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Introduction

The effects of overhang placement and
multivalency on cell labeling by DNA origami+t
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Through targeted binding to the cell membrane, structural DNA nanotechnology has the potential to
guide and affix biomolecules such as drugs, growth factors and nanobiosensors to the surfaces of cells. In
this study, we investigated the targeted binding efficiency of three distinct DNA origami shapes to cultured
endothelial cells via cholesterol anchors. Our results showed that the labeling efficiency is highly depen-
dent on the shape of the origami as well as the number and the location of the binding overhangs. With a
uniform surface spacing of binding overhangs, 3D isotropic nanospheres and 1D anisotropic nanorods
labeled cells effectively, and the isotropic nanosphere labeling fit well with an independent binding
model. Face-decoration and edge-decoration of the anisotropic nanotile were performed to investigate
the effects of binding overhang location on cell labeling, and only the edge-decorated nanotiles were
successful at labeling cells. Edge proximity studies demonstrated that the labeling efficiency can be
modulated in both nanotiles and nanorods by moving the binding overhangs towards the edges and ver-
tices, respectively. Furthermore, we demonstrated that while double-stranded DNA (dsDNA) bridge
tethers can rescue the labeling efficiency of the face-decorated rectangular plate, this effect is also
dependent on the proximity of bridge tethers to the edges or vertices of the nanostructures. A final com-
parison of all three nanoshapes revealed that the end-labeled nanorod and the nanosphere achieved the
highest absolute labeling intensities, but the highest signal-to-noise ratio, calculated as the ratio of overall
labeling to initiator-free background labeling, was achieved by the end-labeled nanorod, with the edge-
labeled nanotile coming in second place slightly ahead of the nanosphere. The findings from this study
can help us further understand the factors that affect membrane attachment using cholesterol anchors,
thus providing guidelines for the rational design of future functional DNA nanostructures.

allows numerous applications in drug delivery, presentation of
growth factors, and the creation and delivery of nucleic acid-

DNA origami is a self-assembly technique for folding long
single-stranded DNA (ssDNA) “scaffolds” into one-, two-, or
three-dimensional nanoshapes typically using around 200
unique short ssSDNA “staples”.’?

These nanostructures can be decorated like breadboards
with nanometer-scale control over the placement of biological
molecules, fluorophores, and other nanoparticles.*”

Incorporation of flexible and responsive elements further
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based nanobiosensors and nanorobots.>®

The aforementioned capabilities have enabled both quali-
tative and quantitative studies with emerging applications that
are difficult to achieve through other means, one of which is
the interface with cellular membranes.” Cellular membranes
are crucial for cell functionalities like cell communications,
mobility, proliferation and differentiation.®** For applications
that target cellular membranes, such as force sensing™ and
delivery of drugs that target membrane-bound proteins,* it is
critical to attach functional DNA nanostructures to the exterior
surface of the membrane. Utilizing hydrophobic molecules
like cholesterol tags as anchors is one of the most commonly
used methods.*™® Among which, a two-step approach was
usually applied when introducing DNA nanostructures to the
cell surface: first, the lipophilic cholesterol molecules are co-
valently conjugated to small stretches of hydrophilic ssDNA,
which allows insertion of these amphiphilic initiators into the
lipid bilayer’s hydrophobic core. Then DNA nanostructures
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carrying complementary ssDNA hybridize with the cholesterol-
ssDNA initiators, leading to the attachment to the
membrane.””?! This approach helps avoid aggregation of DNA
nanostructures otherwise caused by conjugated hydrophobic
cholesterol groups.*>*® Researchers have also been investi-
gating factors that affect the membrane attachment, such as
the number and nanoscale spatial distribution of anchors on
DNA nanostructures, using artificial membrane like giant uni-
lamellar vesicles (GUVs) as model system.>*>* Furthermore,
using spacers, ssSDNA or dsDNA that elongate the distance of
anchors to DNA nanostructures, has been shown to provide
the conformational flexibility through attachment chemistry,
enhancing the accessibility to the initiators and thus increas-
ing the attachment efficiency.”®

However, translating attachment strategies on GUVs to the
cellular plasma membrane is a more complex challenge and
thus different design rules may be necessary for targeting DNA
nanostructures to cells. The cell membrane offers numerous
receptors for targeted attachment,”” but navigating DNA nano-
structures through the crowded cell surface environment is a
critical challenge, since the surfaces of many prokaryotic and
eukaryotic cells, including endothelial cells, are coated with a
glycocalyx layer composed of glycoproteins and glycolipids.”®
This glycocalyx has diverse biological roles as a regulator of
inflammation,”® a modulator of capillary red blood cell
filling,>* and a protective barrier. For this reason, we hypoth-
esized that the shape and placement of binding ligands on
DNA origami would be critical to cellular attachment. Further,
in this work we sought understand the role of targeted versus
non-targeted adhesion, because there can be substantial mem-
brane interaction and resulting cellular uptake of non-target
DNA origami.’** Live cells constantly uptake nanostructures
around the membrane nonspecifically. This uptake, however,
has been shown to be highly dependent on the cell types as
well as the size, shape, and decoration of DNA nanostructures
with no universal behavior pattern reported. For example,
Bastings et al. studied the endocytosis of 11 distinct DNA
origami shapes that were coated with oligolysine(K10)-PEG(5K)
for enhanced stability, finding that DNA origami with greater
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compactness were preferentially internalized compared with
elongated, high-aspect-ratio ones.** In contrast, Wang et al.**
investigated uptake of four distinct undecorated DNA origami
shapes by multiple human cancer lines and found nearly the
opposite trend, that larger and elongated structures were taken
up more efficiently.

Membrane embedding has also emerged as a powerful tool
for programming cell-cell interactions.?**® Akbari et al. have
demonstrated that cholesterol-embedding and attachment of
DNA origami breadbroads via a tether can be used as a univer-
sal method for targeting cellular membranes,*' but to date,
design rules for tether-free binding of DNA origami via chole-
sterol-embedding have not been elucidated.

The high level of nanoscale geometric control within DNA
origami makes it possible to systematically investigate the role
of local shape and ligand placement on targeted origami
binding to cells.””** Studies on cellular and artificial mem-
branes using receptor binding suggest that copy number, posi-
tion and spacing of ligands are critical to enhance binding
efficiency.”**° Therefore, in this work, we systematically inves-
tigated the nanostructure shape, as well as the origami-based
multivalency and positioning of binding overhangs to modu-
late binding efficiency through cholesterol-mediated mem-
brane embedding. All studies were performed on human
umbilical vein endothelial cells (HUVECS), a cell type that is
particularly relevant for future vascular studies.

Results

Here we designed three DNA origami shapes: a rectangular
nanotile, a nanorod and a wire-framed nanosphere. Each of
the three shapes was folded from a M13mp18 scaffold with a
set of approximately 200 unique staple sequences."” Therefore,
the three nanostructures with distinct dimensions and shapes
have similar molecular weights. Atomic force microscopy
(AFM) images indicated successful formation of these shapes
(Fig. 1). The detailed design and sequence information of each
origami is provided in Fig. S1-S7.}
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Fig. 1 The design of the three DNA origami shapes. We have designed
and synthesized three distinct DNA origami shapes including a nanotile,
nanorod, and a nanosphere with similar molecular weights. The AFM
images indicated successful formation of the origami structures. Scale
bars: 100 nm.

Using a two-step cholesterol anchoring technique,*! we tar-
geted the DNA origami to the plasma membrane of our model
cell type, cultured HUVECs. In the first step of this process,
cholesterol-conjugated ssDNA oligonucleotides or “initiators”
were introduced into cell culture with the hydrophobic moiety
cholesterol on the initiators inserted into the middle plane of
the lipid bilayer via hydrophobic interaction.’®*® Subsequently,
the DNA origami with complementary ssDNA could hybridize to
the cell surface-tethered initiator oligonucleotides (Fig. 2a). To
avoid potential hydrophobic effects of fluorophore decoration
during self-assembly,>*>" each DNA origami nanostructure was
pre-annealed with 35 biotin tags to allow post-assembly fluo-
rescence decoration. After cell fixation, origami was stained by
introducing Alexa Fluor 647-labeled streptavidin (SA647) that
binds to biotin. Thus the labeling efficiency of DNA origami to
the cell membrane can be quantified by measuring the fluo-
rescence intensity of SA647 binding. In this study we utilized
both fluorescence microscopy and spectrophotometer micro-
plate reader studies to assess labeling efficiency (Fig. 2).
Spectrophotometer microplate reader measurement was used to
quantify the fluorescence intensity of the whole well area, pro-
viding a time-efficient approach for the assessment of labeling
effectiveness. In addition, using a plate reader allows a direct
readout from the cultured endothelial cells. The fluorescence
intensity read from the spectrophotometer microplate reader
represents the labeling efficiency of DNA origami to the cell sur-
faces and the microscope images were used to observe and
confirm the cell morphology. In each experiment, we also
carried a condition without the cholesterol-ssDNA initiators as a
control signal, wherein the DNA origami were not targeted to
the cell surface and only attached to the cell surface in a non-
targeted manner. We define effective targeted labeling (the
signal) as that which provides greater than a twofold increase
beyond the non-targeted initiator-free condition (the noise).

This journal is © The Royal Society of Chemistry 2021
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To investigate how geometries and multivalency regulate
cell surface targeting, we engineered an isotropic nanosphere
and an anisotropic nanorod with an approximately uniform
distribution of binding overhangs, from 1 to 28. The agarose
gel and AFM results confirmed the origami nanostructures
were intact before being introduced to cells, and the actual
number of binding sites correspond to the design, see Fig. S8—
S15.7 For the isotropic nanosphere, if we assume that the
binding probability of each overhang is independent, we can
model the relationship of binding intensity versus the number
of binding overhangs with eqn (1). This equation states that
the labeling intensity I is proportional to the probability of at
least one overhang binding.

I=TImax[1—(1-p)] (1)

Inmax is the maximum labeling intensity assuming all
origami structures were captured and attached to the cell
surface, p is the probability of membrane binding for a single
binding overhang, and »n is the number of binding overhangs
on each DNA origami nanoshape.

As shown in Fig. 2b, we found that increasing the number
of binding overhangs on the DNA origami nanospheres could
effectively increase their affinity to the cell surface resulting in
more than a twofold change above the initiator-free control
signal. Given the nature of this model, it is clear that there are
diminishing returns for increasing labeling intensity using
large numbers of overhangs. To identify a critical number of
overhangs for effective labeling, we define a parameter that
represents the number of overhangs needed for 50% of
maximal labeling (L50). This parameter can serve as a guide-
line for DNA nanostructure designers. Extracting the L50 from
a nonlinear regression analysis of the nanosphere data fit to
eqn (1), we find that the L50 for the nanosphere is 6 binding
overhangs.

While the nanorod labeling trend was qualitatively similar
to the three-dimensional (3D) nanosphere, the assumption of
independent and equal binding probabilities can not be
applied to the 1-dimensional (1D) nanorod due to its an-
isotropy. That is, we would expect the location of the binding
overhangs to impact their binding probabilities. To under-
stand the role of anisotropy, we next investigated a two-dimen-
sional (2D) plate-like nanotile which has sharp edge regions
and flat face regions. We make the assumption that overhangs
on edges have uniform binding probabilities that are distinct
from the uniform binding probabilities of overhangs on flat
face regions. Accordingly, we hypothesized that increasing
numbers of binding overhangs would likely result in higher
fluorescence, but that face decoration and edge decoration
might result in different levels of labeling efficiency.

To assess the relative labeling efficiency of overhangs on
edges versus faces, two populations of nanotiles were prepared:
face-decorated nanotiles with up to 28 binding overhangs
(Fig. 3a) and edge-decorated nanotiles with up to 12 binding
overhangs (number limited due to the total number of staple
sequences available on the edge of the nanotile). For these

Nanoscale, 2021,13, 6819-6828 | 6821
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Fig. 2 Targeting DNA origami to cells through a two-step targeting via cholesterol anchors: increasing the number of binding overhangs on the
nanosphere and nanorod improves the cell labeling efficiency in a nonlinear fashion. (a) The cartoon shows the two-step approach to target the
DNA origami with binding overhangs to the surface of human umbilical vein endothelial cells (HUVECs). Cholesterol-modified ssDNA were first intro-
duced to anchor within the lipid bilayer of the membrane. Next, DNA origami nanostructures with biotin tags and complementary ssDNA binding
overhangs were introduced to hybridize with the anchor strands and label the membrane. To assess binding efficiency, the cells were fixed and
stained with Alexa Fluor 647-labeled streptavidin (SA647). (b) DNA origami nanospheres and (c) nanorods were prepared with up to 28 approximately
uniformally-spaced ssDNA binding overhangs. Fluorescence intensity studies quantified by spectrophotometer microplate reader indicated that for
both shapes labeling efficiency increased nonlinearly with increasing multivalency. The nanorod and nanosphere both provided strong labeling,
requiring as few as 2 or 4 binding overhangs, respectively, to achieve an initiator : initiator-free (signal : noise) ratio greater than two. On the fluor-
escence microscope images, red: SA647 channel that indicated DNA origami labeling of cells; blue: Hoechst channel that showed the nuclei of the

cells. Error bars were calculated from the standard deviation from the triplicate data. Scale bars: 20 pm.

studies the face-decorated nanotiles performed notably worse
than the edge-decorated nanotiles. For all numbers of face-
decorated binding overhangs, the fluorescence signal intensity
did not exceed twice than that of the initiator-free control
group and therefore did not effectively label the cell mem-
branes (Fig. 3a). In contrast, edge-decorated nanotiles were
able to effectively label the cell surface with as few as four
binding overhangs resulting in labeling more than four times
that of the initiator-free control. The L50 of the edge-decorated
nanotiles was found to be 4 binding overhangs.

This result is consistent with a “corner attack” approach, as
has been described previously.**** For this model of approach,
the sharp or “pointy” portions of a DNA nanostructure like the
vertices of the nanorod or edges of the 2D nanotile interact
more directly with the membrane. Furthermore, this result
may simply reflect the practical challenges of approaching the

6822 | Nanoscale, 2021, 13, 6819-6828

cell membrane that is crowded with glycoproteins of the glyco-
calyx. Our results suggest that the crowded membrane inhibits
binding at the face of nanotiles, and only binding overhangs
near the edge of nanotiles can access the initiators on the
membrane.

To test the hypothesis that proximity to the edge or end of
DNA nanostructures modulates labeling efficiency, we must
relax the previous assumption that all face-decorated binding
overhangs have the same binding probabilites. We synthesized
both anisotropic shapes, 1D nanorods with sharp ends and 2D
nanotiles with sharp edges, each with a group of binding over-
hangs at increasing distances from one end or edge, respect-
ively (Fig. 4a and b). The nanorods were decorated with three
binding overhangs with the closest distance to the end ranging
from 0 nm to 175 nm (Fig. 4a). Unlike our previous valence
study on the nanorod (Fig. 2b), which always had at least one

This journal is © The Royal Society of Chemistry 2021
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Fig. 3

Increasing the number of binding overhangs on the edges of the nanotiles is more effective than face decoration for cell surface targeting.

DNA origami nanotiles were prepared with (a) up to 28 ssDNA binding overhangs on one face and (b) up to 12 ssDNA binding overhangs on two
opposite edges. As with the nanorods and nanospheres, fluorescence intensity studies indicated that labeling efficiency increased with increasing
multivalency. However, the labeling of face-decorated nanotile were ineffective with no more than twice the initiator-free control for all numbers of
binding overhangs. Edge-decoration of nanotiles, however, did result in effective cell labeling with as few as four binding overhangs. This indicates
that edge-decoration with binding overhangs is a tether-free approach for rescuing the labeling efficiency of nanotiles. On the fluorescence micro-
scope images, red: SA647 channel; blue: Hoechst channel. Error bars were calculated from the standard deviation from the triplicate data. Scale

bars: 20 pm.

binding overhang at the end, this end proximity test only
demonstrated effective labeling greater than twice the initator-
free control signal for the binding overhangs located 0 nm
from the end. This suggests that valence is not enough to
predict labeling efficiency and proximity to the end is also
critical to ensure the nanorod binding. The data was analyzed
with one-way ANOVA analysis with post hoc Tukey’s test and the
P values between neighbor conditions was shown in Fig. 2.
The full table of the P value can be found in Fig. S17.

The analogous investigation for our 2D nanotile was per-
formed by decorating the tile with rows of six overhangs at dis-
tances ranging from 0 nm to 40 nm from the edge. This study
likewise demonstrated that valence is not the only factor in
predicting labeling efficiency by the nanotile. Effective labeling
greater than twice the initiator-free control signal was similarly
only observed for the nanotiles with a row of binding over-
hangs right on the edge (Fig. 4b). These findings demonstrate
that nanorods and nanotiles with a small number of binding
overhangs can effectively label the cell membrane, but labeling
efficiency is dependent on proximity to the end or edge of the
nanostructure.

Previous studies have demonstrated that long bridge
tethers could improve binding, providing a universal method
for membrane labeling.’® To confirm the utility of this
approach and test its dependence of edge proximity, nanotiles

This journal is © The Royal Society of Chemistry 2021

were decorated with rows tethering “bridges” at positions
0 nm to 40 nm from the edge. These bridge tethers consist of
80 base-pair dsDNA or approximately 27 nm in length. As
shown in Fig. 4b, the presence of both the initiator and the
bridge tether resulted in efficient labeling that gradually
decreased with distance from the edge. Surprisingly, the label-
ing was effective even when the distance from the edge was
greater than the length of the tether. In fact, all bridge tether
conditions resulted in effective labeling greater than twice the
initiator-free controls. This result indicates that effective
tether-mediated labeling is dependent on both the presence of
and the location of the bridge tethers. This work finds,
however, that bridge tethers are not necessary for efficient cell
labeling by nanotiles with edge-located binding overhangs.
Further, bridge tethers can rescue labeling efficiency on nano-
tiles, but labeling is greatest for edge-located bridge tethers.
Finally, to provide a direct comparison of all three shapes
and the location-specific labeling approach in a single experi-
ment, we decorated cells with representative conditions of
each nanoshape. As shown in Fig. 4c, for consistency we
applied six binding overhangs in each of the conditions, and
for the anisotropic nanotiles and nanorods, we tested two
extreme conditions with the binding sites at the end/edge and
in the middle. This ensemble study confirms that edge-labeled
nanotiles and end-labeled nanorods can efficiently label cells,

Nanoscale, 2021,13, 6819-6828 | 6823
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the end of the nanorod. For cases with 35 nm and farther from the end, the labeling efficiency was not twice the initiator-free control signal. (b) For
an analogous 2D study, nanotiles were prepared with rows of six binding overhangs located from 0 nm to 40 nm from the edge. Labeling with these
nanotiles was only effective at greater than twice the initiator-free control signal when the row of binding overhangs was located at the edge. When
binding overhangs were extended from the nanotile with 80 base pair long bridge tethers, labeling efficiency for all cases was effective. However,
labeling efficiency did decrease with increasing distance from the edge even for the rescued bridge tether conditions. To test the dependence of
labeling efficiency on proximity to the edge, one-way ANOVA analysis with post hoc Tukey's test was run with Prism Graphpad on the neighboring
data for those conditions with initiator. ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001. (c) A direct comparison the labeling efficiency of the three
shapes and extreme labeling locations is provided. For consistency each DNA origami shape was decorated with six binding overhangs, and the
resulting labeling efficiencies show that end-labeled nanorods, nanospheres, and edge-labeled nanotiles efficiently labeled the cells. Centrally-
located overhangs on anisotropic shapes did not result in strong labeling. The highest signal : noise ratio from the initiator : initiator-free condition
was achieved by the end-labeled nanorod, with the edge-labeled nanotile coming in second place slightly ahead of the nanosphere. On the fluor-
escence microscope images, red: SA647 channel; blue: Hoechst channel. Scale bars: 20 pm.

while centrally-labeled nanotiles and nanorods are unsuccess-
ful. Maximum labeling intensities were achieved by the end-
labeled nanorod and the nanosphere. However, the highest
signal : noise ratios calculated as the ratio of overall labeling to
initiator-free background labeling, was achieved by the end-
labeled nanorod, with edge-labeled nanotile coming in second
place slightly ahead of the nanosphere.

6824 | Nanoscale, 2021,13, 6819-6828

Discussion

In this work, we labeled HUVECs with three distinct DNA
origami shapes, a nanosphere, a nanorod, and a nanotile
using a two-step cholesterol anchoring process. This approach
has numerous applications in the presentation and delivery of
drug molecules, growth factors, and nanobiosensors to the

This journal is © The Royal Society of Chemistry 2021
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surfaces of cells. In order to elucidate the design rules for
nanostructure decoration to maximize labeling efficiency we
investigated the effects of both geometry and valence on the
efficiency of cell labeling.

First, we demonstrated for the nanospheres and nanorods
that increasing the number of approximately uniformally-
distributed binding overhangs effectively increased the label-
ing efficiency in a non-linear fashion. The trend for the iso-
tropic nanosphere agreed with a model wherein the binding
probability of each overhang is independent. Our L50 metric
provides a design guideline for future researchers aiming to
achieve efficient labeling with a small number of overhangs.
The L50 of 6 for the nanosphere indicates that only 6
binding overhangs are needed to achieve maximal labeling
intensity.

Simply increasing the number of binding overhangs on a
2D nanotile, however, did not universally increase labeling
efficiency. None of the face-labeled nanotiles with up to 28
binding overhangs were able to efficiently label the cell mem-
brane. Whereas, nanotiles with as few as four edge-located
binding overhangs were able to effectively label the cell mem-
branes. More careful investigation of this edge-proximity effect
revealed that labeling efficiency with both nanorods and nano-
tiles is highly dependent on the spatial placement of binding
overhangs: a small number of binding overhangs at the end or
edge of the nanostructures resulted in effective labeling, while
labeling was not effective for other distances from the end or
edge. This finding suggests that the labeling efficiency is
highly dependent on the location of binding overhangs, and
that we can potentially rescue the labelling performance of
certain shapes like the nanotile by moving the binding over-
hangs to the pointy regions. Efficient labeling strategies for an-
isotropic nanorod and nanotile are particularly important
because, when end- and edge-labeled, these shapes achieved
higher signal:noise ratios than the isotropic sphere.
Additional labeling improvements for nanotiles can be realized
by utilizing bridge tethers. However, even though a bridge
tether was able to rescue the labeling efficiency of the binding
overhangs far away from the edge of the nanotile, the labeling
efficiency did decrease with the proximity to edge.

Future studies of DNA origami on cell membranes may
require the nanostructures to make direct contact with and
through the cell membrane, and for those studies bridge
tethers or tethers would not be effective. It is therefore an
important finding that bridge tethers may not be necessary for
labeling cell membranes if binding overhangs are located near
sharp nanostructural features like ends, corners and edges.

Previous simulation work® by Ding et al. and TEM investi-
gations®® by Wang et al. that studied the process of a non-
specific cell uptake of DNA origami nanorods and tetrahedra
found that these nanostructures demonstrate a “corner attack
mode” whereby nanostructures enter membranes corner-first.
Our result extends their findings for targeted binding to cellu-
lar membranes and suggests that locating binding overhangs
at the “pointy” regions of DNA origami nanostructures can
increase labeling efficiency.

This journal is © The Royal Society of Chemistry 2021
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We speculate that the end- and edge-preferred interaction
mode between the DNA origami and lipid membrane may be
due to a combination of glycocalyx repulsion and the geo-
metric hindrance. Negatively charged nucleic acids experience
electrostatic repulsion from the glycocalyx on the cell
surface.”® Additionally, from the literature, the glycocalyx on
cultured HUVECs is reported to have a zone of interaction
around 20-30 nm,** which is comparable to the dimension of
the tether and the DNA origami we used. Approaching the cell
membrane with the end or the edge may therefore reduce the
electrostatic repulsive force. Similarly, nanostructures with
tether attachments may further be able to circumvent geo-
metric and charge-based barriers.

Our study further reveals the requirements for an efficient
membrane attachment of DNA nanostructures through a two-
step cholesterol anchoring technique, and future studies
should investigate whether these findings hold for other
hydrophobic and membrane-bound protein anchors. The geo-
metry of the structure, the valency and spatial positioning of
binding overhangs, and the usage of bridge spacer or tether
must all be taken into consideration for the rational design of
membrane-targeting nucleic acid-based nanomaterials and
nanobiosensors.

Methods

Preparation of DNA origami

The DNA origami nanotile and nanorod were designed using
CaDNAno.>® For the nanosphere design, we used the vHelix-
generated structure described by Benson et al. in 2015.*” The
detailed staple sequences are listed in the Fig. S4-S7.T Each
DNA origami shape was folded from a M13mp18 scaffold
(Bayou Biolabs) together with a set of about 200 distinct and
carefully designed short ssDNA sequences (purchased from
Integrated DNA Technologies, Inc.). The scaffold and staples
were mixed following the conditions described in Table 1 in 1x
TAE buffer. For the DNA origami nanostructures with the
dsDNA bridge spacer, 1 pM of bridge sequences were added to
the annealing mixture.

The annealing ramps to form the DNA origami were per-
formed in a MiniAmp™ Plus Thermal Cycler. The details of
the ramps are as follows.

For the origami nanotile:

90 °C for 5 min

90 °C-70 °C, decrease 0.1 °C per 6 seconds
70 °C-45 °C, decrease 0.1 °C per 30 seconds
45 °C-30 °C, decrease 0.1 °C per 6 seconds

Table 1 The annealing condition for each of the DNA origami shape

Name Scaffold (nM) Staples (nM) MgCl, (mM)
Nanotile 20 100 12.5
Nanorod 10 100 12.5
Nanosphere 10 100 20

Nanoscale, 2021,13, 6819-6828 | 6825
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30 °C-4 °C, decrease 0.1 °C per 3 seconds
Hold the sample at 4 °C.
For the DNA origami nanorod and nanosphere:
80 °C for 5 min
80 °C-65 °C, decrease 0.1 °C per 24 seconds
65 °C-24 °C, decrease 0.1 °C per 6 minutes 18 seconds
24 °C-4 °C, decrease 0.1 °C per 18 seconds
Hold the sample at 4 °C.
The annealed origami was precipitated by centrifugation at
10 500g for 25 minutes in a buffer containing 7.5% PEG 8000
(Sigma-Aldrich), 10 mM MgCl,, 255 mM NaCl, 22.5 mM Tris,
10 mM acetic acid, and 1 mM EDTA mixture. The supernatant
was removed and the pellet was reconstituted to 15 nM using
1x PBS buffer with 12.5 mM MgCl,. The purified DNA origami
was stored at 4 °C for no more than 24 hours before appli-
cation to cells.

Agarose gel electrophoresis

15 pl of 15 nM purified DNA origami samples were analyzed by
electrophoresis in 2% agarose gel in 1x TBE with 12.5 mM
MgCl, at 100 V for 1.5-2 hours in a cold room, stained with 1x
SYBR Safe DNA gel stain (Invitrogen), and imaged with Bio-rad
ChemiDoc Imaging System.

Atomic force microscopy

DNA origami samples was diluted to 2 nM (0.5 nM for the
nanorod) in 1x PBS with 12.5 mM MgCl, for purified samples.
For unpurified samples, see Table 1. 10 pL diluted DNA
origami structures was deposited onto a freshly cleaved mica
surface, incubated at room temperature in a humid chamber
for 5 minutes, and blow-dried with nitrogen. The sample was
washed twice with 20 pL DI water and thoroughly blow-dried
with nitrogen before imaging. The AFM scan was performed
on a MFP-3D-BIO AFM (Asylum Research) with a 5 nm AFM tip
(NanoAndMore) in tapping mode.

Labeling HUVECs with DNA origami through cholesterol
anchoring

15 nM DNA origami in 1x PBS with 12.5 mM MgCl, was diluted
into 3 volumes with endothelial cell growth medium-2 (EGM2,
Lonza) medium right before application to cells at 5 nM.
HUVECs (purchased from Lonza, tested negative for myco-
plasma contamination) were maintained in EGM2 medium in
gelatin-coated tissue-culture flask. 50000 cells of passage 4
HUVECs were plated in each well of a 96-well plate and cultured
for 6-9 hours before introduction of the origami. Three repli-
cated wells were analyzed for each experimental condition. Cells
were incubated with 0.5 pM cholesterol-ssDNA (IDT) initiator in
EGM2 media for one hour at 37 °C. For the control wells, we
added the EGM2 medium without the initiator instead.
Subsequently, all wells including the test and control wells were
then incubated in 5 nM diluted DNA origami at 37 °C for half
hour and then fixed with 4% paraformaldehyde (PFA) in 1x
PBS. The fixed cells was then passivated with 1% bovine serum
albumin (BSA, Fisher BioReagents) in 1x PBS with Ca®" & Mg**
for half an hour and stained with 4 pg ml™" streptavidin-Alexa
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Fluor 647 (Invitrogen) and 1% BSA in 1x PBS with Ca®>" & Mg>*
for half an hour. The fluorescence signal was read in a
Molecular Devices SpectraMax i3X microplate reader. The
microscope images of the cells were imaged with a Nikon Ti2
system with a 20x objective, a Cy5 filter cube and a Prime 95B
Photometrics camera.

Statistical analysis

All the cell experiments were performed with triplicate wells
and the result was averaged from the data with error bars as
the standard deviation. All cell experiments and gel results was
performed at least twice in different days with the similar
trend. And the data shown in this paper was a representative
one. The data analysis was performed with Prism Graphpad.
The P value was obtained from one-way ANOVA analysis with
post hoc Tukey’s test with Prism Graphpad.
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