
Quantification of objective concentrations of DNA impurities in 
mRNA vaccines

Stefanie Kaiser a,*, Steffen Kaiser b, Jenny Reis c, Rolf Marschalek c,*

a Institute of Pharmaceutical Chemistry, Goethe-University Frankfurt, Max-von-Laue-Str. 9, 60438 Frankfurt/Main, Germany
b Riedberg Mass Spectrometry Service Unit, Goethe-University Frankfurt, Max-von-Laue-Str. 9, 60438 Frankfurt/Main, Germany
c Institute of Pharmaceutical Biology, Goethe-University Frankfurt, Max-von-Laue-Str. 9, 60438 Frankfurt/Main, Germany

A R T I C L E  I N F O

Keywords:
SARS-CoV-2
mRNA vaccines
DNA impurities
DNA
RNA
Methodologies

A B S T R A C T

Background: The COVID-19 pandemic has demonstrated the benefits and advantages of mRNA technologies in 
combination with lipid nanoparticle (LNP) delivery systems for vaccine development, revolutionizing the field. 
Vaccine mRNA synthesis by in vitro transcription (IVT) is a cell-free process to produce plasmid-encoded mRNA 
by recombinant RNA polymerase activity. During mRNA vaccine manufacturing, the linearized plasmid DNA 
serving as template for IVT of vaccine mRNA, is enzymatically hydrolysed resulting in short digestion products 
that are removed, and residual amounts of template DNA remain as impurities in the vaccine product. These 
residual plasmid DNA quantities are defined as process- and product-related impurities and were subject of 
several discussions on various social media platforms. A recent study claimed to provide evidence for DNA 
impurities in mRNA vaccines exceeding permissible DNA concentrations by up to 534-fold. Due to the potential 
risk exceeding amounts of foreign DNA could pose for the safety of vaccinees as a consequence of an innate 
immune response, we set out to investigate the claims presented in this publication by attempting to reproduce 
the published data.
Methods: We applied various methods including Qubit fluorimetric quantitation and liquid chromatography-mass 
spectrometry (LC-MS/MS) to accurately quantify RNA and DNA concentrations in several individual mRNA 
vaccine vials.
Results: Our results reproducibly confirm DNA:RNA mass ratios of 1:1000 which is consistent with the specifi
cations of the approved mRNA vaccine product. We demonstrate that earlier published claims of 534-fold higher 
amounts of DNA impurities in vaccine mRNA products are not correct and a consequence of extraordinary high 
RNA and lipid concentrations. According to our data, gathered by applying different, orthogonal methods, we 
provide evidence that the concentration of product-related DNA impurities in both approved mRNA vaccines, 
BNT162b2 (Comirnaty) and mRNA-1273 (Spikevax) coincide with the approved mRNA specifications.

1. Introduction

The SARS-CoV-2 pandemic was a global threat to mankind and 
preliminary estimates suggest the total number of global deaths attrib
utable to SARS-CoV-2 infections in 2020 is at least 3 million [1]. The full 
death toll associated directly or indirectly with the COVID-19 pandemic 
until December 2021 was approximately 14.9 million [2] and resulted 
from our limited knowledge about this novel virus. Clinical character
istics of hospitalized patients with SARS-CoV-2 infection are hyper- 
inflammation, interferon signaling inhibition, and the emergence of 
functional autoantibodies causing wide–spread organ damage, vascular 

damages in conjunction with thrombotic events and neurological 
symptoms [3].

As of August 2024, approximately 13.5 billion SARS-CoV-2 vaccine 
doses have been administered worldwide, with 5.6 billion persons 
vaccinated at least once, 5.1 billion persons fully vaccinated (i.e., two 
initial doses plus a third booster), according to data provided by the 
World Health Organization [4]. In many countries, the largest propor
tion of SARS-CoV-2 vaccines administered, by far, were those based on 
newly developed mRNA-based technologies. For example, the 
BioNTech-Pfizer BNT162b2 and Moderna/NIAID mRNA-1273 account 
for approximately 90 % of vaccines administered in the European Union 
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and more than 97 % in the United States of America, Canada, and Japan 
[5].

With the occurrence of the Omicron variant in October 2021, the 
COVID-19 vaccines became less effective towards the Omicron variant 
compared to previous lineages. Yet, it was shown that the booster dose 
targeting the Omicron variant improved the efficacy and controlled 
Omicron spread and infection [6,7]. Importantly, Omicron infections 
have also been linked to the occurrence of the Long COVID syndrome, an 
illness that occurs in at least 10 % of SARS-CoV-2 infected patients [3]. 
Over 200 symptoms are connected to Long COVID, including fatigue, 
cough, shortness of breath or arrhythmia and multiple organs can be 
affected. As infections with the Omicron variants do not provoke 
immunological protection [8] and thus the risk of Long COVID persists, a 
continued need for vaccinations remains even though the severity of the 
acute COVID-19 infection is lower with the new variants [6,7].

To ensure the safety of COVID-19 vaccines, strict rules are applied 
and in case of the mRNA vaccines, residual DNA from the production 
process is limited to less than 10 ng per injection by the regulatory au
thorities [9]. The quantification of remaining DNA is currently done 
through qPCR.

In a recent publication [10], authors claimed that their own efforts 
quantifying DNA impurities in individual vials of the Comirnaty mRNA 
vaccine had uncovered that the maximum amount of 10 ng DNA per 
dose was exceeded by 360–534-fold. Since exceeding amounts of foreign 
DNA would cause an innate immune response, inflammatory reactions 
and might lead to integration into the patient’s DNA, such high amounts 
should lead to severe reactions within the vaccinated population. Yet, no 
reports exist from the clinical trials assessing safety of the mRNA vac
cines termed Comirnaty (BioNTech/Pfizer) and Spikevax (Moderna), 
nor in any of the nation-wide vaccination campaigns to date.

Therefore, we decided to validate the method for DNA quantification 
in the context of mRNA vaccine products using an easily available and 
low-cost assay and benchmark against quantitative mass spectrometry 
to ensure its accuracy. In these objective quantification experiments, we 
uncovered several biases introduced by the mRNA vaccine formulation 
that cause overestimation of DNA quantities. We present solutions to 
avoid these biases and we find with both methods used no excessive 
amount of DNA in Comirnaty or Spikevax vaccine products.

2. Methods

2.1. Material

Four vials of the approved mRNA-based vaccine Comirnaty® (Bio
NTech/Pfizer, Lot GE8310 [exp: 10/2023], HD9869 [exp: 10/2024]), 
and two vials of the approved mRNA-based vaccine Spikevax® (Mod
erna, Lot 21,604 [exp: 12/07/2022] were used for analyses. According 
to manufacturers’ instructions, Comirnaty and Spikevax vaccine vials 
were stored at − 80 ◦C and − 20 ◦C, respectively.

2.2. Qubit fluorometric quantitation of DNA and RNA

The commercial Qubit kit (Q33230: HS DNA assay; range from 0,1 
ng–120 ng DNA; was used for DNA quantification following manufac
turer protocols (ThermoFisher Scientific, Dreieich, Germany). For RNA 
quantification, the Qubit kit (Q32852: HS RNA assay; 4 pg-200 ng RNA) 
was used following supplier protocols (ThermoFisher Scientific, 
Dreieich, Germany). Briefly, we used 2 mL Qubit solution that was 
mixed with 10 μL Qubit dye (Qubit ready solution). For calibrating the 
Qubit device, 190 μL Qubit ready solution was incubated with 10 μL 
standard 1 and 10 μL standard 2 of the appropriate kit, vortexted and 
after 2 mins used for the calibration. For measurements, either 190 μL 
ready Qubit solution was mixed with 10 μL DNA probes, or 198 μL Qubit 
ready solution mixed with 2 μL RNA probe. After vortexing and 2 mins 
incubation times, measurements were made with the Qubit device ac
cording to the supplier manual.

2.3. Validation of the qubit system to measure DNA

Commercial lambda DNA (Thermofisher Scientific, #SD0021) was 
additionally measured by UV spectroscopy and diluted to a solution of 
100 ng/μL. This DNA solution was mixed with water in a 10:100, 5:100, 
2:100 and 1:100 ratio to obtain 100 μL aliquots that were subsequently 
analyzed with the Qubit system by using the Q33230 HS DNA assay kit.

2.4. Qubit quantification of DNA impurities in mRNA vaccine products

We used either 5 or 10 μL vaccine suspension of 6 vials (2× HD9869, 
2× GE8310, 2 × 216,044) to directly measure the DNA content. All 
suspensions were treated for 15 min with 1 % Triton-X-100 and subse
quently analyzed with the Qubit system by using the Q33230 HS DNA 
assay kit. Vaccine solutions were generally treated with Triton-X-100 for 
15 mins, unless stated otherwise.

2.5. DNA spike-in experiments to determine the quality of qubit 
measurements in the presence of high amounts of nucleic acids

The same vaccine suspensions were used for spike in-experiments. 
Lambda DNA (mentioned above) was mixed with all the 6 vaccine sus
pensions in ratios of 10:100, 5:100, 2:100 and 1:100 to obtain 100 μL 
aliquots that were subsequently analyzed with the Qubit system by using 
the Q33230 HS DNA assay kit.

2.6. Analysis of DNA concentrations in the presence of rising RNA content 
applying the qubit system

We used 10 μL of a 2 ng/μL DNA solution (sheared salmon sperm 
DNA; ThermoFisher #15632011) and mixed it either with 10 μL sterile 
water or 10 μL of an RNA solution (MS2 phage RNA; Merck 
#10165948001) with increasing concentrations of RNA (25 ng-5 μg). 
Subseqeuntly, the DNA content was measured with the Q33230 kit.

2.7. Isolation of nucleic acids from the mRNA vaccines

We used distinct amounts of the abovementioned vaccine suspen
sions from the vaccine vials (300 μL Corminaty®; 250 μL Spikevax® +
50 μL sterile water) and incubated them for 15 mins with 3 μL Triton X- 
100 (final concentration = 1 %) in a small shaker at room temperature 
for 10 mins. Subsequently, we quantified the amounts of included 
nucleic acids by 3 different methods.

The first method applied to directly measure the amount of nucleic 
acids in these Triton-X-100 treated vaccine suspensions was by using the 
corresponding Qubit kits (Q33230: HS DNA assay; range from 0,1 
ng–120 ng DNA; Q32852: HS RNA assay; 4 pg-200 ng RNA).

The second method used also Triton-X-100 treated vaccine suspen
sion but we also added 3 μL RNase (10 mg/mL = 30 μg RNase) to 100 μL 
vaccine solutions, incubated for 1 h at 37 ◦C and then extracted the 
remaining nucleic acids by an ethanol precipitation step (see below). 
The pellet of nucleic acids was washed once with 70 % ethanol, and 
subsequently dissolved in 10 μL sterile water before Qubit 
measurements.

The third method extracted nucleic acids from Triton-X-100 treated 
vaccine solutions by adding 900 μL phenol/chloroform, vortexing for 1 
min, followed by a centrifugation step for 5 min at 14.680 rpm. The 
supernatant was carefully collected in a new Eppendorf tube and 300 μL 
chloroform was added. The solution was vortexed again for 1 min and 
then centrifuged for 5 min at 14.680 rpm. The supernatant was carefully 
collected in a new tube and 30 μL 3 M Na-acetate pH 7.0 and 990 μL 
ethanol was added, vortexed and frozen at − 80 ◦C for at least 1 h. After 
centrifugation for 10 min at 14.680 rpm in an Eppendorf centrifuge at 
room temperature, precipitated nucleic acids were dried for 2 mins at 
80 ◦C and then dissolved in 50 μL sterile water.

For further Qubit analyses, aliquots of 10 μL were then treated either 

S. Kaiser et al.                                                                                                                                                                                                                                   Vaccine 55 (2025) 127022 

2 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 15, 
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



by 2 μL RNase (10 mg/mL) or 2 μL rec. DNaseI (3 U/μL) for 1 h at 37 ◦C. 
Subsequently, the solution was filled up to a volume of 100 μL with 
sterile water and again ethanol-precipitated. After another 1 h at 
− 80 ◦C, remaining nucleic acids were precipitated by a centrifugation 
step for 10 min at 14.680 rpm. Precipitated nucleic acids were washed in 
70 % ethanol and again centrifuged for 5 min at 14,680 rpm. Pellets 
were dried for 2 min at 80 ◦C and then dissolved again in 10 μL 
(remaining DNA) or 100 μL of sterile water (remaining RNA). For sub
sequent Qubit-quantitation, we used 10 out of 10 μL DNA solution or 2 
out of 100 μL RNA solution.

2.8. Liquid chromatography-mass spectrometry (LC-MS) experiments

10 μL of the nucleic acid solution generated by method 3 (section 
2.7) without RNase or DNase treatment was used for analysis of DNA 
and RNA content by mass spectrometry. Briefly, 10 μL of nucleic acid 
solution was subjected to hydrolysis applying the two-pot hydrolysis 
method using 0.05 U nuclease P1 and 0.1 U phosphodiesterase 1 in a 5 
mM ammonium acetate (pH 5.3) and 0.2 mM ZnCl2 containing buffer. 
After incubation for 2 h at 37 ◦C, the hydrolysate was dephosphorylated 
using 2 U calf intestine phosphatase in 50 mM Tris (pH 8.0) for 1 h at 
37 ◦C.

The hydrolysate was diluted 1:10 with pure water and 10 μL were 
injected into an Agilent 1290 Infinity II equipped with a diode-array 
detector (DAD) combined with an Agilent Technologies G6470A Tri
ple Quad system and electrospray ionization (ESI-MS, Agilent Jet
stream). Operating parameters: positive-ion mode, skimmer voltage of 
15 V, cell accelerator voltage of 5 V, N2 gas temperature of 230 ◦C and 
N2 gas flow of 6 L/min, N2 sheath gas temperature of 400 ◦C with a flow 
of 12 L/min, capillary voltage of 2500 V, nozzle voltage of 0 V, nebulizer 
at 40 psi. The instrument was operated in dynamic multiple reaction 
monitoring mode (dMRM).

For separation a Synergi Fusion-RP, 2.5 μm, 100 Å, 100 × 2 mm 
column (Phenomenex, Torrance, California, USA) at 35 ◦C and a flow 
rate of 0.35 mL/min was used. Mobile phase A consisted of 5 mM 
aqueous NH4OAc buffer, brought to pH 5.3 with glacial acetic acid (65 
μL/L) and mobile phase B consisted of organic solvent acetonitrile (Roth, 
Ultra-LC-MS grade). The gradient started at 100 % A for 1 min and an 
increase of 10 % B over a period of 4 min afterwards. B was then 
increased to 40 % for 2 min and maintained for 1 min before returning to 
100 % A over a period of 0.5 min followed by a re-equilibration period 
for 2.5 min.

Table S1 shows the mass transitions used for the canonical nucleo
sides of RNA and DNA. In addition, 1-methylpseudouridine (m1Y) and Y 
were monitored by MS/MS.

Each sample was co-injected with a stable isotope labeled internal 
standard (SILIS) as previously published [11]. RNA SILIS (gen2) [11] 
was produced in S. cerevisiae and DNA SILIS was produced in E. coli [12]. 
Due to the low abundance of DNA in the sample, the final SILIS mixture 
contained 1 % DNA SILIS and 99 % RNA SILIS. 1 μL of SILIS was injected 
with each sample.

For absolute quantification, synthetic standards of the nucleosides 
were weighed and dissolved to 10 mM stock solutions. The latter were 
used to generate calibration solutions containing all DNA and RNA ca
nonical nucleosides and 1-methylpseudouridine and pseudouridine. The 
highest calibration contained 100 pmol of the RNA nucleosides and 100 
fmol of the DNA nucleosides to ensure that sample signals fall within the 
calibration curve. The calibration solutions were received by diluting 
the calibration mixture 5-times 1:4 with pure water. All samples were 
within the calibration as shown for an exemplary Comirnaty analysis for 
RNA (Fig. S1) and DNA (Fig. S2).

3. Results

3.1. Qubit quantification of DNA impurities in mRNA vaccines without 
appropriate sample preparation leads to overestimation of DNA 
concentrations

In a first step, we set out to reproduce the method for analysis of DNA 
content using the Qubit system published in [10]. Briefly summarized, 
Triton-X-100 treated vaccine suspensions were subjected to the Qubit 
system and the instrument claimed a very high abundance of DNA that 
was in the range of microgram per vaccination in accordance with [10]. 
We repeated the measurements after 35 and 45 mins (after having added 
the Triton-X-100 solution) and observed higher DNA concentrations 
when compared to the directly analyzed aliquot (Fig. 1A). The circum
stance that experiment duration has a significant impact on DNA 
quantification is a first indicator that sample preparation biases might 
lead to the measurement of false and overreaching DNA concentrations 
in RNA vaccine preparations.

To further assess the accuracy of the system, we prepared a serial 
dilution of pure λ-DNA and quantified the amounts using the Qubit 
system. As shown in Fig. 1B (black bars), the Qubit system accurately 
determined the amount of λ-DNA. Next, we asked whether λ-DNA is also 
quantifiable in a mixture with vaccine solution (also done by [10]). To 
this end, we mixed λ-DNA in various concentrations (10:100, 5:100, 
2:100 and 1:100) with Triton-X-100-treated vaccine suspension. The 
measured DNA content in the λ-DNA spiked vaccine suspension was 
higher than the non-spiked control, but the measured quantities did not 
match the expected sum of vaccine solution signal and λ-DNA signal 
(Fig. 1B). In fact, the measured quantities were always lower than ex
pected, which indicates a saturation of the Qubit detection system. 
While the measured DNA was calculated to be within the range of the 
Qubit kit, we turned our attention towards the second nucleic acid in the 
vaccine solution, the mRNA, that might saturate the system. The Qubit 
supplier protocols provide the information that RNA is also able to bind 
to the dye used in the DNA quantification kit, but to a lower extent. 
Given the high amounts of RNA in the mRNA vaccine preparation (30 
μg/Comirnaty vaccination dose; 100 μg/Spikevax vaccination dose), we 
asked the question, whether the present RNA might interfere with the 
DNA quantification.

3.2. The qubit DNA kit has a cross-reactivity with RNA if the amounts of 
RNA present exceeds the amounts of DNA by >10-fold

To follow up on the hypothesis that excessive RNA might disturb the 
quantification, we repeated Qubit analysis of a controlled DNA:RNA 
mixture. Briefly, 5 ng of DNA was spiked with increasing amounts of 
RNA (0–5 μg) and subsequently the DNA amounts were quantified. As 
summarized in Fig. 2A, the HS DNA assay Qubit analyses confirm the 
supplier description that DNA can be reliably quantified in the presence 
of up to 10-fold excess of RNA. Yet, even in the case of a 10-fold excess of 
RNA, we already observed a slight increase in the measured DNA con
centrations (+11 % and + 18 %). However, when we increased the 
amount of RNA up to 5 μg (corresponding to a 1000-fold excess of RNA 
over the DNA content), we reached up to 331 % higher values for DNA. 
This data confirms the defined range of the supplier and our initial hy
pothesis that the high amounts of RNA in the mRNA vaccine cause an 
overestimation and false quantification of DNA.

3.3. Sample purification makes subsequent qubit fluorometric 
quantitation a reliable analytical tool for correct DNA content assessment

Next, we faced the question how a reliable quantification of DNA 
impurities in mRNA vaccine products is possible. Therefore, we first 
focused on the sample preparation, as the excess RNA is the cause for the 
incorrect DNA quantification. For RNA removal we first exposed 100 μL 
aliquots of the vaccine suspensions to 30 μg RNase (1 h at 37 ◦C). 
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Subsequently, we purified the nucleic acids by ethanol precipitation, 
washed again with 70 % ethanol and dissolved the pellets in 10 μL sterile 
water. These 10 μL were directly used for Qubit analyses. As summarized 
in Fig. 2B, Qubit DNA measurements revealed significantly lower 
amounts of DNA after RNA removal than in the previous measurements 
with RNA (~100-fold lower). The DNA quantities were now substan
tially closer to the range approved by regulatory authorities, namely 
DNA impurities ranging from ~35 ng (Comirnaty) and ~ 55 ng (Spi
kevax) per vaccination dose. To test if the lipids constituting a major 
component of LNP formulation either interfere with Qubit measure
ments or affect DNA quantitation by affecting enzymatic RNase activity, 
we removed them from nucleic acid suspensions by phenol-chloroform 
extraction and subsequent ethanol precipitation. As outlined in Fig. 3, 
we isolated nucleic acids directly from vaccine solution by using a 
phenol and chloroform extraction step.

After quantitative separation of nucleic acids from the lipids that are 
part of the mRNA vaccine products, we took aliquots of the nucleic acids 

preparations to hydrolyse them either with RNase or with DNase1 for 1 h 
at 37 ◦C. The hydrolysis products, namely single nucleotides, were 
removed by a second ethanol precipitation step and the intact nucleic 
acids were dissolved in sterile water for Qubit analyses using the Qubit 
HS assay. To stay within the quantitative range defined by the manu
facturer of the Qubit kit, DNA and RNA solutions were diluted with 
sterile water at ratios of 1:5 and 1:250, respectively. As summarized in 
Fig. 4, we found 0–12.6 ng of DNA in the RNase-treated vaccine dose and 
6.1–21.8 μg of RNA in the DNase-treated vaccine dose. We also found 
that samples with high content of DNA (e.g. mean of 12.6 ng) were 
samples where 10 μg RNase was used, while samples with lower DNA 
content were pre-treated with 20 μg of RNase. This observation 
emphasized the importance of RNA hydrolysis for accurate quantifica
tion of DNA using the Qubit system. Taken together, the Qubit system 
appears to be a reliable tool for the precise quantification of DNA im
purities in mRNA vaccine products if careful sample preparation is 
considered prior to analysis. By applying this quantification method, we 

Fig. 1. Quantification of DNA impurities in vaccine suspensions using the Qubit system A Quantification of DNA in vaccine suspension at 0, 35 and 45 mins after Triton-X- 
100 addition (5 replicates, error bars reflect standard deviation, p-value calculated using student t-test). B Quantification of λ-DNA concentration in absence (black) 
and presence of vaccine suspension (orange). Expected values (grey) is the sum of unspiked vaccine suspension and λ-DNA (working volume 100 μL).

Fig. 2. Quantification of DNA in relationship to RNA content. 
A Quantification of salmon DNA concentration in presence of MS2 phage RNA. B Quantification of DNA in vaccine suspensions before and after RNA degradation 
using RNase. (BioNTech n = 4, Moderna, n = 2; error bars reflect standard deviation; n = number of vaccine vials tested).
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find that the amounts of RNA present in the approved mRNA vaccines 
Comirnaty and Spikevax exceed the amounts of DNA impurities by a 
factor > 1000.

3.4. Quantification of RNA and DNA content by LC-MS analysis confirms 
qubit fluorometric quantification

To confirm reliability of the obtained Qubit data, we used the 
orthogonal method termed liquid chromatography coupled with mass 
spectrometry (LC-MS) representing the gold-standard technology for 
assessment of drug purity and quantity in pharmaceutical industry. This 
technology is well established in the Kaiser lab and absolute quantifi
cation of both DNA and RNA nucleosides are well validated [11,12]. We 
used 10 μL of the nucleic acids solution (produced by method 3 in sec
tion 2.7) omitting RNase and DNase treatment for further purification 
and enzymatically hydrolysed the nucleic acid mixture of the mRNA 
vaccine product into a solution containing ribose- and deoxyribose- 
containing nucleosides. The mixture of all 8 expected nucleosides was 
separated by liquid chromatohraphy (LC) and subsequently measured 
by mass spectrometry (MS). DNA and RNA nucleosides can be distin
guished by their precursor ion masses, as ribonucleosides carry an 
additional oxygen atom at the 2′‑carbon. As an example, we monitored 
the mass-to-charge ratio (m/z) 252 for deoxyriboadenosine, and for 
riboadenosine m/z 268. For absolute quantification of nucleic acids, 
external calibration measurements were performed (Fig. S1 and S2) and 
a stable isotope labeled internal standard (SILIS) was added to each 
measurement. Fig. 5 shows the extracted ion chromatogram of an 
exemplary Comirnaty sample analysis. Here, the highest signal arises 
through ribocytidine (106) and the other expected ribonucleosides. It is 
noteworthy that no uridine or pseudouridine were detected, whereas 1- 
methylpseudouridine was as abundant as the other three canonical ri
bonucleosides, as expected. Deoxyribonucleosides were of extremely 
low abundance, with the highest signal arising from deoxyadenosine.

While these chromatograms are an impressive representation of the 
high abundance of ribonucleosides over deoxyribonucleosides, they are 
not suitable for absolute quantification as ionization fluctuations are not 
yet corrected. Thus, we performed absolute quantification using the 
SILIS normalization and external calibration to determine the 

abundance of ribonucleosides in the vaccine, which were present in the 
pmol range and deoxyribonucleosides, which were present in the fmol 
range. The exact values and calculations are presented in Table S2. 
Briefly, we find that RNA-specific ribonucleosides are 1000-fold more 
abundant in the sample than DNA-specific deoxyribonucleosides.

Our results by LC-MS/MS confirm the concentrations we obtained by 
applying the Qubit method (Fig. 4). Therefore, the combination of our 
data obtained by Qubit fluorometric quantitation and LC-MS substan
tiate that concentrations of both DNA impurities and vaccine mRNA are 
consistent with the nucleic acids levels approved by regulatory 
authorities.

4. Discussion

Residual DNA is a process-related impurity in mRNA products and, if 
not removed, is potentially a threat to the patient’s health. Thus a 
stringent control of its efficient removal is required. This is currently 
done at the active substance stage before the mRNA is encapsulated. The 
abundance of DNA is assessed by quantitative PCR, which is a reliable 
technology for DNA quantification. Due to its enzyme-based mechanism 
it is not skewed by the overly-abundant RNA in the active substance 
[13]. Testing for DNA abundance is acceptable at this stage of produc
tion, as (i) no new DNA is produced in the subsequent formulation steps 
and (ii) DNA quantification alongside RNA inside the LNP formulation 
requires stringent protocols for quantitative DNA purification prior to its 
quantification. Yet, due to the DNase treatment in the production stage, 
DNA might be fragmented into small stretches that evade detection by 
qPCR. Therefore, an orthogonal and low-price technology is required to 
quantify residual DNA independent of its length and sequence. We were 
interested whether an accurate quantification of DNA is still possible in 
the final product, particularly considering a recent publication [10]. In 
that particular publication, DNA was quantified in the final product 
using a fluorescence-based assay and the detected DNA quantities 
seemed to exceed the DNA impurity levels as approved by the regulatory 
authorities by up to 534-fold for the Comirnaty vaccine. We set out to 
reproduce these proposed findings in our laboratory on the basis of 
mRNA-based vaccine products contained in 4 and 2 vials of Comirnaty 
and Spikevax vaccine, respectively.

Fig. 3. Workflow of the phenol/chloroform (P/C) extraction method applied prior to nucleic acid quantification. 
Vaccine suspensions were treated with Triton-X-100 and contained nucleic acids were subsequently enriched within the aqueous phase by classical phenolization and 
chlorofomation steps, while the lipid-containing organic phase was discarded. The nucleic acids are precipitated by an ethanol precipitation step and subjected to 
further analysis with and without enzymatic treatment (RNase or DNaseI) by Qubit or LC-MS analysis (liquid-chromatography coupled mass spectrometry).

S. Kaiser et al.                                                                                                                                                                                                                                   Vaccine 55 (2025) 127022 

5 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en mayo 15, 
2025. Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



Fig. 4. Qubit fluorometric quantification of RNA and DNA content following P/C extraction. 
Qubit measurements of nucleic acid concentrations in nucleic acid preparations (isolated from mRNA vaccine vials) treated with either RNase or DNase I. A 
Quantification of DNA concentrations in RNase-treated nucleic acids preparations, isolated from vaccine suspensions (diluted 1:5; *indicates below limit of quan
tification = 0.5 ng/μL.) B Estimated DNA content in an individual vaccine dose (error bars reflect standard deviation from n = 3–5 measurements). C Quantification 
of RNA in DNase-treated RNA, isolated from vaccine solution (diluted 1:250) *indicates below limit of quantification = 0.5 ng/μL. D Estimated RNA content in an 
individual vaccination dose (error bars reflect standard deviation from n = 3–5 measurements).

Fig. 5. Extracted Ion chromatograms of hydrolysed Comirnaty vaccine solution. 
MS/MS abundance of ribonucleosides (black) and deoxyribonucleosides (red) separated by reverse-phase chromatography. The inset shows a 100× zoom-in to enable 
visualization of deoxyribonucleoside peaks. Abbreviations: rC - cytidine, m1Y -N1-methylpseudouridine, rG - guanosine, rA - adenosine, dC - deoxycytidine, dG – 
deoxyguanosine, dT - thymidine, dA - deoxyadenosine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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We applied the same Qubit fluorometric quantification method 
(ThermoFisher Scientific) to measure process- and product-related DNA 
impurities in mRNA vaccines Comirnaty and SpikeVax, and systemati
cally assessed potential biases resulting from duration of the experiment, 
and presence of excess amounts of RNA and lipids. Our data clearly 
demonstrated that DNA quantification of the final product is severely 
biased by the presence of excessive amounts of RNA and lipids that are 
part of the vaccine products, and could explain a potential over
estimation of DNA impurities in these products. We assessed the role of 
the different compounds of the vaccine products as confounders of the 
quantification of nucleic acids, and decided to remove potentially dis
turbing RNA or DNA by enzymatic degradation, and assessed the con
sequences for the accuracy of measurements of the different nucleic 
acids species’ concentrations. We found that hydrolysis of nucleic acids 
in the presence of the lipids of LNPs was very inefficient suggesting that 
the lipds interfere with either RNase activity or Qubit fluorometric 
quantitation. To remove disturbing lipids, we isolated the nucleic acids 
fraction from the vaccine suspension by phenol-chloroform extraction, 
and subsequently eliminated either RNA or DNA to generate purified 
DNA and RNA fractions of the vaccine products, respectively. The 
technologies we applied are well-known for over 50 years for isolation of 
DNA and RNA from natural lipid nanoparticles, namely cells [14]. While 
the method was initially used for purification of DNA (human genome 
project), we now know how quantitative it is for both nucleic acids. 
Especially for highly concentrated nucleic acids as present in mRNA 
vaccine solutions, the extraction and subsequent precipitation with 
monovalent cations and ethanol is well known to be fully quantitative 
with nearly 100 % recovery yields [15]. Although this method cannot 
exclude the loss of some RNA during the purification process, we ob
tained a reproducible DNA:RNA ratio of <1:1000. While we do not see 
evidence for DNA content 534-fold higher than allowed [10] by the 
regulatory authorities, we see a DNA content below and in some ana
lyses 1.8-fold above the accepted quantities. We cannot explain this 
discrepancy in all certainty and we want to point out that our data are 
the result of experiments that cover the main biases but very likely not 
all biases that impact DNA quantification in mRNA vaccines. Thus an 
over-quantification cannot be fully excluded at this stage. We think that 
error bars and accuracy will improve in the setting of GXP, rigorous 
parameter validation and instrument/consumable validation thus 
resulting in a highly-reliable SOP (standard operating procedure).

Next, we challenged our own findings by quantification of DNA and 
RNA after their hydrolysis to the nucleoside building block followed by 
LC-MS/MS analysis. Our platform separates the four canonical deoxy
ribonucleosides (dC, dG, dT and dA), the three expected canonical ri
bonucleosides (C, G and A) as well as U, and its derivatives Ψ and m1Ψ 
based on their retention time, their mass and mass fragmentation. These 
three parameters are considered sufficient for analyte identification. 
With this analysis, we found a high abundance of ribonucleosides C, G, A 
and m1Ψ in both Comirnaty and Spikevax. As expected, no U or Ψ were 
detectable. Signals for the deoxyribonucleosides were also found, but 
their abundance was 1000-fold lower than the signal for the ribonu
cleosides. Importanly, the dynamic range of quantification is 106 and 
thus simultaneous quantification of analytes at concentrations of nM to 
mM is possible. As RNA and DNA content can be determined simulta
neously, an RNase or DNase step is not necessary, making LC-MS/MS a 
fast and reliable alternative for analysis. Yet, the substantial dynamic 
range is only achieved by the use of stable isotope dilution mass spec
trometry and external calibration [11,12], pricy instrumentation and 
experienced personnel. Therefore, we recommend further investment 
into the sample preparation and SOP generation to allow for low-price 
and accurate DNA quantification using the Qubit system.

Taken together, our presented quantitation experiments confirm that 
the content of both DNA impurities and RNA in the four analyzed 
Comirnaty and two Spikevax vaccine vials fulfilled the specifications as 
approved by regulatory authorities [13,16] to ensure safety of the 
products. Based on our results, we propose to routinely apply the Qubit 

method (following a stringent sample preparation as outlined here) or 
LC-MS/MS as an additional method for the quantitation of DNA and 
RNA amounts in mRNA-based vaccines and therapeutic products to 
confirm or validate the results with an alternative quantification 
method.
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