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rbitrary DNA origami structures

containing typically 500000 atoms

can be assembled with prede-
signed 1-, 2- or 3-dimensional shapes.'® In
our studies we have used a rectangular 2D
DNA origami' adsorbed on a mica surface.
This template can be applied for arranging
proteins,®~'° nanoparticles''2 and carbon
nanotubes' with well-defined geometries.
It offers an attractive opportunity to make
single molecule studies of multicomponent
systems using atomic force microscopy
(AFM) since the individual components can
be distinguished by their detailed position
on the 100 X 70 nm? origami platform.

Previously, single molecule DNA hybrid-
ization assays'® and protein affinity stud-
ies'® have been reported and single mol-
ecule super resolution optical studies have
been performed on a fluorophore-modified
origami." Furthermore, we recently showed
that the DNA origami template can be used
to study single molecule chemical reactions
by AFM.®

Here, we use a DNA origami template
to monitor aspects of singlet oxygen behav-
ior, the latter having been produced upon
irradiation of a single singlet oxygen photo-
sensitizer molecule on the DNA origami
surface.

Singlet oxygen ('0,) is the first electroni-
cally excited state of molecular oxygen and
its physical and chemical properties have in-
trigued the scientific community for
decades.'”'® Singlet oxygen has a character-
istic chemistry, which differs from that of
the triplet ground state of oxygen, and in-
cludes specific oxygenation reactions of or-
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ABSTRACT DNA origami, the folding of a long single-stranded DNA sequence (scaffold strand) by hundreds of
short synthetic oligonucleotides (staple strands) into parallel aligned helices, is a highly efficient method to form

advanced self-assembled DNA-architectures. Since molecules and various materials can be conjugated to each of

the short staple strands, the origami method offers a unique possibility of arranging molecules and materials in

well-defined positions on a structured surface. Here we combine the action of light with AFM and DNA

nanostructures to study the production of singlet oxygen from a single photosensitizer molecule conjugated to a

selected DNA origami staple strand on an origami structure. We demonstrate a distance-dependent oxidation of

organic moieties incorporated in specific positions on DNA origami by singlet oxygen produced from a single

photosensitizer located at the center of each origami.
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ganic molecules. It is furthermore involved
in a wide variety of biological processes, in-
cluding events that result in cell death.®

To our knowledge, singlet oxygen has
thus far only been monitored subsequent
to its production from large populations of
sensitizers. One possible exception stems
from the work of Naito et al.'® where sin-
glet oxygen was generated photocatalyti-
cally at a TiO, surface and detected at the
single-molecule level using a fluorescent
probe. As such, the single molecule photo-
sensitized work reported herein provides a
unique perspective of singlet oxygen
behavior.

In our current experiment, a single in-
dium pyropheophorbide singlet oxygen
photosensitizer? (IPS) is conjugated to a
staple strand placed in the middle of the
rectangular DNA origami (Figure 1, see Sup-
porting Information for details).

To monitor the singlet oxygen pro-
duced at this point in space, we judiciously
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Figure 1. Schematic presentation of the origami structure with modified staple strands. The centrally positioned staple strand
is modified with an IPS (green ball). The other 5 extended staple strands are modified with biotin (blue triangle). A '0, cleav-
able (SOC) linker molecule (red rounded rectangle) is incorporated into the four staple strands positioned along the seam
of the origami, whereas the remaining strand acts as a reference.

placed biotinylated oligonucleotides containing a sin-
glet oxygen cleavable (SOC) linker in four positions on
the origami surface (Figure 1). The '0, sensitizer (IPS)
and acceptors (SOC linkers) are thus completely sepa-
rated spatially. A noncleavable biotinylated oligonucle-
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Figure 2. Schematic presentation of the molecular system.
(a) Origami during irradiation; singlet oxygen is produced by
the centrally positioned IPS and diffuses away from the IPS
to react with the SOC linkers. (b) The result of a reaction with
one of the SOC linkers is shown. Longer irradiation time re-
sults in cleavage of more SOC linkers. (c) Origami after irra-
diation and streptavidin addition. The remaining biotins are
steptavidinated (yellow balls) and can thus be visualized with
AFM.
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otide was also positioned in the corner of the origami
for reference.

The IPS is excited upon irradiation, and, because of
the presence of molecular oxygen in the aqueous buffer
covering the origami, the electronically excited IPS is
quenched very efficiently in a process whereby energy
is transferred from the excited state IPS to ground state
oxygen to produce singlet oxygen. In this process, the
IPS returns to its ground state and can thus be excited
again and produce more singlet oxygen (Figure 2).

In an earlier study, we showed that the singlet
oxygen-mediated cleavage of individual linkers incor-
porated into biotinylated origami staple strands can be
monitored by AFM by binding streptavidin (SA) to the
biotin moiety.? The biotin—SA complexes can easily be
detected at nanoscale resolution since the streptavidins
appear as bright protrusions in AFM images of the
origami structures.”2"?2 The linker used in our previous
work®2 was, however, not cleaved efficiently enough to
provide useful data for the current study involving a
single singlet oxygen sensitizer. We thus employed a
recently-developed more reactive SOC linker (Figure 1—
see Supporting Information for details and Arian, D.;
Kovbasyuk, L.; Mokhir, A. A Fluorogenic Substrate for
Monitoring Singlet Oxygen in Live Cells. Submitted for
publication).

Our present experiment, in which singlet oxygen
produced in one highly localized spatial domain is de-
tected by a specific reaction in a separate spatial do-
main, is, effectively, a single molecule analogue of the
now classic experiment of Kautsky performed in 1931.2
In the latter, a sensitizer bound to a solid phase sup-
port was physically separated from a reactive trap like-
wise bound to a solid phase support. The seminal point
demonstrated by Kautsky was that singlet oxygen is a
metastabile reactive species that can diffuse over an ap-
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preciable distance before oxidizing a target substrate.
In our present study, we show that one can now directly
address nanoscale aspects of singlet oxygen diffusion
in aqueous media. Our approach should have signifi-
cant implications for the study of diffusion of singlet
oxygen in biological systems, particularly for spatially

resolved experiments performed at the level of a single
cell 18,25,26

RESULTS AND DISCUSSION

The DNA origami was assembled by folding the bac-
teriophage M13mp18 single-stranded DNA genome of
7249 nucleotides in the presence of >200 DNA staple
strands’ and the six strands modified with SOC-biotin,
the sensitizer, and the reference biotin, respectively
(Figure 1). The origami solution was treated with a 0.1
1M streptavidin containing buffer for 2 h, followed by
application of the solution to a mica surface. The surface
was imaged by AFM (Figure 3a—d) to reveal well-
formed rectangular origami, containing bright protru-
sions from the streptavidin, located exclusively in the
five expected positions at the origami surface.

The yield of the streptavidin—biotin binding reac-
tion is less than unity for each of the biotinylated posi-
tions, and therefore only few of the counted origamis
contain all five streptavidins (Figure 3). Furthermore, the
number of streptavidins at the origami decreases after
continuous AFM imaging, as a result of the dynamic
contact mode used in this procedure.

In our initial studies, the origamis were folded and
incubated with streptavidin in solution, deposited on
mica and imaged by AFM. Subsequently the immobi-
lized origami were irradiated and imaged again by
AFMZ2 This approach resulted in no observed cleavage,
which may be a result of the new SOC linker being fully
or partially embedded into the biotin binding pocket
of streptavidin. In this case, we suggest that the gener-
ated singlet oxygen reacts with the protein rather than
the embedded linker.?’ To circumvent this problem, the
functionalized origami samples as illustrated in Figure
1 were dispersed in a solution of aqueous buffer and ir-
radiated before the addition of streptavidin. Thereaf-
ter, streptavidin was added, and the samples were im-
mobilized onto mica for AFM imaging. In this way, only
noncleaved SOC-biotins are streptavidinated and im-
aged (Figures 2 and 3).

Of course, within the context of providing informa-
tion about spatially resolved events, the success of this
latter solution-based experimental approach depends
intrinsically on the absence of pronounced (a) “cross-
talk” between origami structures and (b) bending of a
given structure. We address these points as our discus-
sion proceeds.

Thus, in our experiment, the origami sample was
formed in solution, excess staple strands were removed
by filtration, and the solution was split into four samples
A—D. Sample A was incubated with streptavidin di-
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Figure 3. AFM images of origami with internal IPS: (a) overview
of mica surface with origami that have not been irradiated; (b)
three side-by-side origami, no irradiation; (c) overview of mica
surface with origami after irradiation; (d) image of origami af-
ter irradiation with external IPS (10 M) in solution.

rectly after filtration, immobilized on mica, and imaged
by AFM to provide a reference for the cleavage reaction.
For sample B, the sensitizer was irradiated for 90 min
followed by incubation with streptavidin and mica im-
mobilization for AFM imaging. Sample C was treated as
sample B but, before irradiation, a large excess of the
IPS sensitizer was added to the solution. A fourth
sample, D, in which there was no sensitizer present (in-
ternal or external) was prepared and treated like sample
B. Analysis of the four samples was performed by not-
ing the number and positions of streptavidins on each
origami. Depending on the experiment, the number of
origami examined ranged between 129 and 817. In cor-
relation with earlier observations, 90—95% of the
origami were found to be immobilized “face-up” on
the mica surface."® The results are summarized in Table
1 and Figure 4.

Comparing the numbers obtained from samples A
and B reveals that, as expected, the number of SOC-
linked SAs decreases upon irradiation of the sensitizer.
This indicates that the singlet oxygen-mediated cleav-
age reaction has occurred. In sample C, where IPS was
also present in large excess in solution (10 wM), the sub-
sequent AFM images revealed almost complete ab-
sence of streptavidins from the DNA origami surface.

TABLE 1. Data Obtained From AFM-Imaging of Samples
A-D

sample irradiation IPS  origami counted totalSA  refSA  SOC—SA
A - + 697 2319 597 1722
B + + 817 2288 693 1595
C + + 195 204 174 30
D + - 129 468 13 355
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Figure 4. Graphical presentation of the average number of
SAs in cleavable positions on each origami as well as the
noncleavable reference point. Upon irradiation the number
of SOC—SA is reduced, while the number of reference points
remains the same.

In the absence of the IPS sensitizer (sample D) no de-
crease in the SA count was observed.

The average values of 2.47 SOC—SAs/origami be-
fore irradiation and of 0.86 ref-SAs/origami correspond
to biotin—SA binding efficiencies that correlate well
with previously observed efficiencies.® Note that the av-
erage value of 2.75 SOC—SA/origami observed for
sample D, which contains no IPS, is higher than for
sample A. Although the numbers 2.75 and 2.47
SOC—SAs/origami are arguably the same within our
margin of error (Figure 4), this difference may also partly
reflect the effects of spurious irradiation during the han-
dling of sample A which contains the sensitizer.

The data obtained are consistent with the localized
production of singlet oxygen at the center of a given
origami, followed by the diffusion of singlet oxygen
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Figure 5. (a) Birds-eye schematic presentation of IPS origami; (b)
schematic presentation of non-IPS origami; (c) AFM image of
samples of mixed IPS- and non-IPS origami before irradiation.
Origami of both designs are seen lying side-by-side; (d) AFM image
of the sample after irradiation.
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Figure 6. Graphical presentation of average SOC—SAs on
IPS- and non-IPS origami before and after irradiation. The
numbers for IPS origami and non-IPS origami refer to
SOC—SA, while the reference point is noncleavable SA.

through the surrounding medium to the SOC linker. In
an independent, time-resolved singlet oxygen phos-
phorescence experiment, we ascertained that in the
aqueous buffer used, the lifetime of singlet oxygen did
not differ appreciably from that in neat water (~4 ps).
With this lifetime in mind, and assuming radial diffusion,
we calculate that after a time period, t, of 12 ps (i.e., 3
lifetimes, where ~5% of the original singlet oxygen
population will remain), singlet oxygen will have dif-
fused over a distance, d, of 380 nm (i.e., d = (6tD)"?,
where D = 2 X 107> cm? s~ 1 is the diffusion coefficient
of oxygen in water).2® Of course, any quenching of the
singlet oxygen by the origami DNA will shorten the sin-
glet oxygen lifetime and, hence, decrease the diffusion
distance accordingly (see further discussion which fol-
lows).

For the origami templates used in our study, the dis-
tances from the '0, sensitizer to the edges of the
origami are 35 and 50 nm, respectively. Despite the
fact that the 380 nm diffusion distance of singlet oxy-
gen noted above is much larger than the dimension of
a given origami, our experiments were performed at a
sufficiently dilute origami concentration that singlet
oxygen produced on one origami should not partici-
pate in the cleavage of SOC linkers on another origami.
On the other hand, if origami aggregation occurs, one
could indeed observe oxidative “cross-talk” between
origamis.

To investigate the significance of this latter effect,
IPS-free origamis were added to our system. These IPS-
free samples were constructed such that the noncleav-
able biotinylated reference point was put in a different
position, thereby allowing us to readily distinguish
these samples in an AFM imaging experiment (Figure
5a—d).

As seen in Figures 5 and 6, cleavage of the linker
clearly occurred on the IPS-containing structures, as ex-
pected, whereas there was no cleavage of linkers on
the IPS-free structures. Thus, cross-talk between origami
must not occur under our experimental conditions
and, by inference, the origami do not aggregate such
as to adversely affect our study.
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Figure 7. Top: Birds-eye schematic presentation of the
streptavidinated origami structure. | = interior SOC—SA, P
= peripheral SOC—SA, R = reference SA (noncleavable). Bot-
tom: graphical presentation of the distance-dependent re-
moval of SA on the origami. The data are normalized with re-
spect to the number of SAs before irradiation.

For our experiments, which are performed under
conditions of steady-state irradiation, we will produce
a corresponding steady-state gradient of '0, concentra-
tion which decreases as the distance from the IPS in-
creases. Thus, the probability of singlet oxygen react-
ing with an SOC linker far away from the IPS should be
less than that for an SOC linker close to the IPS. To inves-
tigate this, we compared the cleavage efficiency of the
two interior SOC linkers located 18 nm from the IPS with
the cleavage of the peripheral SOC linkers located 36
nm from the sensitizer (Figure 7 and Table 2).

As expected, the number of interior SOC—SAs re-
maining on the origami surface after irradiation of the

EXPERIMENTAL SECTION

Formation of 2D DNA Origami. Preparation of Origami with IPS (Samples A,
B, and (). The M13mp18 (New England Biolabs) scaffold strand so-
lution was mixed with a 30 X excess of staple strands, including
strands modified with biotin, SOC linker and biotin, or IPS to a fi-
nal volume of 100 pL in a 2x Tris-acetate-EDTA (TAE) buffer
with 12.5 mM Mg(AcO), (pH = 8.2). The final concentration of
the scaffold strand was 5 nM.

Assembly of the structure was accommodated by heating
the solution rapidly to 65 °C and letting it cool down to 10 °C
on an Eppendorf Mastercycler Personal machine over the course
of 10 h. After annealing, the sample was purified by filtration
(Amicon Ultra-0.5 100K centrifugal filters). After filtration the
sample was split into three components, A, B, and C.

Preparation of Origami without IPS (Samples D and E). The origami was
prepared following the above-mentioned procedure, except
that H,0 was added instead of DNA-IPS solution. Annealing and
purification was performed according to the normal procedure
(vide supra). After filtration the sample was split into three, Da, Dg,
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TABLE 2. Presentation of Data Obtained from Counting
the Interior and Peripheral SAs

origami interior peripheral reference
irradiation counted SOC—SA SOC- SA SA
- 594 723 683 509
+ 578 91 537 493

sample is indeed less than the number of peripheral
SOC—SAs. This is consistent with our model in which
the cleavage reaction of the SOC linkers on a given
origami involves singlet oxygen produced by the sensi-
tizer on that same origami.

Moreover, given that the interior and peripheral
SOC linkers are, respectively, 18 and 36 nm away from
the sensitizer, the corresponding fractions of SOC—SA
removal of 0.7 and 0.8 for the interior and peripheral
linkers, respectively, (Figure 7) point to a singlet oxy-
gen lifetime that is somewhat less than the ~4 s ob-
served in the neat aqueous buffer. This is entirely ex-
pected given the fact that the DNA in the origami
structure will quench singlet oxygen to some extent
and thus shorten its effective radius of activity. Al-
though the latter correlation is readily shown using a
one-dimensional model for diffusion (i.e., d = (2tD)"?),
we are also assuming that, from a statistical perspective,
data reflecting the effects of a “concave” bending of
the origami platform will be offset by data reflecting
the effect of “convex” platform bending. Thus, on aver-
age we can indeed treat the origami structure as a flat,
rigid platform.

In summary, we have successfully developed a nano-
scale multicomponent system for monitoring the reac-
tions of singlet oxygen produced by a single photosen-
sitizer using a DNA origami nanostructure as a platform.
Most importantly, this system provides a spatially re-
solved tool by which one can quantify the extent to
which singlet oxygen diffusion is manifested in the re-
actions of singlet oxygen with a given substrate.

Dc/Ep, Eg, Ec. These samples were handled as samples A, B and
C, respectively (vide infra).

Irradiation and Streptavidin Conjugation. Sample A was covered in
tinfoil and 10 wM streptavidin solution was added to it, to a fi-
nal SA-concentration of 0.1 wM. It was shaken at room tempera-
ture for 2 h.

Sample B was irradiated with either white light or 660 nm
light from a custom-made LED array (Cetoni GmbH, Korbussen,
Germany; 12 LEDs, P = 2—4 mW pr. LED), for 90 min, after which
10 wM streptavidin solution was added (final concentration =
0.1 M) and the sample was shaken for 2 h.

A 500 nM IPS solution was added to sample C, to a final IPS
concentration of 10 wM. The sample was hereafter treated like
sample B.

Imaging and Analysis. A 5 pL drop of the sample was deposited
onto a freshly cleaved mica surface (Ted Pella) and left to ad-
sorb for 5 min. Buffer (1 X TAE - Mg?*, 500 pL) was added to the
liquid cell and the sample was scanned in a tapping mode us-
ing Agilent AFM series 5500 (Agilent Technologies) with silicon
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nitride cantilevers (0.08 N/m force constant) with sharpened Py-
ramidal tip (OMCL-TR400PSA, Olympus, Atomic Force F&E

GmbH). Several AFM images were obtained from separate loca-
tions across the mica surfaces to ensure reproducibility of the re-
sults. All the images were analyzed using Gwyddion 2.0 software.
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