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ABSTRACT: Messenger RNA (mRNA) is a new class of
therapeutic compounds. The current advances in mRNA
technology require the development of efficient analytical methods.
In this work, we describe the development of several methods for
measurement of mRNA poly(A) tail length and heterogeneity.
Poly(A) tail was first cleaved from mRNA with the RNase T1
enzyme. The average length of a liberated poly(A) tail was
analyzed with the size exclusion chromatography method. Size
heterogeneity of the poly(A) tail was estimated with high-
resolution ion-pair reversed phase liquid chromatography (IP RP
LC). The IP RP LC method provides resolution of poly(A) tail
oligonucleotide variants up to 150 nucleotide long. Both methods
use a robust ultraviolet detection suitable for mRNA analysis in
quality control laboratories. The results were confirmed by the LC-mass spectrometry (LC MS) analysis of the same mRNA sample.
The poly(A) tail length and heterogeneity results were in good agreement.

The first approved mRNA vaccines were deployed against
SARS-CoV-2 virus.1−3 Other therapeutic mRNA candi-

dates are under clinical trials as vaccines, prophylactic cancer
treatment, or protein replacement therapies.4−6 The high level
of interest in mRNA therapy research is motivated by mRNA
technology's promising features, such as low toxicity, delivery
via noninfectious agents, sequence-programmable in vivo
target protein production, and inexpensive cell-free mRNA
manufacturing.7

The first results of antitumor mRNA clinical trial were
reported in 2008.8 Since the emergency use authorization of
COVID-19 mRNA vaccines on December 11, 2020, the
number of mRNA clinical trials has increased significantly.
Curreri and colleagues estimated that in 2021, about 222 trials
employed RNA therapy; 53% were mRNA molecules.9 Most
mRNA clinical trials are in cancer treatment followed by
infectious and genetic diseases. mRNA vaccines in develop-
ment against infectious diseases are targeting Zika virus, rabies,
respiratory syncytial virus (RSV), cytomegalovirus (CMV),
and seasonal influenza.7,9

Rapid advances in mRNA technology require the develop-
ment of novel analytical methods. USP draft guidelines10

outline the attributes of therapeutic mRNA molecules that
should be monitored. However, the application of existing
separation methods is difficult due to the large size of the
mRNA molecules. The length of therapeutic mRNA vaccines
depends primarily on the size of the translated region encoding
for the gene(s) of interest (GOI). COVID-19 mRNA vaccines
coding for the SARS-CoV-2 spike protein are approximately

4400 nucleotides (nt) in length, while the vaccines encoding
for two or more viral antigens or self-amplifying mRNA
(saRNA) containing replicase genes11 could be up to 12,000 nt
long. This size of RNA is difficult to analyze by liquid
chromatography (LC), gel electrophoresis (GE), or mass
spectrometry (MS) methods.12−14 Therefore, the analytical
methods often utilize specific RNA nucleases to cut the mRNA
molecules into more manageable oligonucleotides.15−18

The important features of therapeutic mRNA are the 5′-end-
cap and 3′-end poly(A) tail.19 The 5′-capping structure
contains an N7-methylated guanosine linked to the first
mRNA nucleotide via a reverse 5′ to 5′ triphosphate linkage.20

Capping also includes 2′ O-methylation of the first mRNA
nucleotide. This so-called Cap-1 structure facilitates the
mRNA translation process by latching onto ribosomes in the
cell.20 5′-capping is either performed cotranscriptionally via
enzymes added to the reaction4,20 or by incorporating the
chemically synthesized Cap-1 structure post-transcription-
ally.21 The completeness of capping reaction can be measured
by LC-MS of the 5′-end oligonucleotide cleaved from mRNA
with RNase H or by other methods.18,22,23
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Next-generation sequencing (NGS) techniques are appli-
cable to the analysis of the mRNA primary vaccine sequence.24

Alternatively, LC-MS methods were proposed for mRNA oligo
mapping and confirmatory sequencing.15−17 Messenger RNA
oligo mapping utilizes specific ribonucleases that cleave mRNA
into shorter oligonucleotides. The RNA sequence coverage
obtained from the unique mass of oligonucleotides is relatively
low (30−81%) since many noninformative (short or isobaric)
oligonucleotides are produced by the digest.15,16 More
complete sequence coverage can be obtained by performing
several mRNA digests with different selectivity enzymes or by
combining the mRNA mapping with MS/MS oligonucleotide
sequencing. Both approaches require powerful data analysis
software to make this a viable technique for the routine
analytical laboratories.15,25

The 3′-end plays a critical role in maintaining mRNA in vivo
stability. mRNA vaccines are cotranscriptionally or post-
transcriptionally modified with a 100−150 nt poly(A) tail to
enhance their half-life in vivo.19,21 The length and hetero-
geneity of the poly(A) tail analysis are one of the quality
control tasks proposed for inclusion in the USP guidelines.
Even when the poly(A) tail is cleaved from the mRNA
molecule, the length of the target oligonucleotides presents a
challenge for the state-of-the-art separation methods. Single
nucleotide resolution of poly(A) species in the 100−150 nt
range is achievable by capillary gel electrophoresis,26,27 but
requires a viscous high molecular weight gel matrices.
Chromatographic techniques of ion-exchange (IEX) and ion-
pair reversed-phase (IP RP) LC are methods of choice for
separation of short oligonucleotides,28−32 including antisense
oligonucleotides (ASO) and silencing RNA (siRNA). The
separation of n/n − x oligonucleotides, where x is the number
of truncated nucleotides, is readily achievable for oligonucleo-
tides up to 25 nucleotides long. A limited number of reports
describe LC separation of >50 nt oligonucleotides,31,33 while
>100 nt species are extremely difficult to analyze with n/n − 1
resolution.28,34 Separations of >100 nt single-stranded (ss) and
double-stranded (ds) nucleic acids are described in the
literature with IEX and IP RP LC; however, the resolution
decreases with the nucleic acid length and does not afford n/n
− 1 resolution.12,13,35,36

Size exclusion chromatography (SEC) is a method that
separates the compounds according to their size.37 The
technique is widely used for the analysis or purification of
polymers and proteins.38 SEC was, to a lesser extent, applied to
the separation of oligonucleotides and nucleic acids.39−43 This
may be because the SEC technique has a relatively low
separation power compared to IEX or RP LC or electro-
migration methods used for nucleic acids analy-
sis.12,26,28,30,31,33,44−46 Nevertheless, SEC has been shown to
be a robust and powerful method for RNA purification,40,42

therapeutic oligonucleotide analysis,41 and elucidation of the
oligonucleotide secondary structure.43 Because of SEC
simplicity and availability of SEC columns with an improved
resolution, the SEC technique can become a useful tool for the
analysis of therapeutic oligonucleotides and mRNA.
In this work, we focused on the characterization of the

poly(A) tail of mRNA. Our goal was to develop chromato-
graphic methods for the analysis of the length and
heterogeneity of the 100−150 nt long poly(A) tail after its
cleavage from the intact mRNA molecule. The results of the
developed SEC and IP RP LC methods with easy-to-

implement UV detection were confirmed by the LC MS
method.

■ EXPERIMENTAL SECTION
Materials and Chemicals. CleanCap EPO mRNA 1 mg/

mL (EPO mRNA) was purchased from TriLink Biotechnol-
ogies, San Diego, CA, USA. FLuc-beta mRNA (FlucB mRNA)
1.6 mg/mL was obtained from AmpTech, Hamburg, Germany.
Optima LC MS grade acetonitrile, RNase T1 endoribonu-
clease, and PES 500 mL 0.1 μm filters were purchased from
Thermo-Fisher Scientific, Waltham, MA USA. The enzymatic
reaction was performed in 0.2 mL individual domed PCR
tubes using a T100 thermal cycler (both Bio-Rad laboratories,
Hercules, CA, USA) set to 37 °C. Deionized water was
produced using a Milli-Q system, Millipore, St. Louis, MO,
USA. Glacial acetic acid (AA), octylamine (OA; > 99.5%),
sodium phosphate monobasic, sodium phosphate dibasic, 1 M
solution of triethylammonium acetate (TEAA), and RNase-
free water, 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, > 99.5%)
were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Oligodeoxyribonucleotides with adenosine (dAn) and thymi-
dine (dTn) sequences and oligoribonucleotides with the
adenosine sequence (rAn, custom synthesis) were purchased
from Integrated DNA Technologies (Coralville, IA, USA). All
synthetic oligonucleotides were used desalted but unpurified.
10× rCutSmart buffer and Quick CIP enzyme were purchased
from New England Biolabs (Ipswich, MA, USA). The μElution
Oasis HLB 96-well solid phase extraction (SPE; 2 mg sorbent/
well) plate and 96-well sample collection plates (polypropylene
350 μL) were obtained from Waters Corporation (Milford,
MA, USA). An Allegra X-14 centrifuge equipped with a
SX4750A rotor (Beckman Coulter, Brea, CA, USA) was used
for SPE sample cleanup.

LC UV and LC MS Instrument Columns and
Conditions. SEC and IP RP LC UV experiments were
performed using an ACQUITY UPLC H-Class premier system
with an ACQUITY photodiode array detector equipped with a
Titanium 5 mm detector cell (Waters Corporation, Milford,
MA, USA). The SEC analysis of poly(A) tail analysis was
performed with the ACQUITY premier protein SEC column,
250 Å, 1.7 μm, 4.6 × 150 mm, obtained from Waters
Corporation, Milford, MA, USA. SEC method development
was also performed with the 1.7 μm, 4.6 × 150 mm ACQUITY
protein SEC column, 125 Å, and 2.5 μm, 4.6 × 150 mm
ACQUITY protein SEC column, 450 Å. (Waters Corporation,
Milford, MA, USA). The SEC mobile phase consisted of
aqueous 0.1 M phosphate buffer, pH 8. The mobile phase was
prepared by dissolving 6.72 g of Na2HPO4 and 0.32 g of
NaH2PO4 in 500 mL of deionized Milli-Q water. The SEC
mobile phase was sterilized by filtering the solution with a PES
500 mL 0.1 μm filter. The SEC separation was performed at a
flow rate of 0.2 mL/min at 25 °C; the UV detection
wavelength was 260 nm.

IP RP LC experiments were performed with the same
ACQUITY UPLC H-Class premier system as described above.
The separation column was an ACQUITY premier oligonu-
cleotide BEH C18 column, 300 Å, 1.7 μm, 2.1 × 150 mm
(Waters Corporation, Milford, MA, USA). Mobile phase A was
0.1 M octylammonium acetate (OAA) buffer in 40%
acetonitrile and 1% HFIP (mix 116.13 g of deionized water
with 60.86 g of acetonitrile; add 1.145 mL of glacial acetic acid,
3.305 mL of octylamine, and 2 mL of HFIP). Mobile phase B
was 0.1 M OAA buffer in 90% acetonitrile and 1% HFIP (mix
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19.36 g of deionized water with 136.92 g of acetonitrile; add
1.145 mL of glacial acetic acid, 3.305 mL of octylamine, and 2
mL of HFIP). The mobile phases A and B contained
acetonitrile to improve the solubility of hydrophobic OA.
The rationale for including HFIP (pKa 9.3) was to maintain
the mobile phase pH in the mild basic range and mitigate pH
shifts in the case of minor OA (pKa 10.7) and acetic acid (pKa
4.8) pipetting errors. Without addition of HFIP, the buffer pH
can fluctuate in the range of several pH units. Because of the
high concentration of ion-pairing buffer, the inclusion of HFIP
does not make the mobile phase compatible with MS
detection.34 Mobile phase D was pure acetonitrile. The flow
rate was 0.3 mL/min, column temperature was 60 °C, and UV
detection wavelength was 260 nm. Mobile phase gradient was
from 46% A and 54% B to 28% A, 62% B, and 10% D in 40
min. The column was then washed with pure acetonitrile
mobile phase D for 1 min and equilibrated at initial gradient
conditions for 15 min.
IP RP LC MS poly(A) analysis experiment was performed

with a BioAccord LC MS system equipped with the
ACQUITY Premier UPLC H-Class Premier system. The
separation column was the ACQUITY Premier Oligonucleo-
tide C18, 130 Å, 1.7 μm, 50 × 2.1 mm column protected by a
VanGuard Premier FIT 1.7 μm, 5 × 2.1 mm cartridge (all
Waters Corporation, Milford, MA, USA). The flow rate was
0.3 mL/min, column temperature is 60 °C, and UV detection
wavelength is 260 nm. Mobile phase A was 8 mM N,N-
diisopropyl-ethylamine (DIPEA) and 40 mM HFIP in
deionized water, pH 8.8. Mobile phase B consisted of 4 mM
DIPEA and 4 mM HFIP in 75% ethanol. DIPEA/HFIP is a
suitable ion-pairing system for sensitive LC MS analysis.47,48

The gradient was from 25 to 40% B in 10 min followed by 1
min wash with 85% B and 4 min equilibration at initial
gradient conditions. The MS instrument was operated in
negative mode, 400−5000 Da mass range, cone voltage 45 V,
and 1 s MS scan.
The LC UV and LC MS data were acquired with Empower v

3.0 and MassLynx 4.2 Software, respectively. MS data
deconvolution was performed with MaxEnt1 software (all
Waters Corporation, Milford, MA, USA).

mRNA Digestion. EPO mRNA or FlucB mRNA samples
were digested with RNase T1 using the following protocol: 10
μL of the mRNA solution was mixed with 28 μL of RNase-free
water and 4 μL of 10× CutSmart buffer. 1.5 μL (1.5 units) of
RNase T1 enzyme was mixed with the sample, and the
cleavage reaction was carried out for 30−60 min at 37 °C.
After mRNA digestion, the sample was spiked with 0.2 μL (1
unit) of Quick CIP enzyme to remove residual phosphate from
the 5′ or 3′ end of the oligonucleotides. The addition of the
Quick CIP enzyme was not necessary, but it improved the
solution stability of the poly(A) cleaved product and synthetic
oligonucleotide standards by eliminating minor (phosphory-
lated) peaks from SEC and IP RP LC analyses. After 20 min of
Quick CIP dephosphorylation at 37 °C, the sample was
transferred into a glass vial and kept in the LC instrument
sample manager at 10 °C prior to analysis. Typically, 2 μL was
injected for SEC. The sample was purified prior to IP RP LC
analysis using a solid phase extraction (SPE) plate as described
in the following section. The SPE sample purification extended
the lifetime of the RP LC column.

mRNA RNase T1 Digest Sample Preparation. The
RNase T1-digested mRNA sample was purified using an
μElution Oasis HLB 96-well SPE plate. The sample, wash, and

elution fractions were passed through the sorbent bed by
centrifugation (30−180 s at 1000 g). The liquid fractions were
collected into a 96-well collection plate stacked under the SPE
plate. The selected SPE wells were first washed with 50 μL of
acetonitrile and then equilibrated with 100 μL of 0.1 M TEAA
solution. The digested mRNA sample (43.7 μL) was mixed
with 4 μL of 1 M TEAA and two vials of the digest; that is,
95.4 μL was loaded on the SPE plate. The solution was
collected in a clean collection plate and reloaded for the
second time onto the same SPE well to reduce potential
sample breakthrough.45 The loaded SPE well was washed with
30 μL of 0.1 M TEAA and then eluted with 40 μL of 30%
acetonitrile. The eluent was collected in a clean collection
plate, transferred into a glass HPLC vial, and placed in the LC
sample manager set to 10 °C. Ten μL of the sample was
injected on the column for IP RP LC analysis.

■ RESULTS
Size Exclusion Method Development for Poly(A) Tail

Length Analysis. In size exclusion chromatography, the
analytes are separated according to their ability to penetrate
the chromatographic sorbent pores. Smaller molecules are
more retained than larger molecules, which are partially
excluded from the pore volume. The molecular size range of
analytes separated in SEC depends on the sorbent pore size.
We used three SEC columns with different pore sizes to
investigate the resolution of oligonucleotides and SEC
calibration linearity. Figure 1 shows the separation of 5, 10,
15, 20, 30, 40, 50, 60, 80, 100, 120, and 150 nt
oligodeoxyribonucleotide adenosine mixtures (we will refer
to this sample as dA5−150). Minor peaks present in the sample

Figure 1. SEC separation of dA5−150 oligonucleotides using columns
packed with 125 Å (A), 250 Å (B), and 450 Å (C) pore size sorbent.
Panel (D) plots the experimental data as SEC calibration curves. 250
Å column has linear calibration for the 30−150 nt oligonucleotide
range (see Figure 2A).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.3c02552
Anal. Chem. 2023, 95, 14308−14316

14310

https://pubs.acs.org/doi/10.1021/acs.analchem.3c02552?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02552?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02552?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c02552?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c02552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are failed synthesis products or failure sequences. Because the
oligo(A) species do not have a strong secondary structure, the
analysis was performed at 25 °C. The flow rate 0.2 mL/min
was selected as a compromise between the optimal flow rate
(<0.2 mL/min)49 and speed of analysis. We selected 0.1 M
phosphate buffer, pH 8, as the mobile phase to minimize the
potential nonspecific adsorption of nucleic acid to the column
hardware.50−52 Figure 1A shows that the 125 Å SEC column is
more suitable for separation of short oligonucleotides; the n/n
− 1 resolution was observed for dAn species up to 15 nt long
oligonucleotides (see minor peaks in Figure 1A). On the other
hand, the longer oligonucleotides (80−150 nt) are not
resolved with the 125 Å SEC column; they elute as a single
peak near the pore exclusion limit of the sorbent. The 250 Å
SEC column appears to be a good choice for separation of the
dA5−150 sample; separation of short oligonucleotides is partially
lost, but longer oligonucleotides are clearly resolved (Figure
1B). The third experiment with the 450 Å SEC column (Figure
1C) shows that this column is suitable for separation of >150
nt oligonucleotides, while the resolution of <60 nt species is
inferior compared to 125 and 250 Å SEC columns. The
chromatographic data in Figure 1A−C were used to construct
traditional SEC calibration plots presented in Figure 1D. The
x-axis plots the oligonucleotide elution volume Vr (Vr = tr × F;
tr is retention time and F is flow rate) normalized to empty
column (Vc = π × d2/4 × L; d is column internal diameter and
L is column length), while the y-axis is the logarithmic value of
analyte molecular weight (log MW). The useful SEC
separation region is near the center, where the calibration
plot is linear. In the regions where the plot bends upward or
downward, the analyte size approaches either the exclusion
limit of the sorbent pores (Vr/Vc ∼ 0.3; bulky analytes elute in
the interstitial volume between the sorbent particles) or the full
inclusion limit of the sorbent pores (Vr/Vc ∼ 0.8; small
analytes enter all pores unrestricted and elute in the column
void volume). In both extreme cases, the SEC resolution is lost
for the given class of analytes. This could be seen for
calibration plots of the 125 Å SEC column for >80 nt
oligonucleotides and for the 450 Å SEC plot for <10 nt
oligonucleotides (Figure 1D). The 250 Å SEC columns
provided the best separation of the 30−150 nt oligonucleo-
tides. Therefore, we selected this column for poly(A) tail
analysis within this corresponding range.

SEC Calibration for RNA Poly(A) Tail Measurement.
We evaluated the linearity of 250 Å SEC columns with the
adenosine dA5−150 standard. For simplicity, the calibration
curve was directly plotted as a function of retention time versus
log N (N is the number of nucleotides). The calibration curve
was linear for the dAn range 30−150 nt with a coefficient of
determination R2 ∼ 0.999 (Figure 2A). This means that the
length of the dAn oligonucleotides can be accurately measured
from their SEC retention time. The choice of dAn
oligonucleotides for SEC calibration was motivated by their
easy availability. Synthetic dAn oligonucleotides are relatively
inexpensive and can be purchased from vendors in high quality
up to 150 nt in length. However, further experiments reveal
that dAn has somewhat different retention in SEC compared to
oligodeoxythymidine (dTn) standards, and an even greater
retention difference was observed for oligoribonucleotide
adenosines rAn (chromatograms in Figure 2B, C, and D,
respectively; the dashed lines were added for retention shift
visualization). This behavior is likely related to different
hydrodynamic sizes of oligonucleotide samples rather than due

to the ionic or hydrophobic interactions of oligonucleotides
with the SEC sorbent. Addition of 10−20% of methanol to the
mobile phase or change of buffer concentration did not alter
the relative retention of dAn, dTn, and rAn standards. Because
of the retention shift of different types of oligonucleotides, we
purchased rAn standards chemically consistent with the
poly(A) RNA tail and prepared oligoribonucleotide(A)
calibration (Figure 2A) that can be directly used for poly(A)
RNA tail length SEC measurement.

SEC Poly(A) Tail Length Measurement. FLuc-beta and
EPO mRNA samples obtained from vendors were used for
poly(A) tail length measurement by the SEC method. The
mRNA samples were digested with RNase T1 as described in
the Materials and Methods section. RNase H or other
nucleases can also be used to liberate the poly(A) tail from
mRNA.15,18 The advantage of RNase T1 is its high specificity
compared to other enzymes.18,22,25 RNase T1 nuclease cleaves
single-stranded RNA sequences at G/N motifs, producing
numerous short oligonucleotides suitable for mRNA or sgRNA
mapping.15,25 Since the poly(A) tail portion of mRNA does
not contain G nucleotides, the 3′ poly(A) tail is cleaved from
mRNA as a sizable 100−150 nt oligonucleotide, which
significantly exceeds in length the remaining products of
RNase T1 cleavage (1−30 nt species). Consequently, the
poly(A) tail can be separated using an earlier described SEC
method based on the 250 Å sorbent. The example of poly(A)
tail SEC analysis of FLuc-beta mRNA is shown in Figure 3.
The red chromatogram represents the peak of the intact FLuc-
beta mRNA molecule prior to RNase T1 digestion (1970 nt
long including the 120 nt poly(A) tail). The blue chromato-
gram represents the SEC analysis after the FLuc-beta mRNA
digestion yielding 2−30 nt oligonucleotides and a 3′ poly(A)
tail peak at tr = 5.007 min. For illustration, we overlaid the

Figure 2. Panel (A) compares SEC calibrations obtained for RNA
(rA5−120) and DNA (rA5−150) oligonucleotides. SEC chromatograms
of dA5−150, dT20−100, and rA10−120 synthetic oligonucleotide standards
are shown in panels (B), (C), and (D), respectively. Dotted lines
highlight the observed differences in the oligonucleotide SEC
retention. Data were acquired with an ACQUITY Premier Protein
SEC column, 250 Å, 1.7 μm, 4.6 × 150 mm.
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results with the injection of the rA120 synthetic oligonucleotide
(black chromatogram). The 120 nt standard (containing a long
tail of shorter synthetic impurities) elutes closely after the
poly(A) tail peak. This suggests that the poly(A) tail is longer
than the 120 nt. For more accurate estimation of the poly(A)
tail length, we used the calibration curve log N = −0.288 × tr +
3.5507 presented in Figure 2. The experimentally measured
retention time 5.007 min yields the poly(A) tail length of 128
nt. The analysis of the second EPO mRNA sample showed a
poly(A) tail peak at 5.061 min, which gives a poly(A) tail
length of 123 nt (for chromatogram see Figure S1).
Closer inspection of Figure 3 shows that the poly(A) tail

peak is noticeably wider than the peak of the rA120 synthetic
standard.
This is likely due to the heterogeneity of the poly(A) tail

formed during the polyadenylation of mRNA. In other words,
the calculated 128 nt length of poly(A) is only an average
length of the multiple poly(A) tail species coeluting as a single
peak because the SEC method does not have the resolution
power to separate these closely related oligonucleotides. The
peak broadening is a manifestation of a partial separation of the
poly(A) tail species present in the sample. The investigation of
heterogeneity of poly(A) tail length requires high-resolution
chromatography or the MS method. The development of such
a method is described in the next section.

IP RP LC Method Optimization for Separation of
100−150 nt Oligonucleotides. IP RP LC is a high-
resolution method capable of n/n − 1 separation of 60 nt
and potentially even longer oligonucleotides.31,33 Gilar et al.
outlined strategies for improving the oligonucleotide separa-
tion in IP RP LC; the recommendations include use of efficient
columns packed with 2.5 or 1.7 μm UPLC particles,32 shallow
gradients,53 and optimized ion-pairing mobile phases.54

Recently, Donegan et al.34 demonstrated that hydrophobic
ion-pairing reagents such as OAA facilitate an improved
oligonucleotide separation relative to hydrophilic ion-pairing
systems. Based on these guidelines, we selected an efficient 150
× 2.1 mm column packed with 1.7 μm 300 Å C18 sorbent,
shallow gradient, and a hydrophobic OAA ion-pairing mobile
phase system. According to reports,34,54 the oligonucleotide
resolution improves with ion-pairing buffer concentration. We
evaluated 50−110 mM of OAA systems and observed the
corresponding improvements in resolution (data not shown).
However, high concentrations of OAA led to high oligonucleo-
tide retention and required >80% acetonitrile for elution at
which point we observed the loss of signal for >120 nt
oligonucleotides presumably due to sample precipitation on

the column. Therefore, we limited the OAA concentration to
100 mM in mobile phase A and B (containing 40 and 90%
acetonitrile, respectively) and employed a gradient of mobile
phase D containing 100% acetonitrile. In the optimized
method, the gradient started at 46% A, 54% B, and 0% D
and concluded at 28% A, 62% B, and 10% D in 40 min.
Expressed in percentage of acetonitrile, the gradient was 67%
to 77% of acetonitrile in 40 min (0.25% acetonitrile/min); in
terms of ion-pairing concentration, the gradient started at 100
mM and finished at 90 mM OAA in 40 min. The chosen
mobile phase was optimized for oligonucleotide LC separation,
but it is not compatible with MS. Two-dimensional LC could
be implemented when the MS detection is desired.55,56

IP RP LC Study of Poly(A) Heterogeneity. The mRNA
poly(A) tail sample prepared according to Materials and
Methods (mRNA was digested with RNase T1 and purified by
SPE) was analyzed by the IP RP LC method; the chromato-
grams are presented in Figure 4. Short RNA oligonucleotides

were eluted before 5 min (data not shown, UV signal exceeded
1 AU), while the poly(A) tail species eluted approximately
between 20 and 25 min. EPO mRNA (blue chromatogram)
and FLuc-beta mRNA (red chromatogram) analyses reveal the
presence of heterogeneous poly(A) tail species consisting of
5−10 dominant peaks and many minor species. The IP RP LC
method does not provide a baseline separation, but the peak
resolution is sufficient to visualize and quantify the poly(A) tail
heterogeneity.

Poly(A) tail chromatograms in Figure 4 are overlaid with the
synthetic rA100 oligonucleotide (black trace). The 100 nt
oligoadenosine contains a ladder of synthetic n-x impurities
eluting prior to the main peak. These impurities were utilized
to plot the relationship between the length of the rAn species
and the retention time. This plot appears to be linear (Figure 4
inset) and could be used to extrapolate the mRNA poly(A)tail
species length. According to this calibration, the prominent
poly(A) tail species labeled in Figure 4 were 124 nt for EPO

Figure 3. SEC analysis of intact FLuc-beta mRNA (1970 nt, red
chromatogram) and FLuc-beta mRNA digested with RNase T1 (blue
chromatogram; the peak eluting near 5 min represents poly(A) tail
signal). Black chromatogram is SEC analysis of the rA120
oligonucleotide; the standard is contaminated with truncated
synthetic impurities eluting within a peak tail.

Figure 4. (A) IP RP LC analysis of the poly(A)tail released from EPO
mRNA (blue chromatogram) and the FLuc-beta mRNA sample (red
chromatogram) with RNase T1. IP RP LC analysis of the rA100
standard and its truncated oligonucleotides is shown as a black
chromatogram. The retention data of 80, 85, 90, 95, 99, 100, and 101
nt rAn oligonucleotides were plotted as a calibration curve (panel B)
and utilized to estimate the mRNA poly(A) tail species length. For
additional data, see Figure S3.
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mRNA and 128 nt for the FLuc-beta mRNA sample. These
results are consistent with the poly(A) tail length measurement
performed with the SEC method described in the previous
section. Additional calibration with rA100 and rA120 synthetic
standards (Figure S2) or standards directly spiked to EPO and
FLuc-beta mRNA digests (Figure S3) confirmed our measure-
ment. The data could not be directly confirmed with MS
because the mobile phases of both SEC and IP RP LC
methods were not compatible with mass spectrometry analysis.

IP RP LC MS Analysis of Poly(A) Tail. The poly(A) tail
length was investigated also with the IP RP LC-MS method
with mobile phases consisting of DIPEA/HFIP aqueous buffer.
This mobile phase is well suited for sensitive LC-MS analysis
of oligonucleotides.47,48 The IP RP LC mobile phases where
the alkylamines are buffered by HFIP instead of acetic acid
provide a significantly greater MS signal for oligonucleotide
analysis.34,57 The RNase T1-digested FLuc-beta mRNA sample
was eluted from the chromatographic column with a fast 10
min gradient. Figure 5 shows the resulting chromatogram.

Short RNA oligonucleotides elute before the last distinct peak
at 6 min, presumably the poly(A) tail signal. The MS signal
under this peak was summed, and the multiply charged MS
ions were deconvoluted with MaxEnt1 software into zero
charge MS spectrum presented as Figure 5C. The three most
dominant MS signals in the spectrum correspond to 126, 127,
and 128 nt long poly(A) species. This result is consistent with
previously obtained results from SEC and IP RP LC UV
analysis.

■ DISCUSSION
SEC is used in the industry mainly for analysis of synthetic
polymers and proteins, and it is applicable to analysis of RNA/
DNA therapeutics as well. In the initial experiment, we
investigated the selection of the SEC sorbent pore size for
targeted separation of poly(A) tail species from shorter
oligonucleotides and intact mRNA. This evaluation was

essential since the SEC sorbent pore size selection suitable
for separation of the target oligonucleotide length is not well-
known. Kim and colleagues42 reported that the molecular
weight range of proteins separable in SEC does not directly
translate to oligonucleotides. This is because linear nucleic
acids have a larger hydrodynamic radius than globular proteins.
We confirmed this observation in experiments with the 250 Å
SEC column (Figure S4). Indeed, large differences in log MW
= a × tr + b calibrations were found between oligonucleotides
and protein standards.

The sequence or secondary structure (stems, loops,
duplexes, and structural polymorphisms) also has an impact
on SEC retention of oligonucleotides.43 This can be seen in the
chromatograms shown in Figure 2B−D for dAn, dTn, and rAn
samples. Even though the used homooligomeric samples do
not have a strong secondary structure, their retention is not the
same. We investigated whether the differences are due to
secondary ionic or hydrophobic interactions of analytes with
the SEC sorbent. Neither the addition of methanol (10 or
20%) nor the change in the buffer type and concentration
yielded the retention strictly according to the oligonucleotide
length. We concluded that retention differences were most
likely a manifestation of the different oligonucleotide hydro-
dynamic sizes. This unfortunately means that it is necessary to
use expensive rAn standards as calibrants for poly(A) tail RNA
measurement instead of more affordable dAn, as we originally
planned. This problem with calibration standards could be
circumvented, as illustrated in Figure 2A. Two linear
calibrations were constructed for the same column using dAn
and rAn standards. The calibrations have essentially the same
slope with a small difference in the intercept. This, in principle,
means that a retention time correction factor can be applied to
superimpose the dAn calibration onto the rAn calibration curve
(see Figure S5). The concept of using dAn standards as
surrogates for rAn calibrants in SEC was validated with two
UPLC systems and three SEC columns. The experiments
confirmed that the dAn and rAn calibrations are parallel. When
the correction factor Δtr = 0.306 min is used to adjust
experimental dAn retention times, both dAn and rAn SEC
calibration curves become virtually identical (Figure S5B).
Table S1 lists the retention data of four SEC experiments with
dAn and rAn calibrants. The average retention difference
between rAn and dAn represents the proposed correction factor
Δtr of 0.306 min. While the tubing volume and injection loop
size of LC instrument affect the absolute retention times of
calibrants in SEC, the relative retention difference between rAn
and dAn standards remains constant (Table S1). Therefore, it
is possible to utilize inexpensive, readily available, and
chemically stable dAn oligonucleotides as surrogates for the
rAn calibration standards. In the simplest implementation, the
analyst can add the Δtr = 0.306 min correction factor to the
measured dAn retention times (Figure S5) prior to plotting the
calibration curve log N = a × tr + b. The resulting SEC
calibration is directly applicable for mRNA poly(A) tail
measurement.

We investigated the comparability of rAn and dAn
calibrations for poly(A) tail analysis of EPO and Fluc-beta
mRNA samples. Table S2 lists the retention data of four
experiments and their interpretation using rAn and corrected
dAn SEC calibrations (using a 0.306 min correction factor).
Both calibrations gave similar poly(A) tail length measurement
within one nucleotide length difference for calibrations
obtained with 40−120 nt standards. When we used 40−150

Figure 5. IP RP LC analysis of FLuc-beta mRNA poly(A) tail. (A)
LC UV analysis, (B) LC MS LC MS total ion chromatogram (TIC),
and (C) deconvolved ESI-MS spectrum of the peak eluting close to 6
min. This chromatographic peak corresponds to a mixture of
heterogeneous poly(A) species with three most dominant MS signals
corresponding to 126, 127, and 128 nt oligonucleotides.
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nt dAn calibration standards, the calculated length of the
poly(A) tail was approximately 3 nt longer. This is due to the
change in the calibration slope caused by the 150 nt data point
deviating slightly from the linear trend. 150 nt dA standard
appears to lie at the upper range of the calibration linearity
(Figures 2A and S5B).
The 250 Å column chosen for SEC analysis has metal

hardware modified with ethylene-bridged siloxane-modified
metal surface chemistry known as hybrid surface technology
(HST).50,58 HST has been shown to mitigate the nonspecific
adsorption of nucleic acid on LC hardware, which can have an
adverse effect on oligonucleotide analysis.51,52,59 The 100 mM
phosphate buffer and basic pH were shown to reduce the
nonspecific adsorption,50 but HST columns are preferred for
nucleic acid analysis when available.
The IP RP LC method is a high-resolution method capable

of simultaneously measuring poly(A) tail length and
heterogeneity, which makes the SEC method seemingly
redundant. However, IP RP LC is significantly more complex
and less robust than the isocratic SEC method.60 The method
described in this work is optimized for the separation of 100−
150 nt poly(A) tail oligonucleotides. In IP RP LC, a small drift
of retention times is sometimes detected.61 This is due to the
evaporation of semivolatile ion-pairing mobile phases,
incomplete thermal equilibration of the column, and
inconsistent column equilibration time between injections.
Such a retention shift can affect the poly(A) length
measurement accuracy. Calibration with size standards should
be performed prior or after the sample analysis (Figure 4) or
the rAn standards can be spiked to the sample as shown in
Figure S3.
RNase T1 utilized in this work cleaves mRNA at the G/N

motifs. Due to cleavage selectivity, the liberated poly(A) tail
sequence may contain one or several additional nucleotides at
the 5′ end other than G. The sequence of interrogated mRNA
is typically known; this knowledge should be utilized in the
poly(A) tail length measurement as was the case with FLuc-
beta mRNA analysis in this study. The poly(A) tail fragment
created with RNase T1 cleavage contained a single additional
cytidine at the 5′ end (see Figure S6). The poly(A) analysis of
the second sample, EPO mRNA, is complicated by the fact
that the full sequence of EPO mRNA was not provided by the
manufacturer. The exact number of additional nucleotides at
the 5′ end of the EPO mRNA poly(A) tail after RNase T1
cleavage is not known. The length of the EPO mRNA poly(A)
tail reported in Figures S1 and S3 (123 nt) should be treated as
an approximation. This result was consistent with EPO mRNA
poly(A) LC MS measurement (Figure S7).
We should also mention that the applicability of RNase T1

for digestion of BioNTech/Pfizer SARS-Cov-2 mRNA vaccine
is complicated by the fact that the poly(A) tail includes a 10 nt
long motif including G nucleotides. In this case, RNase T1 will
generate two sections of the poly(A) tail (Figure S8). The
mRNA sequence should be always consulted prior to
measurement; other enzymes can be used for mRNA poly(A)
tail cleavage if desired.15,17,18,22,23

■ CONCLUSIONS
We demonstrate that the SEC column with 250 Å pore size is
suitable for the separation of 40−150 nt long oligonucleotides
with log N vs tr calibration linearity. The developed method
was applied to robust and repeatable measurement of the
poly(A) tail length after its cleavage form mRNA. Because

synthetic poly(A) RNA standards are scarce, we evaluated the
utility of oligo(A) DNA surrogate standards for SEC
calibration. After we applied an experimentally derived
retention correction, the surrogate SEC standard calibration
provided virtually identical poly(A) tail measurement results as
those of RNA poly(A) tail calibrants (Tables S1 and S2).

The SEC method provides information about an average
poly(A) tail length, but it cannot directly measure the
microheterogeneity of the mRNA 3′-end. The microheter-
ogeneity analysis of the poly(A) tail was performed with a
high-resolution IP RP LC method based on the OAA ion-
pairing system. This method can resolve poly(A) tail species
differing in a single nucleotide up to approximately 150 nt in
length. SEC and IP RP LC methods use simple UV detection,
which makes them suitable for routine quality control of
mRNA analysis.

The performance of the SEC and IP RP LC methods for
poly(A) tail characterization was verified with LC-MS (Figures
5, S7, and S9). The LC-MS method resolves short RNA
oligonucleotides RNase T1 digestion products from poly(A)
tail in a 10 min gradient using the MS compatible mobile
phase. The summed and deconvoluted MS data of the poly(A)
tail peak (Figures 5C, S7, and S9) reveal dominant MS signals
corresponding to 126, 127, and 128 nt long oligonucleotides
for the Fluc-beta mRNA sample (125−127 nt long rAn
sequences plus one cytidine) and 122−124 nt long
oligonucleotides for the EPO mRNA sample. The LC-MS
results are consistent with IP RP LC UV and SEC UV
measurements presented in Figures 3, S1, and S3. This finding
confirms that the developed SEC and IP R P LC methods for
poly(A) tail length measurement provide accurate and useful
results and are applicable to mRNA quality control. The LC-
MS method utilized more expensive high-resolution MS
instrument and deconvolution software, but it provides data-
rich results, including the direct molecular weight measure-
ment of poly(A) tail species and the molecular weight
difference between the observed poly(A) species (329.2 Da
mass differences in the MS spectrum presented in Figure 5C
confirm that the microheterogeneity is due to different
numbers of A mononucleotides in the poly(A) tail). We
expect that LC MS will be a preferred method for mRNA
analysis in biopharma research.
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