaka, Japan) followed by a purification 

Fig. 1  HPLC chromatograms of a low-range and b wide-range ssR-
NAs obtained using COSMOSIL RNA-RP1-type columns (2.0 mm I. 
D. x 100  mm; pore sizes are reported in the figure). HPLC analysis 
was performed with 100 mM TEAA (pH 7.0) using a linear gradient 

from a 0% to 25% and b 7.5% to 17.5% with acetonitrile over 20 min 
at a flow rate of 0.2 mL/min and a temperature of 65 °C. UV detec-
tion was performed at 260 nm
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process using lithium chloride precipitation. The DNA 
templates were constructed via the ligation of blunt-ended 
HindIII and BamHI fragments from pQBI T7-GFP (Qbio-
gene, Inc., USA) performed to eliminate the T7 terminator, 
followed by a linearization process conducted either in the 
presence of EagI and BglII or of BglII alone; as a result, 
DNA fragments of 3.0 kbp and 4.8 kbp lengths, respec-
tively, were prepared, which included a T7 promoter at each 
upstream edge.

Results and discussions

Effect of the packing material’s porosity and pore 
size on the separation of long‑stranded RNAs

Several researchers have reported that porous packing 
materials yield better oligonucleotide separation than their 
non-porous counterparts [20–22]. Therefore, we first con-
firmed whether pore size and the presence or absence of 
pores affected the separation of long-stranded RNAs. The 

Fig. 2  HPLC chromatograms obtained for a-c low-range and d wide-
range ssRNAs using a COSMOSIL RNA-RP1 column (2.0  mm I. 
D. x 100 mm; particle size, 5 μm). HPLC analysis was performed with 
a 400  mM HFIP-TEA buffer, b 100  mM TEAA, and c-d 100  mM 
TEAA-20  mM  PB (pH 7.0) using a linear gradient from a 15% to 
25%, b 10% to 25% (solvent B; methanol) and 5% to 20% (solvent B; 

acetonitrile), c 8.5% to 21% (solvent B; methanol) and 3.5% to 16% 
(solvent B; acetonitrile), and d 14% to 17% (solvent B; methanol) and 
7% to 10% (solvent B; acetonitrile) with methanol or acetonitrile over 
20  min at a flow rate 0.2  mL/min and a temperature of 65  °C. UV 
detection was performed at 260 nm

Table 1  Δtr (difference in 
retention time of each peak) 
values of low-range ssRNAs

Δtr(80–50nt) Δtr(150–80nt) Δtr(300–150nt) Δtr(500–300)nt Δtr(1000–500nt)

100% Methanol 2.31 1.08 1.44 0.47 0.27
Methanol/Acetonitrile 

(50%/50%)
1.87 1.05 1.26 0.48 0.39

100% Acetonitrile 1.39 0.94 1.05 0.45 0.40
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separation patterns of low-range ssRNAs and wide-range 
ssRNAs were compared using non-porous packing materials 
and packing materials characterized by pores of common 
sizes (about 12 nm; normal pores) and pores of sizes larger 
than 30 nm (super-wide pores). Clear peaks were absent for 
either the low- or wide-range ssRNAs separated using the 
non-porous packing material (Fig. 1). Although the use of 
the normal pore packing material afforded the observation 
of clear peaks, poor separation was obtained for the low- and 
wide-range ssRNAs. On the other hand, the use of the super-
wide pore packing materials afforded high sensitivity, and 
low- and wide-range ssRNAs could be separated using this 
material (Fig. 1). These results indicate that packing materi-
als with super-wide pores are suitable for the separation of 
long-stranded RNAs.

Effects of the mobile phases on RNA separation

Next, we optimized the mobile phase conditions for the 
ssRNAs separation. The separation patterns of low-range 
ssRNAs were compared using an octadecyl  (C18)-based 
COSMOSIL RNA-RP1 column with super-wide pores 
using three different mobile phases consisting of mix-
tures of HFIP-TEA [23, 24] and TEAA [25, 26], which 
are commonly used for oligonucleotide separation. Since 
acetonitrile did not dissolve in the HFIP-containing mix-
ture, when such a mixture was used as solvent A, only 
methanol was used as solvent B. Nucleic acids are eas-
ily adsorbed on various surfaces, so in HPLC analysis, 
when the peak of the target nucleic acid is not detected 
or the analysis data are not reproducible, the nucleic acid 
may have been adsorbed on the column or piping. The 
adsorption of nucleic acids can be prevented by adding a 
buffer solution, such as PB, to the mobile phase. Indeed, 
the TEAA buffer containing PB is used to inhibit RNA 
adsorption.

The shapes of the peaks of the low-range ssRNAs were 
broad in the HFIP-TEA mixture (Fig. 2a). In contrast, in the 
TEAA and TEAA-PB mixtures of methanol and acetoni-
trile, although the buffer conditions were different, some-
what similar separation patterns were obtained; moreover, 
the peak intensities were considerably larger when these two 
mobile phases were utilized than when HFIP-TEA was used 
(Fig. 2b, c). These results indicate that TEAA and TEAA-PB 
mixtures are suitable for use as mobile phases to realize the 
separation of the oligomeric constituent of the low-range 
ssRNAs. Additionally, the chromatograms obtained employ-
ing TEAA and TEAA-PB exhibited similar separation pat-
terns, indicating that no RNA adsorption on the column had 
occurred in either case. Furthermore, the effect of the solvent 
used as solvent B was evaluated in the presence of the TEAA 
and TEAA-PB mixtures; evidence indicated that the use of 
methanol as solvent B tended to afford better separation of 
short-stranded RNAs between 50 and 300 nt, while the use 
of acetonitrile afforded better separation of long-stranded 
RNAs between 300 and 1000 nt. As for the elution order, 
the nucleic acids were eluted in order of short chain length. 
In general, hydrophobicity increases as nucleic acid chain 
length increases. Therefore, it is thought that the sample was 
eluted from short- to long-stranded RNAs.

Table 2  Δtr (difference in 
retention time of each peak) 
values of wide-range ssRNAs

Δtr(1000–500nt) Δtr(2000-1000nt) Δtr(3000–2000nt) Δtr(5000–3000nt) Δtr(7000–5000nt)

100% Methanol 1.99 4.46 1.89 2.27 0
Methanol/Acetoni-

trile (50%/50%)
2.24 3.17 1.03 1.36 0.78

100% Acetonitrile 1.28 2.19 0.72 0.96 0.67

Fig. 3  HPLC chromatograms obtained for a low-range and b wide-
range ssRNAs using a COSMOSIL RNA-RP1 column (2.0  mm I. 
D. x 100 mm; particle size, 5 μm). HPLC analysis was performed with 
100 mM TEAA-20 mM PB (pH 7.0) using a linear gradient from a 
6% to 18.5% and b 10% to 13% with methanol/acetonitrile (50/50, 
vol/vol) over 20 min at a flow rate of 0.2 mL/min and a temperature 
of 65 °C. UV detection was performed at 260 nm
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We then compared the separation patterns of low-range 
and wide-range ssRNAs using TEAA-PB as solvent A and 
methanol and acetonitrile as solvent B. When methanol was 
utilized as solvent B, chromatographic peaks due to 5000, 
7000, and 9000 nt RNA strands completely overlapped with 
each other, and all peaks were broad (Fig. 2d). In contrast, 
when acetonitrile was used as solvent B, although chroma-
tographic peaks of 7000 and 9000 nt RNAs overlapped com-
pletely with each other, the 5000 nt RNA peak was separated 
from the rest (Fig. 2d). Additionally, the peak shapes were 
also better with acetonitrile than with methanol. The detailed 
analysis of each peak revealed that methanol shows broad 
peak shapes compared to acetonitrile, but with a large Δtr 

(difference in retention time of each peak) values for vari-
ous RNA lengths (Table 1 and Table 2). From the above, 
methanol-acetonitrile mixtures were evaluated for separa-
tion of various RNA lengths without collapse of peak shape. 
When a methanol-acetonitrile mixture was used as solvent 
B, the Δtr values on low-range and wide-range RNAs were 
lower than methanol but higher than acetonitrile, and the 
peak shape was similar to that of acetonitrile (Fig. 3a, b 
and Table 1, 2). Based on this evidence, in the experiments 
described after this section, TEAA or TEAA-PB were 
used as solvent A and acetonitrile or methanol-acetonitrile 
mixture were used as solvent B in the separation of long-
stranded RNAs.

Fig. 4  HPLC chromatograms of a low-range ssRNAs and b low-
range dsRNAs obtained using a COSMOSIL RNA-RP1 column 
(2.0 mm I. D. x 100 mm, particle size; 5 μm) at a flow rate of 0.2 mL/
min in the 40 °C–70 °C temperature range. HPLC chromatogram of 
low-range ssRNA and dsRNA mixtures obtained using a COSMOSIL 

RNA-RP1 column (2.0 mm I.D. x 100 mm, particle size; 5 μm) at a 
flow rate of 0.2 mL/min and at a temperature of c 60 °C and d 65 °C. 
HPLC analysis was performed with 100 mM TEAA (pH 7.0) using 
a linear gradient from 5% to 20% with acetonitrile over 20 min. UV 
detection was performed at 260 nm
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Effect of temperature on RNA separation

Subsequently, the separation patterns of low-range ssRNAs 
and low-range dsRNAs were determined at different temper-
atures in the 40 °C–70 °C range, based on the consideration 
that the structure of nucleic acids is affected by temperature. 
In general, dsDNAs and dsRNAs are more strongly retained 
than single-stranded oligonucleotides, so single-stranded oli-
gonucleotides elute early in the chromatogram and are well 
separated from the peaks of dsDNAs and dsRNAs [27]. The 
column utilized in these experiments was the COSMOSIL 
RNA-RP1 column, and TEAA was used as the mobile phase. 
In the case of low-range ssRNAs, the separation pattern 
did not vary significantly with the temperature (Fig. 4a). 
However, the peak intensity decreased as the temperature 
decreased. Nucleic acids longer than 100 nt tended to form 
structures and under low-temperature conditions, resulting 
in decreased UV absorption. In the case of low-range dsR-
NAs, the separation pattern was not significantly different 
between the situations whereby the separation procedures 
were conducted at 40 °C and at 60 °C (Fig. 4b). In contrast, 
when the separation was conducted at 70 °C, the dsRNA-
derived peaks that had been observed at 40 °C and 60 °C 
disappeared, while a new peak due to ssRNAs was observed 
in the 9.0–12.5 min retention time range (Fig. 4b). These 
results indicate that at 70 °C, dsRNA underwent denatura-
tion to produce ssRNAs, so that separating these RNA seg-
ments while maintaining their double-stranded structure 
proved difficult.

We subsequently attempted to simultaneously separate 
ssRNAs and dsRNAs at 60 °C; in this case, a good separa-
tion was achieved for ssRNAs and dsRNAs. The chromato-
gram reported in Fig. 4c comprises peaks that appeared at 
the same retention times as those observed in the chroma-
tograms of individual ssRNAs and dsRNAs mixtures sub-
jected to separation at the same temperature of 60 °C (see 
Fig. 4a, b, respectively). When the separation was conducted 
at 65 °C, 80 bp dsRNA was denatured and completely over-
lapped with the peak of 80 nt ssRNA (Fig. 4d). These results 
indicate that ssRNAs and dsRNAs can be separated in a non-
denatured state by carefully controlling the mobile phase 
and temperature.

Precise separation of DNA strands of various lengths

Subsequently, the simultaneous separation of nucleic acids 
of various chain lengths was attempted. We also compared 
the separation capability of HPLC and gel electrophoresis. A 
pBR 322 sample digested with MspI (to produce 16 dsDNA 
segments ranging in size from 67 to 622 bp) and a ΦX174 
sample digested with HaeIII (to produce 11 dsDNA seg-
ments ranging in size from 72 to 1353 bp) were used as the 
nucleic acid strands to be separated. For the electrophoresis 
experiments, agarose gels were selected to separate dsDNAs 
from tens to thousands of bp in length. All dsDNA strands 
ranging in length from short to long, except for the 238 and 
242 bp-long strands obtained from the MspI-driven diges-
tion of pBR 322, were separated by HPLC (Fig. 5b, d). In 

Fig. 5  Agarose gel electropho-
resis images of a pBR322/MspI 
and c ΦX174/HaeIII digests. 
HPLC chromatograms 
of b pBR322/MspI and d 
ΦX174/HaeIII digests obtained 
using a COSMOSIL RNA-RP1 
column (4.6 mm I.D. x 100 mm, 
particle size; 5 μm). HPLC 
analysis was performed with 
100 mM TEAA (pH 7.0) using 
a linear gradient from b 10% 
to 17% and d 12% to 17% with 
acetonitrile over 20 min at a 
flow rate of 1.0 mL/min and 
a temperature of 40 °C. UV 
detection was performed at 
260 nm
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contrast, agarose gel electrophoresis did not afford the sepa-
ration of some dsDNAs with similar strand lengths (Fig. 5a, 
c). Additionally, the detection sensitivity of short-length 
dsDNAs (67, 76, and 90 bp) was very low in the case of the 
electrophoresis-based separation process (Fig. 5a). These 
results indicate that the separation of nucleic acid strands of 
various lengths is difficult to realize by agarose gel electro-
phoresis. Notably, the detection sensitivity of short-length 
dsDNAs achieved by HPLC-based separation was higher 
than that achieved by agarose gel electrophoresis-based 
separation. These results indicate that HPLC can be used to 
separate samples that are difficult to separate simultaneously 
by electrophoresis. Moreover, impurities in the synthesized 
long-length RNAs that cannot be detected by electrophoresis 
may be detected by HPLC.

Separation of impurities in synthesized long‑length 
RNA

Finally, an RNA-RP1 column was used to confirm the sep-
aration of impurities in the synthesized long-length RNAs. 
Generally, RNA-based vaccines use mRNA strands that 
are 3000–4000 nt in length. Therefore, we synthesized 3.0 
knt and 4.8 knt pQBI T7-GFP RNA by in vitro transcrip-
tion and went on to separate the impurities in that RNA 
(Fig. 6a). Electrophoresis was employed to confirm that 
the pQBI T7-GFP RNA produced by in vitro transcription 
had been synthesized at high purity (Fig. 6a). When mag-
nifying the HPLC chromatogram of the mixture contain-
ing 3.0 knt RNA, some peaks other the main peak, which 
resulted from impurities, were identified (Fig. 6b). The 

Fig. 6  a Scheme and electrophoresis image of the synthesized 3.0 knt 
and 4.8 knt pQBI T7-GFP RNA. HPLC chromatograms of b 3.0 knt 
and c 4.8 knt RNA obtained using a COSMOSIL RNA-RP1 (2.0 mm 
I.D. x 100 mm; particle size, 5 µm) column. HPLC analysis was per-

formed with 100 mM TEAA-20 mM PB (pH 7.0) using a linear gra-
dient from 11%  to 13%  with methanol/acetonitrile (50/50, vol/vol) 
over 20 min at a flow rate of 0.2 mL/min and a temperature of 60 °C. 
UV detection was performed at 260 nm
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HPLC chromatogram of the mixture containing 4.8 knt 
RNA included several peaks from impurities in addition to 
the main peak, but not as much as 3.0 knt RNA (Fig. 6c). 
These results indicate that, although gel electrophoresis 
could not achieve the separation of impurities, HPLC did 
separate the peaks hypothesized to be due to impurities 
from the main peak.

Conclusions

Packing materials with super-wide pores are better than non-
porous packing materials and porous packing materials con-
taining normal-sized pores for the separation of RNA strands 
of several hundred nucleotides. TEAA and TEAA-PB were 
more effective as mobile phases than HFIP-TEA for the 
separation of RNA strands by several hundred nucleotides 
in length. Additionally, short RNAs were better separated 
when methanol was used as solvent B in the HPLC-based 
separation, while longer RNAs were better separated when 
acetonitrile or a methanol-acetonitrile mixture was used 
as solvent B. A temperature of 60 °C for the HPLC puri-
fication process was suitable for the separation of ssRNA 
and dsRNA using TEAA as the mobile phase; moreover, 
at that temperature, ssRNA and dsRNA could be separated 
simultaneously without any denaturation of dsRNA being 
observed. Digested DNA strands characterized by similar 
lengths, which are difficult to separate by agarose gel elec-
trophoresis, can be separated using the  C18-based RNA-RP1 
column. Furthermore, impurities present in the 3.0 knt and 
4.8 knt pQBI T7-GFP RNA strands synthesized by in vitro 
transcription, which cannot be separated by electrophoresis, 
were separated using the RNA-RP1 column. Notably, the 
RNA strands synthesized in this study were large, which 
caused difficulties in the identification of impurities using 
mass spectrometry. Therefore, we are considering the sepa-
ration and identification of impurities, which should be 
described in future reports by our group.

Data availability The datasets generated and/or analyzed during the 
current study are available from the corresponding author upon rea-
sonable request.
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