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DNA origami nanostructures are powerful molecular tools for the controlled arrangement of functional
molecules and thus have important applications in biomedicine, sensing, and materials science. The fabri-
cation of DNA origami nanostructures commonly requires a high excess of staple strands, leading to
material waste and high costs, especially when large numbers of modified staples are to be incorporated.
Here, we present a method for recycling non-modified as well as biotinylated and fluorophore-modified
excess staple strands using molecular weight cut-off (MWCO) ultrafiltration and reusing them in sub-
sequent folding reactions. The structural integrity of the folded DNA origami nanostructures as well as the
incorporation and functionality of the introduced modifications are maintained over at least five folding
cycles. The resulting reduction in staple costs due to staple recycling reaches 33% over five folding cycles,
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with a theoretical maximum of 41% for large numbers of cycles. This cost-effective and sustainable
approach is straightforward to implement in any given DNA origami fabrication pipeline and particularly
attractive for applications requiring large numbers of expensive modifications where substantial
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Introduction

DNA origami nanostructures (DONs) are constructed by
folding a long single-stranded scaffold with a set of synthetic
oligonucleotides, so-called staple strands, enabling the for-
mation of nanoscale structures with high spatial precision."?
The programmability of DONs allows for the precise position-
ing of functional molecules, including fluorophores,®™®
nanoparticles,”® and biomolecules such as proteins and
aptamers.”'® This versatility has driven the adoption of DONs
in diverse application areas, ranging from drug delivery'""
and drug discovery'>'* to sensing®® and nanoelectronics.
However, in many of those fields, the comparably high costs of
DON assembly limit their general and widespread application.

Standard DON folding protocols employ a 10-fold to
100-fold excess of staple strands relative to the scaffold to
maximize DON folding yields. After purification of the folded
product, non-incorporated staples are usually discarded,
leading to high costs and significant waste of material. While
factors such as scaffold routing, staple design, and staple con-
centration influence folding pathways and efficiency,’”*® the
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reductions in absolute costs can be achieved in this way.

precise relationships between these parameters remain
unclear, and the minimum staple-to-scaffold ratio required for
efficient folding of a given DON design needs to be determined
by trial and error. As a result, high staple excess remains the
standard. These costs are exacerbated when modified staples
such as biotinylated or fluorophore-labeled ones are incorpor-
ated. The strong biotin-streptavidin (SAv) interaction'’ is fre-
quently used for decorating DONs with functional entities
such as carbon nanotubes,*’ quantum dots,?* and enzymes,*>
and further exploited in diverse applications such as
cryptography,>~>® protein patterning,>*>” and single-molecule
studies.”®*® However, their high cost restricts their use to a
limited number of modifications with most studies employing
only a small number of biotinylated staples, with a reported
maximum of 29 sites per DON.>' Similarly, fluorophore-
labeled staples find wuse in sensing and imaging
applications,>>® yet their cost limits the number of attached
fluorophores and with that intensity and potential arrange-
ments. While Selnihhin et al. demonstrated extensive labeling
with 120 modifications,® this remains an exception. Given
these constraints, a cost-efficient method for recycling and
reusing both non-modified and modified staples would be
highly beneficial for numerous applications of DONSs.
Recently, efforts have been made to explore scaffold and staple
recycling, reflecting a growing interest in sustainable and cost-
efficient production methods.***"

Here, we assess the feasibility of recovering non-incorpor-
ated non-modified, biotinylated, and fluorophore-labeled DON
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Fig. 1 Schematic representation of the DNA origami staple recycling process. Fresh and recovered staple strands are used to fold DNA origami rec-
tangles, followed by Amicon® ultrafiltration to separate well-folded nanostructures from non-incorporated staples, which are collected and reused

in subsequent folding reactions.

staples after folding and reusing them in subsequent folding
reactions (Fig. 1). This can be achieved with various purifi-
cation methods.*® Polyethylene glycol (PEG) precipitation®
has recently been used successfully for staple recovery.>%*
However, residual PEG can interfere with downstream appli-
cations, such as agarose gel electrophoresis (AGE).**™* To
avoid PEG impurities, we thus employed molecular weight cut-
off (MWCO) ultrafiltration, which enables efficient staple
recovery while minimizing unwanted carryover. The viability of
this approach is evaluated over up to 10 consecutive folding
cycles. AGE and atomic force microscopy (AFM) reveal success-
ful DON folding from recovered staples without notable
impairment of their functionality, thus providing a viable, sus-
tainable, and cost-efficient strategy for DON production.

Results
Minimizing staple excess

A staple excess between 10-fold and 100-fold is widely used in
DON assembly, likely due to Rothemund’s foundational study
demonstrating well-folded structures at these concentrations.”
However, his experiments also indicated that lower excess down
to 2-fold resulted in structurally indistinguishable DONs." While
most studies employ higher staple excess to maximize assembly
yields, Johnson et al. demonstrated that even a 2-fold excess can
achieve similarly high yields, provided that annealing tempera-
ture is carefully controlled.?® To determine the minimum excess
required for the successful folding of the DON rectangle, we
tested DON folding at staple-to-scaffold ratios of 2, 4, 6, 8, and
10. AFM indicates that a 2-fold and, to a lesser extent, 4-fold
staple excess results in partially folded and structurally compro-
mised DONSs (see Fig. 2a). In contrast, DONs folded at a staple-
to-scaffold ratio of 6 and higher appear indistinguishable,
suggesting that a 6-fold excess is sufficient to achieve well-
formed structures. These observations were further substan-
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tiated by AGE. While the electrophoretic mobility of the upper
scaffold band remains unchanged, there are some notable
differences in intensity (Fig. 2b). In particular, the scaffold/DON
bands at 2-fold and 4-fold excess have a higher intensity than at
higher excess. This may suggest the presence of partially folded
structures that aggregate due to parasitic cross-hybridization of
partially incorporated staples. This aggregation is also visible in
the AFM images of 2-fold staple excess in Fig. 2a. As staple
excess increases, more well-formed DONs assemble, which is
accompanied by a higher proportion of non-incorporated
staples, resulting in an increased staple band intensity. The
similar band patterns observed for 6-fold to 10-fold excess indi-
cate that a 6-fold excess is the minimum required to achieve
well-formed rectangular DONs. Therefore, a 6-fold excess was
used in all subsequent experiments.

Staple recovery and recycling

To evaluate the feasibility of recycling staple strands and
reusing them in subsequent DON folding reactions, we con-
ducted a series of 5 folding and recovery cycles while maintain-
ing a consistent 6-fold excess of staple strands by using non-
incorporated staples from the previous cycle step and supple-
menting with fresh staples (Fig. 1). While removing non-incor-
porated staples from folded DONs is a standard step, different
purification methods exist for separating folded structures
from excess staples.>” PEG precipitation, as used in recent
studies on scaffold and staple recycling®>*! has been shown to
effectively recover excess staples but residual PEG can influ-
ence electrophoretic mobility***® and potentially affect down-
stream applications. In contrast, we employed MWCO ultrafil-
tration, which provides a purification strategy that minimizes
unwanted carryover. Implementing recycling requires only two
additional steps, i.e., measuring the concentration of non-
incorporated staples in the filtrate and adding a suitable
amount of fresh staples to reestablish the 6-fold staple excess.
This was first tested with a non-modified DON rectangle. As

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) AFM images (0.75 x 0.75 um?) of DON rectangles folded with 2-fold to 10-fold staple excess. Fully formed structures were observed at
6-fold to 10-fold excess, while partial or misfolded structures are visible at 2-fold and 4-fold excess. Height scale for image with 2-fold excess is
11 nm, whereas other height scales are 4.5 nm. (b) AGE image of DONs folded with 2-fold to 10-fold staple excess, alongside a control (C) containing

unfolded scaffold and a 4-fold excess of staples. All samples were loaded at a final scaffold concentration of 2.5 nM.

shown in Fig. 3a, the concentration of non-incorporated
staples in the filtrate remains rather constant across all 5
cycles, indicating consistent integration of staples during
folding. AGE quantification (Fig. 3b and c) reveals that the
yields of well-foldled DONs and non-incorporated staples
remained rather constant over all 5 cycles. Minor intensity vari-
ations, such as a slight decrease after step 2 are observed in

both bands and are likely due to systematic or experimental
errors. Other observations, such as the increased intensity vari-
ation between the staple and the DON band observed after
steps 4 and 5 may be attributed to variations between individ-
ual filters. Nevertheless, these findings demonstrate that the
recycling of staple strands can be performed efficiently by
MWOCO ultrafiltration without compromising folding yield.
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Fig. 3

(a, d) Concentration of non-incorporated staples in the filtrate after each folding and recovery step. A non-modified DON rectangle (a) and a

non-modified DON six-helix bundle (6HB) (d) were used, respectively. (b, e) AGE images of folded DON rectangles (b) and 6HBs (e) after 1 to 5 (b)
and 1 to 10 (e) full cycles of folding and recovery, respectively. The gels were loaded at a final concentration of 5 nM. (c, f) AGE quantification of

DON and staple bands from the gels in b and e, respectively.
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We further tested this method over 10 cycles using the
same folding, recovery, and recycling parameters but a
different DON, ie., a six-helix bundle (6HB).*"*® Here, we
observed larger variations in the staple concentrations of the
filtrate, which can be attributed to variations between individ-
ual filters (Fig. 3d). Apparently, the 6HBs with their quasi-1D
shape (6 nm diameter, 412 nm length) are more sensitive
toward filter variations, presumably because they are able to
enter and thereby clog the pores of the filters. Nevertheless,
AGE quantification reveals well-folded structures even after 10
cycles (Fig. 3e and f). To evaluate whether such a large number
of cycle steps lead to notable staple degradation in the form of
fragmentation, the staple mixture recovered after the 10th
cycle step was subjected to polyacrylamide gel electrophoresis
(PAGE). No notable degradation was observed (Fig. S117), indi-
cating that the method is compatible with an even larger
number of recovery and recycling steps.

Next, we tested this staple recovery and recycling method
with a DON rectangle with 5 biotinylated staples. As for the
non-modified DON rectangle, the concentrations of non-incor-
porated staples in the filtrate remained rather constant across
all 5 cycle steps (Fig. 4a). Similarly, AGE revealed no major

[
=3

60+

N
o

Concentration (nM)

N
o

1 2 3 4 5
Cycle Step

&

Fig. 4

View Article Online

Nanoscale

differences in the concentrations of folded biotinylated DON
rectangles and non-incorporated staples over the course of re-
cycling (Fig. 4b and c). AFM images of DON rectangles incu-
bated with SAv further reveal relatively constant binding yields
across all 5 cycle steps (Fig. 4d and e) ranging from 57% to
71%, which indicates that repeated recycling does not affect
the incorporation of biotinylated staples. Furthermore, the
preservation of binding capability to SAv confirms that the
functionality of biotin modifications remains intact through-
out the recycling process. To evaluate the effect of repeated re-
cycling on DON integrity, we quantified the projected DON
areas visible in the AFM images. The distributions of the pro-
jected areas after recycling steps 1 and 5 reveal that the DONs
maintain their average size of around 50 nm? (Fig. S12%),
suggesting that structural integrity is preserved over multiple
recovery and recycling cycles.

Fig. 5 evaluates staple recovery and recycling for a DON rec-
tangle with 3 staples modified with ATTO488 fluorophores.
Again, the concentration of non-incorporated staples in the fil-
trate shows only random fluctuation over 5 recycling cycles. To
evaluate the effect of staple recycling on the incorporation of
the ATTO488-modified staples, AGE was used. The fluo-
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(a) Concentration of non-incorporated staples in the filtrate after each folding and recovery step. A DON rectangle with 5 biotinylated staples

was used. (b) AGE image of folded DON rectangles after 1 to 5 full cycles of folding and recovery, loaded at a final concentration of 5 nM. (c) AGE
quantification of DON rectangle and staple strand bands from the gel in b. (d) AFM images (0.75 x 0.75 pm?) of biotin-modified DON rectangles
after each cycle step and subsequent SAv exposure. Height scales are 5.0 nm. The scheme indicates the positions of the 5 biotin modifications. (e)
Relative binding yields determined from AFM images. Values are averaged over 2 to 4 AFM images recorded at different positions on the surfaces,
corresponding to 288 to 533 DONSs. Error bars represent standard deviations. Differences are statistically not significant (p > 0.05) as determined by
a one-way ANOVA.
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Fig. 5 (a) Concentration of non-incorporated staples in the filtrate after each folding and recovery step. A DON rectangle with 3 ATTO488-modified

staples was used. (b) Agarose gel of ATTO488-modified DONs before (upper image) and after post-staining (lower image) with a final DON concen-
tration of 3.2 nM. (c) AGE quantification of ATTO488, DON rectangle, and staple strand bands from the gel in b.

rescence signal of the incorporated ATTO488-modified staples
in an unstained gel is localized in a single, well-defined band
(indicated by the purple arrow in Fig. 5b) and remains con-
stant across all cycle steps (Fig. 5¢). Subsequent staining of the
same gel reveals that the ATTO488 fluorescence coincides with
the band of the DON rectangles, thus confirming no effect of
staple recovery and recycling on incorporation and functional-
ity of the ATTO488-modified staples (light green arrow in
Fig. 5b). The intensities of the DON and staple bands show
stronger fluctuations than in the previous experiments. This is
attributed to the lower overall intensity because of the post-
staining applied here, which increases the impact of back-
ground fluorescence.

Discussion
Cost efficiency

To evaluate the cost efficiency of the staple recovery and re-
cycling method, we calculated the costs for folding 1 pmol of
scaffold (Fig. 6). At current prices (€0.66 per nmol for non-
modified, €2.00 per nmol for biotinylated, and €6.18 per nmol
for ATTO488-modified staples), folding 1 pmol of scaffold

unmodified —=— unmodified|
1.50 ] 5Bt 275 3 Atto
—e— 20 Bt : —¥— 20 Atto
—e— 100 Bt —¥— 100 Atto

1.25+

Staple Costs per pmol Scaffold (EUR)

'3
s
[
kel
2
(]
O
(]
©
£ 225
2
[
o
@
1]
o)
(&)
o
Q.
8
w

1.00
o7 e \\v—-,_,
_ 0.754
0.50 g
1 2 3 4 5 1 2 3 4 5
Cycle Step Cycle Step

Fig. 6 Staple costs per pmol scaffold for non-modified DON rectangles
and DON rectangles with 5, 20 and 100 biotin (Bt) modifications and 3,
20 and 100 ATTO488 (Atto) modifications over the course of 5 cycle
steps.

This journal is © The Royal Society of Chemistry 2025

without staple recycling results in staple costs of €0.73 for a
non-modified DON rectangle, €0.77 for a DON rectangle with 5
biotinylated staples, and €0.83 for a DON rectangle with 3
ATTO488 modifications. Employing staple recovery and re-
cycling reduces the staple costs with each additional cycle
step. After 5 cycle steps, the staple costs are reduced to €0.49,
€0.51 and €0.55 per pmol scaffold, respectively, representing
an average staple cost reduction of approximately 33.5%.
When folding heavily modified DONs with 20 or 100 biotin or
ATTO488 modifications, the resulting cost reduction will be
substantial (Fig. 6). In large-scale DON production of larger
DON amounts, applying more cycle steps will result in further
staple cost reductions approaching 41.7% for an infinite
number of cycle steps.

Comparison with PEG-based methods

Both PEG precipitation and MWCO ultrafiltration are effective
methods for purifying unmodified DONs, showing comparable
yields in standard protocols.*® In addition, MWCO ultrafiltra-
tion has been shown to outperform PEG purification when
purifying DONs with small modifications, whereas PEG purifi-
cation is more suitable for DONs with large protein modifi-
cations.>® However, MWCO ultrafiltration comes with a cost
disadvantage. For a 400 pL sample as used in the current
study, each purification step with 15% PEG-8000 (w/v) costs
approximately €0.023. A single-use 100 kDa Amicon® Ultra
filter with a volume of 500 pL costs €4.42. When producing
large DON amounts, however, Amicon® Ultra filters with
larger volumes can be used. With 15 mL filters, the costs per
400 pL sample could be reduced to €0.42. While this is still
substantially more expensive than PEG purification, MWCO
ultrafiltration has some additional advantages. In general,
PEG purification is more time-consuming and labor-intensive,
may leave PEG residues in the sample, and can cause DON
aggregation, thereby potentially interfering with downstream
processing such as AGE characterization.’®**~**> Furthermore,
recovering the staples from the PEG purification buffer
requires an additional ethanol precipitation step.>®*! This not
only adds to the overall effort but may also introduce salt con-
taminations, which were found to have negative effects on sub-

Nanoscale, 2025,17,17265-17273 | 17269
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sequent folding reactions.®® To solve this issue, multiple
ethanol precipitation steps may be necessary, resulting in dra-
matically increased purification time and labor.*" In the proto-
col of Isinelli et al., PEG purification of one sample followed
by one round of ethanol precipitation to recover the staples
takes about 3 hours and involves multiple steps including
freezing the staple supernatant at —80 °C.*' In contrast,
sample purification and staple recovery by MWCO ultrafiltra-
tion is straightforward, includes only three rounds of centrifu-
gation in a bench-top centrifuge, and is completed in less than
30 min.

Conclusion

This study demonstrates that the recovery and recycling of
non-incorporated staples during DON folding is a viable and
effective method to reduce material waste and production
costs in DON fabrication. The folding efficiency, structural
integrity, and functionality of DON rectangles containing non-
modified, biotinylated, and ATTO488-labeled staple strands
remain largely unaffected over at least 5 folding cycles. Atomic
force microscopy and fluorescence imaging confirm rather
constant SAv binding to biotinylated staples and fluorescence
from ATTO488-modifed staples, respectively, highlighting the
possibility of reusing modified staples without loss of func-
tionality. Furthermore, by employing MWCO ultrafiltration
instead of PEG precipitation, our approach ensures high staple
recovery while minimizing unwanted PEG residues, making it
more suitable for applications that require higher purity.

Our cost analysis further underscores the economic benefits
of staple recycling, showing an average cost reduction of about
33% over the course of 5 recycling steps, which becomes par-
ticularly relevant for applications requiring large numbers of
modified staples. Moreover, extending recycling beyond 5
cycles will yield even greater cost savings up to 41%. In absol-
ute numbers, such cost savings become particularly important
when many staple strands with expensive modifications are
incorporated, such as the ATTO488 fluorophore employed in
the current experiments. This is particularly relevant for
various applications such as data storage,>**® where the
number of modifications per DON directly translates into the
storage density, fluorescence-based sensors with high emis-
sion intensities,” high-throughput drug discovery with DONs
presenting many different pharmacophores,”® and drug deliv-
ery with DON vehicles carrying covalently attached drugs.'*

Finally, we would like to stress that our experiments used
established annealing protocols for the selected DON shapes.
We only reduced the staple excess from ten-fold to six-fold,
while all other parameters, i.e., annealing time, temperature
profile, and buffer composition, were kept constant. However,
optimizing the annealing protocols by using for instance
longer annealing times and more elaborate temperature pro-
files may allow for further reductions in staple excess and thus
further cost savings. Whether this is indeed possible and also
economically favorable in view of possibly increased energy

17270 | Nanoscale, 2025,17,17265-17273
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consumption and longer synthesis times needs to be investi-
gated in future experiments.

Materials and methods
DNA origami folding and staple recycling

For the preparation of modified rectangular DONs, non-modi-
fied staples (Eurofins) were replaced with biotinylated
(Eurofins) or ATTO488-modified (Metabion) equivalents (see
Table S1}) to achieve an equimolar concentration of each
staple strand in the staple stock solution. For staple excess
analysis, the DON rectangles were folded using 10 nM scaffold
P7249 (100 nM stock, Tilibit) with 2-, 4-, 6-, 8-, and 10-fold
staple excess in concentration and 1x TAE (Roth) sup-
plemented with 10 mM MgCl, (Roth). Folding was performed
by heating the mixtures to 80 °C, followed by gradual cooling
to room temperature over 90 minutes using a Ristretto
Thermocycler (VWR). For the folding of recycling mixtures, a
total volume of 400 pL was used, containing 10 nM scaffold
P7249 and 60 nM staple strands in 1x TAE with 10 mM MgCl,.
The DON 6HBs*"*® were folded using the same protocol and
scaffold with staples purchased from Eurofins.

To separate folded DONs from non-incorporated staples,
the solutions were filtered using Amicon® Ultra-0.5 centrifugal
filters with a 100 kDa MWCO (Merck). Ultrafiltration was per-
formed at 10 000 rpm for 10 minutes using a MiniSpin® cen-
trifuge (Eppendorf). The DNA concentration in the filtrate was
measured with an Implen Nanophotometer P330 (Implen).
The first folding step in the recycling cycle served as the initial
recycling step, using only fresh staple strands. For recycling
steps 2 to 10, 320 pL of the non-incorporated staples recovered
from the immediately preceding step were added to the
mixture, and fresh staples were used to restore the total staple
concentration to 60 nM.

Due to inconsistencies between the manufacturer-specified
concentrations of the purchased staple strands (100 uM) and
the measured concentrations as determined by UV/Vis absorp-
tion, we determined the actual concentrations of all 184 staple
strands used for the DON rectangle. Based on their average
molecular weight, we then calculated a correction factor,
which was subsequently applied to all UV/Vis-based staple con-
centration measurements, including those of the ATTO488-
and biotin-modified rectangles as well as the 6HBs.

Sample recovery and gel electrophoresis

To recover the DONs from the MWCO filters, 350 uL of 1x TAE
with 10 mM MgCl, was added to the filter, followed by cen-
trifugation at 10 000 rpm for 10 minutes. Then, the filters were
placed upside down in new filter tubes and centrifuged at
7000 rpm for 7 minutes.

For AGE, the DNA concentrations of the recovered DONs
were adjusted to 5 nM (3.2 nM for ATTO488-modified rec-
tangles) using the nanophotometer. The samples were ana-
lyzed on 2% Electran® Agarose gels (DNA Grade, VWR) in 1x
TAE with 11 mM MgCl, and visualized using 0.25x SYBR™

This journal is © The Royal Society of Chemistry 2025
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Gold stain (Invitrogen). Electrophoresis was performed using a
PerfectBlue™ Gelsystem Mini M (VWR) and a PerfectBlue™
power supply (VWR) at 8.18 V em™" for 1 h with 1x TAE con-
taining 11 mM MgCl, as the running buffer. For post-staining,
the gel was incubated in 50 mL of 1x TAE containing 11 mM
MgCl, and 1x SYBR™ Gold stain for 20 minutes.

For native PAGE, staple strands of the 6HB were recovered
after initial folding and recycling step 10 and analyzed on a
7.5% self-cast 1.5 mm gel (29:1 acrylamide : bisacrylamide
40% stock solution, Himedia) using 1x TBE buffer (Carl Roth),
0.1% APS (Sigma) and 0.1% TEMED (Sigma). The samples
were prepared at a total staple concentration of 5 nM, com-
bined with 1x Orange Dye (Thermo Fisher Scientific). PAGE
was performed at 100 V (PerfectBlue™ power supply, VWR) for
45 minutes (Biorad Mini-PROTEAN Tetra Cell System).
Subsequently, the gel was post-stained in 1x TBE with 1x
SYBR™ Gold stain for 15 minutes.

The gels were imaged using a GelJet Imager (Intas), and the
bands quantified with GelAnalyzer 23.1.1 (available at https:/
www.gelanalyzer.com) by Istvan Lazar Jr., PhD and Istvan
Lazar Sr., PhD, CSc.

AFM imaging

100 pL of 1 nM DON rectangles in 1x TAE with 10 mM MgCl,
were adsorbed onto freshly cleaved PELCRO® mica sheets (Ted
Pella, Inc) for 5 minutes. The immobilized DONs were gently
washed with 15 mL of HPLC-grade water (Roth) and dried
under a stream of argon. To assess SAv binding to biotinylated
rectangles, 100 uL of 1x TAE with 10 mM MgCl, was added to
the mica substrate, followed by 4.5 uL of 5 pM SAv (Sigma-
Aldrich). After 30 minutes of incubation, the mica surface was
washed with HPLC-grade water, and an additional 100 pL of
1x TAE with 10 mM MgCl, was added and incubated for
5 minutes. The sample was washed again with HPLC-grade
water and dried under argon. AFM imaging was performed in
air using a JPK Nanowizard Ultra Speed (JPK Instruments)
operated in intermittent contact mode with HQ:NSC18/Al BS
cantilevers (75 kHz, 2.8 N m™") from MikroMasch
(NanoAndMore) and in ScanAsyst PeakForce Tapping mode
using a Bruker Dimension ICON and SCANASYST-AIR cantile-
vers (70 kHz, 0.4 N m™") from Bruker. SAv binding yields were
determined by manual counting, whereas the integrity of the
DON rectangles was assessed by performing a particle analysis
in Gwyddion"" as described previously."
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