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ABSTRACT: DNA origami is an emerging technology that can be used
as a nanoscale platform in numerous applications ranging from drug
delivery systems to biosensors. The DNA nanostructures are assembled
from large single-stranded DNA (ssDNA) scaffolds, ranging from
hundreds to thousands of nucleotides and from short staple strands.
Scaffolds are usually obtained by asymmetric PCR (aPCR) or Escherichia
coli infection/transformation with phages or phagemids. Scaffold
quantification is typically based on agarose gel electrophoresis
densitometry for molecules obtained by aPCR, or by UV absorbance,
in the case of scaffolds obtained by infection or transformation. Although
these methods are well-established and easy-to-apply, the results obtained
are often inaccurate due to the lack of selectivity and sensitivity in the
presence of impurities. Herein, we present an HPLC method based on
ion-pair reversed-phase (IP-RP) chromatography to quantify DNA scaffolds. Using IP-RP chromatography, ssDNA products (449
and 1000 nt) prepared by aPCR were separated from impurities and from the double stranded (ds) DNA byproduct. Additionally,
both ss and dsDNA were quantified with high accuracy. The method was used to guide the optimization of the production of ssDNA
by aPCR, which targeted the maximization of the ratio of ssDNA to dsDNA obtained. Moreover, ssDNA produced from phage
infection of E. coli cells was also quantified by IP-RP using commercial ssDNA from the M13mp18 phage as a standard.

■ INTRODUCTION
The DNA nanotechnology explores Watson−Crick base
pairing to self-assemble nucleic acids into complex nanostruc-
tures.1−3 In particular, a strategy denominated “scaffolded
DNA origami” can be used where a long single-stranded DNA
(ssDNA) molecule (the scaffold) is folded into a target shape
with the help of short oligonucleotides (the staples).4−6 Due to
its programmable design, high loading capacity, multifunction-
ality, biocompatibility, biodegradability, stability, protection of
encapsulated drugs against enzymatic degradation and harsh
environmental conditions, controlled drug release, and
scalability in the manufacturing process, the DNA origami
technique has been increasingly studied in a wide range of
fields of study, like drug delivery systems7,8 and biosensors,9

surpassing conventional systems.
The production of scaffold DNA for DNA origami

manufacturing is usually performed by the purification of
phage-derived single-stranded genomic DNA10,11 or with
asymmetric PCR (aPCR) from DNA templates.5,12 Scaffold
quantification is typically based on absorbance at 260 nm or on
agarose gel electrophoresis densitometry. Although both
methods are well-established and are easy-to-apply, the results
obtained are often inaccurate due to a lack of selectivity due to
the presence of impurities. When Escherichia coli/phage

systems are used to produce ssDNA, phage-derived impurities
like proteins, and cell-derived impurities like genomic DNA
and cell debris, will increase absorbance at 260 nm, thus
contributing to overestimate the scaffold concentration.13,14

On the other hand, the use of densitometry analysis of DNA
bands in agarose gels will typically underestimate the ssDNA
concentration since the commonly used dye molecules for gel
staining intercalate less on ssDNA compared to double-
stranded DNA (dsDNA).15 While different fluorescent dyes
can be used to quantify ssDNA with high sensitivity (1 ng/
mL), they lack sensibility and present fluorescence enhance-
ment when bound to dsDNA and RNA. To overcome these
limitations, we present a novel method based on ion-pair
reversed-phase (IP-RP) chromatography to quantify DNA
scaffolds throughout the biomanufacturing process.
HPLC is extensively used as an analytical tool due to its high

selectivity, sensitivity, and reproducibility. In particular, IP-RP
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is widely described for the separation of nucleic acids, namely,
DNA fragments16,17 and ssRNA.18 For example, IP-RP is used
to analyze RNA quality in terms of size,19 presence of
dsRNA,20 or poly-A size.21 To achieve separation, an ion-pair
must form between the quaternary ammonium compounds
present in the mobile phase (eluent) and the negatively
charged sugar−phosphate backbone of the DNA. This ion-pair
will then interact with the stationary phase of the
chromatography column. Elution of bound molecules is
performed using an adequate solvent, such as acetonitrile.
When applied to nucleic acids, IP-RP separation is dependent
on the number of sugar−phosphate groups in each molecule.
In this work, IP-RP is first explored as a methodology to

separate and quantify ssDNA scaffolds (449 and 1000 nt long)
and the corresponding dsDNA impurities obtained by aPCR.
To characterize the method, several attributes are determined,
namely, the limit of detection (LOD), limit of quantification
(LOQ), decision limit (CCα), and detection capability (CCβ).
The method is further employed to optimize the primer ratios
that maximize the aPCR production of ssDNA relative to
dsDNA. Furthermore, the established method was successfully
used to quantify the ssDNA genome of the M13mp18 phage, a
circular ssDNA molecule widely used as a scaffold for the
DNA-origami production of large objects.22,23 Overall, an
analytical method that is selective and sensitive was
implemented for the separation and quantification of ssDNA
molecules, which can be used in multiple steps of the scaffold
biomanufacturing process.

■ EXPERIMENTAL SECTION
Materials. All chemicals and reagents were of analytical

grade. Capto Q resin was obtained from GE Healthcare
(Uppsala, Sweden). The producer E. coli strain K12 ER2738,
M13mp18 RF I DNA, and M13mp18 ssDNA were obtained
from New England Biolabs (Massachusetts, USA). Accus-
tartTM Taq DNA Polymerase Hifi was obtained from
Quantabio (Massachusetts, USA). Primers and oligonucleo-
tides were obtained from StabVida (Caparica, Portugal).
DNAPac RP column and X2 DNAPacRP guard column were
obtained from ThermoFisher (Massachusetts, USA).
Scaffold Production. M13mp18 ssDNA. M13mp18

ssDNA was produced according to Silva-Santos et al.24 Briefly,
after E. coli K12 ER2738 transformation with M13mp18 RFI
DNA (GenBank: X02513.1), a blue plaque was selected and
used for infection of an E. coli preculture at an optical density
of 0.5 in 5 mL of 2× YT medium supplemented with 10 μg/
mL tetracycline (Sigma-Aldrich, Missouri, USA). After 2 h at
37 °C and 250 rpm, the cells were transferred to flasks
containing 750 mL 2× YT supplemented with 10 μg/mL
tetracycline. The phage expansion occurred overnight under
the same conditions. Phage purification and genomic ssDNA
extraction were performed according to Kick et al.11

aPCR Mixtures. The target 449 and 1000 nt ssDNA
scaffolds were synthesized by aPCR with different ratios of
forward to reverse primers. The reaction conditions used were
in accordance with Veneziano et al.12,24 Briefly, a forward
primer with a concentration ranging between 4 μM and 500
nM (GTCGTCGTCCCCTCAAACT for 449 nt and
GTCTCGCTGGTGAAAAGAAA for 1000 nt), a reverse
primer with a concentration ranging between 20 and 500
nM (ATTAATGCCGGAGAGGGTAG), 30 ng of purified
M13 ssDNA template, 200 nM deoxynucleotide triphosphates
(dNTPs), and 1 U of Accustart Taq DNA polymerase were

mixed in a final volume of 50 μL. The aPCR program consisted
of an initial denaturation step of 1 min at 94 °C and 35 thermal
cycles of (i) 94 °C for 20 s, (ii) 55 °C for 30 s, and (iii) 68 °C
for 60 s per kilobase amplification.

HPLC. DNA was quantified using a 2.1 nm × 100 nm
DNAPac RP column (3 nm × 10 nm) and a guard column
(ThermoFisher, USA). 15 μL of the sample was diluted with 1
M triethylammonium acetate (TEAA) to a final concentration
of 0.1 M and injected into the column pre-equilibrated with 0.1
M triethylamine acetate (TEAA) (ThermoFisher, USA).
Gradient elution was performed using 0.1 M TEAA (Thermo-
Fisher, USA) with 25% (v/v) acetonitrile (Fisher, USA). Runs
were performed at 60 °C at a flow rate of 0.4 mL/min, and the
absorbance was monitored at 260 nm. The run conditions are
presented in the Supporting Information Table S1. M13mp18
ssDNA standards (1 to 4 μg/mL) were prepared with
commercially available ssDNA from New England Biolabs
(USA) and used to obtain a calibration curve. Products of 20
pooled aPCR reactions purified with a Capto Q ImpRes anion
exchanger according to the method described in Silva-Santos et
al.25 were used to obtain calibration curves for ssDNA (0.2 and
20 μg/mL) and dsDNA (0.2 and 25 μg/mL). Calibration
curves and standard chromatographic profiles for each of the
pure samples are shown in the Supporting Information.
Replicates were performed independently.

Statistical Analysis. Validation of the method was
performed by calculating the LOD, LOQ, CCα, and the
CCβ, according to the European Union regulation 2002/657/
EC guidelines.26 The limits were calculated based on the
standard error of the intercept (σ) and the slope (S) of the
calibration curves at a signal-to-noise ratio of 3.3 (LOD) and
10 (LOQ) according to

=
S

LOD
3.3

(1)

=
S

LOQ
10

(2)

Calibration curves were performed twice with independent
replicates. CCα (eq 3) and CCβ (eq 4) were calculated
considering a 2.33 factor, which corresponds to 1% of false
positive risk, and a 1.64 factor, which corresponds to a 5% false
negative risk with regard to CCα,26,27 respectively.

=
S

CC
2.33

(3)

= +
S

CC CC
1.64

(4)

■ RESULTS AND DISCUSSION
An ion-pair reverse phase chromatography analytical method
was developed for the quantification of the DNA scaffolds.
Using this method, ssDNA scaffolds (449 and 1000 nt) were
quantified directly from samples collected from aPCR reaction
mixtures. Typical chromatograms (Figure 1a) display a
flowthrough peak that contains process-related impurities, as
demonstrated by injecting control samples with polymerase
and dNTPs (Figure S3). Upon elution with the increased
acetonitrile concentration, two peaks with ill-defined shape
emerge at 12−15 min and at 18−22 min (Figure 1a).
Chromatograms were similar whether aPCR mixtures con-
tained ssDNA scaffolds with 449 or 1000 nt (Figure 1a), albeit
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residence times varied slightly. These results shows that the
proposed method is more sensitive to DNA conformation
(single or double) than to differences in size. To determine the
identity of the molecules in the elution peaks, ssDNA scaffolds
and the corresponding dsDNA impurities were first isolated
from aPCR mixtures by preparative anion exchange
chromatography,28 analyzed by agarose gel electrophoresis
(Figure S1b), and then injected in the IP-RP column. Results
show that samples containing ssDNA scaffolds eluted with
retention times corresponding to the first peak [Figure S1a(1),
(3)], whereas samples containing dsDNA eluted with retention
times corresponding to the second peak [see Figure S1a(2),
(4)].
IP-RP chromatography is a well-described technique that

explores differences in hydrophobicity and is widely used in the
separation of nucleic acids.29 Optimization of the eluent
gradient and column temperature are considered the key
factors for the separation of dsDNA and ssDNA. Temperature
is also an important factor on the separation as it can affect the
physical properties of the DNA.30 For DNA molecules to form
an ion-pair with a cationic ion-pair reagent (IPR) such as
TEAA, phosphate groups in the backbone must be exposed.
Then, the carbon atoms of the alkyl chains of the IP will form a
hydrophobic bond with the stationary phase.31 Exposure of the
phosphate groups is facilitated if one interferes with the
secondary structure of the DNA, for example, by performing
the separation at a temperature of 60 °C. Since dsDNA

contains twice the number of phosphate groups when
compared with the corresponding ssDNA, the binding with
the solid phase will be stronger. Concomitantly, a higher
concentration of acetonitrile is required for elution, as
observed in Figure 1a.
To validate the analytical chromatography method pro-

posed, several attributes were calculated, namely, the LOD,
LOQ, CCα, and CCβ, using the calibration curves represented
in Figure 1b. The LOD corresponds to the smallest
concentration of the analyte that can be confidently quantified
by the method, while the LOQ is the smallest concentration
that can be quantified with a given level of confidence.32 The
results for both the 449 and 1000 bp scaffolds are shown in
Table 1. Although the TEAA buffer used is known to suppress

the absorbance signal,33 the method presents LODs of 0.89
μg/mL (ssDNA) and 0.79 μg/mL (dsDNA) for the 449 nt
scaffold, and 0.78 μg/mL (ssDNA) and 0.68 μg/mL (dsDNA)
for the 1000 nt scaffold. The difference in the LOD observed
between the different length scaffolds and between ss and ds
DNA can be correlated to the molar mass of each analyte.
Analytes with a higher molar mass will be detected at lower
concentrations.
The CCα and CCβ are described by the European

Commission Decision 2002/657/EC as the limit at and
above which a sample is considered to be noncompliant, with
an error probability of α, and the smallest analyte quantity that
may be detected, identified, or quantified with an error
probability of β, respectively.26 The CCβ and CCα values for
both ss and dsDNA can be found in Table 1. As previously
observed, molecules with higher mass (449 and 1000 nt
dsDNA) presented lower values for CCα and CCβ.
The IP-RP HPLC method was tested next to optimize the

production of ssDNA scaffolds by aPCR. In this amplification
method, a molar excess of the forward primer, which will
originate the ssDNA scaffold, is used over the reverse primer,
so as to maximize scaffold production.12,34 The optimization
was performed by varying the molar ratio between the forward
and reverse primers from 1 to 200 (w/w) and then evaluating
the ratio of the mass of ssDNA to mass of dsDNA produced
(Figure 2). The highest amount of ssDNA relatively to dsDNA
is obtained with a 50-molar excess of forward primer for both
DNA sizes −2.84 ± 0.08 ratio for 449 bp and 3.81 ± 0.18 for
1000 bp. Increasing the primers ratio above 50 negatively
impacted the aPCR yield. These results are in line with the
aPCR results obtained by Veneziano et al.,12 which were
determined on the basis of gel electrophoresis analysis.
The adequacy of the IP-RP method to quantify ssDNA from

M13mp18 phage was also evaluated. A typical chromatogram
of a standard used displays a peak with ill-defined shape eluting

Figure 1. (a) Representative IP-RP chromatograms of samples
collected from aPCR reaction mixtures used to produce 449 and 1000
nt ssDNA scaffolds. (b) Calibration curves and trendlines obtained
for: [b(1)] 449 nt ssDNA; [b(2)] 449 bp dsDNA; [b(3)] 1000 nt
ssDNA; and [b(4)] 1000 bp dsDNA (n = 2).

Table 1. Quantification Attributes of the IP-RP
Chromatography for the 449 and 1000 bp Scaffolds, Single-
(ssDNA) and Double-Stranded (dsDNA), in Terms of Limit
of Detection (LOD), Limit of Quantification (LOQ), the
Decision Limit (CCα), and the Detection Capability (CCβ)

449 nt/bp 1000 nt/bp

ss ds ss ds

LOD (μg/mL) 0.89 0.79 0.78 0.68
LOQ (μg/mL) 2.70 2.40 2.36 2.07
CCα (μg/mL) 0.63 0.56 0.55 0.48
CCβ (μg/mL) 1.07 0.95 0.94 0.82
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at 13−15 min (Figure S2). This reinforces the hypothesis that
the method is neither sensitive to size differences nor to the
linear or cyclic nature of the ssDNA. The method was
validated by calculating LOD, LOQ, CCα, and CCβ. As
observed in Figure 3b,c, LOD and LOQ of 1.45 and 4.4 μg/
mL were obtained, respectively. In the case of CCα and CCβ,
the values obtained were 1.03 and 1.75 μg/mL.
The method was then used to quantify ssDNA extracted

from the M13mp18 phage. A concentration of 126.25 ± 8.60

μg/mL was obtained (Figure 3a). This value is lower than the
one obtained when quantitation was performed by UV
absorbance at 260 nm (198.15 ± 2.95 μg/mL). Nevertheless,
this difference is expected due to the lack of specificity
presented by spectrophotometric techniques, which will not
have the ability to separate signals originating from impurities
from those ascribed to the analyte.

■ CONCLUSIONS
DNA scaffolds is a crucial step for the DNA-origami
technology. A sensitive quantification of DNA scaffolds is
critical for accurate determination of DNA-origami production
yields. Additionally, optimization of scaffold production at a
large scale must rely on sensitive analytical methods that can
accurately quantify ssDNA and that can be applied at-line.
However, current quantification methods rely on the use of
techniques that are neither specific nor sensitive enough,
leading to erroneous estimations of the actual scaffold
quantities and therefore of the amount of DNA-origami
nanostructures that can be produced. In this work, a HPLC
method based on IP-RP was used to quantify different size
scaffolds produced either by aPCR techniques or by infecting
E. coli cells with the M13 phage. IP-RP is advantageous when
compared with traditional quantification methods, such as
absorbance at 260 nm and agarose gel densitometry. First, it
presents a higher selectivity as complete separation between
dsDNA and ssDNA is achieved. Additionally, the quantifica-
tion is neither impacted by impurities nor user dependent. The
method is sensitive, accurate, and specific and delivers reliable
titer measurements, with LOD below 1.5 μg/mL for all the
DNA species evaluated, making it a powerful tool for
quantification of ssDNA scaffolds regardless of the production
system used.
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(27) Van Loco, J.; Jaǹosi, A.; Impens, S.; Fraselle, S.; Cornet, V.;
Degroodt, J. M. Calculation of the decision limit (CCα) and the
detection capability (CCβ) for banned substances: The imperfect

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10533
ACS Omega 2024, 9, 22619−22624

22623

https://orcid.org/0000-0003-4415-1364
https://orcid.org/0000-0003-4415-1364
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+P.+C.+Marques"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+M.+Azevedo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10533?ref=pdf
https://doi.org/10.1038/natrevmats.2017.68
https://doi.org/10.1038/nature04586
https://doi.org/10.1038/nature04586
https://doi.org/10.1021/ja505101a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505101a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature02307
https://doi.org/10.1038/nature02307
https://doi.org/10.1126/science.aaf4388
https://doi.org/10.1126/science.aaf4388
https://doi.org/10.1038/nmeth.1570
https://doi.org/10.1038/nmeth.1570
https://doi.org/10.1126/science.1214081
https://doi.org/10.1126/science.1214081
https://doi.org/10.2174/1381612821666150531165551
https://doi.org/10.2174/1381612821666150531165551
https://doi.org/10.2174/1381612821666150531165551
https://doi.org/10.1002/adma.201002767
https://doi.org/10.1002/adma.201002767
https://doi.org/10.1002/adma.201002767
https://doi.org/10.1038/nature24650
https://doi.org/10.1038/nature24650
https://doi.org/10.1016/j.jbiotec.2017.06.409
https://doi.org/10.1016/j.jbiotec.2017.06.409
https://doi.org/10.1038/s41598-018-24677-5
https://doi.org/10.1016/B978-0-12-802823-0.00007-9
https://doi.org/10.1002/bit.28171
https://doi.org/10.1002/bit.28171
https://doi.org/10.1101/pdb.top100388
https://doi.org/10.1101/pdb.top100388
https://doi.org/10.1016/0021-9673(86)80080-2
https://doi.org/10.1021/ac00099a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00099a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00099a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkr695
https://doi.org/10.1093/nar/gkr695
https://doi.org/10.1093/nar/gkr695
https://doi.org/10.1007/s44211-022-00253-w
https://doi.org/10.1007/s44211-022-00253-w
https://doi.org/10.26434/chemrxiv-2021-mgx9q-v2
https://doi.org/10.26434/chemrxiv-2021-mgx9q-v2
https://doi.org/10.1021/acs.analchem.3c02552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c02552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature08016
https://doi.org/10.1038/nature08016
https://doi.org/10.1021/acsanm.1c03623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03623?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.seppur.2022.121623
https://doi.org/10.1016/j.seppur.2022.121623
https://doi.org/10.1016/j.seppur.2022.121623
https://doi.org/10.1016/j.seppur.2022.121623
https://doi.org/10.1016/j.aca.2006.11.058
https://doi.org/10.1016/j.aca.2006.11.058
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


marriage between the quantitative and the qualitative criteria. Anal.
Chim. Acta 2007, 586 (1−2), 8−12.
(28) Silva-santos, A. R.; Paulo, P. M. R.; F Prazeres, D. M. Scalable
purification of single stranded DNA scaffolds for biomanufacturing
DNA-origami nanostructures: exploring anion-exchange and multi-
modal chromatography,. Sep. Purif. Technol. 2022, 298, 121623.
(29) Premstaller, A.; Oberacher, H.; Huber, C. G. High-performance
liquid chromatography-electrospray ionization mass spectrometry of
single- and double-stranded nucleic acids using monolithic capillary
columns,. Anal. Chem. 2000, 72 (18), 4386−4393.
(30) Devaney, J. M.; Girard, J. E.; Marino, M. A. DNA microsatellite
analysis using ion-pair reversed-phase high- performance liquid
chromatography,. Anal. Chem. 2000, 72 (4), 858−864.
(31) Kaczmarkiewicz, A.; Nuckowski, Ł.; Studzinśka, S.; Buszewski,
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