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Systematic analysis of COVID-19 mRNA
vaccines using four orthogonal
approaches demonstrates no excessive
DNA impurities

Check for updates
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Diana Rusnakova2, Martina Melichercikova1, Marta Miklosova3, Veronika Gencurova3,
Barbora Cernakova3, Tomas Szemes2,4, Boris Klempa1,4, Juraj Kopacek1,4 & Silvia Pastorekova1,4

Despite substantial evidence for benefits of vaccination in mitigating the COVID-19 pandemic, the use of
mRNA vaccines faces skepticism built on coincidental health events occurring after vaccination without
proven causality. One of the claims regarding excessive amounts of residual DNA from the vaccine
manufacturing process has arisen from misinterpretation of improperly conducted analyses. Here, we
assessed the quantity, quality and identity of residual DNA in mRNA vaccines based on thoroughly
performed and properly interpreted orthogonal methods, including qPCR, fluorometry, capillary
electrophoresis and short-read DNA sequencing. Our results show that the quantity of residual DNA in all
15 analysed batches of Comirnaty and Spikevax vaccines is below approved limits and that it consists of
small fragments originating from the template used to transcribe mRNA during vaccine production. We
demonstrate that reliable mRNA vaccine analysis for DNA impurities requires rigorous application of well-
controlled methods that minimise mutual interference of vaccine components.

mRNA vaccines have represented an unprecedented breakthrough in the
management of the COVID-19 pandemic, significantly contributing to
reduction of mortality and hospitalisations caused by SARS-CoV-2 cor-
onavirus infection. The primary component of the vaccine is an in vitro
transcribedmRNA that encodes the SARS-CoV-2 S protein. This mRNA is
encapsulated in lipid nanoparticles (LNPs), which facilitate its delivery into
cells. Once inside, mRNA is used for the translation of S protein molecules
that subsequently trigger an immune response that protects vaccine reci-
pients from severe manifestations of COVID-191.

In the production of mRNA vaccines, mRNA is in vitro transcribed
using a linearised plasmid DNA template, which is then enzymatically
hydrolysed into small fragments and removed by a high-performance
purificationmethod. In the next step, a thorough check of themRNApurity
is carriedout, including verification that the quantity of residualDNAmeets
the limit accepted by regulatory authorities2–4. The purified mRNA is then
mixed with lipids in a microfluidic mixer to form LNPs. After further
purification and quality control, the final mRNA vaccine product is

dispensed into sterilised vials, packaged, stored, and distributed while
adhering to the strict cold chain conditions specified by themanufacturer5–7.

Given that the quality and purity of the active substance, i.e. mRNA, is
thoroughly controlled during the manufacturing process, and that the final
vaccine formulation is complex, manufacturers do not recommend quan-
tifying residual DNA in the final vaccine product due to measurement
interference with the vaccine’s basic components (mRNA and LNPs). They
also explicitly do not recommend quantifying residual DNA in vaccines
after their expiration date, as well as in cases of improper storage and
handling3. It is important to note that residual DNA is tested for every
manufactured batch at the mRNA production stage, and that there is no
mechanism for additional residual DNA to be introduced after mRNA
production or change/increase after vaccine expiry.

Despite these facts, the public domain contains reports on the evaluation
of residual DNA in final COVID-19 mRNA vaccine products. According to
the results of analyses published in the form of peer-reviewed scientific pub-
lications in reputable scientific journals and the statements by regulatory and
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control authorities, the amount of residual DNA does not exceed the estab-
lished limit of 10 ng per vaccine dose2,4,8–10.

On the other hand, there are several reports that claim highly excessive
amounts of residual DNA based on technically inconsistent analyses, and
present unsubstantiated suppositions related to its impact on human
health11–14. Such ideas spread via social media and statements of public
figures,where they receive considerable attention.This fuels public concerns
and undermines trust in scientific and medical evidence. It then leads to
increased doubts about the importance of vaccination and ultimately
endangers public health.

In Slovakia, a major controversy was recently sparked by an article
published in the HSOA Journal of Angiology & Vascular Surgery15. The
paper, accepted just 11 days after the manuscript submission, describes
an analysis of expired batches of the Comirnaty and Spikevax vaccines
using the multiplex qPCR method including mRNA reverse transcrip-
tion, which exhibited serious technical deficiencies as detailed further in

the Discussion. Based on data misinterpretation, the authors erro-
neously concluded that the vaccines contain “significant amounts of
residual DNA” in “nanogram to microgram quantities of expression
vector dsDNA per dose”. They also present alarming hypotheses about
the effects of residual DNA on the human body, referencing only three
publications of the co-author (in addition to two EMA and FDA
Guidelines and three GenBank entries)15.

In order to clarify this issue, we aimed to provide an assessment of the
quantity, quality and identity of residual DNA in mRNA vaccines that aligns
with the standard, rigorous approaches accepted in the scientific community.
To meet this aim, we utilised several orthogonal methods with thorough
application of controls, biological and technical replicates, and respecting
established scientific knowledge about the molecular characteristics of mRNA
vaccine components, with an emphasis on minimising their mutual inter-
ference.Theworkflowof theaccomplishedapproaches fulfilling these criteria is
illustrated in Fig. 1.

Fig. 1 | Schematic illustration of the workflow of systematic analysis of vaccine
batches. Four orthogonal but complementary approaches were used for the
assessment of residual DNA quantity, quality and identity: qPCR, fluorometry,
capillary electrophoresis, and sequencing. Essential steps of sample preparation

methods with key treatments are depicted for each approach. Details of individual
procedures are described in Materials and Methods. Created with Biorender.com
elements. PCI phenol-choroform-isoamylalcohol, EtOH - ethanol.
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For the purpose of this study, we used batches of Comirnaty and
Spikevax vaccines available in Slovakia, obtained from official repositories
under the supervision of the State Institute of Drug Control. For direct
comparison, we also received vaccine batches identical to those that were
subjected to the aforementioned publication15. It is important to note that
most of the vaccine batches were expired for an extended period, but their
analysis was key for demonstration that proper methodology can provide
reliable data also when using such imperfect material.

Results
qPCR assessment of residual DNA
We first decided to utilise quantitative PCR (qPCR). Due to its high sensi-
tivity and specificity, it is accepted by regulatory authorities as a method
suitable for testing residual DNA in the active substance. However, DNA
quantification can be affected by the efficiency of the qPCR reaction. Errors
in primer design and cycling conditions, inaccurate calibration, varying
starting amounts of DNA templates, impurities and other deficiencies can
lead to significant discrepancies in the resulting concentrations16.

In this study, quantification of residual DNA by qPCR was performed
in 15 vaccine batches, 11 of them post expiration date (Table 1, see
‘Methods’). qPCR assays were targeted to 3 regions of the manufacturer-
declared plasmid DNA template: the SPIKE region (S protein-coding
sequence), the ORI region (origin of replication of the bacterial plasmid),
and the KAN region (encoding resistance to kanamycin), see Fig. S1. We
used at least two primer sets to amplify each target region separately (Table
2, see ‘Methods’). SPIKE2 andORI 2 assay primerswere the same as used in
ref. 15, to enable direct comparison of the data. SPIKE 1A and ORI 1A
primers were optimised versions of the abovementioned primers with
regard to melting temperature. Design of additional primers (SPIKE 1B,
ORI 1B,KAN1CandKAN1S)was basedon sequences obtainedwithin this
study. Sequence comparison showed 100% identity of the primer-binding
regions in SARS-CoV-2 variants used for the development of the analysed
vaccines (Original and Omicron).

For each qPCR setting, a calibration curvewas generated using dsDNA
standards corresponding to the amplified DNA fragments. qPCR assays
were performed in parallel in two laboratories, with the involvement of 3
researchers, in accordance with the standard operating procedure for the
analysis of medical products outside the manufacturer’s specification.

Calibration curves (Fig. S2) confirmed that the key parameters reached
recommended ranges for all designed qPCR assays (−3.1 to −3.6 for the

slope, 90– 110% for efficiency, and ≥0.99 for R2). Suboptimal parameters
were observed only for the SPIKE 2 assay. Significant improvement of
parameters in SPIKE1A, SPIKE1B,ORI 1AandORI1Bassays compared to
SPIKE 2 andORI 2 proved that the slight modifications to the primers used
elsewhere15 were beneficial and led to higher qPCR efficiency.

For the qPCR assays, each vaccine sample was treated by Triton X-100
to disrupt LNPs and then directly utilised for analysis. Since the vaccine
contains a large amount of SPIKE mRNA, we first wanted to examine its
potential interference with the SPIKE qPCR tests. Therefore, we performed
a comparative experiment. In the SPIKE 1 andORI 1A qPCR tests, we used
two different concentrations of synthetic standard (100 pg/μl and 1 pg/μl
sample) as an input sample. In parallel, for comparison, we also added a
regular amount (2 μl) of either undiluted or 1:10 diluted vaccine. If specific
PCR inhibition occurred in the presence of the vaccine, it wouldmanifest as
higher Ct values in the samples containing undiluted vaccine in the SPIKE 1
test, while theORI 1A test was intended to serve as a control. As can be seen
in Fig. 2, the addition of the vaccine to the qPCR reaction had a negligible
effect not only in the case of theORI 1A test, where it was expected, but also
in the case of the SPIKE 1 test. This confirms the legitimacy of our approach
of directly using vaccines treated with Triton X-100 as input material for
qPCR,without the need for nucleic acid extraction. The results indeed show
that not only mRNA, but also the other components of the vaccine do not
have a significant negative impact on the course of the qPCR amplification
(Fig. 2).

Overall, we analysed the presence of DNA in the vaccines using 8
different combinations of primers and targets. The outputs from these
qPCR tests of all analysed vaccine batches are summarised in Fig. 3 and
individually shown in Figs. S3–S5. Results were initially expressed as the
number of copies per μl of sample, and subsequently calculated to the
number of copies per vaccine dose. Since regulatory standards are estab-
lished as the total amount of DNA in nanograms per vaccine dose, and not
in copynumbers, we thenconverted this copynumber data tonanogramsof
DNA per dose, based on the molecular weight of the template plasmid
DNA. The results obtained by the analysis of all vaccine batches using all
qPCR assays demonstrated no presence of excessive residual DNA.

Quantification of residual DNA and mRNA by fluorometry
When quantifying nucleic acids in vaccine samples, regulatory bodies admit
the use of validated orthogonal methods alongside the standard qPCR17,18.
One such method is fluorometry, which provides sensitive fluorescence

Table 1 | List of vaccine batches used in the study

Batch Vaccine Expiration date Total vial volume Dose volume mRNA dose quantity

FP9632 Comirnaty, Original 31.7.2022 30.4.2023 0.45 ml+ 1.8 ml 0.9% NaCla 300 μl 30 μg

1F1051A Comirnaty, Original 31.7.2022 30.4.2023 0.45 ml+ 1.8 ml 0.9% NaCla 300 μl 30 μg

1L084A Comirnaty, Original 31.8.2022 31.5.2023 0.45 ml+ 1.8 ml 0.9% NaCla 300 μl 30 μg

1F1059A Comirnaty, Original 31.8.2022 31.5.2023 0.45 ml+ 1.8 ml 0.9% NaCla 300 μl 30 μg

PCB0020 Comirnaty, Original 31.8.2022 31.5.2023 0.45 ml+ 1.8 ml 0.9% NaCla 300 μl 30 μg

LK8456 Comirnaty, Omicron JN.1 12.2025 2.25 ml 300 μl 30 μg

LK8842 Comirnaty, Omicron JN.1 11.2025 2.25 ml 300 μl 30 μg

LM9076 Comirnaty, Omicron JN.1 12.2025 2.25 ml 300 μl 30 μg

LN0605 Comirnaty, Omicron KP.2 12.2025 2.25 ml 300 μl 30 μg

000058A Spikevax, Original 2.7.2022 5ml 500 μl 100 μg

3005697 Spikevax, Original 17.2.2022 5ml 500 μl 100 μg

200023A Spikevax bivalent, Original/Omicron BA.1 6.5.2023 2.5 ml 500 μl 50 μg

200106A Spikevax bivalent, Original/Omicron BA.1 25.5.2023 2.5 ml 500 μl 50 μg

MV1018A Spikevax bivalent, Original/Omicron BA.4/BA.5 2.7.2023 2.5 ml 500 μl 50 μg

400012A Spikevax bivalent, Original/Omicron BA.4/BA.5 17.7.2023 2.5 ml 500 μl 50 μg
aAddition of physiological saline is required before the application of Comirnaty Original vaccine.

https://doi.org/10.1038/s41541-025-01304-9 Article

npj Vaccines |          (2025) 10:259 3

www.nature.com/npjvaccines


detection of nucleic acid quantities when experimental conditions are
properly set and verified. An advantage of this method is its flexibility in
sample preparation, allowing the measurement settings for various fluor-
escent dyes.

However, results ofDNAquantification canbe significantly affectedby
the presence of excess RNA, which non-specifically binds DNA-selective
fluorescent dyes. In order to perform fluorometric DNA quantification in
mRNA vaccines technically correctly, we first evaluated the extent of non-
specific signal originating from the mRNA by adding increasing RNA
quantities to the samplemeasuredwith a kit intended forDNA. In addition,
we examined whether the non-specific fluorescent signal originating from
RNAcan be reduced by the RNase treatment of the sample of residualDNA
isolated from the vaccine as described earlier8. We confirmed that elim-
ination of the RNA-related non-specificity is critical for correct results of
fluorometric evaluation of residual DNA (Fig. 4). Based on these results, we
thoroughly removed RNA prior to fluorometric DNA measurements so
that its concentration was maintained below 1 ng/μl.

An additional essential prerequisite for the correct fluorometric
quantification of residual DNA in mRNA vaccines is DNA extraction
that minimises the presence of other vaccine components, including
mRNA, while obtaining a DNA-enriched sample in a smaller volume, so
that its concentration is within the method’s sensitivity limits. To ensure
the reliability and robustness of the DNA quantification results, we
isolated residual DNAusing two different methods, each including three
biological replicates from each batch, subjected to two fluorometric
measurements.

As described in Methods, the first DNA isolation method was
based on the procedure described earlier with a slight modification8.
Vaccine samples were treated with Triton X-100 to disrupt LNPs,
nucleic acids were then extracted by phenol-chloroform-iso-
amyalcohol, followed by chloroform extraction, RNase A treatment,
ethanol precipitation and dissolution in ultraclean water of 10-times
reduced volume compared to the starting sample volume. Alter-
natively, DNA was isolated using magnetic beads designed for the

isolation of cell-free DNA in biological fluids. The vaccine samples were
first treated with Triton X-100, followed by RNase A and proteinase K.
Unbound components were removed by a series of washing steps.
Finally, DNAwas concentrated into a small volume of elution buffer for
the subsequent fluorometric analyses.

Results of the fluorometric assessment of residual DNA isolated from
all vaccine batches by two alternative methods are summarised in Fig. 5. In
accordance with the qPCR analysis, quantity of residual DNA was in all
cases below the limits set by the regulatory guidelines. The differences
between the data obtained from each extractionmethod reflect variations in
extractionyields between the twomethods.Moreover, different vaccine vials
were used for each extraction method.

Since fluorometry is also suitable for quantification of RNA, we used it
for assessment of mRNA content in vaccine samples treated by Triton
X-100. Results displayed in Fig. 6 showed that all Comirnaty vaccine batches
contained RNA quantity above the minimum 90% of the manufacturer-
declared amount. Noteworthy, Spikevax vaccines showed lower % of
declared mRNA quantity when compared to the Comirnaty batches.
However, it should be taken into account that the declared mRNA content
in Spikevax Original vaccines (100 μg) and in Spikevax Bivalent vaccines
(50 μg) is higher than in Comirnaty vaccines (30 μg). Thus, the absolute
mRNAamounts assessed byfluorometry are still higher in Spikevax batches
than in Comirnaty ones.

Analysis of residual DNA by capillary electrophoresis
Capillary electrophoresis allows for the separation of DNA or RNA frag-
ments, and can determine the size distribution of the fragments, which is
important when assessing the quality and potential biological activity of the
analysed nucleic acids. Although capillary eletrophoresis is primarily suited
for qualitative analyses, we decided to use this approach to either confirmor
exclude the potential presence of highly excessive amounts (hundreds to
thousands nanograms per dose) thatwere claimed in somepublications12–15.
If that was the case, a strong DNA signal would be clearly visible in
electropherograms.

Table 2 | List of qPCR primers and probes

Target region Primer sequence (5’→ 3’) Product size (bp)

SPIKE 1A Forward: GGC AAG GGC TAC CAC CTG ATG AG 228

Reverse: TGT TGT CGG TGG TGA TGA TCT GG

SPIKE 1B Forward: GGC AAG GGC TAC CAC CTG ATG AG 108

Reverse: TGG RGC GGT GGT GAA RTT CTT CTC

SPIKE 2 Forward: TGC GGC AAG GGC TAC CAC CTG ATG AG 233

Reverse: GGT GTT GTC GGT GGT GAT GAT CTG G

ORI 1A Forward: GCC TAC ATA CCT CGC TCT GCT AAT C 110

Reverse: GCT GCG CCT TAT CCG GTA ACT ATC

ORI 1B Forward: AGG CCA CCA CTT CAA GAA CTC T 78

Reverse: CTG GCA GCA GCC ACT GGT A

ORI 2 Forward: CTA CAT ACC TCG CTC TGC TAA TC 105

Reverse: GCG CCT TAT CCG GTA ACT ATC

KAN 1C Forward: TCG ACC ACC AAG CGA AAC A 63

Reverse: CGA CAA GAC CGG CTT CCA T

KAN 1S Forward: GAA ACA TGG CAA AGG TAG CGT T 93

Reverse: TTG ATG GTC GGA AGT GGC ATA A

Target region Probe sequence (5’→ 3’) Fluorescent dye

SPIKE Comirnaty CCC TCA GTC TGC CCC TCA CGG CGT GGT GTT Cy5 – BHQ2

SPIKE Spikevax TCC CCA GAG CGC ACC CCA CGG AGT GGT GTT Cy5 – BHQ2

ORI 1 TAG CAC CGC CTA CAT ACC TCG CTC TGC HEX – BHQ1

ORI 2 TGC TGC CAG TGG CGA TAA GTC GTG TCT T FAM – BHQ1

KAN 1C CGC ATC GAG CGA GCA CGT ACT CG FAM - TAMRA

KAN 1S GAT GTT ACA GAT GAG ATG GTC AGA CTA AAC FAM – BHQ1
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Prior to the analysis of vaccine samples, we assessed the protocols for
the vaccine sample preparation and for the precision of separation and
quantification by using DNA markers as described in Methods and dis-
played in Fig. S6.We also examined a defined quantity of DNA fragment of
2000 bp spiked into the physiological saline to visualise the position and
height of the peaks in the resulting electropherogram (Fig. S7).

DNA analysis was performed using vaccine samples incubated with
Triton X-100 to disrupt LNPs, followed by the RNase A treatment to
hydrolyse mRNA and minimise its non-specific signal during the DNA
separation. Electropherograms generated by the analysis using DNA kit
with a concentration range of 0.5–50 ng/μl input DNA (that would corre-
spond to 150–15,000 ng/vaccine dose) did not show any specific DNA
signal in any of the analysed vaccine batches (Fig. 7 and Supplementary Fig.
S8). This finding clearly proved no presence of ‘high quantity of residual
DNA’ claimed elsewhere12–15.

We then used a high sensitivity DNA kit that can detect both DNA
fragments in a concentration range of 0.005–0.6 ng/μl and a DNA smear of
0.05–5 ng/μl. Again, no significant DNA signal was detected in any of the
analysed vaccine batches. Faint peaks around 60 or 300 bp and weak signal

disturbances were visible in some vaccine batches, but similar noise signals
were present also in thenegative control, suggesting their non-specificorigin
(Figs. 8 and S9). Altogether, the results of capillary electrophoresis clearly
demonstrated the absence of highly excessive amounts of DNA in the
analysed vaccine batches.

Capillary electrophoresis also allows for evaluation of RNA integrity in
vaccines by directly detecting the size and relative abundance of RNA
fragments using a dedicated RNA kit. The mRNA degradation process can
occur during incorrect storage, transport, or handling, especially when the
vaccine’s expiration date has passed. We decided to perform the analysis of
RNA integrity because most of the available vaccine batches were past their
expiration date for an extended period. For this purpose, we used vaccine
samples treated by Triton X-100 as described in ‘Methods’.

Results of the mRNA integrity evaluation of all analysed vaccine
batches are graphically displayed in Fig. 9. Out of the 15 analysed
vaccine samples, all 6 Spikevax batches and 1 Comirnaty batch showed
average mRNA integrity below 50%. This was not surprising given
their expiration date. Noteworthy, the batches with decreased mRNA
integrity exhibited turbid appearance, in contrast to the clear

Fig. 2 | Examination of the potential interference of vaccine components with
qPCR amplification.DNA standards were amplified using SPIKE 1 (A) andORI 1A
(B) primers with or without addition of vaccine samples. No increase in Ct values

was observed upon addition of vaccine samples suggesting that vaccine mRNA does
not interfere with amplification and that qPCR can be effectively performed when
DNA extraction is omitted.
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appearance of non-expired batches (Fig. 10). Taking together the
results of the fluorometry and the results of capillary electrophoresis, it
is possible to conclude that the analysed vaccines contained sufficient
amounts of mRNA, but its integrity was not properly preserved par-
ticularly in the expired batches.

Analysis of residual DNA by short-read sequencing
Finally, the identity of total residualDNA isolated from the available vaccine
batches was analysed by the next generation sequencing using a technology
of short-read massively parallel sequencing with reversible fluorescently
labelled terminators. This technologywas chosen as optimal for the detailed
characterisation of DNA present in the vaccines due to its specific advan-
tages. It can analyse dsDNA molecules processed into sequence libraries,
each molecule can be analysed and counted individually in a separate
sequencing cluster, a high number of DNA fragments can be analysed
simultaneously in a single run, with reading from both ends of the DNA
molecules. Therefore, it is possible to determine the exact size of each DNA
molecule during mapping. In this way, the initial state of the DNA (i.e. its
integrity) canbedetermineddirectly from the sequencing results.Moreover,
this technologyhas a highbase-calling quality value, and thushigh reliability
of the results (reliability of calling each individual nucleotide is at a level of
99.99% or higher for 90% of the analysed sequence).

Isolation of DNA in sufficient quantity and suitable purity from the
mRNAvaccine batcheswas challenging. First, the amounts of residualDNA
invaccineswere less thanone-tenthof theminimuminput amount required
for the selected sequencing approach. However, as we have repeatedly
confirmed in our published studies, also very low input amounts of the
fragmented DNA can be successfully sequenced, even under clinical diag-
nostic conditions19–21. A more significant problem, however, was the pre-
sence of a huge excess of mRNA, which interfered with the quantity
measurements during the preparation of sequencing libraries. DNA isola-
tion protocol by affinity chromatography was therefore optimised, espe-
cially with regard to steps of LNPs disruption and RNase A treatment (for
details see ‘Methods’). As a DNA quality criterion, we considered an
undetectable amount of RNA (result value ‘too low’) using an RNA high-
sensitivity fluorometric assay.

The aim of the analysis was not only to determine which DNA
molecules were present in the vaccine batches, but also the state of degra-
dation of these DNA molecules. That forms the basis of fragmentomic
analysis, which is of particular importance in the liquid tumour biopsy
field22. Therefore, to describe the native state of residual DNAmolecules in
the mRNA vaccines, it was crucial to skip the further fragmentation step of
theDNA sample and thus preserve the original length of the fragments.We
therefore chose a ligation-based sequencing library type with the lowest
possibleDNA input, andomitted thefirstDNAfragmentation step from the
original protocol. Moreover, sequencing libraries were prepared in half
volume compared to the original protocol due to low DNA content in the
samples. Actually, the average input quantity of DNA isolated from indi-
vidual vaccine batches was 1.212 ng (range 0.66–1.893 ng) for the Comir-
naty samples and 0.794 ng (range 0.801–1.488 ng) for the Spikevax samples.

Sequencing libraries were successfully prepared from all analysed
batches of Comirnaty and Spikevax vaccines. The librarieswere subjected to
quality control using fluorometry and capillary electrophoresis as described
in Methods. Fragment profiles of individual libraries are shown in Fig. S10.
Values and parameters obtained by quality control of the final libraries are
shown in Table 3 below. All prepared libraries met the qualitative require-
ments for the following sequencing. FastQC analysis23 confirmed

Fig. 3 | Summary of residual DNA levels per dose of mRNA vaccine, as deter-
mined by qPCR. Quantification of residual plasmid DNA in individual vaccine
batches, expressed as nanograms per dose, based on simplex quantitative PCR
(qPCR) assays.ADNA fragments derived from the region encoding the SARS-CoV-
2 spike protein (SPIKE region). B DNA fragments derived from the region
encompassing the bacterial origin of replication (ORI region). C DNA fragments
derived from the region encoding kanamycin resistance in Comirnaty (KAN 1C)
and Spikevax vaccine (KAN 1S). D Line display of all qPCR results of SPIKE, ORI
and KAN assays to show consistent profiles of the batches. Each bar represents the
mean value of triplicate reactions using optimised primer/probe sets. The dashed red
line indicates the regulatory threshold of 10 ng/dose for residual DNA content.
Unexpired vaccine batches are marked with an asterisk.
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consistently high base quality across all sequenced samples, allowing direct
use for downstream bioinformatic analysis without additional trimming or
filtering.

Bioinformatic assembly of sequencing reads revealed that the DNA
content consisted predominantly of degraded plasmid molecules originally
used as templates for mRNA synthesis during vaccine production. De novo
assembly of overlapping reads produced complete plasmid sequences,
indicating the dominant presence of the fragments from plasmid. All reads
were then mapped to the assembled contigs, and for each sample, the
proportion of plasmid-derived reads was calculated. Averaging these per-
sample values showed that plasmid-derived sequences accounted for
96.62% of total reads in Comirnaty vaccines (range: 95.26–98.08%) and
88.71% in Spikevax vaccines (range: 83.52–94.51%), for more information,
see Table 3.

Remaining reads in very low relative amounts either mapped to
Escherichia coli K12 genome (GenBank accession NC_000913.3; non-
pathogenic strain widely used in microbiology research and biotechnolo-
gies), bacteriophage discovered in microbiome study (GenBank accession
PV093624.1) with predicted specificity to Corynebacter spp. (common
commensal and industrial biotechnology organism) or low complexity
reads (repeat sequences) with nomatch to ENA/GenBank nucleotide entry.
Given the suboptimal input amount of DNA into the library preparation
step, these reads can at least partially be a result of reagent contamination, as
described elsewhere24.

Since we used paired-end sequencing, i.e., sequencing from both ends
of the fragments, it was possible to determine the precise lengths of these
fragments. This analysis revealed that the DNA was heavily degraded, and
the median lengths of the sequenced fragments were 154 bp (range
130–181 bp) for the Comirnaty vaccines and 144 bp (range 127–201 bp) for
the Spikevax vaccines (Fig. 11). Furthermore, genome coverage was sig-
nificantly non-uniform across all samples, likely due to uneven residual
DNA degradation (Fig. 12).

In summary, we have shown that the residual DNA present in the
analysed mRNA vaccine batches is highly degraded into short fragments
and originates from the plasmid template, which served as a starting

material for vaccine production. Unmodified sequenced reads were
deposited in NCBI under Project ID PRJNA1303864.

Discussion
Quality of vaccines is regularly verified before the batch distribution for
use by the Official Medicines Control Laboratories (OMCL), working in
frame of the Control Authority Batch Release (OCABR) system coordi-
nated by the European Directorate for the Quality of Medicines and
HealthCare (EDQM) as described25. Each batch of vaccine is controlled at
the OMCL by performing a specific subset of tests from the approved
marketing authorisation dossier. The OMCL also reviews the manu-
facturers’ test results, which are included in the batch protocol. The out-
comes of these quality checks are part of internal documentation and are
not publicly accessible. This creates a room for various speculations based
on scientifically flawed vaccine analyses and/ormisinterpreted results11–15.
The majority of published reports containing such disinformation are
persisting and shared on different platforms in the public domain, where
they spread fears and vaccine hesitancy. In contrast, peer-reviewed pub-
lications in reputable scientific journals reporting on technically well
accomplished vaccine analyses have remained scarce and less effectively
disseminated. Therefore, it is of utmost importance to strengthen
awareness of the medical relevance of vaccines and transparently inform
the general public about the real findings of correctly accomplished
mRNA vaccine analyses, together with their fair and evidence-based
interpretation.

This was actually the main purpose of our study, that was aimed at
thorough analysis of residual DNA in 9 batches of Comirnaty vaccine and 6
batches of Spikevax vaccine. Eleven of these batches were expired and were
previously reported to contain “significant amounts of DNA” including the
“DNA of undeclared origin”. That report describes results of improperly
designed and poorly performed analysis with unfounded conclusions15. On
such a basis, the authors propose an alarming scenario of vaccines’ impact
on humanhealth thatwas presented in public and socialmedia, where it has
gained a lot of attention and generated controversy among both the general
public and high level decisionmakers.

Fig. 4 | Overestimation of fluorometric dsDNA signal in presence of RNA.
Samples were quantified using the Qubit 1x dsDNAHSAssay Kit.A Impact of RNA
content on measured dsDNA concentration. Quantification of increasing con-
centrations of a DNase-treated commercial RNA standard (RNA Control Strand;
OxfordNanoporeTechnologies,Oxford, UK). Each dot represents themean value of
three individual measurements. B Conversion of measured dsDNA concentrations
to estimated DNA content per vaccine dose. The values from (A) were converted to

reflect the corresponding DNA amount per 300 μl vaccine dose (Comirnaty). The
dashed red line indicates the regulatory threshold of 10 ng DNA per dose.
CComparison of the dsDNA signal measured in phenol:chloroform:isoamylalcohol
extracts treated with RNase A (+RNase) andwithout RNase A treatment (−RNase).
Each dot represents individual extract from different vials of the batch LK8456, with
values corresponding to the average of twomeasurements. Horizontal lines indicate
the mean of three individual extracts with error bars showing standard deviation.
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Analysis presented in that report15 contains a number of critical
methodological deficiencies. Principally, the authors used an inappropriate
workflow that included DNA/RNA isolation from vaccine samples, fol-
lowed by reverse transcription of mRNA and finally by multiplex qPCR
targeting simultaneously cDNA and residual plasmid DNA. Such a pro-
cedure can neither preserve original quantitative ratios ofmRNAvs residual
DNA nor discriminate between amplification products of SPIKE region
fromplasmidDNA vs reverse-transcribed cDNA.Moreover, the procedure

lacked proper calibration standards and key controls, such as non-template
controls to exclude contaminations, controls of nucleic acids isolation
efficiency, controls of reverse transcription efficiency, controls of amplifi-
cation efficiency of individual targets in the simplex qPCR. Thus, from the
very beginning and throughout the entire procedure, uneven quantities of
input materials were used at every step performed at unknown efficiency15.

However, the major lapse came with data interpretation. Based on
qPCR targeted to 3’ region of the sequence encoding the SPIKE protein, the

Fig. 5 | Residual DNA quantification in all ana-
lysed vaccine batches using Qubit fluorometry
with the Qubit 1x dsDNAHS Assay Kit.DNA was
isolated using two different methods: A extraction
with phenol-chloroform-isoamylalcohol, and B the
MAGicBead cfDNA Isolation Kit (Zymo Research).
The red dashed lines indicate the limit of 10 ng per
vaccine dose. Each dot represents an individual vial
(biological replicate), with values corresponding to
the average of two measurements (technical repli-
cates). Horizontal lines indicate the mean of three
biological replicates, with error bars showing the
standard deviation. Unexpired vaccine batches are
marked with an asterisk.

Fig. 6 | Quantification of mRNA content per dose
in all analysed vaccine batches using Qubit
fluorometry with the Qubit RNA BR Assay Kit.
The values are shown as a percentage of the
manufacturer-declared mRNA content per vaccine
dose (green dashed line). Each dot represents an
individual vial (biological replicate), with values
corresponding to the average of two measurements
(technical replicates). Horizontal lines indicate the
mean of three biological replicates, with error bars
showing the standard deviation. Unexpired vaccine
batches are marked with an asterisk.
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authors of thepublication15 claim that vaccines contain “significant amounts
of DNA,” specifically: 107 – 108 copies per ml of Spikevax vaccine (corre-
sponding to 5×106 – 5×107 copies per vaccine dose), and 108 – 109 copies per
ml of Comirnaty vaccine (corresponding to 3×107 – 3×108 copies per vac-
cine dose). These copy numbers seem overwhelming to laypersons; how-
ever, when converted to the quantity of template DNA in nanograms per
dose, the results are well below the limit value of 10 ng per vaccine dose.

The authors of that publication15 also claim that ‘cDNA isolates’
obtained by reverse transcription of purified DNA/RNA were heavily
contaminatedwith the cloning expression vector (‘nanogram tomicrogram
amounts of dsDNA’). They even suggest the presence of template DNA
encoding the complete ‘S protein cassette’ (3880 bp), deducing this from the
simultaneous amplification of 5’ORI region and the 3’ SPIKE region in their
multiplex qPCR, which is a completely wrong conclusion. The work also
contains a consideration of another construct in the given expression vector,
which could be ‘admixed Omicron’ ignoring the fact that Omicron sub-
variants BA.1 and BA.4/BA.5 are declared components of the bivalent
batches 200023A, 200106A, MV1018A, and 400012A.

Our analysis of the same vaccine batches completely disproved these
claims by performing systematic examination of residual DNA utilising
several orthogonal and well-controlled analytical approaches.

Firstly, we performed 8 simplex qPCR assays targeting 3 regions of the
template DNA and respecting all key prerequisites of correct methodology.
We thoroughly controlled all steps using proper standards for calibration,
optimisedprimers andPCRconditions, all necessary controls, andconsistent
input material quantities. We also proved that the Triton X-100 treated
vaccine can be used for qPCR directly, without preceding DNA purification
and that mRNA and other vaccine components do not interfere with the
amplification of the targetDNAsequences. Thiswas very important since by
this means we could completely preserve residual DNA content in the vac-
cine andavoid yield loss that naturally occurs during thepurificationprocess.

As demonstrated in the Results section, our analysis of all vaccine
batches, using all qPCR assays, did not show any instance of exceeding the
approved limit of 10 ng of DNA per vaccine dose. These results are also
consistent with the findings of the Australian ‘Therapeutic Goods Admin-
istration’ (TGA). The TGA states on its website that it has analysed 28 final
product batches ofComirnaty andSpikevaxmRNAvaccines todate andhas
not confirmed exceeded limits of residual DNA in any batch. Furthermore,
our analysis is in linewith theTGAobservation that Spikevax vaccines from
Moderna generally show lower levels of residual DNA compared to
Comirnaty vaccines from Pfizer26,27.

Interestingly, the highest copy numbers and, correspondingly, the
highest calculated amounts of DNA in nanograms per dose were found
using the KAN1CqPCR (see Fig. 3). The highest average copy number was
9.8 × 108 copies of the fragment, which, when converted to the complete

plasmid equivalents, would correspond to 8 ng DNA per dose. The lowest
copy numbers and calculated amounts of DNA in the Comirnaty vaccine
(0.5–0.7 ng per dose) were found using the SPIKE 1A and SPIKE 2 qPCRs.
Tests targeting the ORI region indicated maximum values in the range of
3.3-5.0 ng DNA per dose (Fig. 3).

The differences between the determined amounts of residual DNA
using different qPCR tests are, in some cases, quite significant. Given that the
parameters of the calibration curves for the individual qPCR tests, with the
exceptionof SPIKE2,met the recommended ranges, thesedifferences cannot
be explained solely by differences in qPCR efficiency.We propose the length
of the amplified PCR product to be the most important factor that may
influence the observed differences. This is because residual templateDNA in
the vaccine is not present in the form of complete plasmid DNAmolecules,
but is randomly cleaved into short fragments. Based on the fragmentomic
sequence analysis, the vaccine batches analysed here contain fragments with
amedian length of 150 bp (see Fig. 11). The longer the amplificationproduct,
the greater the probability that the DNAmolecule is also cleaved within this
region, and therefore fewer such intact, complete fragments are present in the
vaccine. This explains why the highest values of residual DNA were found
using KAN 1C qPCR, where the amplification product is very short, only
63 bp. On the other hand, the lowest amounts were systematically detected
with theSPIKE1AandSPIKE2 tests,whichdetect fragments of 228–233 bp.
This assumption is supported by the data from sequencing, since the profile
of >300 bp fragments detected in individual batches (see Fig. 11) roughly
corresponds to the profile of batches in qPCR analysis (see Fig. 3).

Importantly, even with the smallest technically feasible amplicon with
KAN1C primers, the calculated amount of template DNAper vaccine dose
is below the limit value. At the same time, however, it is important to note
that the profile of differences in the number of amplified molecules in
different qPCR tests is very consistent between individual batches sug-
gesting that the qPCR method is reliable and suitable for the purpose of
residual DNA assessment.

As the second approach, we used Qubit fluorometry, which relies on
theuseoffluorescentdyes that bind todouble-strandedDNA(dsDNA)and,
at a specific wavelength, emit fluorescence proportional to the amount of
present dsDNA. This method is highly sensitive and allows for accurate
quantification of DNA in samples with low concentrations, but it does not
provide informationabout the sizeor integrity ofDNAfragments.However,
measurement results can be significantly affected by the presence of a high
excess of RNA, which non-specifically binds fluorescent dyes. This fact is
underestimated, misinterpreted, or ignored in publications that declare
excessive amounts of residual DNA in mRNA vaccines based on fluoro-
metric approaches12–14.

To meet the requirements for technical feasibility of DNA quantifi-
cation using Qubit fluorometry, which is affected by the excess of RNA and

Fig. 7 | Fragment analysis of Comirnaty and Spikevax vaccines using DNF-930
dsDNA 930 Reagent Kit. Representative electropherograms of FP9632 and
000058A show no specific peaks, indicating the absence of DNA quantities within

the detection range of the kit. Two visible peaks correspond to size markers (LM—

lower marker of 1 bp, UM—upper marker of 20,000 bp). All other batches exhibited
similar profiles of electropherograms (see Supplementary Fig. S8).
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works within a specific sensitivity range of DNA detection, we verified
concentration-dependent contribution of RNA to non-specific signal in
DNAassays andoptimisedprocedures forDNAextraction,which is needed
for sample concentration. In agreement with the study8, we found that
thorough, carefully controlled treatment with RNase A is crucial for redu-
cing non-specific signal in DNA measurements. Our results showed that
even low concentrations of RNA emit a significant fluorescent signal, cor-
responding to hundredths to tenths of a nanogramofDNA in a 1 μl sample.
Although this overestimation may appear negligible in common applica-
tions, it can significantly impact the analysis of mRNA vaccines. This is
especially true when the measured concentration is converted to a vaccine
dose as multiplying low values from the fluorometer can translate even
seemingly minor oscillations into a significant difference in the calculated
quantity of DNA per dose.

Fluorometric RNA quantification showed that the amount of
mRNA in Comirnaty vaccines is at or above the level reported by the
manufacturer4. For Spikevax vaccines, four out of six vaccines showed
slightly lower values, suggesting their partial degradation (note: all
Spikevax vaccines were long past their expiration date). Based on this,

we can state that, according to the fluorometric analysis, the ratio of the
amount of residual DNA to the amount of mRNA in individual batches
was higher than 1:3300 and ranged up to 1:30,000. That is much above
the 1:1 ratio declared as acceptable for the correct DNA quantification
by Qubit manufacturer and also much above the 10:1 ratio demon-
strated as acceptable in the recently published study8. Knowing this, it is
apparent that omission or imperfect use of RNase treatment of
extracted DNA (short time and/or low concentration) or even complete
omission of the DNA extraction from the vaccine is the most plausible
explanation of the observations of excessive DNA-like signals in
fluorometric measurements proposed by vaccine scepticists12–14. This is
particularly apparent in the recently published study13, showing the
opposing results of qPCR (in few ng/dose) versus fluorometry (in
micrograms/dose), where Spikevax vaccines were claimed to contain
more residual DNA than Comirnaty vaccines. This is in direct dis-
agreement with our observations, where RNase treatment was essential
to obtain valid DNA measurements, the efficiency of the RNase
digestion was verified by monitoring RNA content, and both quanti-
tative methods converged on values below the regulatory threshold.We

Fig. 8 | Fragment analysis of Comirnaty and Spi-
kevax vaccines using the DNF-464 HS Large
Fragment Kit 50 kb. Representative electro-
pherograms of all analysed batches of (A) Comir-
naty and (B) Spikevax vaccines show no presence of
excessive quantity of residual DNA. Some batches
exhibited faint peaks around 60 and/or 300 bp.
System-generated quantitative data from the entire
electro-pherogram (including noise) as well as bio-
logical and technical replicates are shown in the
Supplementary information. The control sample
included physiological saline treated by Triton
X-100 and RNase A alongside the vaccine samples.
Unexpired vaccine batches are marked with an
asterisk.
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believe that the apparent lack of effect of RNase in the Speicher et al. 13

study reflects methodological differences rather than true biological
variability.

As the third approach, we employed capillary electrophoresis using the
5200 Fragment Analyser System, which was not used for the analysis of
residual DNA in mRNA vaccines so far. Therefore, it was important to
optimise and justify the methods specifically with respect to vaccine com-
positions. Samplepreparationprocedure aswell as process of electrophoretic
separationwas thoroughly tested to ensure technically correctmethodology.
In any of the analysed vaccine batches we did not detect any specific signal
indicating highly excessive amounts of residual DNA, which is consistent
with the results of Qubit fluorometry. If residual DNA levels were as high as
reported in some studies12–14, these quantities would be readily visible by
capillary electrophoresis in the formof distinct peaks or pronounced smears.
The absence of such signals in our analysis, even using highly sensitive
protocols, directly refutes these claims and supports the conclusion that
DNA impurities remain well below the regulatory threshold.

Finally, we performed sequencing analysis using short-read massively
parallel sequencing, formerly referred to as next generation sequencing.
Using ligation-based library preparationwith the omissionof fragmentation
stepweobtaineddetailed, highly accurate information onpresent individual
DNAmolecules including precise physical sizing with single base precision
aswell as information on relative quantities of differentDNAentities. Using
the state-of-art bioinformatic de novo assembly method, from the over-
lapping sequence fragments we could consistently recover complete
sequences of plasmid vectors, which served as templates in the vaccine
production process. Importantly, subsequent mapping of all reads revealed
that 83.52– 98.08%of theDNAsequenceswere derived fromplasmids used
as templates during in vitro transcription of mRNA, rather than from
exogenous sources or host genomes. These findings confirm that the
detected DNA is a known and expected by-product of the manufacturing
process, not an evidence of unintended contamination.

To further characterise the nature of the residual DNA, we applied a
fragmentomics-based approach by omitting the enzymatic fragmentation

Fig. 9 | Representative electropherograms and
summary graph showing the percentage integrity
of mRNA in all analysed vaccine batches.
A Electropherogram of Comirnaty batch FP9632
with well preserved mRNA integrity.
B Electropherogram of Comirnaty batch 1L084A
with reduced mRNA integrity. C Graph summar-
ising data from all analysed vaccine batches. The
dashed line indicates 50%mRNA integrity. Each dot
represents an individual vial (biological replicate),
with values corresponding to the average of three
capillary electrophoresis runs (technical replicates).
Horizontal lines indicate the mean of three biolo-
gical replicates, with error bars showing the standard
deviation. Unexpired vaccine batches are marked
with an asterisk.

Fig. 10 | Photographs of vials containing analysed
batches of Comirnaty and Spikevax vaccines.Non-
expired vaccines appeared clear, while expired vac-
cines were visibly turbid. Batches within the
expiration date are highlighted with a white
rectangle.
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step duringNGS library preparation and using paired-end sequencing. This
allowed us to preserve and analyse the native fragment size distribution.We
found that the residual DNA was highly fragmented, with a median frag-
ment length of approximately 150 base pairs. This degree of degradation is
consistentwith prior regulatory assumptions that residualDNA in biologics
is typically non-functional and not competent for replication or integration.
The observed fragment length falls below the threshold associated with
potential biological activity, providing additional reassurance regarding its
biological inertness, especiallywhenproductionofmRNAvaccines doesnot
include eukaryotic cell substrates3.

In summary, this study was initiated as part of a national effort to
address growing public concerns and misinformation regarding the pre-
sence of residual DNA in mRNA-based COVID-19 vaccines. Claims sug-
gesting the presence of high levels of potentially harmful DNA have been
widely disseminated by anti-vaccine groups, fuelling vaccine hesitancy and
undermining public confidence11–15. To tackle this infodemic with inde-
pendently verified data, we performed a comprehensive analysis of 15
mRNAvaccine batches, including 11 expiredbatches, using four orthogonal
molecular methods: quantitative PCR, fluorometry, fragment analysis, and
sequencing analysis (short-read massively parallel).

Fig. 11 | Fragment size profiles across sequenced samples. The proportion of fragments with size above 300 bp is shown on the right side relative to the dashed lines and
expressed as a percentage of total fragments mapped to plasmid genome for each analysed vaccine batch.

Table 3 | Key characteristics of the sequenced DNA fragments originating from plasmid genome

Vaccine batch Read Count Reads mapped to plasmid contig Mapped reads proportion Fragment size median Fragment size average

FP9632 128 633 986 124 303 165 96.63% 161 183

1F1051A 128 754 938 126 281 087 98.08% 155 168

1L084A 114 100 030 109 945 922 96.36% 130 145

1F1059A 129 743 660 123 597 428 95.26% 134 147

PCB0020 110 126 612 105 815 251 96.09% 181 194
aLK8456 200 055 240 194 161 206 97.05% 165 183
aLK8842 195 186 178 188 261 908 96.45% 136 147
aLM9076 195 994 470 189 729 969 96.80% 170 188
aLN0605 198 887 382 192 564 352 96.82% 153 167

000058 A 103 869 046 90 339 760 86.97% 131 141

3005697 103 602 508 93 207 924 89.97% 201 226

200023 A 122 199 366 115 491 409 94.51% 142 153

200106 A 107 421 496 89 717 345 83.52% 132 143

MV1018A 96 552 136 88 102 825 91.25% 128 138

400012 A 102 951 692 88 568 921 86.03% 127 137

Due to non-Gaussian read length distributions both median and average values are provided.
aIndicate non-expired Comirnaty batches.
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Across all samples and quantitative analytical methods, residual DNA
content was consistently below 10 ng per dose, complying with regulatory
thresholds established by EMA and FDA. This consistent finding across
different methodologies highlights the robustness of the data and supports
the conclusion that residual DNA levels in these vaccines are minimal and
well-controlled.Moreover, the inclusion of expired batches further supports
the chemical stability and regulatory compliance of mRNA vaccines over
time with respect to DNA content. The low DNA quantity, plasmid origin,
and high fragmentation collectively suggest negligible risk to human health.

It is worth noting that simultaneous employment of independent
molecular approaches was key to obtaining reliable evidence for the com-
pliance of vaccine batches with regulatory requirements, as each individual
approach has its inherent advantages as well as limitations.

qPCR can be applied on vaccine samples treated only for LNP dis-
ruption without prior DNA purification step thereby preserving actual
DNA content. Moreover, it allows for highly sensitive and specific ampli-
fication and relative quantification of selected DNA regions upon proper
design of primers, probes, controls and amplification conditions. However,
high specificity is also a limitation as this approach itself cannot detect
presence of unexpected or unknown DNA and particularly in case of vac-
cine analysis, amplification of larger qPCR products is more affected by
random degradation of residual DNA when compared to smaller ampli-
cons, as demonstrated in this study.

Fluorometry can reliably quantify total residual DNA, but its
proper application in mRNA vaccine analysis requires DNA pur-
ification and concentration steps, including LNPs disruption and
minimisation of interference caused by huge excess of mRNA present
in vaccine as themain active substance. DNA purification is obviously
associated with its partial loss during the procedure. Depending on
the method, DNA isolation may result in 60-95% yield and this fact
should be taken into account when considering final residual DNA
quantities. On the other hand, fluorometry is fully appropriate for
quantification of vaccine mRNA. Limitation of this approach in the

vaccine evaluation context is that it does not allow for assessment of
the quality and identity of nucleic acids. However, it has to be men-
tioned that fluorometry is fully suitable and preferable for a broad
spectrum of applications when analysing biological fluids or matrixes
as these do not contain huge imbalances in DNA:RNA ratio.

DNA as well as RNA quality can be assessed by capillary elec-
trophoresis on a fragment analyser. Using this approach, care should
be taken to comply with the sensitivity range using specific detection
kits and requirements for sample purity as excessive impurities can
obscure specific signals. In addition, it is necessary that the suitability
of the method for use in biotherapeutic analysis is demonstrated
experimentally as different factors can impact its sensitivity. This
approach can also provide information on relative quantities of
nucleic acids.

Finally, sequencing is the only approach that can uncover the full
identity of the residual DNA to a very deep detail. Moreover, upon
proper selection of the methodology and bioinformatic tools described in
this study, it can provide precise information on the size distribution and
relative quantitative representation of residual DNA fragments. However,
accomplishment of this approach requires specific equipment and expertise.

Taking into account all these aspects, we recommend that a combi-
nation of independent but complementary approaches is the suitable and
reliable attitude to vaccine analysis, particularly when accomplished out of
the official batch control system.

Overall, our findings provide independent confirmation of the reg-
ulatory compliance of mRNA vaccines with respect to residual DNA con-
tent. In addition to supporting ongoing public vaccination programs, this
study also demonstrates the value of transparent, science-based investiga-
tions in addressing misinformation and strengthening vaccine confidence.
Future research may explore the dynamics of DNA degradation over
extended storage or evaluate alternative purification technologies, though
our findings indicate no current need for concern under existing manu-
facturing practices.

Fig. 12 | Depth of coverage across assembled plasmid genomes. Spikevax batches
00058A, 200106A, 3005697 and 400012A show larger irregularities in coverage
across the respective plasmid genome, compared toComirnaty batches and Spikevax

200023A and MV1018A batches. All Comirnaty batches have similar coverage
patterns especially consistent in non-expired batches.
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Methods
Vaccine samples
A total of 15 vaccine batches (at least 10 vials each) were received for the
study from official repositories in Slovakia under supervision of State
Institute for Drug Control with approval of the Ministry of Health of the
Slovak Republic (Table 1). Factory-sealed vaccine vials were stored
according to themanufacturer’s specifications (Comirnaty:−90 to−60 °C;
Spikevax:−50 to−15 °C). Prior to analysis, vaccines were thawed at room
temperature and subsequently kept on ice. Where applicable, vaccine
samples were diluted with sterile saline solution to an equal working RNA
concentration of 0.1 μg/μl.

Quantification of residual DNA by qPCR
Quantitative real-time PCR (qPCR) was used to quantify residual plasmid
DNA inmRNAvaccine formulations. Assays targeted three distinct regions
of the DNA template used for in vitro transcription: (i) the SARS-CoV-2
spike protein gene (SPIKE), (ii) the bacterial origin of replication (ORI), and
(iii) the kanamycin resistance gene (KAN). All reactions were performed in
triplicate, independently in two laboratories, and validated using synthetic
standards.

Vaccine samples were processed by detergent lysis. Briefly, 100 μl of
vaccine sample was treatedwith TritonX-100 to afinal concentration of 1%
(v/v), incubated at room temperature for 15min todisruptLNPs and release
nucleic acids, then transferred to ice. Aliquots were either used immediately
for qPCRor stored at−20 °C. Twomicroliters of processed lysatewere used
per qPCR reaction.

Eight TaqMan-based qPCR assays were used (Table 2). For SPIKE and
ORI regions, both published primer/probe sets15 and in-house optimised
versions were employed. The KAN assay was designed specifically for
Comirnaty, as Spikevax plasmid sequences showed substantial divergence
in the kanamycin resistance region. Final concentrations were 300 nM for
primers and 200 nM for probes.

Synthetic dsDNA fragments (IDT gBlocks) corresponding to each
qPCR target were used to construct standard curves. Seven-point 10-fold
serial dilutions (100 pg to 0.1 fg) were prepared in triplicate. Copy numbers
per reaction were calculated from molecular weights. Calibration curves
were used to assess assay slope, amplification efficiency, and linearity (R2).
Optimised in-house assays exhibited efficiencybetween 90 and 110%andR2

≥0.99. The SPIKE2 assay, adopted from ref. 13, showed lower efficiency
(89.4%) but was retained for comparison (Fig. S2).

qPCR reactions were performed using a QuantStudio 5 Real-Time
PCR System (Applied Biosystems) with TaqMan Fast Advanced Master
Mix (Applied Biosystems). Thermal cycling conditions were: 50 °C for
2min, 95 °C for 20 s, followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s.
Each run included a no-template control (NTC) and standard dilutions.
Fluorescence thresholds were set automatically, and copy number quanti-
fication was based on the average Ct values from triplicates. To convert the
number of DNA copies into mass concentration expressed in nanograms,
we used the following formula: mass (ng) = (copies ×MW (g/mol))/NA ×
10⁹, where copies is the number of qRT-PCR-measured DNA molecules,
MW is themolecularweight of the fragment in grams permole (based on its
length in base pairs), and NA is Avogadro’s number (6.022 × 10²³ mol⁻¹).

Phenol-chloroform-isoamylalcohol extraction
Phenol-chloroform-isoamyl alcohol extraction is a traditional and widely
used method in molecular biology for nucleic acid purification. For each
analyzed batch, three separate vials were used as biological replicates for
DNA purification using this method. To disrupt the LNPs and release the
encapsulated nucleic acids, 30 μl of Triton X-100 (10%; Sigma Aldrich, St.
Louis, MO, USA; final concentration 1%, v/v) was added to 300 μl of the
vaccine sample. After a 10-min incubation at room temperature on a rotary
mixer, an equal volume of phenol:chloroform:isoamyl alcohol mixture
(25:24:1, pH ~8; Sigma–Aldrich, St. Louis, MO, USA) was added. The
sample was mixed vigorously by vortexing for 60 s, followed by a 2-min
incubation at room temperature and centrifugation at 16,000 × g for 10min

at 4 °C. The upper (aqueous) phase was carefully transferred to a new sterile
microcentrifuge tube, and an equal volume of chloroform (Sigma-Aldrich,
St. Louis, MO, USA) was added. After brief mixing (5 s) and centrifugation
(5min, 16,000 × g, 4 °C), the upper phase was recovered. For enzymatic
degradation of mRNA, RNase A (10mg/ml; Millipore, Darmstadt, Ger-
many) was added to the sample to achieve a final concentration of 0.3 μg/μl.
The sample was incubated for 2 h at 37 °C in a water bath and then
cooled on ice.

For nucleic acid precipitation, 1/10 volume of sodium acetate (3M, pH
5.2; Sigma-Aldrich, St. Louis, MO, USA) and glycogen (20mg/ml; Thermo
Fisher Scientific, Waltham, MA, USA; final concentration 100 ng/μl) were
added to the sample. After mixing, 2.5 volumes of pre-chilled absolute
ethanol (Sigma–Aldrich, St. Louis, MO, USA) were added. The sample was
gently mixed by inverting several times and incubated for 1 h at −80 °C.
Following incubation, the samplewas centrifuged (15min, 16,000 × g, 4 °C),
the supernatantwas discarded, and the pelletwaswashedwith 500 μl of 70%
ethanol. After washing and thorough removal of residual ethanol, the tube
was left openat roomtemperature for 5–10min to allow thepellet to air-dry.
Finally, the pellet was resuspended in 30 μl of nuclease-free water, repre-
senting a 10-fold concentration of the original input volume. To validate the
expected extraction yield, a GeneRuler Low Range DNA Ladder containing
fragments of 25–700 bp (Thermo Fisher Scientific, Waltham,MA, USA) of
knownconcentrationwas spiked into the vaccine sample prior to extraction.
The recovery efficiency of this extraction method ranged from 60 to 80%.

DNA extraction using MAGicBeads cfDNA Isolation Kit
TheMAGicBead™ cfDNA Isolation Kit (Zymo Research, Irvine, California,
USA) is designed for the extraction of cell-free circulating DNA from bio-
logical fluids, including blood plasma, saliva, urine, and others. For each
analyzed vaccine batch, three separate vialswere used as biological replicates
forDNAextractionusing thismethod. Initially, 200 μl of the vaccine sample
was transferred into a sterile 1.5mlmicrocentrifuge tube. Samples were first
treated with Triton X-100 (10%, Sigma–Aldrich, St. Louis, MO, USA) for
10min at room temperature to disrupt the LNPs and release the encapsu-
lated nucleic acids. Subsequently, enzymatic degradation of mRNA was
performed by adding RNase A (10mg/ml;Millipore, Darmstadt, Germany;
final concentration 0.3 μg/μl), followed by incubation for 2 h at 37 °C in a
water bath. The subsequent steps were performed following the manu-
facturer’s protocol. The digestion step was carried out according to the
manufacturer’s recommendations for non-plasma sample types (Appendix
A)with the followingdigestion conditions: 55 °C15min, then37 °C15min.
The DNA was eluted in a final volume of 20 μl, representing a 10-fold
concentration of the original input volume. To validate the expected
extraction yield, DNA (GeneRuler Low Range DNA Ladder containing
fragments of 25–700 bp, Thermo Fisher Scientific, Waltham, MA, USA) of
knownconcentrationwas spiked into the vaccine sample prior to extraction.
The recovery efficiency of this extraction method ranged from 90 to 95%.

Fluorometric quantification of nucleic acids
Quantity of nucleic acids (both DNA and RNA) in vaccine samples and
extracts was determined using Qubit™ Flex fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). For mRNA quantification in vaccine
samples, the Qubit™ RNA BR Assay Kit was used, with a quantification
range of 0.5–1200 ng/μl. For DNA quantification in extracts, the Qubit™ 1X
dsDNA HS Assay Kit was used, which is designed for highly sensitive
detection of double-stranded DNA in the concentration range of 0.005-
120 ng/μl. For the quantification of residual RNA in DNA extracts, the
Qubit™ RNA HS Assay kit was used, with a quantification range of
0.2–200 ng/μl. Measurements were performed according to the manu-
facturer’s instructions. Sample input volumes were 10 μl for mRNA in
vaccine samples, 4 μl for DNA in extracts, and 5 μl for residual RNA in
extracts. These volumes were chosen to achieve an appropriate quantifi-
cation range for each assay, based on the expected sample concentrations.
Depending on the experiment, each sample was measured in two or three
replicates.
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To estimate the total amount of DNA or mRNA per vaccine dose
(300 μl for Comirnaty and 500 μl for Spikevax), the measured nucleic acid
concentrations (in ng/μl) were converted accordingly. For extracted sam-
ples, the final 10-fold concentration of the eluate relative to the original
vaccine volume was taken into account. Calculations also accounted for the
volume of reagents (Triton X-100 and RNase A) added to the vaccine
sample. Thefinal values reflect the totalDNAormRNAcontent per vaccine
dose, adjusted for dilution introduced during sample processing.

Fragment analysis by capillary electrophoresis
Capillary electrophoresis-based fragment analysis of nucleic acids was
performed using the Agilent Fragment Analyzer 5200 system (Agilent
Technologies, Santa Clara, CA, USA) with manufacturer-supplied reagent
kits. To detect residual DNA in vaccine samples, we used the Agilent DNF-
930 dsDNA 930 Reagent Kit intended for analysis of DNA fragments
between 75 and 20,000 bp over a concentration range of 0.5–50 ng/μl, and
the Agilent DNF-464 HS Large Fragment 50 kb Kit designed for highly
sensitive analysis of DNA fragments ranging from 75 to 48,500 bp, with a
concentration range of 5–600 pg/μl per fragment (50 pg/μl to 5 ng/μl per
sample).

Prior to the analysis, vaccine samples were treated with Triton X-100
(10%; Sigma Aldrich, St. Louis, MO, USA; final concentration 1%, v/v) for
10min at room temperature to disrupt the LNPs and release the encapsu-
lated nucleic acids. Following Triton X-100 treatment, RNase A (10mg/ml;
Millipore, Darmstadt, Germany) was added to each sample to a final con-
centration of 0.3 μg/μl, and the samples were incubated at 37 °C for 2 h to
achieve enzymatic degradation of mRNA. Treated vaccine samples were
directly loaded into the sample plate wells pre-filled with dilutionmarker or
0.1× TE buffer according to the manufacturer’s protocol for each kit. For
concentrations less than 10 ng/μl, 4 μl of sample was diluted with 20 μl of
0.1×TEbuffer, for concentrations above 10 ng/μl, 2 μl of samplewas diluted
with 22 μl of 1× TE buffer. All vaccine batches were analysed in three
biological replicates (individual vials) and three technical replicates (elec-
trophoretic runs). The electrophoretic separation was performed using the
corresponding separationmethod under the following conditions: capillary
effective length 33 cm, prerun 8 kV for 30 s, marker 3.0 kV for 5 s, sample
injection 3.0 kV for 5 s, separation 8 kV for 30min (DNF-930-33 – dsDNA
75-20000 bp), or capillary effective length 33 cm, prerun 8 kV for 30 s,
sample injection 3.0 kV for 5 s, separation 5 kV for 55min (DNF-464-33 –
HS Large Fragment 50Kb).

The Agilent DNF-471 RNA Kit designed for total RNA analysis with
fragment sizes ranging from 200 to 6000 nucleotides and concentrations
between 5 and500 ng/μl was used to assess the integrity ofmRNA invaccine
samples. Following the manufacturer’s recommendations, vaccine samples
were heat-treated at 70 °C for 2min to disrupt the LNPs and release the
encapsulated mRNA. Treated vaccine samples were directly loaded into to
the sample plate wells pre-filled with dilution marker according to the
manufacturer’s protocol. All vaccine batches were analysed in three biolo-
gical replicates (individual vials) and three technical replicates (electro-
phoretic runs). The electrophoretic separation was performed using the
corresponding separationmethod under the following conditions: capillary
effective length 33 cm, prerun 8 kV for 30 s, sample injection 5.0 kV for 4 s,
separation 8 kV for 45min (DNF-471-33-SS Total RNA 15 nt). Integrity of
mRNAwas calculated by as the ratio of themain peak area representing the
full-length mRNA of expected size to the total peak area of all RNA frag-
ments, expressed as apercentage.Visualisation andanalysis of data obtained
from all capillary electrophoresis runs, including calculation of mRNA
integrity were performed using ProSize Data Analysis Software (Agilent
Technologies, Santa Clara, CA, USA).

Analysis by short-read massively parallel sequencing
Fluorescently labelled reversible terminator chemistry based short-read
massively parallel sequencing using NextSeq 2000 system (Illumina, San
Diego, CA, USA) and P3 XLEAP-SBS sequencing kits with 200 cycles was
performed for all analysed vaccine samples. For DNA extraction of samples

intended for sequencing, silica membrane based QIAamp DNA mini kit
(Qiagen, Hilden, Germany) was used with separately optimised protocols
for Comirnaty and Spikevax batch samples.

DNA isolation from Comirnaty vaccines was performed using 300 μl
of vaccine (equivalent to one vaccine dose). Samples were first heated at
95 °C for 10min to release nucleic acids from LNPs, then cooled on ice.
Subsequently, 60 μl of RNase A was added, followed by vortexing and brief
centrifugation (15 s). Lysis buffer AL (300 μl) and proteinase K (30 μl) were
added, vortexed, briefly centrifuged, and incubated in a thermoblock for
90min at 37 °C, followed by 10min at 56 °C.

After incubation, 300 μl of absolute ethanol was added. The mixture
was vortexed for 15 s, briefly centrifuged, and applied to a QIAamp spin
column in three successive loads. After DNA binding, the column was
washed in three steps: 500 μl of AW1 buffer (first wash), 500 μl of AW2
buffer (second wash), and 500 μl of absolute ethanol (third wash). All
centrifugation steps were performed at 6000 × g for 1min unless otherwise
specified. To remove residual ethanol, the column was transferred to a new
collection tube and centrifuged for 3min at 14,000 × g. It was then placed
into a sterile 1.5ml microtube and incubated at 56 °C for 2min to fully dry
the membrane.

DNAwas elutedwith either 200 μl ofMPW(milliporewater) (for non-
expired batches LN0605, LK8842, LK8456, LM9076) or 60 μl (for expired
batches FP9632, 1F1051A, 1L084A, 1F1059A, PCB0020). After a 10-min
incubation at room temperature, the column was centrifuged for 1min at
14,000 × g. The eluate (purified DNA) was used for subsequent analyses.

DNA isolation fromSpikevax vaccines. A volume of 500 μl of Spikevax
vaccine (equivalent to one dose) was used. For effective RNAdegradation
with RNase A, samples from batches 000058A and 3005697 were diluted
1:3 in MPW, while booster vaccines (400012A, 200106A, MV1018A,
200023A) were diluted 1:1, based on their labelled mRNA content
(100 μg or 50 μg, respectively). As with the Comirnaty vaccines, the
samples were first heated at 95 °C for 10 min to release nucleic acids from
LNPs, then cooled on ice. Subsequently, 100 μl of RNase A was added,
followed by vortexing and brief centrifugation (15 s). Lysis buffer AL
(500 μl) and proteinase K (50 μl) were added, vortexed, briefly cen-
trifuged, and incubated in a thermoblock for 90 min at 37 °C, followed by
10 min at 56 °C.

After incubation, 500 μl of absolute ethanol was added, vortexed (15 s),
and briefly centrifuged, and applied to a QIAamp spin column in three
successive loads. Following three-steps column wash was performed as
described in the previous protocol. Finally, DNA was eluted with 60 μl
MPW. After 10min at room temperature, columns were centrifuged at
14,000 × g for 1min, and the eluate was used for downstream analysis.

DNAandRNAquantification. The concentration of nucleic acids (DNA
and RNA) in the extracted samples was determined using the Qubit™ 3.0
fluorometer (Thermo Fisher Scientific,Waltham,MA,USA)withQubit™
assay tubes and corresponding detection kits. For DNA, the Qubit™
dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA)
was used, providing high sensitivity in the range of 0.005–120 ng/μl. For
RNA, theQubit™RNAHSAssayKit (ThermoFisher Scientific,Waltham,
MA, USA) was used, with a detection range of 0.2–200 ng/μl. Measure-
ments were performed according to the manufacturer’s instructions,
including calibration with kit standards. DNA quantity in each sample
was measured from 5 μl of extract in technical triplicate. The same
volume was entered into the device to allow automated calculation of
nucleic acid concentration in ng/μl.

As extractions were performed from vaccine volumes equivalent to a
single dose, DNA/RNAcontent per dosewas calculated by adjusting for: (1)
elution volume, (2) input sample dilution prior to extraction, and (3) any
dilution applied before fluorometric measurement.

Library Preparation Protocol. For the library preparation, Illumina
TruseqDNANANOLibrary Prep kit was used (Illumina, SanDiego, CA,
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USA) according to the manufacturer’s protocols, ommitting DNA frag-
mentation step, with the subsequent step of size selection replaced by a
complete capture of fragments using magnetic beads. For low-input
DNA, a half-volume preparation was chosen to optimise the process. In
detail, a 30 μl aliquot of isolated DNA was transferred to a DNA low-
binding PCR plate (LoBind, Eppendorf). To each sample, 20 μl of End
Repair Mix 2 was added to blunt the DNA fragment ends. The mixture
was gently mixed by pipetting and incubated at 30 °C for 30 minutes,
followed by cooling to 4 °C. Subsequently, 200 μl of Sample Purification
Beads (SPB; 4× the sample volume) were added to capture all DNA
fragments. After pipette mixing and a 5-min incubation at room tem-
perature, the plate was placed on a magnetic stand for 10 min. The
supernatant was removed, and the pellet was washed twice with 200 μl of
freshly prepared 80% ethanol. Residual ethanol was removed by air-
drying at room temperature.

The pellet was resuspended in 10 μl of Resuspension Buffer (RSB),
mixed thoroughly, incubated for 2min at room temperature, and placed on
amagnetic stand for 5min. From the eluate, 8.75 μlwas transferred to a new
PCR well. Adenylation of the 3’ ends (addition of a single adenine nucleo-
tide) was performed by adding 6.25 μl of A-Tailing Mix to the eluate. The
mixture was incubated at 37 °C for 30min, then at 70 °C for 5min, and
finally cooled to 4 °C for 5min. Adaptor ligation was performed by adding
1.25 μl of IndexedAdaptor (unique for each sample), 1.25 μl of LigationMix
2, and 1.25 μl of RSB. The mixture was incubated at 30 °C for 10min and
then cooled to 4 °C. Ligation was stopped by adding 2.5 μl of Stop Ligation
Buffer. Unligated adaptors and adaptor dimers were removed by a two-step
bead cleanup using SPB. In the first step, 21.25 μl of SPB was added, mixed,
and incubated for 5min at room temperature. The beads were separated on
amagnetic stand (5min), the supernatant was discarded, and the pellet was
washed twice with 200 μl of 80% ethanol. After ethanol removal, 26.25 μl of
RSB was added, the sample was mixed, incubated for 2min, and separated
again. From the eluate, 25 μl was transferred to a new PCR well.

In the second cleanup step, 25 μl of SPB was added, mixed, and
incubated for 5min at room temperature. Following magnetic separation,
the supernatantwas removed, and the pelletwaswashed twicewith200 μl of
80%ethanol.Afterdrying, 13.25 μl ofRSBwas added, the samplewasmixed,
incubated for 2min, and separated again. A final volume of 12.5 μl was
transferred to a new PCR well.

PCR enrichment of the library was carried out by adding 10 μl of
Enhanced PCRMix (EPM) and 2.5 μl of PCR Primer Cocktail (PPC). The
thermal cycling conditions were as follows: Initial denaturation at 95 °C for
3min, 10 cycles of denaturation at 98 °C for 20 s, annealing at 60 °C for 15 s,
extension at 72 °C for 30 s, final extension at 72 °C for 5min, hold at 4 °C.

Final library cleanup involved adding 25 μl of SPB to the PCR product.
Afterpipettemixing anda 5-min incubation at room temperature,magnetic
separationwas performed, the supernatant was removed, and the pellet was
washed twice with 200 μl of 80% ethanol. After ethanol removal and drying,
13 μl of RSBwas added. The samplewasmixed, incubated for 2min at room
temperature, separated again, and 12.5 μl of eluate was transferred to a new
PCR well.

Final sequencing libraries were quality-checked using fluorometric
quantification (Qubit 3.0, QubitDNAHSAssay) and fragment size analysis
(Agilent Bioanalyzer 2100, High Sensitivity DNA Kit). Library molarity
(nM) was calculated using the formula:

(Concentration [ng/μl]/Average fragment length [bp] × 660) × 106

Libraries not meeting the required 2 nM threshold were re-amplified
with an additional three PCR cycles, followed by SPB cleanup and repeated
quality control. Libraries that still did not meet the concentration threshold
were concentrated by vacuum evaporation of the eluate using a Con-
centrator Plus (Eppendorf AG, Hamburg, Germany).

Bioinformatics processing of sequenced reads
Quality of sequenced readswas assessedusingFastQC(v0.12.1)23.Given the
high quality of the raw data, no read trimming or filtering was applied prior
to analysis.

De novo assembly into plasmid contigs was performed using
Unicycler (v 0.5.1)28. For most samples, assemblies were generated from
the first 100,000 reads to optimise computational performance. For two
Spikevax bivalent Original/Omicron BA.4/BA.5 batches (400012A and
MV1018A), the assembly from 1,000,000 reads of sampleMV1018Awas
used for subsequent analyses. To account for the circular nature of
plasmids, each assembled contig (in linear form) was extended by an
additional 100 bp (maximum read length) from its 5′ end to the 3′ ter-
minus, ensuring proper mapping of reads spanning the artificial break
point. Each sample was thus assigned a single contig, which served as the
reference for read mapping with Bowtie2 (v 2.5.4)29. Mapping results
were assessed with Qualimap (v 2.3)30, extracting key metrics including
the total number of reads, number of mapped reads, reference coverage,
and fragment length distribution.

Data availability
All data generated or analysed during this study are included in this pub-
lished article and its supplementary informationfile.Unmodified short-read
sequences were deposited in NCBI under Project ID PRJNA1303864 and
are accessible via https://www.ebi.ac.uk/ena/browser/view/PRJNA1303864,
or https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1303864/.
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