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ABSTRACT: In recent decades, nucleic acid self-assemblies have emerged as popular nanomaterials due to
their programmable and robust assembly, prescribed geometry, and versatile functionality. However, it
remains a challenge to purify large quantities of DNA nanostructures or DNA-templated nanocomplexes for
various applications. Commonly used purification methods are either limited by a small scale or incompatible
with functionalized structures. To address this unmet need, we present a robust and scalable method of
purifying DNA nanostructures by Sepharose resin-based size exclusion. The resin column can be manually
packed in-house with reusability. The separation is driven by a low-pressure gravity flow in which large DNA
nanostructures are eluted first followed by smaller impurities of ssDNA and proteins. We demonstrated the
efficiency of the method for purifying DNA origami assemblies and protein-immobilized DNA
nanostructures. Compared to routine agarose gel electrophoresis that yields 1 μg or less of purified
products, this method can purify ∼100−1000 μg of DNA nanostructures in less than 30 min, with the overall
collection yield of 50−70% of crude preparation mixture. The purified nanocomplexes showed more precise
activity in evaluating enzyme functions and antibody-triggered activation of complement protein reactions.

1. INTRODUCTION
Over the past few decades, nucleic acid nanotechnology have
revolutionized the field of molecular self-assembly, enabling
the precise design of multidimensional nanostructures with
controlled sizes and shapes.1 DNA nanostructures, therefore,
can be used as scaffolds to position functional elements on the
nanoscale2 and organize their geometric pattern.3,4 For
example, DNA nanostructures have been used to template
multienzyme assemblies,5,6 organize spatial activity of chemical
reactions,3 develop protein nanoreactors,7 engineer biomimetic
structures,8 as well as control plasmonic nanoparticle
assembly.9 DNA nanostructures have been demonstrated to
have a potential in biomedical applications, such as molecular
diagnosis,10 gene delivery,11 vaccine development,12 and smart
delivery.13,14 To prepare functional nanocomplexes, DNA
nanostructures are often incubated with an excess of ligands,
such as proteins, peptides, antigens, and nanoparticles.
Therefore, it is necessary to purify functionalized nanostruc-
tures to remove excess and free ligands as well as unwanted
aggregates. However, the efficient purification of DNA
structures remains a challenge today; many researchers are
struggling with either poor separation resolution or low yield
and small scale of purification, as well as complex operation
procedures consuming time and effort.
Table 1 summarizes commonly used methods to purify

DNA origami and functionalized nanocomplexes as reported in
the literature. Molecular weight (MW) cutoff filtration uses
centrifugation to force the sample solution to pass through a
size-discriminated porous membrane that only allows mole-

cules smaller than the mass threshold to penetrate the
membrane. This method is widely adopted for removing
smaller and excess staple strands from large DNA assemblies. It
can be easily performed for less than 1 h, with ∼50% recovery
yield for regular DNA nanostructures.15 Some publications
reported the use of MW cutoff filtration to remove excess
ligands and proteins by Pluronic F-127 coated filters.12,16

However, this method is not suitable for removing large
protein impurities (especially >100 kDa). MW cutoff dialysis
uses a similar mechanism as MW cutoff filtration but is gentler
than centrifugation and takes a longer time for dialysis
exchange. Agarose gel electrophoresis (AGE) is often used to
characterize the assembly of DNA nanostructures, although
AGE is routinely used for a small-scale purification <1 μg with
a low recovery yield (∼20−30%).15,17 AGE is also quite
laborious due to the postelectrophoresis steps of gel cut,
extraction, concentration, and sometimes reassembly, as well as
contamination of intercalating dyes.7,15,18 Lin et al. reported a
method of purifying DNA origami nanostructures by rate-zonal
centrifugation in glycerol gradient, with a recovery yield of 40−
80% at 1−100 μg.17,19 Under high centrifugal force (300,000g)
in density gradient media, mixed structure species were
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separated by locating them at different gradients of the glycerol
layer. This method was also applied to purify protein-modified
DNA nanostructures.20 But the glycerol gradient needs to be
prepared in advance, and it requires an expensive, ultrahigh-
speed centrifugation (∼300 krcf) to receive a good resolution
of separation. The Dietz group reported a method using PEG
precipitation to purify dense DNA nanoobjects at the
milligram level with a very high recovery yield,21 which was
considered as a scale-up approach to purifiy functional DNA
origami nanostructures.22 Liquid chromatography is a standard
laboratory technique used to separate a mixture by passing a
fluid solvent (mobile phase) through a column filled with a
solid absorbent material (stationary phase). Fast protein liquid
chromatography (FPLC) and high-performance liquid chro-
matography (HPLC) have been used for purifying oligonu-
cleotides, protein-oligo conjugates, and DNA nanostructures
by ion exchange and size-exclusion columns.15,23 But HPLC/
FPLC is a relatively complex instrument to operate, requiring a
well-trained user to run experiments. Additionally, the flow
pressure of the mobile phase can also be destructive to
molecular assemblies, potentially damaging assembled nano-
structures.15,24 Many agarose or porous polymer-based resins
(e.g., Sepharose, mono Q) can only be used at low flow-
pressure conditions (<40 bar). Thereby, the gravity flow
column is often preferred as a simple and gentle separation
method for soft bioparticles, such as liposomes and
extracellular vesicles.25,26 Additionally, the commonly used
centrifuge-driven separation of nucleic acids includes Sephacryl
or Sephadex spin columns. Compared with the gravity-driven
flow column, these spin columns have a relatively poor
resolution of separation. For example, it is hard to separate
multiple components of different sizes as well as analyze the
component distribution in the mixture. Another concern of
centrifuge-driven separation is the potential vulnerability of
soft nanostructures to centrifugal force, which may lead to
structural damage.
Here, we present a straightforward and efficient approach of

purifying DNA nanostructures and DNA-templated nano-
complexes by low-pressure, size-exclusion chromatography.
The size-exclusion column can be manually prepared by
packing Sepharose resins, and the separation is driven by a low-
pressure gravity flow without the need for complex
instrumentation. This method can purify ∼100−1000 μg of
DNA nanostructures in less than 30 min, with the overall
collection yield of 50−70% of crude mixture.

2. MATERIALS AND METHODS
2.1. Materials and Buffer. Pyruvate kinase (PK, type II from

rabbit muscle), hexokinase (HEK, from Saccharomyces cerevisiae),
glucose-6-phosphate dehydrogenase (G6pDH), glucose oxidase
(GOX), horseradish peroxidase (HRP), phosphoenol-pyruvate
(PEP), glucose, glucose 6-phosphate (G6p), β-Nicotinamide adenine
dinucleotide (NAD), and adenosine 5′-diphosphate (ADP) were
purchased from Sigma. NHS-DBCO was purchased from Lumiprobe.
Single-stranded M13mp18 DNA (7249 nt) was bought from Bayou
Biolabs. Oligonucleotides and azide or amine modified oligonucleo-
tides were purchased from IDT. TBS (10× Tris-buffered saline) and
sodium HEPES were ordered from Sigma. Sepharose CL-4B
(exclusion limit >2 × 107 Dalton) was purchased from Cytiva. The
Econo-Pac disposable chromatography 20 mL column was ordered
from Bio-Rad.

TAE (1×)-12.5 mM Mg2+ (pH 8.0) contained 40 mM Tris, 20 mM
acetic acid, 2 mM EDTA, and 12.5 mM magnesium acetate. TBS
(1×)-4 mM Mg2+ (pH 7.5) was prepared from 10× TBS and MgCl2
with pH adjusted to 7.5. Buffer preparation followed the previously
published protocols.15 All buffer solutions were prepared in deionized
water and were filtered by a 0.2 μm filter.

2.2. Sepharose Column Preparation and Use. Before packing
the column, it is important to shake the Sepharose resin slurry well to
ensure that it is thoroughly mixed. Microliter pipettes or transfer
pipettes were used to add slurry into the packing column (Econo-Pac
disposable chromatography 20 mL column) 1 mL by 1 mL slowly,
avoiding any trapped bubbles. The resin slurry was loaded from the
side of the column. After loading the desired volume of slurry, the
column was kept stationary for around 20 min to allow resins to be
packed tightly. A filter cap (30 μm porous) was placed on top of the
packed resin to maintain the moisture. An example of the packed
column is shown in Figure S1 of the Supporting Information. The
resin was washed by adding a 3× resin-bed volume of distilled water
to remove any chemical contaminations. Before separation, the
packed column was equilibrated with 3× column-bed volume of the
buffer solution (e.g., 1× TAE-Mg2+). A total of 100−200 μL of DNA
nanostructures was loaded on the top of the column, and the elution
was performed by adding 500 μL of the buffer each time to collect a
fraction. For general separation, it may collect 10−20 mL of the
eluted solution (∼20−40 fractions). After collection, the resin column
was cleaned up by washing it with a 4× resin-bed volume of distilled
water and was then filled in with a 1× resin-bed volume of 20%
ethanol. The packed column was sealed with both top and bottom
caps to main the moisture and was stored in 20% ethanol at 4 °C. The
collection yield of purified DNA origami was calculated by dividing
the amount of collected DNA origami by the quantity of M13 ssDNA
used for the preparation.

2.3. Preparation of DNA Origami. DNA origami tiles were
prepared in 1× TAE-12.5 mM Mg2+ buffer using published
protocols.15 Briefly, 20 nM single-stranded M13mp18 DNA (7249
nucleotides) was mixed with a 5-fold molar excess of staple stands and
a 10-fold molar excess of antianchor strands. The mixture was
annealed from 95 to 4 °C with the temperature gradient listed in

Table 1. Summary of Commonly Used Methods to Purify DNA Nanostructures

purification
DNA
origami

protein-modified
origami yield scale

time consumed
(h) operation

reusable (Y/
N)

MW cutoff filtration15,16 √ √c ∼50% 10−1000 μg 0.5−1a simple N
MW cutoff dialysis12,16 √ √c >50% 10−1000 μg 6−24a simple N
agarose gel electrophoresis15 √ √ 20−30% 0.1−1 μg 4−6 complicated N
glycerol rate-zonal
centrifugation17,20

√ √ 40−80% 0.1−100 μg 3−6 complicated N

PEG precipitation21 √ 84−93% 3−4 mg ∼20b simple N
FPLC/HPLC15,23 √d √d 20−40% 10−1000 μg ∼2−5 complicated Y
gravity flow √ √ 50−70% ∼10−1000 μg ∼0.4−1 simple Y
aIt is estimated for three washes or buffer exchange. bEach centrifugation cycle lasts ∼0.5 h, whereas the dissolution of the pellet takes around 20 h.
cFor purifying protein-modified DNA origami, it may be needed to coat the filter with 5% Pluroinc F-127; only applied to small proteins (<100
kDa). dDNA nanostructures could be destroyed by the high-flow pressure.
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Tables S1 and S2. For a routine MW cutoff centrifugation, excess
staple strands were removed by washing the solution in 1× TAE Mg2+

buffer (pH 8.0) with 100 kDa cutoff Amicon filters (500 μL) three
times. For size exclusion purification, the assembly mixtures were
directly loaded onto the Sepharose resin-packed column without the
need of MW cutoff centrifugation. The concentration of DNA origami

was quantified by absorbance at 260 nm, assuming an extinction
coefficient of ∼109,119,009 M−1 cm−1. The detailed design of DNA
origami structures is shown in Figures S2 and S3 and Tables S3−S5.

2.4. Assembly of Enzymes and Antibodies on DNA Origami
Tiles. An azide-modified anchor strand (e.g., 5′ Azide-TTT CAC
ACA CAC ACA CAC ACA) was purchased from IDT. The anchor

Figure 1. Sepharose resin-packed columns for the size-exclusion purification of DNA origami. (A) The conceptual illustration of the Sepharose
resin-based size exclusion chromatography. (B) The size-exclusion separation of DNA origami was evaluated by different resin-bed volumes of 5,
10, and 20 mL, and the resolution of the separation (Rs) was analyzed. Insets are AFM images of collected fractions; scale bar: 400 nm. (C) Agarose
gel electrophoresis to characterize the sample purification by 1100 kDa molecular weight cutoff filtration; 2, 5 mL packed column; 3, 10 mL packed
column; 4, 20 mL packed column. Ladder size: 100−5000 bp. (D) Collection yield and resolution of separation for DNA origami by using 5, 10,
and 20 mL packed columns. (E) Collection yield for DNA origami that was loaded for 110, 220, 220, and 880 μg by using a 10 mL packed column.
Error bar: range of three replicates.
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strand was hybridized to the antianchor handle on the surface of the
DNA origami at a molar ratio of 1.5 (Figure S2). Enzymes or
antibodies were labeled with NHS-DBCO using a similar chemistry as
previously published.16,24,27 Briefly, a 40 μL, 50 μM protein solution
was added with 10× excess NHS-DBCO (20 mM stock in DMSO)
into a final volume of 100 μL, 100 mM HEPES buffer (pH 8.5). The
mixture was incubated on a rocker (50 rpm) for 1 h at room
temperature in the dark. Excess free DBCO was then removed from
the protein solution by centrifugation wash with an Amicon 30 kDa
filter at 4 °C and 10,000 rpm three times. Purified DBCO-labeled
protein solution was quantified by UV absorbance at 280 nm (for
protein) and 309 nm (for DBCO, extinction coefficient ∼12,000 M−1

cm−1). Azide-modified DNA origami was incubated with 10−20×
DBCO-labeled enzyme or antibody solution on a rocker (50 rpm)
overnight (∼12 h) at 4 °C in the dark. Then, the sample solution was
ready for Sepharose resin-based size exclusion separation.
2.5. Agarose Gel Electrophoresis. Agarose gel electrophoresis

was employed to analyze DNA origami purity as previously
published.15 A 1% agarose gel was prepared by dissolving 1.2 g
agarose powder in 120 mL 1× TAE buffer with 12.5 mM Mg2+
followed by microwave heating to dissolve it. Then, 40 μL of SYBR
Green (SYBR Green I Nucleic Acid Gel Stain, 10,000× concentrate)
was added into the hot agarose solution followed by cooling it to form
a solid gel matrix. For experiments, 20 μL of DNA sample mixed with
tracking dyes was added into the loading well. Electrophoresis was
carried out at a constant 200 mA in 1× TAE buffer with 12.5 mM
Mg2+ for 2 h. The gel was imaged with a UVP ChemiDoc-It2
instrument.
2.6. Evaluation of Enzyme Activity. Pyruvate kinase (PK)

activity was evaluated by a PK-HEK cascade reaction as reported
previously.24 Briefly, an enzyme assay was performed in 1× TBS with
4 mM Mg2+ buffer (pH 7.5) with the addition of a substrate mixture
of 1000 μM glucose, PEP, NAD+, 10 nM HEK, 10 nM G6PDH, and
200 μM ADP. The activity was evaluated by monitoring the increased
absorbance at 340 nm resulting from NADH production. Reaction
curves were plotted and fit by GraphPad Prism.
2.7. C3a Protein Assay. ELISA testing was used to determine

C3a production for antibody origami. For in vitro measurements, 20
μL fresh serum was incubated with 50 μL antibody-modified DNA
origami for 15 min. EDTA was added to inhibit further complement
activation. The C3a level was measured by using sandwich ELISA kits
from BD Biosciences Company.
2.8. Atomic Force Microscope (AFM) Imaging and Dynamic

Light Scattering (DLS). DNA nanostructures were imaged in liquid
by AFM using the published protocol.15 The enzyme-origami solution
(2 μL) was first deposited onto a freshly cleaved mica surface (Ted
Pella, Redding, CA) and was left to adsorb for 2 min. Then, 80 μL of
1× TAE-12.5 mM Mg2+ buffer was added to the mica for scanning in
liquid. Two microliters of 100 mM Ni2+ was also added to enhance
DNA adsorption on mica. The samples were scanned by the
“Scanasyst mode in liquid mode” of Multimode 8 AFM (Bruker,
Billerica, MA) using the “SCANASYST-Fluid + probe”. For best
imaging quality, the peak force set point was kept at ∼100−150 pN.

A Zetasizer Pro (Malvern Instruments) was used for DLS
experiments as reported previously.28 All buffers used for the DLS
experiment were filtered by a 0.2 μm filter. A disposal cuvette was
rinsed with distilled water three times prior to use. One hundred
microliters of 10 nM DNA origami solution was added into the
cuvette to measure the hydrodynamic diameter by scattering light.
2.9. Resolution of the Separation. In chromatography, the

resolution of the separation (Rs) characterizes the separation between
two peaks with distinct retention times “t” in a chromatogram. The Rs
is fitted by Origin Pro with the function of “Peak and Baseline” using
the equation

R
t t

w w
2s

R2 R1

b1 b2
=

+

where tR is the retention time and wb is the peak width at the baseline.

3. RESULTS AND DISCUSSION
As described in Figure 1A, Sepharose CL-4B was selected
because its exclusion limit ranged from ∼7 × 104 to ∼2 × 107
Da, which was suitable to purify M13 DNA origami (∼4.8 ×
106 Da). For evaluating the resolution of separation, resins
were filled into three columns with tightly packed volumes at 5,
10, and 20 mL. The height of the packed resin is summarized
in Table 2. These packed columns were tested for separating

DNA origami assemblies from excess staple strands. In Figure
1B, driven by the gravity flow, the 5 mL column eluted the first
peak between 1 and 2 mL, and the second peak was eluted out
between 2.5 and 4.5 mL. The resolution of separation (Rs)
between the two peaks was ∼1.9, which was adequate for many
chromatography separations.29 AFM imaging showed that the
first peak was composed of DNA origami assemblies and the
second peak was mostly free staples or smaller assemblies. As
the resin volume increased to 10 mL, the resolution of
separation was improved to ∼2.4, with the first peak eluted out
between 2.5 and 3.5 mL and the second peak eluted out
between 5.5 and 9.5 mL. The resolution of separation for 20
mL resin volume was increased to ∼2.7; however, the elution
of the first peak spanned between 6 and 8 mL. The purity of
collected DNA samples was analyzed by agarose gel electro-
phoresis as shown in Figure 1C. For the commonly used
molecular weight cutoff filtration,15 after three washes, some
free ssDNA staples were still observed as lower and smeared
bands on the gel. In contrast, the resin-based size exclusion
collected purified DNA origami with complete removal of free
ssDNA. Figure 1D shows that the yield of collected DNA
origami varied between 47 and 61% for 5 mL packed resins,
which could be attributed to the distribution of DNA origami
in the second collected peak (Figure 1B AFM image). For 10
and 20 mL packed resins, the yield of collected DNA origami
was near 60% or more. Sepharose resin-packed columns also
allow for purifying large quantities of DNA samples. In Figure
1E, DNA origamis were loaded from 110 to 880 μg, and the
collection yields were all above 50−60%. Considering the
resolution of separation and the time consumed, we chose 10
and 20 mL resin-packed columns for later studies. The
Sepharose columns were also demonstrated for the reusability
by running three consecutive purifications with consistent
yields of 63−65% (Figure S4). It is important to note that the
collection yields of DNA origamis were calculated by dividing
the amount of purified DNA origami by the quantity of M13
DNA added in the initial crude mixture for the sample
preparation. Therefore, we present the overall yield of
assembled and purified DNA origami that combines the
synthesis and purification processes. We also evaluated the
recovery yield of the Sepharose column by flowing through
purified DNA origamis, which was increased to above 70%
(Figure S5). Besides rectangular origami, the purification of
triangular DNA origami was also demonstrated in Figure S6.
The concentrations of the collected DNA origami generally
ranged from 10 to 100 nM, depending on the initial amount

Table 2. Separation Resolution of DNA Origami (∼170 μg)
for Different Resin Volumes

resin volume (mL) length (cm) resolution (Rs) collection yield (%)

5 3.2 ∼1.9 52.3
10 6.4 ∼2.4 61.9
20 12.8 ∼2.7 59.7
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loaded for purification (Table S6). These concentration ranges
are suitable for a variety of applications, including enzyme
catalysis, biosensing, biophysics, and cell biology studies.
For many applications, it is necessary to functionalize DNA

nanostructures with bioactive ligands such as peptides,
enzymes, antibodies, and other proteins or small molecule
ligands.3−6,8 Therefore, the purification of functionalized
nanostructures is crucial to remove excess free ligands and
unwanted aggregates. Toward this end, we next evaluated the
separation of functionalized DNA origami structures from free
proteins using a Sepharose resin-packed column. In Figure 2A,
DNA origami was eluted out between 3 and 4.5 mL
(characterized by 260 nm absorbance), whereas color proteins
of GOx (160 kDa, characterized by 450 nm absorbance) and
HRP (44 kDa, characterized by 403 nm absorbance) were
eluted out after 6.5 mL. This result indicated that DNA
origami structures were well separated from free proteins by
passing the mixture through the Sepharose column. To prepare
protein-modified DNA origami, 20× excess DBCO-labeled PK
(240 kDa) was added to azide-labeled DNA origami solution
to ensure the high yield (∼93%) of the protein assembly. In
Figure 2B, the mixture was loaded to the 10 mL resin-packed
column to separate PK-modified DNA origami (3−4.5 mL,
A260/A280 > 1) from free, extra PK (6.5−11 mL, A260/A280
< 1). AFM imaging showed that most of the free proteins were
removed from the PK origami collection (Figure 2C). The
collection yield of PK origami was ∼57% of the original DNA
origami loaded for the purification. In Figure 2D, DLS
characterized that the hydrodynamic diameter of PK origami
(∼70 nm) was slightly increased as compared with DNA

origami (∼ 63 nm). With this purification, a more precise
measurement was carried out to evaluate the activity of
enzyme-modified DNA nanostructures. As shown in Figure 2E,
the unpurified enzyme and DNA origami mixture showed a
very high activity but reached saturation in 20 min because of
the presence of excess free enzymes. Purified PK origami
showed a steady activity, which was ∼4 times of free PK
activity. This result was consistent with the previous report that
DNA nanostructures could boost the activity of immobilized
enzymes.7,30 The detailed counting of PK immobilization on
DNA origami is shown in Figure S7.
We also tested the purification of antibody-immobilized

DNA origami by a Sepharose resin-packed column. As shown
in Figure 3A, IgG-immobilized DNA origami (6−8 mL) was
well separated from free IgG (12−19 mL). The collection
yields of IgG origami were ∼48−53% of DNA origami loaded
for the preparation. AFM imaging showed the high IgG
assembly yield (>90%) on the purified IgG origami for the
spacing distances of 25 nm (Figure 3B) and 70 nm (Figure
3C). Detailed origami structures for antibody immobilization
are described in Figure S3, and the analysis of IgG assembly
yield on DNA origami is shown in Figure S8. Using click
chemistry and Sepharose resin-based purification, we collected
the fraction of IgG origami with the precise assembly of
antibodies at designed positions for controlled spacing
distances. The radiolabeled IgG elusion test showed that all
origami structures carried a similar number of ∼3.2 IgG/per
origami (Figure S9). More AFM images of protein and IgG-
modified origami were included in Figure S10. Next, we used
IgG origami to study the spatial effect of the activation of

Figure 2. Purification of enzyme-modified DNA origami structures by 10 mL Sepharose resin-packed column: (A) DNA origami and free proteins
(GOX, 160 kDa and HRP, 44 kDa) and (B) PK-modified DNA origami and free PK (240 kDa). (C) AFM imaging of unpurified and purified
structures for PK-modified DNA origami. Scale bar: 400 nm. (D) DLS characterization of DNA origami (blue, d.(mean) ∼63 nm) and PK-modified
DNA origami (red, d.(mean) ∼70 nm). (E) Enzyme activities of an unpurified mixture, purified structures, and free enzymes. Error bar, range of three
replicates.
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complement protein reactions,31 which was a part of the innate
immune system. C3 is the most abundant complement protein,
and the activation of C3 results in the cleavage of C3 to
produce C3a, which is a soluble fragment, and C3b, which
forms adducts onto the surface nucleophiles (e.g., antibodies
immobilized on DNA origami). C3b adducts could also
catalyze more C3 cleavage at the nearby sites on the surface
(called the C3 amplification loop). In Figure 3D, fresh serum
was incubated with IgG-DNA origami for initiating C3a
production. IgG origami with a 25 nm spacing distance
triggered more C3a production than IgG origami with a 70 nm
spacing distance. This result suggested that the spreading of C3
reaction and C3 “amplification loop” on the surface was
affected by the spatial arrangement of surface nucleophiles, in
which the short distance between nucleophile sites spread the
C3 reaction more quickly on the surface of particles.

4. CONCLUSIONS
In summary, we have developed a rapid and robust method for
purifying DNA nanostructures by Sepharose resin-based size-
exclusion chromatography. We evaluated the separation
resolution and collection yield depending on the resin-packed
volume and sample loading quantity. The method has the
advantages of (1) simple in-house preparation and operation
driven by the gravity flow; (2) scale up to purify hundreds of
μg DNA nanostructures; and (3) consistent collection yield
∼50−70%. For smaller sample scale <100 μg, it could be
carried out by using less resin volume and more narrowly
packed column to increase the length of gel bed. We

demonstrated the usefulness of this method for purifying
enzyme-immobilized DNA origami, and purified nanostruc-
tures produced more precise activities for evaluating catalytic
performance. Further, we used this method to purify antibody-
immobilized DNA origami with controlled spacing distances
between antibodies. These precisely assembled antibody
nanocomplexes were used to study the distance-dependent
activation of C3 reaction on the surface of DNA origami. It
could help interpret the spatial dependent mechanism of
complement protein cascades for regulating immune response.
It should be noted that Sepharose resin is best suited for soft
nanostructures assembled by biomolecules, like nucleic acids,
lipids, peptides, and proteins. For inorganic solid nanoparticles
such as gold nanoparticles, they tend to be trapped in resins
and are difficult to elute out (Figure S11). The Sepharose
resin-based size exclusion can help address the technical
challenge of purifying DNA nanostructures or DNA-scaffolded
nanocomplexes on a large scale. This method can contribute to
the advancement of nucleic acid nanotechnology into various
applications, such as biocatalysis, smart materials, biosensing,
and therapeutics.
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*sı Supporting Information
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Example of packed column (Figure S1); DNA origami
maps (Figures S2 and S3); reusability of the column
(Figure S4); recovery yield of pure DNA origami

Figure 3. Purification of antibody-modified DNA origami structures. (A) Sepharose resin-packed column (20 mL) for the separation of IgG-
modified DNA origami and free antibodies. IgG-Origami 1 was designed with ∼25 nm spacing distance, and IgG-Origami 2 was designed with 70
nm spacing distance. (B) AFM characterization of unpurified and purified IgG-immobilized DNA origami for the spacing distance of 25 nm and
(C) 70 × 50 nm. Scale bar: 400 nm. (D) C3a production for IgG-labeled DNA origami with spacing distances of 25 and 70 nm. The control
origami without immobilized IgG was also tested. Error bar, range of three replicates.
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(Figure S5); purification of triangular DNA origami
(Figure S6); PK assembly yield on DNA origami (Figure
S7); IgG assembly yield on DNA origami (Figure S8);
elution analysis of radiolabeled IgG (Figure S9); AFM
images of various assembled nanostructures (Figure
S10); GNPs trapped within the column (Figure S11);
thermal annealing program for preparing DNA nano-
structures (Tables S1 and S2); DNA sequences (Table
S3−S5); and concentration of the collected sample
(Table S6) (PDF)
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